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Abstract

The past decade has seen several significant shifts in the field of stellar magnetism,
particularly on the observational front. A new generation of dramatically more efficient, high-resolution spectropolarimetric instruments have enabled measurements
of magnetic fields hosted by intermediate mass stars to be obtained with unprecedented precision. Moreover, the Kepler and TESS spacecraft have yielded optical
light curves that are sensitive to flux variations on the order of parts per million.
Both of these advancements have facilitated potentially paradigm shifting discoveries
including (1) the emerging picture of a “magnetic dichotomy” in which the magnetic
fields hosted by a small fraction of intermediate mass stars are either very prominent
(B & 200 G) or ultra-weak (B . 1 G); and (2) that a large fraction of these tepid
stars may not be as quiescent as previously believed, as demonstrated by the surprising detection of variability that is consistent with rotational modulation, which
is interpreted to be a consequence of magnetic activity. In this thesis, I will present
the results obtained from three related studies that have expanded upon these recent discoveries. The first study was designed to test the validity of the magnetic
dichotomy and elaborate on properties of the “strong field” population of stars by
carrying out a volume-limited survey of magnetic intermediate mass stars within
i

100 pc. The second study focuses on the unexpected result obtained using Kepler
– the widespread detection of rotationally modulated light curves of A- and B-type
stars – which suggests that a much larger fraction of intermediate mass stars than has
previously been believed may be magnetic. The third study consists of a search for
A-type stars that exhibit similar rotational modulation in their light curves obtained
with the recently launched TESS spacecraft.
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Chapter 1
Introduction

1.1

Intermediate Mass Stars

In many ways intermediate mass main sequence (MS) stars are regarded as being
relatively boring. They are not known to exhibit the explosive, X-ray emitting flares
and coronal mass ejections associated with cool solar-like stars. Nor are they hot
enough to shed large amounts of material in the form of dense, fast, 1, 000 km/s
stellar winds. Instead, they are known as “tepid” stars (e.g. Landstreet, 2003; Petit
et al., 2011b), in reference to their effective temperatures, and to distinguish them
qualitatively from the lower mass MS cool stars, on the one hand, and the upper MS
hot stars, on the other. However, it is precisely this mediocrity that makes these stars
interesting: their lack of flares, strong stellar winds, or measurable magnetospheres
allows certain properties and physical mechanisms to be studied in greater detail.
One such example is that of stellar magnetism, which is associated with . 10 % of
stars appearing in the upper main sequence. Although we have a qualitative understanding of the most probable origin of these magnetic fields, many fundamental
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questions remain unanswered. Before addressing some of these problems, the basic
properties of MS intermediate mass stars relevant to this thesis will be summarized.
Although not precisely defined, the class of tepid MS stars are widely considered
to range in spectral type from mid F- to late B-type corresponding to effective temperatures of 6, 500 K . Teff . 15, 000 K. Their masses and radii span approximately
1.5 M . M . 4.0 M

and 1.4 R

. R . 2.1 R . From an evolutionary perspec-

tive, the mass loss due to stellar winds is negligible (. 1 %) from the zero-age main
sequence (ZAMS) to the terminal-age main sequence (TAMS) resulting in a nearly
constant M ; however, R increases appreciably from the ZAMS to the TAMS, by as
much as a factor of 2.
There are at least two important properties which are apparent in the population
of intermediate and high mass MS stars but not in the population of low mass MS
stars. First, a large number of tepid and hot MS stars have projected rotational
velocities1 of v sin i & 100 km/s whereas essentially all cool MS stars have v sin i .
60 km/s (e.g. Fig. 18.21 of Gray, 2005). This reflects the fact that low mass MS stars
have comparatively longer rotation periods (Prot ), a property that can be attributed
to magnetic activity: the magnetic fields found on (essentially) all low mass stars
allows for the emitted stellar wind to become coupled to the star’s surface thereby
imparting a braking torque (e.g. Wilson, 1966; Mestel, 2003). For stars which do
not host magnetic fields during the pre-MS stage, as is the case for the majority of
intermediate and high mass stars, there is no mechanism that can reduce the star’s
1

The projected rotational velocity is defined in terms of the star’s rotation period (Prot ), radius
(R), and the inclination angle of the star’s rotation axis with respect to the line-of-sight: v sin i ≡
2πR sin i/Prot .
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angular momentum in order to explain the observed v sin i distributions.
The second important difference between low and intermediate mass stars is related to their internal structures. More specifically, it is the regions in which energy
is either predominantly transported through convection or through radiation that
have important implications for stellar magnetic properties. Within the interiors of
low mass stars (i.e. stars having 0.5 M . M . 1.5 M ), energy generated through
nuclear fusion in the core is primarily transported to the base of the outer envelope
– the outer region containing ∼ 10 % of the star’s total mass – via radiation. Beyond
this point, convection dominates, which is an essential ingredient that allows surface
magnetic fields to be generated by a magnetic dynamo (Parker, 1955b). Contrast
this with hotter MS stars in which convection is most significant in the core while
radiation is the dominant mechanism of energy transport in the envelope (e.g. Kippenhahn et al., 2012). A diagram depicting these differences in terms of convective
and radiative zones is shown in Fig. 1.1.
The significant reduction in the depth of the convective envelope in intermediate
mass MS stars compared to low mass MS stars leads to relatively stable, quiescent atmospheres. Depending on additional factors such as the star’s rate of rotation, these star’s stable atmospheres may allow for chemical abundance distributions
within their upper atmopsheres to be measureably influenced by atomic diffusion.
In this context, the process of diffusion generally describes the migration of specific
elements through the star’s H-dominated environments. Within the non-convective
envelopes of intermediate mass stars, naturally rare elements (eg. Mn, Sr, Y, Nd)
are able to be levitated by radiation pressure and allowed to accumulate within the
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Figure 1.1: Regions in which energy is predominantly transported via convection
(filled) and radiation (white) as a function of MS mass (Cantiello and
Braithwaite, 2019). The y-axis corresponds to the star’s fractional radius.
stellar atmosphere over timescales ∼ 105 − 107 yrs (e.g. Aller, 1960; Wilson, 1966)
(i.e. significantly shorter than their MS lifetimes). This mechanism is typically much
weaker than, for instance, meridional circulation induced by rapid stellar rotation
rates (Eddington, 1959). The balance between the various mixing processes that
is required in order for such accumulations to be possible is relatively tenuous and
only occurs in particular circumstances. In the presence of magnetic fields and/or
for cases in which the star rotates slowly, the atmospheres of tepid stars may be
sufficiently stabilized to allow radiative levitation to operate efficiently resulting in
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the formation of both vertically stratified regions (i.e. inhomogeneities of chemical
distributions with depth) and inhomogeneous surface distributions (i.e. chemical
spots) (Michaud, 1970, 1980). Ultimately, the modified abundances occurring both
at the surface and within a star’s photosphere may differ significantly from the bulk
chemical composition of the star.

1.2

Chemically Peculiar Stars

The bulk chemical composition of a star, otherwise known as its metallicity (Z), is a
reflection of the environment in which it originally formed. Intermediate mass stars
have been found to exhibit anomalously increased or decreased surface abundances
of specific elements compared to solar values. These stars, which account for ≈ 25 −
50 % of all intermediate mass stars (e.g. Smith, 1996), are referred to as chemically
peculiar (CP) stars. They can be broadly divided into classically magnetic types
(CP2 and CP4, otherwise known as Ap/Bp and He peculiar stars, respectively) and
classically non-magnetic types (CP1 and CP3, otherwise known as Am and HgMn
stars) (Preston, 1974). In the following three sections, general properties of three
of these classes – the Ap/Bp stars, which host strong magnetic fields and exhibit
nonuniform surface chemical peculiarities, and the Am and HgMn stars, which do
not host strong magnetic fields – are discussed.

1.2.1

Ap and Bp Stars

Ap and Bp stars are distinguishable from most other CP stars in several ways. First
of all, they exhibit enhanced abundances of elements such as Si, Cr, Eu, and Sr
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and may be further categorized based on which of these chemical enhancements are
present (Jaschek and Jaschek, 1958). These subclasses depend on the individual
star’s effective temperature: those Ap stars showing enhanced Si or enhanced Si, Cr,
and Eu (Si-Cr-Eu) are cooler than those Ap stars showing enhanced Sr or enhanced
Sr, Cr, and Eu (Sr-Cr-Eu). The abundances of all of these elements are often found
to vary periodically over cycles lasting ∼ 1 − 10 d (e.g. Peterson, 1966; Falk and
Wehlau, 1974).
Chemical peculiarities of Ap/Bp stars are also known to be accompanied by
a broad-band flux depression visible at approximately 5 200 Å (e.g. Kodaira, 1969;
Kupka et al., 2003). Specifically, this feature is found to be associated with two primary factors: (1) unusually high surface abundances of iron-peak elements (e.g. Cr,
Mn, and Fe) and rare-earth elements (e.g. Nd, Sr, and Y) (Strom and Strom, 1969;
Leckrone et al., 1974); and (2) the presence of strong magnetic fields (B & 10 kG),
particularly in cool Ap stars (Kochukhov et al., 2005a). Both of these properties
have been found to enhance line blanketing – the effect in which flux is absorbed at
blue wavelengths (e.g. UV) and is redistributed to redder wavelengths (e.g. visible).
From an observer’s standpoint, the importance of this flux depression lies with the
fact that it allows for Ap/Bp stars to be identified using broad-band photometry
rather than requiring comparatively more time-consuming spectroscopic measurements, which involve the detection of either chemical peculiarities or the polarized
and unpolarized manifestations of the Zeeman effect. Maitzen (1976) defined the ∆a
photometric index – based, in part, on the Strömgren photometric system – in order
to accomplish exactly this task. Since then, a large number of Ap/Bp stars have
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Figure 1.2: An example of Stokes I (black) and Stokes V (red) spectra obtained
for the magnetic Ap star, HD 203006. The Fe iiλ5018 line exhibits the
strongest Stokes V Zeeman signature in this region of the spectrum on
account of its higher magnetic sensitivity (i.e. higher Landé factor).
been identified using this method with a reported accuracy of over 90 % (Paunzen
and Maitzen, 2005).
The most reliable way in which Ap/Bp stars may be identified is through the
detection of strong, globally coherent magnetic fields. Indeed, all spectropolarimetric
surveys of this class of CP star have yielded detections of circularly polarized (Stokes
V ) Zeeman signatures associated with a longitudinal (line-of-sight) magnetic field
(Bz ) (e.g. Landstreet, 1982; Shorlin et al., 2002; Aurière et al., 2007). These Stokes V
signatures, such as the example shown in Fig. 1.2, are used to directly infer the mean
value of Bz integrated over the visible hemisphere of the star. Such measurements
often vary in strength periodically over cycles lasting ∼ 1 − 10 d similar to those of
the abundance variations (e.g. Babcock, 1958; Landstreet and Borra, 1977).
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Figure 1.3: An example of the photometric variability that can be produced by the
presence of chemical spots on a rotating star (Krtička et al., 2012). Top:
A depiction of the emergent flux in two photometric filters at three phases
of the star’s rotation cycle. Bottom: The star’s measured brightness in
various photometric filters phased by the rotation period.
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As noted in Sect. 1.1, strong magnetic fields that are present within the atmospheres of intermediate mass stars can lead to the formation of chemical spots that are
correlated with the local strength and geometry of the field. In these cases, the line
blanketing effect that produces the 5 200 Å flux depression observed in broad-band
photometric observations of many Ap/Bp stars is localized within these chemical
spots. Therefore, as the star rotates over time, the chemical spots appear and disappear from view resulting in photometric variability (Krtička et al., 2009, 2015); this
phenomenon is depicted in Fig. 1.3. It is now well established that the variability
associated with the class of α2 CVn stars, which is named after the canonical case
first characterized photometrically by Farnsworth (1932), is linked to the presence
of strong magnetic fields. Furthermore, the identification of specific chemical peculiarities and the detection of magnetic fields in these objects eventually led to the
acceptance of the fact that α2 CVn stars are indeed magnetic Ap stars (e.g. Babcock
et al., 1951; Babcock and Burd, 1952; Ledoux and Renson, 1966).
The chemical abundance variability, measured Bz variability, photometric variability, and measured projected rotational velocities of Ap/Bp stars all point to a
coherent picture in which stable large-scale features are modulated by the star’s rotation. Stibbs (1950) proposed that the observed Bz variations can be easily explained
by what is known as the Oblique Rotator Model (ORM) in which the star is assumed
to host a large-scale, axially symmetric field. The observed Bz variations are then
caused by this field’s axis of symmetry being inclined with respect to the star’s rotational axis by an obliquity angle β so that, as the star rotates, different regions of the
magnetic field become visible (see Fig. 1.4). As demonstrated by Stibbs (1950) and
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Figure 1.4: Left: A diagram depicting the geometry of the ORM. The vertical dashed
line is the star’s rotational axis; the dipole magnetic field is inclined with
respect to this axis by an angle β. Right: An example of the variations
of the observed Bz values that occur over the course of the star’s rotation
period. In this case, as the star rotates, both the positive and negative
poles of the dipole field are observed: at φ = 0.0 where Bz ≈ +250 G
and at φ = 0.5 where Bz ≈ −250 G, respectively.
Preston (1967), the strength of the dipole component (Bd ) of the field, along with
the associated β that produces the Bz variations, can be estimated using the minimum and maximum observed Bz values (Bzmin and Bzmax ), the star’s limb-darkening
constant (u), and the inclination angle (i) of the star’s rotational axis. Based on the
application of the ORM, it has been found that all Ap/Bp stars possess significant
dipole field components; in many cases, multiple Bz measurements obtained over the
span of the star’s rotational period can be accurately modeled without accounting
for higher order multi-polar terms (i.e. quadrupolar, octupolar, etc.) (e.g. Babcock,
1956; Kochukhov et al., 2015).
While Bz measurements of Ap/Bp stars obtained from Stokes V observations
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reveal the dipole field strength, they can also be used to map the structure of the
surface magnetic field using advanced modelling techniques (e.g. Magnetic Doppler
Imaging) (Kochukhov et al., 2014, 2015). An even greater accuracy in terms of this
mapping can be derived by incorporating additional linearly polarized spectropolarimetric observations (Stokes Q and U ). This has been applied to a small number of
magnetic intermediate mass stars for which measurements of all four Stokes parameters (the polarized Stokes Q, U , and V parameters, and the unpolarized Stokes I
parameter) have been obtained (e.g. Kochukhov et al., 2004a; Kochukhov and Wade,
2010). These results suggest that the magnetic field geometries of less-evolved Ap/Bp
stars tend to include measurable toroidal components and thus, be more complex
than the nearly pure dipolar fields hosted by some older Ap/Bp stars (Silvester et al.,
2015).
As the number of magnetic measurements of Ap/Bp stars has increased, a peculiar feature of the distribution of magnetic field strengths has become apparent:
essentially no fields are detected on young intermediate or high mass stars with magnitudes below about 200 G. For example, at least 77 of the 100 stars with magnetic
field constraints included in the study carried out by Kochukhov et al. (2006) have
Bd & 200 G (the other 22 stars have lower limits less than 200 G). Crucially, the
sensitivity of the Bz measurements required to derive a 200 G dipole field strength
(Bz ≈ 25 G) are at least an order of magnitude larger than the detection limits of
the current generation of spectropolarimeters (Bz . 1 G; Aurière et al., 2010; Makaganiuk et al., 2010). This so-called “magnetic desert” (see Fig. 1.5, left) was first
reported by Aurière et al. (2007) who derived Bd values for 28 well known Ap/Bp
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Figure 1.5: Left: A diagram illustrating the magnetic desert, i.e. the dearth of intermediate mass MS stars hosting fields with strengths 1 G . Bd . 200 G
(Lignières et al., 2014). Right: The distribution of dipole field strengths
derived by Aurière et al. (2007) for 28 well known Ap/Bp stars with weak
or poorly constrained values (prior to their survey). The vertical dashed
line indicates the estimated critical field strength required for a star’s
magnetic field to maintain stability over long timescales.
stars hosting weak or otherwise poorly constrained magnetic fields. The authors
reported unambiguous detections for each of the stars in their sample, which presumably consists of the most weakly-magnetic Ap/Bp stars that are known. The
resulting Bd distribution is shown in Fig. 1.5 where it is apparent that the majority
of the observed stars exhibit fields having Bd & 1 kG. Aurière et al. (2007) proposed
an explanation for the magnetic desert based on the existence of a minimum critical
field strength at Bd ∼ 300 G that is required in order for a field to maintain stability
– this explanation is discussed in more detail in Sect. 1.4.1.
Although the vast majority of Ap/Bp stars with measured dipole field strengths
exhibit Bd & 200 G, at least one notable exception has been reported. The primary
component of the spectroscopic binary system, HD 5550, was first identified as an
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Ap star by Renson et al. (1991). The star’s magnetic field was later detected and
characterized by Alecian et al. (2016), who derived a dipole field strength of 65±20 G
– well below the empirical ≈ 200 G lower limit. The significance of this discovery
is unclear considering (i) the extreme rarity of such weakly magnetic Ap stars and
(ii) the fact that this star is in a relatively short-period binary system (Porb ≈ 6.8 d;
Carrier et al., 2002), which may allow for the two stars to be undergoing orbital
interactions. We note that Fossati et al. (2015) reported the discovery of weak
magnetic fields (60 < Bd < 230 G and Bd > 13 G) on the two early B-type MS stars,
β CMa and  CMa. These two stars are significantly hotter than the population of
A-type stars that appear to exhibit the magnetic desert phenomenon first reported
by Aurière et al. (2007); as noted by Fossati et al. (2015), while the weak fields
associated with β CMa and  CMa suggest the abscence of a magnetic desert in
the population of magnetic high-mass stars, they do not necessarily contradict its
existence in the population of intermediate-mass (i.e. tepid) stars. Ultimately, based
on the empirical studies carried out up to this point, it has been unclear whether or
not the magnetic desert associated with the population of magnetic tepid stars is a
natural limit governed by a physical mechanism or if it is simply an observational
bias (e.g. a selection effect) related to how previous surveys have been carried out.

1.2.2

Am Stars

Am stars (i.e. CP1 stars) were first introduced as a subclass of CP stars by Titus
and Morgan (1940). The notable spectroscopic features of these stars are sharp
metallic lines with relatively large depths compared to those of the star’s Balmer lines.
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Specifically, the abundances of iron-peak elements are found to be enhanced while
rare-earth elements exhibit extreme overabundances & 10 times the values found
within the Sun (e.g. Conti, 1970). Although many of the metals are overabundant,
Am stars, along with the similar but slightly cooler Fm stars, tend to have a relatively
weak Ca ii K line.
As the efficiency and the precision of spectropolarimeters has improved over the
past several decades, increasingly strong evidence has been compiled suggesting that
Am stars do no host magnetic fields. Landstreet (1982) obtained circularly polarized
(Stokes V ) measurements of 5 Am stars achieving a minimum longitudinal field
uncertainty of 36 G; no detections were reported. Similarly, Shorlin et al. (2002)
found no evidence of magnetic fields having Bz & 50 G based on observations of
13 Am stars. Until recently, the most sensitive observations had been obtained
by Aurière et al. (2010), who observed 12 Am stars achieving Bz uncertainties of
0.3 − 3.1 G without detecting the presence of magnetic fields. It is important to note
that these observations were obtained nearly at the limit of what is achievable using
modern spectropolarimeters.
Despite the fact that no magnetic Am stars were found by the aforementioned
surveys, very weak Stokes V Zeeman signatures have since been detected on several
Am stars. The first of these detections was associated with a 0.2 G longitudinal
field on Sirius A (Petit et al., 2011a). More recently, two Am stars have reportedly
been found to exhibit longitudinal fields of similar magnitude (β UMa and θ Leo,
Blazère et al., 2016b). Aside from being substantially weaker than the fields typically
detected on the surfaces of Ap/Bp stars, the Zeeman signatures have asymmetric
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morphologies (contrary to that shown in Fig. 1.2) and thus, are characteristically
distinct as well. Petit et al. (2011b) have speculated that this newly discovered
class of stellar magnetism – so-called “ultra-weak” fields – may be produced by
sub-surface dynamos that are driven by large-scale surface flows (e.g. meridional
currents); however, observational evidence in support of this theory has yet to be
obtained.
Finally, a fourth Am star has recently been found to exhibit a longitudinal field
with a strength more than an order of magnitude larger than those detected on Sirius
A, β UMa, and θ Leo. Blazère et al. (2016a) reported the detection of a −5.5 G
longitudinal field on the surface of the well-studied Am star, Alhena. Given the
higher strength of the field along with its more typical symmetric Zeeman signature,
it is more probable that the origin of this star’s magnetic field is similar to the fields
hosted by Ap/Bp stars; therefore, Alhena currently represents a challenge to the
existence of the magnetic desert similar to HD 5550 discussed in Sect. 1.2.1.

1.2.3

HgMn Stars

As their name suggests, mercury-manganese (HgMn) stars are hot intermediatemass stars of early-A and late-B spectral types that are defined by their enhanced
abundances of Hg and Mn (Preston, 1974). They account for approximately 5 −
15 per cent of all non-CP stars of similar effective temperatures (Wolff and Preston,
1978; Abt, 1979; Smith, 1996). Similar to the Am and Ap stars, HgMn stars tend to
have longer rotation periods than their chemically normal counterparts (e.g. Abt and
Morrell, 1995a; Abt, 2002). Various highly-sensitive spectropolarimetric surveys have
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been carried out in order to search for the presence of magnetic fields on HgMn stars,
however, no detections have been reported (e.g. Aurière et al., 2010; Makaganiuk
et al., 2010; Kochukhov and Sudnik, 2013). This is particularly noteworthy since a
number of HgMn stars have been found to exhibit two phenomena that are associated
with magnetic Ap stars: (1) spectral line variability (e.g. Adelman et al., 2002;
Kochukhov et al., 2005b; Folsom et al., 2010) and (2) photometric variability (e.g.
Alecian et al., 2009; Balona, 2011). As discussed in Sect. 1.2.1, both the spectral
line variability and photometric variability observed on Ap/Bp stars are produced
by chemical spots, which are in turn linked to strong magnetic fields.

1.3

Vega-like Magnetism

Although Sirius A was the first magnetic Am star to be reported, it is not the first
instance of a firm detection of an ultra-weak field on the surface of an intermediate
mass star. Lignières et al. (2009) obtained more than 250 Stokes V spectra of the
bright star Vega over the course of four consecutive nights. After averaging these
measurements, they were able to detect a weak Zeeman signature corresponding to a
longitudinal field strength of −0.6 G. As with the small number of identified magnetic
Am stars discussed in Sect. 1.2.2, the detection of a field on Vega contradicts the
long-held belief that only CP2 stars host magnetic fields. Moreover, given that (1)
Vega was selected as a target simply based on its exceptional brightness (V = 0.0)
and its relatively low rotational broadening (v sin i ≤ 20 km/s) (Petit et al., 2011b)
and (2) no other prior study had achieved the same level of precision, it may well
imply that a large number (or indeed, perhaps all) “non-magnetic” A-type stars
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host fields similar to Vega whether or not those stars also exhibit obvious chemical
peculiarities. More recently, very low-contrast spots have also been detected on the
surface of Vega (Böhm et al., 2015), a result that is consistent with the diffusion
theory used to explain the formation of chemical peculiarities in the atmospheres of
magnetic CP stars. It is therefore very plausible that tepid stars hosting ultra-weak
fields may also exhibit photometric variability; such a link has yet to be definitively
established.
The magnetic measurements of Vega, along with those of the Am stars also found
to host ultra-weak fields, provide relatively weak constraints on their magnetic field
geometries. However, Zeeman Doppler Imaging models created for Vega (Petit et al.,
2010b, 2011b) provide two important clues regarding the nature of its ultra-weak
field. First, they indicate that the field is complex with prominent features spanning
localized regions ∼ 10◦ in angular size. Clearly, this is inconsistent with the typical
field geometry associated with the strongly magnetic Ap/Bp stars and is instead
more reminiscent of those fields found on lower mass solar-type stars. Secondly, the
two magnetic maps of Vega generated from observations obtained one year apart
both yield similar structures. This indicates that differential rotation – a notable
feature of low mass stars – is likely insignificant on the visible surface of Vega.

1.4

Origin of Tepid Star Magnetism

Although significant progress has been made over the past several decades, our understanding of the formation and evolution of the magnetic fields hosted by a small
number of tepid stars remains relatively poor. The recently developing magnetic
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dichotomy paradigm that is characterized by the existence of magnetic fields that
are either ultra-weak (. 1 − 10 G) or strong (& 200 G) presents a new challenge to
theorists attempting to explain the origin of tepid star magnetism.

1.4.1

Fossil Fields

The so-called “fossil field” theory (Cowling, 1945; Moss, 1989) conjectures that the
relatively simple and stable fields of intermediate mass stars (compared to the complex and varying fields found on low mass stars) are remnants left over from an
earlier phase of the star’s evolution. For instance, these fields may have originated
from a seed field permeating the nebula from which the star formed. In this scenario,
the collapse of the nebula, occurring during the formation of a protostar, causes the
magnetic flux to be swept up thereby amplifying the field strength. While this theory provided a qualitative explanation for various aspects of the observed magnetic
fields, it faced a serious challenge for many decades: no magnetic field configurations
that are able to remain stable over long timescales within the radiative envelopes of
intermediate-mass stars could be generated (Wright, 1973; Tayler, 1973). Eventually,
Braithwaite and Spruit (2004) and Braithwaite and Nordlund (2006) were able to
provide a solution to this problem using an initial field configuration composed of
both toroidal and poloidal components. Furthermore, their numerical simulations
demonstrated that the (subphotospheric) toroidal component of this specific field
configuration would dissipate over Ohmic timescales (∼ 109 yrs for a typical MS Atype star) resulting in a poloidal to toroidal field energy ratio that increases as the
star evolves. This result is roughly consistent with the fact that Ap/Bp stars tend
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to exhibit simple, dipole-dominated geometries.

1.4.2

Failed Fossils

The recent discovery of the ultra-weak field regime in the population of A-type stars
has, in part, led to the development of another theory describing the origin of such
magnetic fields. The failed fossil theory, proposed by Braithwaite and Cantiello
(2013a), posits that the ultra-weak fields are similar to fossil fields in that they are
not actively being generated by a dynamo mechanism but instead are evolving dynamically. The authors make a number of predictions based on this theory. For
instance, they predict that the vast majority of A-type stars should in fact be magnetic, as suggested by Lignières et al. (2009). Moreover, Braithwaite and Cantiello
(2013a) suggest that the failed fossil fields should be localized over relatively small
spatial scales and that the field strengths should decrease with Prot ; both of these
predictions are broadly consistent with the ultra-weak fields detected on Vega and
the Am star Sirius.
One benefit of the failed fossil theory is that it is also qualitatively consistent
with one proposed explanation for the apparent magnetic desert in the distribution
of Ap/Bp dipolar field strengths. Aurière et al. (2007) suggested that only those stars
hosting sufficiently strong magnetic fields early in their evolution would be capable
of maintaining stability over long timescales. Any stars initially containing fields
with strengths below a predicted critical value (shown in Fig. 1.5) given by

Bc ≈ 2Beq
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R
3R



T
104 K
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where Beq is the equipartition field strength (≈ 170 G at the surface of an Ap
star), would quickly dissipate resulting in a gap in the distribution of magnetic field
strengths. Therefore, taken together, these two theories may provide a consistent
explanation for the currently developing magnetic dichotomy of intermediate-mass
stars hosting ultra-weak fields (B . 1 G) and strong fields (B & 200 G).
1.4.3

Convective Envelope, Dynamo-generated Fields

The latest theory attempting to explain the origin of ultra-weak magnetic fields
hosted by intermediate-mass stars was published by Cantiello and Braithwaite (2019).
These authors argue that the ultra-weak fields may be being actively generated via
a dynamo mechanism operating within the sub-surface H and He convection regions
associated with A- and late B-type stars. The credibility of this theory depends
largely on whether such fields can be transported to the surface, a process which
Cantiello and Braithwaite (2019) attribute to magnetic buoyancy (Parker, 1955a).
The origin theory proposed by Cantiello and Braithwaite (2019) yields at least
two falsifiable predictions. First, the theory predicts that the dynamo-generated
fields should produce magnetic spots that are visible at the star’s surface with magnetic field strengths ∼ 1 − 10 G. These field strengths are certainly consistent with
the ultra-weak field strengths discussed in Sect. 1.3. The magnetic spots are also
expected to exhibit a slightly higher temperature compared to the surrounding stellar surface (∆T ∼ 10 K) and thus, should produce bright spots that modulate the
star’s brightness over the rotation period. Whether the brightness spots are expected
to be detectable using spacebased photometry such as that obtained by either the
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Kepler or TESS spacecraft depends largely on the size and number of spots present
on the surface at a given time – properties which are not constrained by the theory.
Another prediction of the theory is that the incidence of ultra-weak fields ought to
decrease with increasing effective temperature (i.e. a higher fraction of A-type stars
are expected to host ultra-weak fields compared to that of late B-type stars).

1.5

Spectropolarimetric Observations

A significant portion of the work presented in this thesis is based on polarized and
unpolarized high-resolution spectroscopic observations. Unpolarized (i.e. Stokes I)
observations of this type allow for various properties of a star to be derived. This
includes, for example, the star’s effective temperature, surface gravity, atmospheric
chemical composition, and projected rotational velocity (v sin i). As demonstrated
in Fig. 1.2, the presence of magnetic fields on the surface of a star may be inferred
from the detection of Zeeman signatures in circularly polarized (Stokes V ) measurements (e.g. Landstreet, 1982; Wade et al., 2000a; Shorlin et al., 2002) (the effects of
Zeeman splitting may also be apparent in Stokes I observations depending in part
on the strength of the field and the star’s v sin i value; Landstreet, 1988; Mathys
and Hubrig, 1997; Mathys, 2017). In the following, we describe the high-resolution
spectropolarimeteric instruments used throughout this work.

1.5.1

ESPaDOnS@CFHT

The Canada-France-Hawaii Telescope (CFHT) is a 3.6 m optical telescope located
on the summit of Mauna Kea in Hawaii (Fig. 1.6, left). The telescope operates
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during approximately 292 nights over the course of a year with median seeing (i.e.
the resolution limit imposed by the Earth’s atmosphere) ∼ 0.4 arcsec (Bely, 1987).
Based on its location in the Northern Hemisphere and its design, CFHT is capable of
observing targets with declinations ≥ −58 degrees and 8 degrees above the horizon2 .
Currently, there are five instruments installed at CFHT: two imaging instruments
(MegaCam and WIRCam) and three spectroscopic instruments (SITELLE, SPIRou,
and ESPaDOnS).
The ESPaDOnS instrument (Échelle Spectropolarimetric Device for the Observation of Stars) is a bench-mounted high-resolution spectropolarimeter that was installed at CFHT in 2005 (Fig. 1.6, right). The instrument is located at the telescope’s Coudé focus (light collected at the Cassegrain focus behind the primary mirror is fed to the instrument via fibre-optic cables). Placing ESPaDOnS in a separate
room at the Coudé focus allows the instrument to maintain stability thereby reducing instrumental effects such as spurious polarization signals. The cross-dispersed
échelle diffraction grating used in ESPaDOnS allows for a high-resolving power of
R ≡ λ/∆λ & 68 000 across 40 overlapping spectral orders spanning a total wavelength range of 3 600 . λ . 10 000 Å.
An unpolarized spectroscopic measurement (Stokes I) is obtained from a single
exposure and is therefore relatively simple (in theory) to obtain; on the other hand,
polarized spectroscopic measurements, such as the circularly polarized (Stokes V )
observation shown in Fig. 1.6, are more complicated and require a total of four exposures. These observations are carried out by first directing the collected photons
2

http://www.cfht.hawaii.edu/Instruments/ObservatoryManual
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Figure 1.6: Left: The Canada-France-Hawaii Telescope (CFHT) located on the summit of Mauna Kea in Hawaii. Right: The high-resolution spectropolarimetric insrument, ESPaDOnS, installed at CFHT. Credit: CFHT.
through a beamsplitter, which separates the perpendicular linearly polarized components. Two half waveplates and a single quarter waveplate may then be used to
convert the linearly polarized light into light having specific linear or circular polarizations; combining four exposures using certain orientations of the waveplates
with respect to eachother and to the beamsplitter allow for Stokes V or the linearly
polarized Stokes Q and Stokes U measurements to be obtained (e.g. Semel et al.,
1993; Donati et al., 1997).
The wavelength of the light that is dispersed by the échelle grating is calibrated by
comparing the observed spectrum with that of a known source. ESPaDOnS carries
this calibration out using a combination of thorium, neon, and argon lamps, which
produce a large number of spectral emission lines at precisely known wavelengths3 .
3

http://www.ast.obs-mip.fr/projets/espadons/

1.5. SPECTROPOLARIMETRIC OBSERVATIONS

1.5.2

24

MuSiCoS@TBL, NARVAL@TBL, and HARPSpol@ESO

The majority of the spectroscopic observations analyzed in this work were obtained
using ESPaDOnS@CFHT; however, a small number of new and archival observations
obtained using three other instruments were also used in this work.
The NARVAL spectropolarimeter was installed at the 2 m optical Télescope
Bernard Lyot (TBL) at the summit of Pic du Midi in 2006. It is the twin instrument of ESPaDOnS: the design of NARVAL is based on that of ESPaDOnS
and both instruments have the same fundamental characteristics such as resolving
power, wavelength coverage, and polarization capabilities. The primary differences
between NARVAL and ESPaDOnS are related to the telescopes on which they are
installed and the locations of these telescopes. The smaller mirror of TBL results
in a lower magnitude limit compared to CFHT thereby limiting the number of targets that can be observed. Furthermore, Pic du Midi is located at a higher latitude
(42 degrees compared to Mauna Kea’s latitude of 20 degrees) and, as a result, has a
higher declination limit of δ ≥ −20 degrees (Petit et al., 2014).
The MuSiCoS instrument (Multi-Site Continuous Spectroscopy) installed at TBL
is a high-resolution (R = 35 000) spectrograph comissioned in 1991. As with ESPaDOnS and NARVAL, MuSiCoS@TBL uses an échelle grating that allows for a
wavelength coverage of 3 900 . λ . 9 000 Å (Baudrand and Bohm, 1992). A polarimeter was later added to the instrument allowing for polarized Stokes Q, U ,
and V measurements to be obtained (Donati et al., 1999b). Compared with ESPaDOnS@CFHT and NARVAL@TBL, MuSiCoS@TBL has a much lower efficiency,
which contributed to its decomissioning and subsequent replacement in 2007 by the
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significantly improved instrument, NARVAL.
HARPS (High Accuracy Radial velocity Planet Searcher) is a high-resolution
spectrograph installed at the 3.6 m European Southern Observatory (ESO) telescope
located in La Silla, Chile. The instrument consists of an échelle grating that is
capable of obtaining a resolving power of R = 115 000 over a wavlength range of
3 800 to 6 900 Å (Mayor et al., 2003). The HARPSpol instrument was comissioned in
2010, which involved the installation of a polarizer on HARPS (Piskunov et al., 2011).
ESO’s location in the Southern Hemisphere allows for targets with declinations δ <
30 degrees to be observed, which are largely inaccessible to both ESPaDOnS and
NARVAL.

1.6

Spacebased Photometry of A- and B-type Stars

As discussed in the previous section, strongly magnetic tepid stars commonly exhibit
photometric variability that is periodic over the star’s rotation period. Therefore, the
identification of such variability can serve as a reliable indicator of strong magnetic
fields and potentially of weak or ultra-weak magnetic fields as well. Within the
past decade, two spacebased photometry missions have yielded large data sets that
have been leveraged within the studies presented in this thesis: the Kepler mission
(Borucki et al., 2010) and the Transiting Exoplanet Survey Satellite (TESS ) mission
(Ricker et al., 2015). These two missions are summarized below.
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1.6.1

Kepler Light Curves

Aside from allowing for the detection of over a thousand exoplanets, the extremely
precise photometric measurements obtained using the Kepler spacecraft has been an
immense benefit to stellar astrophysics and, in particular, asteroseismology. During its recently ended four-year mission, Kepler acquired nearly continuous optical
photometry of more than 100, 000 stars spanning a wide range of spectral types and
luminosity classes. This has allowed for a diverse landscape of stellar phenomena to
be studied including the mysterious nature and origin of stellar magnetic fields in
intermediate mass stars. Over the past several years, a number of studies analyzing
the Kepler light curves of MS F-, A-, and B-type stars have concluded that ∼ 40 %
of these stars exhibit variability that is consistent with rotational modulation, with
typical amplitudes at the level of ≈ 40 ppm (Balona, 2011, 2013, 2014; Balona and
Abedigamba, 2016). This is surprising given that only the magnetic CP stars, which
constitute ∼ 10 % of all intermediate mass stars, and a small number of HgMn stars
are known to exhibit this phenomenon. It has been suggested that this variability may be related to the ultra-weak fields detected on Vega and several Am stars;
however, at present, this link requires stronger observational evidence (Petit et al.,
2011a; Böhm et al., 2015; Blazère et al., 2016b).
In addition to discovering evidence of rotational modulation, Balona (2012, 2013)
also concluded that ≈ 1.5 % of the A-type stars observed during the Kepler mission
have emitted large flares qualitatively similar to those commonly associated with
low mass stars. In most cases, this kind of activity is easily attributed to dim and
difficult-to-detect magnetically active M-type dwarf companions. This explanation is
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also consistent with the expectation that the majority of high mass stars (and likely
intermediate mass stars) are members of multi-star systems (de Mink et al., 2014). In
this case, however, the detected flares are estimated to be ∼ 100 times more energetic
than those emitted by low mass stars, thereby supporting the hypothesis that the
flaring is intrinsic to the A stars themselves. Given that flares are only known to be
produced by magnetic activity, their detection is further evidence that the inferred
rotational modulation reported from the Kepler observations of A-type stars are
caused by surface magnetic fields. Recently, another analysis of the reportedly flaring
Kepler A-type stars was carried out (Pedersen et al., 2017). The authors concluded
that 19 out of the 33 flare detections identified by Balona (2012, 2013) were in fact
contamination by neighbouring stars. Moreover, they argued that it may be possible
for certain low mass companion stars to have been the source of the detected flares.
Therefore, the interpretation of the detected flares as being intrinsic to the A-type
stars observed with Kepler is debatable.

1.6.2

TESS Light Curves

Similar to Kepler, TESS is a spacebased photometry mission designed to detect the
presence of exoplanets by monitoring the brightness of a large number of stars with
both a high precision and high cadence. The TESS mission is unique in two important respects. First, whereas all of the targets observed by Kepler are located within
a region spanning approximately ≈ 150 deg2 , TESS is an all-sky survey consisting
of & 20 times as many stars. The difference in the sky coverage of the two surveys
is illustrated in Fig. 1.7. The second important distinction between Kepler and
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Figure 1.7: Comparison between the Kepler mission’s field (circled in red) and the
TESS sky coverage (all coloured points outside of the Kepler field)
(Bouma et al., 2017). The Kepler field contains ∼ 130 000 targets
whereas TESS will eventually observe & 2 000 000 targets.
TESS is that the latter can be used to observe targets that are significantly bright
than those observed with Kepler : the brightest Kepler targets have a V magnitude
& 8 mag while TESS is able to observe stars as bright as V ∼ 3 mag. Thus, unlike
the stars observed with Kepler, follow-up spectropolarimetric observations of many
targets observed with TESS will be capable of detecting and/or providing useful
lower limits on the presence of magnetic fields.
In Dec. 2018, just prior to the first release of TESS data, a collaboration was
formed in order to focus efforts on using TESS light curves to (1) identify new
magnetic candidates and (2) characterize the evolutionary and rotational properties
of both candidate magnetic stars and known magnetic stars. This collaboration,
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which involves the study of both intermediate-mass and high-mass stars, is known
as MOBSTER (Magnetic OB[A] Stars with TESS : probing their Evolutionary and
Rotational properties) (David-Uraz et al., 2019). The study presented in Ch. 5 of
this thesis was conducted under the umbrella of the MOBSTER collaboration.

1.7

Outline

In the following chapters, the results of three related observational studies focused
on the magnetic properties of tepid stars are discussed in detail. In Chapters 2 and
3, I present a volume-limited spectropolarimetric survey of Ap/Bp stars for which
the primary goal was to test the existence of the magnetic desert. Chapter 4 consists
of a detailed summary of a spectroscopic survey of intermediate-mass stars that were
identified by Balona (2013) as exhibiting rotational modulation based on Kepler light
curves. In Chapter 5, I present a search for new tepid stars that exhibit variability
within their TESS light curves that is consistent with rotational modulation that was
carried out within the context of the MOBSTER collaboration. Finally, in Chapter
6, I summarize the most significant findings of the work compiled here and discuss
potential studies that may be carried out in the future in order to build on this work.
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Chapter 2
A Volume-Limited Survey of mCP Stars Within
100pc I: Fundamental Parameters and Chemical
Abundances

Statement of Co-Authorship
The following two chapters consist of work that has been published in the Monthly
Notices of the Royal Astronomical Society. The project described in these two chapters was initiated by J. Power while studying as an MSc student under Dr. G. A. Wade
in 2008. This project was never completed and was never published. I restarted the
project in order to complete it and publish its results, which involved acquiring a
large number of new spectropolarimetric observations. The bulk of these observations
were obtained at CFHT based on two observing proposals written and submitted by
me under the guidance of Dr. G. A. Wade. Dr. C. Neiner provided a small number
of similar observations that she obtained at TBL. J. Power originally carried out an
analysis of the sample – including an analysis of the spectropolarimetric observations
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that were acquired prior to 2008; however, using a wide range of more sophisticated
techniques, I re-performed all aspects of the study including the construction of the
sample, the derivation of fundamental parameters, and the derivation of magnetic
parameters and also carried out new analyses such as the chemical abundance analysis.
As the first author the two published papers detailing this study, I wrote all of
the text included in the following two chapters; Dr. G. A. Wade, J. Power, and
Dr. C. Neiner provided comments to improve various aspects of the analysis and the
text.

Abstract
We present the first results of a volume-limited survey of main sequence (MS)
magnetic chemically peculiar (mCP) stars. The sample consists of all identified
intermediate-mass MS stars (mCP and non-mCP) within a heliocentric distance of
100 pc as determined using Hipparcos parallaxes. The two populations are compared in order to determine the unique properties that allow a small fraction of
MS stars with masses & 1.4 M to host strong, large scale magnetic fields. A total
of 52 confirmed mCP stars are identified using published magnetic, spectroscopic,
and photometric observations along with archived and newly obtained spectropolarimetric (Stokes V ) observations. We derive the fundamental parameters (effective
temperatures, luminosities, masses, and evolutionary states) of the mCP and nonmCP populations using homogeneous analyses. A detailed analysis of the mCP stars
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is performed using the llmodels code, which allows observed spectral energy distributions to be modeled while incorporating chemical peculiarities and magnetic fields.
The surface gravities and mean chemical abundances are derived by modelling averaged spectra using the gssp and zeeman spectral synthesis codes. Masses and
stellar ages are derived using modern, densely calculated evolutionary model grids.
We confirm a number of previously reported evolutionary properties associated with
mCP stars including a conspicuously high incidence of middle-aged MS stars with
respect to the non-mCP subsample; the incidence of mCP stars is found to sharply
increase with mass from 0.3 per cent at 1.5 M to ≈ 11 per cent at 3.8 M . Finally,
we identify clear trends in the mean photospheric chemical abundances with stellar
age.

2.1

Introduction

Various studies of magnetic chemically peculiar (mCP) stars have been carried out
over the past several decades revealing a wide range of characteristic properties.
As their name suggests, these objects are defined by (1) the presence of enhanced
or deficient abundances of specific elements (relative to solar abundances) that are
often inhomogeneously distributed within their atmospheres and (2) by the presence
of strong, large-scale surface magnetic fields (typically & 100 G, e.g. Landstreet, 1982;
Aurière et al., 2007) that exhibit significant dipole components (e.g. Stibbs, 1950;
Landstreet, 1992; Silvester et al., 2015).
The origin of the magnetic fields hosted by mCP stars is still unclear (e.g. Moss,
2003, 2004); however, it is generally accepted that the observed fields are most likely
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not being actively generated by dynamo processes such as those believed to be taking
place in the envelopes of cool main sequence (MS) stars (e.g. Charbonneau and
MacGregor, 2001; Charbonneau, 2005; Donati and Landstreet, 2009). Arguably, the
most plausible explanation is given by the fossil field model (Cowling, 1945), which
states that the fields are slowly-decaying remnants (possibly originating from the
interstellar medium or a pre-MS dynamo) from an earlier phase during the star’s
evolution. This theory is consistent with certain properties of the mCP stars’ fields
such as their typically simple structures and their long-term stability. The studies
carried out by Braithwaite and Nordlund (2006) and Duez and Mathis (2010) also
provide important theoretical evidence in support of the fossil field theory: the two
studies demonstrate that stable field configurations within the radiative envelopes of
upper MS stars – which the fossil field model demands – are a natural consequence
of the magnetohydrodynamic relaxation of arbitrary initial stochastic fields.
Despite the successes of the fossil field theory, a number of questions regarding
the origin of tepid (and hot) star magnetism remain unanswered. For instance,
assuming that the fields do originate within the interstellar medium prior to the
star’s formation, it is unclear why only a small fraction of MS A-type stars are
(strongly) magnetic (e.g. Shorlin et al., 2002; Aurière et al., 2007). Moreover, it
is noted that sub-surface convection zones, meridional circulation, and differential
rotation are present to varying degrees in early F-, A-, and B-type MS stars. As
discussed by Braithwaite and Cantiello (2013a), the extent to which these processes
may disrupt a fossil field remains an important, unanswered question.
There are also unanswered questions regarding the processes that lead to the
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horizontal (e.g. Kochukhov et al., 2015; Yakunin et al., 2015; Kochukhov et al.,
2017) and vertical (e.g. Babel, 1994; Ryabchikova et al., 2005b; Rusomarov et al.,
2015) chemical abundance stratification in mCP stars. In non-magnetic chemically
peculiar (CP) stars, it is believed that sufficiently stable environments (established by
slow rotational velocities, suppressed convection, etc.) enable radiation pressure to
become dominant thereby allowing specific elements to accumulate within the star’s
atmosphere (e.g. Michaud, 1970; Michaud et al., 1976; Michaud, 1980). The magnetic
fields present in the atmosphere’s of mCP stars are also expected to contribute to
the environment’s stability; however, it is only relatively recently that magnetic
fields have been incorporated into atomic diffusion models (LeBlanc and Monin,
2004; Leblanc et al., 2009; Alecian and Stift, 2010; Alecian, 2015). Kochukhov and
Ryabchikova (2017) found that the most recent of these theories (Stift and Alecian,
2016) cannot reproduce the average surface abundances of Fe-peak elements observed
in mCP stars (e.g. Sargent and Searle, 1967; Ryabchikova et al., 2005a, 2008).
The fundamental, chemical, and magnetic properties of mCP stars that have
been tested against various models are often inferred from inherently biased surveys:
they are either biased towards the brightest objects or those exhibiting the strongest,
and thus, most easily detectable magnetic fields. One way in which the influence of
observer biases can be reduced is by carrying out a volume-limited survey. Such a
survey was initiated by Power (2007), who used the Hipparcos catalogue and the Catalogue of Ap, HgMn and Am stars (Renson et al., 1991; Renson and Manfroid, 2009)
to identify a sample of intermediate-mass MS stars within a heliocentric distance of
100 pc. Their work involved the acquisition of a large number of spectropolarimetric
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Stokes V measurements using the (now retired) MuSiCoS instrument. These observations allowed for the magnetic parameters of approximately 50 % of the mCP stars
in the sample to be derived. More recently, we have completed this survey primarily
using Stokes V measurements obtained with ESPaDOnS along with a small number
obtained with NARVAL.
Here we present the first results from the volume-limited spectropolarimetric
survey of mCP stars located within 100 pc that was initiated in 2007. The goal of
this survey is to constrain various fundamental, chemical, and magnetic properties of
this stellar population while attempting to minimize observational biases. Moreover,
since the volume includes a large, effectively complete sample of non-mCP stars
with accurate photometric measurements, we can directly compare the magnetic
and non-magnetic populations. This provides a unique opportunity to identify the
fundamental properties that distinguish the mCP and non-mCP stars. The results
presented here will serve as a starting point for the magnetic analysis that will be
presented in a subsequent publication, hereinafter referred to as “Paper II”.
In Section 2.2, we discuss the sample selection including the identification of
both confirmed and candidate mCP stars. In Section 2.3, we briefly summarize
the spectropolarimetric observations that were used to (1) confirm whether or not
certain candidate mCP stars were magnetic and (2) constrain surface gravities and
mean chemical abundances. In Section 2.4, we assess the completeness of the mCP
sample. In Sections 2.5 and 2.6, we present the details of the analysis along with our
results. Finally, in Section 2.7, we summarize and discuss the main results from this
work.

2.2. SAMPLE SELECTION

2.2

36

Sample selection

2.2.1

Hipparcos Sample

The sample of MS early-F-, A-, and B-type stars was selected from the Hipparcos
catalogue (ESA, 1997), which consists of 118 218 sources (i.e. single stars, visual
multi-star systems, and gravitationally bound multi-star systems) within the solar
neighbourhood. It is complete down to magnitudes of V = 7.3 − 9.0 mag depending
on the Galactic latitude and spectral type (Perryman et al., 1997). The Tycho
catalogue associated with the Hipparcos mission is essentially complete down to
magnitudes of V . 9 mag regardless of sky coordinates. Mignard (2000) estimated
the completeness of the Hipparcos sample as a function of Galactic latitude and V
magnitude (Fig. 4 of Mignard, 2000) by comparing the number of sources listed in
the Hipparcos and Tycho catalogues. These results can be used to assess the level
of completeness of our volume-limited sample of MS early-F, A-, and B-type stars
taken from the Hipparcos Catalogue by identifying the stars in our sample having
faintest V magnitudes.
The coolest stars in our sample have effective temperatures of Teff ≈ 7 000 K with
corresponding absolute V magnitudes of MV ≈ 3.2 mag. At a distance of 100 pc,
such stars will have apparent magnitudes of V ≈ 8.2 mag. Comparing with Fig. 4
of Mignard (2000), it is apparent that, at V = 8.2 mag, the Hipparcos Catalogue
exhibits a minimum completeness of ≈ 50 per cent near the Galactic plane. With
this in mind, we carried out the following analysis in order to better evaluate the
completeness of our sub-sample of MS stars within the Hipparcos Catalogue that are
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known to have distances d < 100 pc.
Motivated by Mignard (2000), we estimated the completeness of our 100 pc sample by comparing (1) the number of stars in the Hipparcos Catalogue that satisfy our
selection criteria (i.e. MS stars with Teff & 7 kK and d < 100 pc) and (2) the number
of stars in the Tycho catalogue that either likely or potentially satisfy these criteria.
In order to potentially satisfy the criteria, a star in the Tycho catalogue must have
V < 8.2 mag, Teff & 7 kK, and a distance that is either known to be < 100 pc or that
could be < 100 pc and exhibit a luminosity greater than that of a zero-age MS star
(the minimum Teff and minimum luminosity values are based on evolutionary models
generated by Ekström et al. (2012) and Mowlavi et al. (2012) and are discussed in
more detail in Sect. 2.5.4). We roughly estimated Teff and the bolometric corrections
(BCs) for all of the stars in the Hipparcos and Tycho catalogues (ESA, 1997) with
known B and V magnitudes by applying the Teff and BC calibrations of Gray (2005)
and Balona (1994), respectively. The luminosities for those stars with available parallax (distance) measurements were then derived using the estimated Teff and BC
values. For the Tycho catalogue stars without available parallax measurements, we
assigned L(Teff ) values based on the ZAMS associated with the evolutionary tracks
generated by Ekström et al. (2012) and Mowlavi et al. (2012). Adopting this value
of L(Teff ) then yields the minimum distance the star could have such that it would
remain in our sample after applying the cuts discussed in Sect. 2.5.4. We find that
the estimated completeness of the Hipparcos Catalogue as it pertains to our volumelimited survey of MS stars increases approximately monotonically from 87 per cent
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at Teff ∼ 6.5 kK to 100 per cent at Teff ∼ 19 kK. A similar trend is found by deriving the masses associated with the estimated Teff and L values (see Sect. 2.5.4
for a description of the method by which the masses were derived): the completeness increases from ∼ 87 per cent for masses of M ∼ 1.4 M to ∼ 100 per cent for
M & 3 M . We conclude that our results are not likely to be significantly impacted
by objects that are missing from the Hipparcos Catalogue (we discuss this in Sect.
2.6.2 in the context of the incidence rates of mCP stars as a function of mass).
Out of the 118 218 sources in the Hipparcos Catalogue, 23 046 have associated
parallax angles – as reported by van Leeuwen (2007) – of π > 10 mas corresponding
to distances of d < 100 pc. Referring to the Double and Multiple Systems Annex,
we find that 5 714 of these sources are either composed of or are members of visual
or gravitationally bound multi-star systems; we categorize these systems based on
whether or not each of its components have equivalent parallax angles, which are
taken from ESA (1997) when no values are reported by van Leeuwen (2007). The
subset of 23 046 sources are then found to contain 2 584 (611) astrometrically resolved
(unresolved) gravitationally bound multi-star systems. After taking into account the
individual components of the resolved systems, a total of 25 720 sources within 100 pc
were extracted from the Hipparcos catalogue.
The volume-limited survey presented here is not subject to the Malmquist bias
associated with magnitude-limited surveys; however, since the sample selection is
based on trigonometric parallax measurements, the sample is affected by the LutzKelker (Trumpler-Weaver) bias (Trumpler and Weaver, 1953; Lutz and Kelker, 1973).
The effect of this bias is to systematically shift the inferred absolute magnitudes for
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a sample of stars from their true absolute magnitudes. The degree of this shift
(∆M ) depends on the sample’s average relative parallax uncertainty, hσπ /πi (Francis, 2013, 2014). The 25 720 stars within 100 pc that were extracted from the Hipparcos Catalogue exhibit hσπ /πi = 0.078; using the quadratic approximation for ∆M
recommended by Francis (2013), we obtain ∆M = 0.007 mag. Therefore, the bias is
considered to be negligible and no correction was applied.

2.2.2

mCP Subsample

The most definitive method by which all of the mCP stars within 100 pc can be
identified is by obtaining costly spectropolarimetric measurements of each early-F-,
A-, and B-type MS star. This is unfeasible considering that the sample consists of
several thousand such objects. We primarily relied on the Catalogue of Ap, HgMn
and Am stars (Renson and Manfroid, 2009) in order to identify both candidate
and confirmed mCP stars; this allowed us to prioritize specific stars for which new
magnetic measurements would be obtained. The catalogue, first compiled by Renson
et al. (1991) and updated several times to include new objects, contains 3 652 stars
classified as “definite”, “probable”, or “doubtful” Ap stars, where “Ap” is used
broadly to include the magnetic Fp, Ap, Bp, He-weak, and He-strong stars. These
classifications are based on whether or not (1) surface magnetic fields have been
detected (e.g. Borra and Landstreet, 1980; Wade et al., 2000b; Bagnulo et al., 2006),
(2) characteristic flux abnormalities have been detected based, for instance, on ∆a
or ∆(V1 − G) photometric colour indices (e.g. Maitzen et al., 1998; Bayer et al., 2000;
Paunzen and Maitzen, 2005), or (3) chemical peculiarities such as enhanced Si, Cr,
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or Sr have been reported (e.g. Cowley et al., 1969; Cucchiaro et al., 1978a; Jaschek
and Jaschek, 1980).
We cross-referenced the list of 25 720 Hipparcos sources with the 3 652 definite
Ap (definite mCP), probable Ap (probable mCP), and doubtful Ap (doubtful mCP)
stars compiled by Renson and Manfroid (2009) yielding a total of 141 potential mCP
stars within 100 pc: 47 of these stars are classified as definite, 27 as probable, and 67
as doubtful mCP stars. We also searched the Catalogue of Stellar Spectral Classifications compiled by Skiff (2014) for stars which had been assigned a ‘p’ classification
(e.g. F3p, A0p, etc.) at some point in time. Cross-referencing this catalogue with
the 25 720 Hipparcos sources yielded 65 stars not included in the most recently published Catalogue of Ap, HgMn and Am stars. Our tentative list of candidate mCP
stars therefore consists of 206 stars.
Using both published magnetic measurements and archived spectropolarimetric
data, we conclude that 50 of the 206 stars are magnetic and that 8 are either non-mCP
or are weakly-magnetic since no Zeeman signatures were detected (both possibilities
suggest that they are not mCP stars). Additionally, no magnetic detections were
yielded from measurements of 4 stars obtained by the BinaMIcS collaboration (Neiner
and Alecian, 2013) and of 6 stars obtained by the BRITE-pol collaboration (Neiner
et al., 2017) (private communications). No magnetic measurements were available
for 138 of the 206 mCP stars and therefore, they could not be confirmed or rejected
as mCP members on the basis of magnetic measurements.
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Table 2.1: List of the 52 confirmed mCP stars and 3 candidate mCP stars within the
sample. Columns 1 to 3 list each stars’ HD number, identifier (if available), and mCP membership satus: confirmed mCP stars are indiciated
by a ‘Y’, candidate mCP stars are indicated by a ‘U’.
HD
ID
3980
ξ Phe
11503
γ 2 Ari
12447
α Psc A
15089
ι Cas
15144
15717
18296
21 Per
24712
DO Eri
27309
56 Tau
29305
α Dor
32576
38823
V1054 Ori
40312
θ Aur
49976 V592 Mon
54118
V386 Car
56022
L01 Pup
62140
49 Cam
64486
65339
53 Cam
72968
3 Hya
74067
NY Vel
83368
96616
46 Cen
103192
β Hya
108662
17 Com
108945
21 Com
109026
γ Mus
112185
ε UMa

mCP?
Y
Y
Y
Y
Y
U
Y
Y
Y
Y
U
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

HD
ID
2
112413
α CVn
117025
118022
o Vir
119213 CQ UMa
120198
84 UMa
124224
CU Vir
128898
α Cir
130559
µ Lib
137909
β CrB
137949
33 Lib
140160
χ Ser
140728
BP Boo
148112
ω Her
148898
ω Oph
151199
152107
52 Her
170000
φ Dra
176232
10 Aql
187474 V3961 Sgr
188041 V1291 Aql
201601
γ Equ
203006
θ1 Mic
217522
BP Gru
217831
220825
κ Psc
221760
ι Phe
223640
i03 Aqr

mCP?
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
U
Y
Y
Y

2.2. SAMPLE SELECTION

42

The characteristic chemical peculiarities associated with mCP stars can be reliably detected using both UV and optical spectroscopic measurements having relatively low dispersion/resolution (e.g. Cowley, 1973; Cucchiaro et al., 1976; Abt,
1979). Moreover, mCP stars can be effectively identified using photometric measurements to detect abnormal flux depressions in the UV near 4 100, 5 200, and 6 300 Å
(Kodaira, 1969; Adelman, 1975, 1979). The ∆a photometric system introduced by
Maitzen (1976) was specifically designed to be sensitive to the 5 200 Å flux depression.
A comparable sensitivity to the UV flux depressions can also be obtained from the
∆(V1 − G) and Z indices derived from filters associated with the Geneva photometric
system (Golay, 1972; Hauck and North, 1982; Cramer, 1999).
For the remaining 138 candidate mCP stars, we compiled photometric- and
spectroscopic-based evidence of mCP membership from the literature. In a number
of cases, stars classified as Fp, Ap, or Bp were done so based solely on abnormally
weak individual metal lines (e.g. weak λ4481 Mg ii) or were likely misclassified Fm,
Am, or λ Bootis stars (e.g. Abt and Morrell, 1995a). We used the criteria for detecting CP stars proposed by Paunzen and Maitzen (2005), which are based on ∆a,
∆(V1 − G), and Z measurements. The criteria were then applied to the available
∆a, ∆(V1 − G), and Z measurements published by Rufener and Nicolet (1988) and
Paunzen and Maitzen (2005). In total, 128 stars were found to (1) exhibit photometric measurements consistent with normal or non-mCP stars or (2) were reported to
have atmospheric chemical compositions that are not typically associated with mCP
stars (e.g. non-peculiar, enhanced Hg and Mn, etc.) and were therefore removed
from the list of candidate mCP stars.
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Following our derivation of the fundamental parameters (presented in Section
2.5), we identified three candidate mCP stars in our sample (HD 107452, HD 122811,
and HD 177880B) which are likely located beyond the 100 pc distance limit despite
the parallax values reported in the Hipparcos Catalogue. These stars were therefore
removed from the sample; this decision is justified in more detail in Section 2.5.4.
In summary, prior to obtaining new magnetic measurements, we identified 50
definite mCP stars and 7 candidate mCP stars. Only one of the candidate mCP
stars, HD 15717, was not found in the catalogue compiled by Renson and Manfroid
(2009) and was instead identified using the spectral types compiled by Skiff (2014).

2.3

Spectropolarimetric observations

Aside from the 7 candidate mCP stars that required magnetic measurements in order
to confirm or reject their mCP membership, we also identified a significant fraction
of the known mCP stars within the sample for which their magnetic field strengths
and geometries could not be sufficiently constrained using previously published and
archived magnetic measurements. We therefore proceeded to acquire circularly polarized (Stokes V ) spectropolarimetric observations in an attempt to overcome these
two deficiencies.
The observations were primarily used to detect and measure the stars’ longitudinal field strengths; however, the analysis of the fundamental and chemical parameters
of the sample that we present here does depend on whether or not we were able to
confirm or reject certain candidate mCP stars as being true mCP members. Furthermore, this analysis uses a number of the unpolarized (Stokes I) spectra that were
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acquired with the Stokes V measurements. Therefore, we briefly summarize the
observations here and identify which stars we confirmed as mCP members. The observations are discussed in more detail in Paper II in which we present the magnetic
analysis that was performed on the confirmed mCP stars in the sample.
We obtained 118 new Stokes V observations of 40 mCP and candidate mCP
sample stars using the twin spectropolarimeters ESPaDOnS and NARVAL installed
at the Canada-France-Hawaii Telescope (CFHT) and the Télescope Bernard Lyot
(TBL), respectively. These instruments have a resolving power of R ∼ 65 000 and
yield optical spectra within a wavelength range of 3 600 . λ . 10 000 Å. Additionally, we analyzed 151 archival Stokes V observations acquired using the now retired
MuSiCoS spectropolarimeter (R ∼ 35 000, 3 900 . λ . 8 700 Å) that was installed
at TBL prior to NARVAL’s installation. The MuSiCoS observations were obtained
from Feb. 12, 1998 to June 8, 2006.
Based on the new MuSiCoS, ESPaDOnS, and NARVAL Stokes V measurements,
we confirmed that 2 of the candidate mCP stars are magnetic and that 2 are likely not
mCP stars since no detections were obtained. In Table 2.1 we list the 52 confirmed
mCP stars located within 100 pc along with the 3 candidate mCP stars which we
did not observe.

2.4

Distribution and completeness

As discussed in Section 2.2.1, the Hipparcos Catalogue of early-F-, A-, and B-type MS
stars can reliably be considered to be complete within 100 pc; however, the completeness of the subsample of mCP stars needs to be assessed. Magnetic measurements,
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which provide the most conclusive evidence of mCP membership, have not been obtained for the vast majority of the larger sample of Hipparcos stars. On the other
hand, spectroscopic and photometric measurements, some of which can be used to
distinguish between mCP stars and non-mCP stars, are available for many of the
stars in the sample. We estimated the completeness of the mCP subsample by determining the fraction of the total sample for which such mCP-sensitive measurements
have been reported in the literature. Note that the following estimates correspond
to the sample of early-F-, A-, and B-type MS stars having masses > 1.4 M (derived
in Section 2.5.4), which consists of 3 254 stars.
Paunzen and Maitzen (2005) found that mCP stars can be identified with an
efficiency of ≈ 91 per cent based on ∆a measurements and ≈ 83 per cent based on
∆(V1 − G) measurements. Using the published catalogues, we find that 9 per cent
of the sample’s 3 254 stars have available ∆a measurements (Maitzen et al., 1998;
Vogt et al., 1998; Paunzen and Maitzen, 2005) while 46 per cent have available
Geneva measurements (Rufener and Nicolet, 1988). Eighty-four per cent of the
sample stars have spectral classifications listed in the Catalogue of Stellar Spectral
Classifications (Skiff, 2014); however, many of the spectroscopic measurements used
to derive these classifications may be insensitive to chemical peculiarities due to
insufficient resolution. For those classifications derived from optical spectra, we only
−1

considered those measurements obtained with dispersions > 90 Å mm

(Young and

Martin, 1973; Abt, 1979) or resolutions < 3 Å. Those classifications derived from the
UV spectra obtained using the S2/68 instrument onboard the TD1 satellite were also
considered reliable despite the low resolution of ≈ 37 Å (Wilson et al., 1972). This is
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Figure 2.1: Estimated completeness of the mCP subsample within 100 pc. The values
are based on the fraction of the sample’s early-F-, A-, and B-type MS
stars for which suitable photometric or spectroscopic measurements have
been obtained (i.e. those capable of distinguishing between mCP and
non-mCP stars). dmax and Mmin correspond to the adopted distance limit
and the minimum stellar mass of the sample. The fraction decreases for
larger volumes (greater distance limits) and for lower masses as a result
of an increasing sample size.
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based on the fact that, similar to the ∆a and ∆(V1 − G) photometric measurements,
the S2/68 measurements are sensitive to UV flux depressions characteristic of many
mCP stars (Cucchiaro et al., 1976, 1977, 1978a,b, 1980).
The strength of the photometric peculiarity indices induced by the presence of
strong surface magnetic fields is known to decrease with decreasing Teff (Maitzen,
1976; Maitzen et al., 1980; Maitzen and Vogt, 1983; Masana et al., 1998). Moreover,
as Teff decreases, a greater number of mCP stars is found to exhibit non-peculiar ∆a
and ∆(V1 − G) values (e.g. Fig. 4 of Maitzen, 1976). We find that our full sample
contains 9 stars classified as non-mCP based solely on ∆a measurements and 299
based solely on ∆(V1 − G) measurements. We estimated the fraction of these 308
stars that may actually be undetected mCP stars by referring to Table 5 of Paunzen
and Maitzen (2005): the authors find that 1.4 per cent and 2.2 per cent of their sample’s mCP stars exhibit non-peculiar ∆a and ∆(V1 − G) measurements, respectively.
Therefore, we estimate that our sample contains no additional undetected mCP stars
based on ∆a based classifications (i.e. 9 × 0.014 < 1) and 6 additional undetected
mCP stars based on ∆(V1 − G) based classifications (i.e. 299 × 0.022 < 7). Although
we cannot provide precise constraints on the most-probable temperatures of these
stars, it is likely that they are cooler stars with Teff . 7 kK based on the fact that a
greater number of mCP stars are found to exhibit peculiarity indices that are largely
indistinguishable from non-mCP stars at lower temperatures (e.g. Maitzen, 1976).
Considering the total sample, we find that 1 924 of the 3 254 stars (67 per cent)
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have been observed using spectroscopic and photometric methods capable of distinguishing between mCP and non-mCP stars. However, this number changes significantly based on the adopted lower mass limit (Mmin ) and the adopted distance limit
(dmax ) associated with the sample; in Fig. 2.1, we show the estimated completeness
as a function of dmax and Mmin . Evidently, the 100 pc sample of confirmed and candidate mCP stars has a completeness of ≈ 90 per cent for masses & 1.7 M . This
completeness is more representative of the sample compared to the 67 per cent value
derived using Mmin = 1.4 M given that 91 per cent of the sample of confirmed and
candidate mCP stars have masses & 1.7 M .
We also performed two basic tests to look for obvious indications that the sample
of mCP stars is incomplete. Both of the tests are based on the assumption that
the spatial distribution of these particular objects within the sample’s 100 pc distance limit is approximately random and uniform. Under this assumption, we would
expect nearly the same number of mCP stars to be located in both the northern
and sourthern hemispheres. In Fig. 2.2, we plot the sky coordinates of the confirmed mCP stars, candidate mCP stars, and the non-mCP stars using an equal-area
Hammer-Aitoff projection. Considering the 52 confirmed mCP stars in the sample,
we find a ratio of the number of northern stars (NN ) to southern stars (NS ) of 1.08;
including the 3 candidate mCP stars yields NN /NS = 1.08 as well. The significance
of these ratios can be assessed using a Monte Carlo (MC) simulation. We generated
105 distributions containing 52 and 55 randomly assigned latitude values according
to θ = π/2 − cos−1 (2x − 1), where x is a uniformly distributed random number
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Figure 2.2: Equatorial coordinates of the mCP stars (black, filled stars), candidate
mCP stars (black, open stars) and non-mCP stars (blue circles). The
solid red curve corresponds to the Galactic plane.
between 0 and 1 (e.g. Kochukhov and Sudnik, 2013). The simulated NN /NS distributions suggest that the values derived from the subsample of 52 confirmed mCP
stars and the combined subsample of 52 confirmed and 3 candidate mCP stars are
consistent with random distributions at 68 per cent and 79 per cent confidence levels,
respectively.
The second test simply involves comparing the distribution of the mCP subsample’s distances to that of a spatially uniform distribution. This is shown in Fig. 2.3
in which the cumulative distribution function (CDF) of the distances to the mCP
stars is plotted along side that expected from a sample with a uniform spatial distribution. Although the sample of confirmed and candidate mCP stars exhibits a
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Figure 2.3: Cumulative distribution function of the mCP star distances (solid black)
normalized to the total number of mCP stars. The dashed black curve
corresponds to the CDF associated with a spatially uniform distribution. Comparing the two distributions yields a Kolmogorov-Smirnov test
statistic of 0.13 ± 0.13.
slight excess between 50 and 70 pc, the Kolmogorov-Smirnov (KS) test statistic implies that the distance distribution is consistent with that of a uniform distribution:
we calculated a KS statistic of 0.13 ± 0.13 where the uncertainty corresponds to 3σ
(the uncertainty was derived using the bootstrapping method of case resampling in
which the KS statistic was calculated for 1 000 distance distributions generated by
randomly sampling the empirical distance distribution).

2.5

Derivation of fundamental parameters

Several techniques were employed in order to derive fundamental parameters (effective temperature, surface gravity, mass, radius, and age) for all of the stars in the
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sample. For the non-mCP stars and 3 candidate mCP stars in the survey, we used
various photometric calibrations depending on the available archival measurements.
A more detailed analysis of both photometric and spectroscopic measurements was
carried out for the 52 confirmed mCP stars.
Archival broad-band photometric measurements were obtained from the General
Catalogue of Photometric Data (Mermilliod et al., 1997). The catalogue consists
of measurements of over 200 000 stars that were obtained using a wide range of
photometric systems. In addition to the Johnson V , Hipparcos Hp , and Tycho VT
and BT observations (ESA, 1997), we also used observations obtained with Geneva
U B1 BB2 V1 V G filters (Rufener and Nicolet, 1988), Johnson U V BRI filters (Hoffleit
et al., 1991; Ducati, 2002), Strömgren uvby filters (Hauck and Mermilliod, 1997),
and 2MASS JHKs filters (Cohen et al., 2003). In some cases, no uncertainties for
these observations were reported and we adopted values of 1 per cent. Since the
sample is limited to stars with d < 100 pc, we assumed that – for both the mCP and
non-mCP stars – photometric reddening caused by interstellar extinction is negligible
(E[b − y] . 0.02, Vergely et al., 1998).
2.5.1

non-mCP subsample

We used three photometric temperature calibrations defined within the Johnson,
Geneva, and Strömgren systems in order to derive Teff for the non-mCP stars. The
calibrations published by Gray (2005) were applied to the available Johnson B and
V filter measurements that are appropriate for both “cool” MS stars (Teff . 104 K
or B − V > 0.0, Eqn. 14.17) and “hot” MS stars (Teff & 104 K or B − V < 0.0, Eqn.
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14.16). For those stars for which measurements obtained using the Geneva system
are available, we applied the calibrations of Künzli et al. (1997), which are suitable
for MS stars with Teff & 5 000 K. Lastly, for those cases in which measurements
obtained using the Strömgren system are available, we applied the calibrations of
Balona (1994), which are suitable for MS stars with 5 500 K < Teff < 35 000 K.
In Fig. 2.4 we compare Teff derived using the three calibrations (for those stars
for which more than one calibration could be applied). In general, we find reasonable
agreement between the calibrations for Teff . 104 K. At higher temperatures, both
Strömgren
Geneva
the calibrations involving Geneva filters (Teff
) and Strömgren filters (Teff
)

tend to predict higher Teff values compared to those involving Johnson B and V
Johnson
Johnson
filters (Teff
). In Fig. 2.4 (top right) we show the distribution of Teff
derived

for those stars that only have Johnson B and V measurements available (i.e. no
Strömgren
Geneva
Teff
or Teff
values could be derived). It is evident that the majority of the

non-mCP stars in the sample (≈ 62 per cent) fall into this category; however, only 24
Johnson
of those stars exhibit Teff > 104 K (i.e. the maximum temperature at which Teff

may be considered reliable). We note that, after applying several cuts to the total
sample as described in Sect. 2.5.4, all of the hotter stars without available Geneva
or Strömgren photometry were removed.
When more than one calibration was applied, the final effective temperatures
Johnson
of each non-mCP star were taken to be the average of these values. If Teff
was
Strömgren
Johnson
Geneva
found to differ significantly from Teff
and/or Teff
, we removed Teff
prior

to averaging. A uniform uncertainty of 5 per cent was adopted for each of the final
strömgren
Johnson
Geneva
Johnson
Teff values based on the dispersion in the Teff
− Teff
and Teff
− Teff
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Figure 2.4: Top left and bottom row: Comparison between the Teff values of the nonmCP stars derived using three calibrations: Künzli et al. (1997) (Geneva
filters), Balona (1994) (Strömgren filters), and Gray (2005) (Johnson filters). The open black circles correspond to the full sample of non-mCP
stars extracted from the Hipparcos Catalogue; the filled red circles correspond to the subsample remaining after applying several cuts to the full
sample (described in Sect. 2.5.4). Top right: Distribution of non-mCP
stars in the sample for which only Johnson photometric measurements
are available.
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Figure 2.5: An example of the final fit to the observed photometry (filled circles)
of HD 96616. The left panel shows the optical photometry (Johnson,
Geneva, and Strömgren) while the right panel shows the 2MASS photometry. The solid black line is the detailed synthetic SED while the
black ‘X’ symbols correspond to the synthetic flux of each photometric
filter used in the comparisons with the observations. The dashed black
line shows the solar metallicity synthetic SED calculated without taking into account chemical peculiarities or magnetic fields. Both of the
synthetic SEDs have been convolved with a Gaussian function consistent
with v sin i = 1 000 km s−1 for visual clarity.
planes shown in Fig. 2.4.
The luminosity (L) of each of the non-mCP stars was derived by first applying
the bolometric correction (BC)-Teff relation published by Balona (1994), which is
applicable to MS stars with Teff & 5 500 K. The absolute magnitude (MV ) values
derived from the Hipparcos V and π measurements (ESA, 1997; van Leeuwen, 2007)
were then used in conjunction with the BC values to calculate each star’s absolute
bolometric magnitude (Mbol ), and thus, their luminosities (we used a solar absolute
bolometric magnitude of 4.74 for this calculation). The stellar radii (R) were derived
using the Stefan-Boltzmann relation with each star’s Teff and L. As with Teff , we
adopted a uniform 5 per cent uncertainty in L; the uncertainty in R was derived by
propogating the uniform Teff and L uncertainties.
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mCP subsample

Various photometric temperature calibrations that are applicable to mCP stars are
available in the literature. (e.g. Hauck and North, 1993; Stepień, 1994). However,
unlike for the non-mCP stars, we have high-resolution spectra available for nearly
all of the mCP stars in this sample. We therefore opted to derive each mCP star’s
fundamental parameters by employing a more detailed method of iteratively fitting
(1) the photometry to synthetic spectral energy distributions (SEDs) and (2) the
observed spectra to model spectra (a similar method is described by Silvester et al.,
2015). In this approach, we generated model atmospheres and their associated SEDs
that took into account chemical peculiarities and strong surface magnetic fields.
Chemical peculiarities and, to a lesser extent, surface magnetic fields can significantly
modify a star’s SED by redistributing flux from UV to redder wavelengths (Kodaira,
1969; Stepień, 1978; Kupka et al., 2003); therefore, it is often important to take these
effects into account when deriving fundamental parameters by fitting SEDs.
Our analysis consisted of three iterations which we outline now and describe
more thoroughly in the following sub-sections. In the first iteration, we obtained an
estimate of Teff and radius (R) by fitting the photometric observations to a grid of
synthetic SEDs. Individual metallic spectral lines (e.g. Cr, Fe, Mg) were then isolated
from various spectroscopic observations. These measurements were fit to models
in order to derive the projected rotational velocity (v sin i). Next, we estimated
log g by fitting the available Hβ and Hγ observations. Finally, wide spectral regions
containing a large number of He and metallic lines (i.e. no Balmer lines) were fit in
order to derive estimates of the chemical abundances.
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The first iteration yielded estimates of Teff , log g, and the chemical abundances.
For the second iteration, these parameters were used to generate a small grid of atmospheric models and synthetic SEDs, which took into account the effects of chemical
peculiarities and strong magnetic fields (the magnetic field strengths are derived in
Paper II). The grid consisted of models spanning a narrow range of Teff . The photometric measurements were then refit using this new grid, which yielded more refined
values of both Teff and R. With a new value of Teff derived, the observed spectra
were once again fit in order to refine log g and the chemical abundances.
The third and last iteration simply involved recalculating single atmospheric models and synthetic SEDs using the final values of Teff , log g, the chemical abundances,
and the magnetic field strength (if a sufficiently strong magnetic field was inferred).
A final value of R was then derived by fitting the photometry to the synthetic SED.

SED fitting
In order to fit the observed photometric measurements, we first generated a grid
of model atmospheres with accompanying synthetic SEDs spanning a range of Teff
and log g. We used the llmodels code, which calculates plane-parallel model atmospheres under the local thermodynamic equilibrium (LTE) assumption (Shulyak
et al., 2004). This code is well-suited to this study primarily because it allows for
abundances of individual elements to be varied rather than simply scaling all abundances with [M/H]. Furthermore, it can also include the anomalous Zeeman effect
induced by the presence of strong surface magnetic fields (Kochukhov et al., 2005a).
For the first iteration, the grid of model atmospheres and synthetic SEDs was
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calculated for 5 500 K ≤ Teff ≤ 10 000 K in increments of 100 K and for 10 000 K ≤
Teff ≤ 20 000 K in increments of 250 K. We used a solar metallicity ([M/H]= 0.0),
which is based on the solar abundances reported by Asplund et al. (2009). Both the
microturbulence (vmic ) and the surface gravity were fixed at 0 km s−1 and 4.0 (cgs),
respectively, while all other physical parameters were unmodified from their default
values.
The output flux associated with the synthetic SEDs – given in physical flux units
of erg/s/cm2 /Å – was used to calculate the flux associated with various photometric
filters. Transmission functions for the relevant filters – Hipparcos, Johnson, Tycho (Bessell and Murphy, 2012), Geneva (Rufener and Nicolet, 1988), Strömgren
(Bessell, 2011), and 2MASS (Cohen et al., 2003) – were obtained from the literature.
These functions were then normalized, interpolated to the wavelength abscissa of
each synthetic SED using a spline method, and multiplied by the associated flux.
The resulting curves were then integrated yielding the total stellar flux contributed
to each filter.
We converted the observed magnitudes of each star to physical flux units using
zero point values reported in the same publications that the filter transmission functions were obtained from. The best-fitting model SED associated with the observed
flux values was then derived using a Levenberg-Marquardt algorithm (LMA) implemented in idl with 2 free parameters: Teff and the scaling factor α ≡ (R/d)2 . The
free parameters were allowed to vary continuously, which required an interpolation
(we used a spline interpolation method) of the model grid in Teff .
A similar SED fitting procedure was applied during the second iteration using
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a narrower grid of synthetic SEDs. This grid consisted of between 4 and 6 models
bracketing the current value of Teff in increments of 500 K and included the derived
chemical abundances (discussed in Section 2.5.2) and magnetic fields (if the field
strength derived in Paper II was found to exceed 5 kG). For those elements whose
abundances were not derived, we used the values associated with a solar metallicity.
The final value of the scaling factor α = (R/d)2 was used to derive R; the final values
of Teff and α were used in conjunction with the Stefan-Boltzmann relation to derive
each star’s luminosity:
d2
L
=α 2
L
R



Teff
Teff,
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=

R
R

2 

Teff
Teff,

4
.

(2.1)

The uncertainties in Teff and α were estimated through the method of residual
bootstrapping. In this procedure, the residuals associated with the best-fitting synthetic SED are first scaled using each data point’s estimated statistical leverage and
subsequently centered by subtracting the mean residual (Davison and Hinkley, 1997).
A distribution of 1 000 data sets was then generated by randomly sampling the scaled
and centered residuals and adding them to the fitted flux values. Distributions of Teff
and α were then obtained by fitting synthetic SEDs to the 1 000 bootstrapped data
sets thereby allowing 3 σ uncertainties to be estimated from the distribution widths.
Since the luminosity is expected to be correlated (to some extent) with both Teff
and α, we estimated the uncertainty in log L using the bootstrapped distributions
of Teff and α. Lastly, the reported uncertainties in the Hipparcos parallaxes (van
Leeuwen, 2007) were factored into the uncertainties in R and log L using a standard
error propagation method.
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An example of the final fit to the photometry that was obtained after two iterations of chemical abundance and log g derivations is shown in Fig. 2.5.

Balmer line fitting
The shape of the broad Lorentzian wings of the Balmer lines is relatively sensitive to
variations in the surface gravity, particularly for Teff & 10 000 K (we found that the
sensitivity tends to decrease with decreasing Teff ). We derived log g by fitting Hβ and
Hγ profiles. This analysis depends crucially on the normalization that is applied to
these measurements; therefore, measurements obtained using certain instruments for
which automatic normalization was carried out by the reduction pipeline (e.g. MuSiCoS) could not be used for this purpose. We used NARVAL and ESPaDOnS spectra
– both new and archival observations – along with archived ELODIE, HARPS, SOPHIE, and UVES spectra.
The spectral orders extracted from cross-dispersed échelle spectra – such as ESPaDOnS and NARVAL – are known to exhibit an intrinsic curvature. This can
yield biased results when modelling the broad wings of the Balmer lines, particularly for those that are incident near the edges of the extracted orders (e.g. Hβ
in ESPaDOnS and NARVAL spectra). For the A- and B-type stars composing our
survey, the extracted orders exhibit continua that are approximately linear near Hγ
and Hβ; therefore, fits to Hγ and Hβ profiles that have been normalized using a
local linear fit (described below) should be relatively unaffected by the instrinsic
curvature. In Fig. 2.6, a number of examples of the final fits to Hγ and Hβ lines
are shown where, in same cases, relatively small discrepancies between the model
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and the observed spectra are apparent within the wings. This may be evidence that
some of the ESPaDOnS and NARVAL spectra are noticeably affected by distortions
in the continuum or normalization discrepancies. It is noted that any systematic
error in log g introduced by this aspect of the observed spectra is likely less than the
uncertainty introduced by the degeneracy between Teff and log g (the estimation of
log g uncertainties is discussed at the end of this section).
For each measurement, we first derived radial velocities by fitting a Gaussian
function to the Doppler core of Hβ and Hγ; the wavelengths of the spectra were then
adjusted to remove these radial velocities. Next, each of the Balmer line profiles were
individually normalized by applying a linear fit to narrow continuum regions located
on either side of the line’s core at ≈ ±35 Å relative to the central wavelength (λ0 ).
Lastly, the normalized measurements of each star’s Hβ and Hγ profiles were grouped
into sets based on the instrument with which they were obtained. The measurements
within each of these sets were then interpolated onto a common wavelength abscissa
– ranging from −40 to +40 Å relative to λ0 – and the associated flux values were
averaged. Care was taken to ensure that, prior to averaging, the flux values near the
continuum regions at λ0 ± 35 Å were approximately equal.
We fit the averaged Hβ and Hγ profiles using the Grid Search in Stellar Parameters (gssp) code developed by Tkachenko (2015). This code uses atmospheric models
provided by llmodels and chemical line lists provided by the Vienna Atomic Line
Database (VALD) (Piskunov et al., 1995; Kupka et al., 2000) to generate model
spectra associated with a set of input parameters (e.g. Teff , log g, v sin i, vmic , and
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Figure 2.6: Examples of the final fits to the observed Hγ (left) and Hβ (right) profiles.
The black curves correspond to the averaged observed spectra while the
red curves are the best-fitting models calculated using gssp.
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individual atmospheric chemical abundances) under the LTE assumption. gssp differs from similar spectral line fitting codes (e.g. sme, Valenti and Piskunov, 1996)
in that it generates grids of models corresponding to the range and increments of
the specified input parameters and compares χ2 values in order to determine the
best-fitting model.
The method used by gssp is computationally expensive since a large number
of models are typically produced. We reduced the total computation time by first
roughly estimating log g by eye, then allowing the chemical abundances to be fit
individually to within 1.0 dex. The abundances were then fixed and gssp was used to
determine the best-fitting value of log g to within 0.1 (cgs). The specific elements that
were included in each fit were selected by referring to a VALD line list generated using
an Extract Stellar request with the current estimate of Teff and log g; all elements
exhibiting lines within the wavelength region to be fit having normalized depths ≥ 0.1
were then identified and their abundances were allowed to vary. The second iteration
was carried out in a similar fashion; however, narrower abundance and log g grids
were adopted having increments of 0.1 dex and 0.01 (cgs), respectively. Instrumental
broadening was included in the model calculations by specifying the resolving power
of the instrument used to obtain the observation. The microturbulence was fixed at
0 km s−1 throughout the analysis while v sin i was fixed at the values derived during
the first iteration of He and metallic line fitting (see Section 2.5.2). Several examples
of the final fits to the Hβ and Hγ lines are shown in Fig. 2.6 for a range of v sin i
values.
We typically found small discrepancies between the values of log g derived from
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the modelling of each star’s Hγ and Hβ measurement. These discrepancies provide
an estimate of the uncertainty in log g resulting from statistical noise and continuum
normalization inaccuracies. By far, the largest contribution to the uncertainty in
log g results from the slight degeneracy between log g and Teff : similar-quality fits to
the Balmer lines can be derived using a range of log g and Teff values. We derived
uncertainties in log g by carrying out the fitting routine using both the minimal and
maximal values of Teff associated σTeff . The derived log g values are listed in Table
2.2.

He and metallic line fitting
Spectroscopic measurements obtained by various instruments – including those which
could not be used for the Balmer line fitting analysis – were used to derive each
mCP star’s chemical abundances and v sin i values. As in Section 2.5.2, we opted
to perform this analysis on averaged spectra obtained by combining multiple measurements. This was carried out by first calculating and subsequently removing the
radial velocity shift of each measurement. The radial velocities were derived by fitting a Gaussian function to the Doppler cores of several Balmer lines (Hα, Hβ, and
Hγ depending on the wavelength span of the spectra) and averaging the results.
We selected nine spectral regions to be fit from 5 000 to 5 900 Å, each 100 Å in
width. These regions were selected primarily because of (1) the absence of Balmer
lines and (2) the reasonably (but not excessively) high density of metallic lines; lower
wavelength regions (e.g. λ ∼ 4 000 Å) exhibit a higher density of both Balmer and
metallic lines, which tend to increase the number of blended lines and introduce
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systematic errors assoicated with the normalization procedure. The selected regions
were individually normalized by fitting a multi-order polynomial to the continuum.
Each set of spectra covering these regions that were obtained using the same instruments were then compared in order to ensure consistent normalization. They
were then interpolated onto a common wavelength abscissa and averaged. The normalized average spectra were subdivided into smaller regions having widths of 25 or
50 Å depending on the number of lines found in each of the 100 Å spectral regions:
observations from stars having sharp lines, such as HD 217522 (v sin i ≈ 5 km s−1 )
were subdivided into 25 Å regions while those exhibiting exceptionally broad lines
such as HD 124224 (v sin i ≈ 150 km s−1 ) were either subdivided into 50 Å regions or
left as 100 Å regions.
We proceeded to fit these 25 to 100 Å width spectral regions using an optimized
version of the zeeman spectrum synthesis code, which solves the polarized radiative transfer equations under the LTE assumption (Landstreet, 1988; Wade et al.,
2001a). These fits were initially carried out without including the effects of magnetic
fields (see discussion below). The optimizations were implemented by Folsom et al.
(2012), who also developed a Levenberg-Marquardt algorithm (LMA) to be used in
conjunction with zeeman in order to determine a minimal χ2 solution for a given
set of free parameters (Teff , log g, v sin i, etc.). The relevant data for each spectral
line (i.e. wavelength, depth, excitation energy, etc.) were obtained from VALD3
(Ryabchikova et al., 2015a) using an Extract Stellar request for a range of Teff values
from 6 000 to 20 000 K, a detection threshold of 0.005, and log g = 4.0 (cgs).
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We first used the zeeman LMA to derive the v sin i value associated with individual (non-averaged) spectra of each star. This was done by isolating a large number
of individual metallic lines, which appeared to be unblended, and applying the fitting routine; Teff was fixed at the value derived from the first iteration’s fit to the
photometry, log g and vmic were fixed at 4.0 (cgs) and 0 km s−1 , respectively, while
the abundance associated with the identified line and the value of v sin i were allowed
to vary. Any resulting fits to these lines that were judged by eye to be inadequate –
likely as a result of systematic errors associated with non-uniform surface abundance
distributions (e.g. Kochukhov et al., 2004b) – were removed from the analysis. The
value and uncertainty of v sin i were then derived by taking the median and mean
absolute deviation of the v sin i values associated with the accepted fits, which ranged
in number from 7 to 85 per star.
Depending in part on the strength of each star’s magnetic field and the value of
v sin i, Zeeman broadening may have a non-negligible contribution to the width and
overall profile of a given spectral line. Therefore, we repeated the v sin i derivation
with the inclusion of a dipole surface magnetic field. The strength of the field (Bd ),
obliquity angle (β), and inclination angle of the axis of rotation (i) were estimated
using the method described in Paper II. These three parameters could not be derived
for five stars due to an insufficient number of obtained observations and/or because
of exceptionally long rotational periods, which generally prevents v sin i (and thus, i)
from being accurately constrained. In these cases, we adopted Bd values estimated
using Eqn. 6 of Aurière et al. (2007) and i = β = 45 degrees.
For those stars for which both v sin i values (i.e. the values derived with and
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without including Zeeman broadening) were found to be in agreement, we adopted
the value exhibiting a lower uncertainty. Similarly, if more precise published values
that are also in agreement with our derived values are available, we adopted the
published v sin i values (e.g. HD 65339, HD 176232). In Table 2.2, we list the
derived v sin i values along with values found in the literature; the final adopted
values correspond to those listed in bold.
It is evident from Table 2.2 that significant discrepancies exist between v sin i values derived in this study and those available in the literature for six mCP stars in the
sample (HD 3980, HD 56022, HD 109026, HD 148898, HD 188041, and HD 223640).
In the case of HD 109026, the published v sin i value is associated with the primary
non-magnetic component, as discussed in Sect. 2.5.3 and by Alecian et al. (2014).
For both HD 3980 and HD 188041, Hubrig et al. (2007) report lower values of v sin i
compared to the values derived here. The v sin i values derived with and without
Zeeman broadening are comparable for these two stars. We note that HD 188041’s
radius (R = 2.32 ± 0.19 R ) derived here and its rotational period (223.8 d) and
inclination angle (70 degrees) reported by Landstreet and Mathys (2000) suggest
that v sin i ∼ 0.5 km s−1 . The published v sin i values of HD 56022, HD 148898, and
HD 223640 were obtained by Abt and Morrell (1995a) based on Gaussian fits of the
λ4476 Fe i and λ4481 Mg iilines. We computed synthetic models of these lines –
both with and without the inclusion of Zeeman broadening – for each of the stars
using the published v sin i values; comparing the models and the observed spectra
used in our study suggest that the published values are incorrect.
The chemical abundance analysis was carried out during both the first and second
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iterations of our analysis using similar procedures. The effective temperature and
surface gravity were fixed at the values derived from the fitting of the photometry
(Sect. 2.5.2) and of the Balmer lines (Sect. 2.5.2), respectively, that were performed
during the first (current) iteration. The value of v sin i was fixed at the value previously derived or adopted. We opted to fix the microturbulence at 0 km s−1 for two
reasons: (1) we found that, for those spectral regions in which certain lines appearing in the observed spectrum but not in the model spectrum, vmic would tend to be
significantly overestimated (& 10 km s−1 ) resulting in poor overall fits; and (2) vmic
is known to be supressed in mCP stars by the presence of strong surface magnetic
fields (e.g. Ryabchikova et al., 1997; Kochukhov et al., 2006). Magnetic fields were
included for 14 stars during the second iteration of the chemical abundance analysis;
the rational for this decision to not include magnetic fields for all of the stars is
discussed below.
For each spectral region, we selected the elements whose abundances would be
fit by referring to the VALD line list and identifying those lines having normalized
depths > 0.03. The abundances of a number of elements selected using this criterion
were unable to be fit by the LMA within certain spectral regions, likely as a result
of line blending. In these instances, that abundance was fixed at the element’s
solar value and the LMA was re-run. Typically the abundances of between four
and six elements were fit for each spectral region. The final abundances and their
uncertainties were derived by taking the median and mean absolute deviation of the
values (not including those abundances that were fixed at solar values) derived from
each of the 25 to 100 Å width spectral regions; only those chemical abundances which
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Figure 2.7: Comparisons between spectral models generated with zeeman in which
Zeeman broadening is included (F B>0 ) and models in which Zeeman
broadening is not included (F B=0 ). We find that, for those fits in which
χ2resid . 0.02, Zeeman broadening is essentially negligible.
were able to be fit in three or more spectral regions were included in this calculation.
The zeeman LMA requires a prohibitively long time to carry out the polarized radiative transfer calculations for the full sample of mCP stars over spectral
windows with widths & 10 Å. We attempted to identify those stars that (1) host
relatively weak surface magnetic fields and/or (2) exhibit relatively high v sin i values such that Zeeman broadening could be neglected without significantly impacting
the fitting parameters. This was done by generating models using zeeman with
the fitting parameters from the first iteration of the analysis (chemical abundances,
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v sin i, etc.) with the additional inclusion of a dipole magnetic field. The models were generated at the rotational phase corresponding to the maximum width of
the lines (the phase at which the impact of Zeeman broadening is greatest). These
models were then compared with those generated using the same fitting parameters
but without the inclusion of Zeeman broadening. The differences between the synthetic model fluxes in which Zeeman broadening was (F B>0 ) and was not (F B=0 )
included was evaluated by first removing any points corresponding to the continuum
(F > 0.99) and subsequently calculating the normalized sum of the residuals squared:
P
χ2resid = i (FiB=0 − FiB>0 )2 /N where the sum is carried out over the synthetic flux
of each model calculated within a given spectral window and N corresponds to the
number of synthetic flux values within that spectral window.
In Fig. 2.7, we show χ2resid as a function of v sin i and Bd . As expected, the
models corresponding to the lowest v sin i and highest Bd values exhibit the largest
χ2resid values. In Fig. 2.8, we show examples of fits obtained with and without the
inclusion of magnetic fields. Based on these comparisons, we concluded that Zeeman
broadening can be neglected (for the purposes of this investigation) for the 31 stars
where χ2resid . 0.02. In Fig. 2.9, we show examples of fits obtained where Zeeman
broadening was found to be non-negligible.
We carried out the spectral modelling of the 5 000 ≤ λ ≤ 5 900 Å regions for the
majority of the confirmed mCP stars in the sample. No abundance analysis was
carried out for the six stars without available new or archival spectra (HD 12447,
HD 49976, HD 54118, HD 64486, HD 103192, and HD 117025 along with the three
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candidate mCP stars, HD 15717, HD 32576, and HD 217831). No abundance analysis of the SB2 system HD 109026 was carried out due to the significant contamination between the non-magnetic primary and magnetic secondary components in
the HARPS spectra. In total, average surface abundances of various elements were
derived for 45/52 of the mCP stars. Several examples of final spectral fits obtained
after the first and second iterations are shown in Fig. 2.8. The four examples span a
range of v sin i values and approximately represent the range of the quality of the fits
obtained during the analysis. The derived chemical abundances are listed in Table
2.4. We also show four examples of the derived abundance tables in Fig. 2.10.

2.5.3

HD 109026

HD 109026 is the only double-lined spectroscopic binary system identified amongst
the 52 confirmed mCP stars in the sample. The primary component is a slowly
pulsating B-type star, which exhibits pulsations with a period of 2.73 d (Waelkens
et al., 1998). The cooler secondary component was first discovered by Alecian et al.
(2014) based on spectra obtained using HARPSpol. The authors detected variable
circularly polarized Zeeman signatures and variable metallic lines, which led them to
classify the secondary component as an Ap star. No radial velocity shifts in either
the primary or secondary component were reportedly detected over a period of seven
nights indicative of an orbital period that is significantly longer than several days.
Various effective temperatures of the system ranging from 15 kK to 17.7 kK have
been previously reported based on photometric calibrations (e.g. Molenda-Zakowicz
and Polubek, 2004; Kochukhov and Bagnulo, 2006; Zorec et al., 2009). However,
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Figure 2.8: Several examples of the fits generated as discussed in Sect. 2.5.2. The
black curves correspond to the observed spectra, the red curves correspond to the best-fitting model spectra derived using the zeeman LMA
without including Zeeman broadening, and the dashed-blue curves correspond to the spectra generated using zeeman with the same fitting
parameters and with Zeeman broadening included. A range of v sin i
values are represented decreasing from top to bottom. Note that the
different widths of the spectral regions shown, which are labeled in the
top left of each figure.
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Figure 2.9: Examples of fits generated where a dipole magnetic field was included
in the model. The black curves correspond to the observed spectra, the
red curves correspond to the best-fitting model spectra derived using
the zeeman LMA with Zeeman broadening included, and the dashedblue curves correspond to the spectra generated using zeeman with the
same fitting parameters and no Zeeman broadening included. In each
case, χ2resid ≥ 0.02 (as shown in Fig. 2.7) and Zeeman broadening is
considered to be non-negligible.
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Figure 2.10: Examples of the tables of derived average surface chemical abundances.
The examples shown increase in Teff from top to bottom.
no Teff of the cooler magnetic component could be found in the literature. Alecian
et al. (2014) attribute their inability to constrain Teff to the contamination of the primary component’s moderately variable lines with the secondary component’s strongly
variable lines. We attempted to estimate Teff of both components by combining the
constraints yielded by (1) SED fitting and (2) spectral Balmer line modelling.
Johnson, Strömgren, Geneva, and 2MASS photometric measurements are available for HD 109026. We attempted to fit the observations using a grid search method
in which χ2 is calculated for a grid of free parameters allowing the minimal χ2 solution to be identified. Unlike the SED fitting method discussed in Sect. 2.5.2, we
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Figure 2.11: The χ2 distributions associated with the SED modelling (shown in Fig.
2.12): the colours correspond to the χ2 value increasing from dark to
light while the solid and dotted black contours correspond to the 1σ and
3σ limits, respectively. In both plots, the white hatched regions indicate
the regions used to assign final values (marked by white squares) and
uncertainties of the plotted parameters. Left: Comparisons between the
TA − TB χ2 plane associated with the photometry and the Balmer line
modelling. The red dot-dashed and white dashed contours correspond
to the 1σ limits of the Hβ and Hγ modelling shown in Fig. 2.13. Right:
The RA − RB χ2 plane associated with the photometry. The Balmer
line modelling yields constraints on the ratio of the radii (RA /RB ); the
1σ upper limits for RA /RB are indicated by the grey dashed and red
dot-dashed lines while the dashed black line shows the lower limit of
RA /RB = 1 enforced during the fitting analysis.
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Figure 2.12: The final fit to the observed photometry (filled red circles) of the SB2
system HD 109026. The left panel shows the optical photometry (Johnson, Geneva, and Strömgren) while the right panel shows the 2MASS
photometry. The solid black, dashed red, and dot-dashed blue lines
correspond to the total, primary component, and secondary (magnetic)
component synthetic SEDs. The black ‘X’ symbols correspond to the
total synthetic flux of each photometric filter.

Figure 2.13: The final fits to the observed Hγ (left) and Hβ (right) profiles (black
curves) of the SB2 system HD 109026. The dashed blue, dot-dashed
yellow, and solid red curves correspond to the primary, secondary (magnetic), and composite model spectra.
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(1) included contributions from both a primary and secondary component and (2)
we did not consider the effects of chemical peculiarities or surface magnetic fields.
The metallicity and surface gravity of both components were fixed at [M/H]= 0 and
log g = 4.0 (cgs), respectively. The effective temperatures and radii of both components were free parameters; the primary component’s Teff and R were bounded
by Teff,A /kK ∈ [14, 20] and RA /R

∈ [3, 5] while the secondary component’s Teff

and R were bounded by Teff,B /kK ∈ [8, 15] and RB /R

∈ [3, 5]. Lastly, in order

to reduce the number of grid points in the χ2 space (and thus, reduce the computation time), we restricted the primary component’s luminosity (computed using
the Stefan-Boltzmann relation) such that LA /LB > 1. In Fig. 2.11 we show the
two components’ χ2 distributions in the Teff and R planes associated with the SED
modelling. It is apparent that the constraints on the free parameters yielded by the
SED modelling alone are poor: similar quality fits are obtained for a wide range of
solutions (16 . Teff,A . 20 kK and 9 . Teff,B . 15 kK).
Table 2.2: Rotational broadening (v sin i) and surface gravity log g derived from spectroscopic measurements. Columns 2 and 3 list the v sin i and log g values
derived in this study; column 3 lists v sin i values obtained from the literature. The bold v sin i values correspond to the final adopted values
used in the final spectral models and in the calculation of the magnetic
parameters in Ch. 3. References for the published v sin i values are listed
in the table’s footer.
HD
(1)

(v sin i)obs
(km s−1 )
(2)

(v sin i)pub
(km s−1 )
(3)

log (g)obs
(cgs)
(4)

3980
11502

25.4 ± 1.7
56.8 ± 1.7

15.0 ± 3.0 a
-

4.04+0.78
−0.42
4.04+0.96
−0.50

continued on next page
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continued from previous page
HD
(1)

(v sin i)obs
(km s−1 )
(2)

(v sin i)pub
(km s−1 )
(3)

12446
15089
15144
18296
24712
27309
29305
38823
40312
49976
54118
56022
62140
64486
65339
72968
74067
83368
96616
103192
108662
108945
109026
112185
112413
117025
118022
119213

49.5 ± 2.8
12.0 ± 0.9
24.3 ± 2.4
6.6 ± 0.6
55.8 ± 2.4
44.2 ± 1.9
11.3 ± 1.9
58.5 ± 2.5
84.6 ± 7.4
25.8 ± 1.0
13.3 ± 2.7
16.1 ± 0.8
33.8 ± 2.8
33.8 ± 1.0
57.0 ± 2.5
22.0 ± 1.7
65.2 ± 3.8
12.0 ± 1.5
32.9 ± 1.4
17.3 ± 2.2
12.0 ± 0.7
35.8 ± 3.8

56.0 ± 3.0 b
13.0 ± 1.0 c
57.0 ± 10.0 d
31.0 ± 3.0 e
34.0 ± 2.0 f
28.0 ± 8.0 b
12.5 ± 0.5 g
33.0 ± 1.0 h
33.0 ± 0.5 g
56.0 ± 2.5 i
72.0 b
188 ± 10 j
12.0 ± 1.0 k
-

continued on next page

log (g)obs
(cgs)
(4)
3.33+0.97
−0.33
3.80+1.20
−0.80
+0.47
3.97−0.31
4.30+0.51
−1.29
3.41+0.49
−0.21
+0.64
3.93−0.16
3.70+1.30
−0.70
+0.67
4.18−0.25
3.83+0.97
−0.33
4.13+0.69
−0.31
3.56+0.24
−0.56
3.72+0.44
−0.16
+0.26
3.72−0.16
3.85+0.11
−0.15
3.90 ± 0.30
3.66+0.96
−0.14
3.89+0.77
−0.37
+0.89
4.11−0.42
4.17+0.83
−0.46
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HD
(1)

(v sin i)obs
(km s−1 )
(2)

(v sin i)pub
(km s−1 )
(3)

120198
124224
128898
130559
137909
137949
140160
140728
148112
148898
151199
152107
170000
176232
187474
188041
201601
203006
217522
220825
221760
223640

58.0 ± 1.5
144 ± 5
14.1 ± 0.5
18.6 ± 1.6
9.5 ± 0.4
9.7 ± 0.5
59.7 ± 2.1
68.7 ± 3.2
47.2 ± 3.0
32.2 ± 1.4
49.7 ± 1.9
23.2 ± 1.4
81.9 ± 1.6
2.1 ± 0.7
0.9 ± 0.6
6.7 ± 0.5
7.0 ± 0.5
43.7 ± 1.7
4.9 ± 0.6
39.9 ± 2.2
22.4 ± 0.7
31.7 ± 1.4

14.0 ± 1.0 l
65.0 m
51.0 ± 8.0 m
2.0 ± 0.5 n
4.0 a
20.0 ± 5.0 m

continued on next page

log (g)obs
(cgs)
(4)
3.83+0.71
−0.17
4.06+0.36
−0.12
> 4.22
3.84+1.09
−0.49
3.25+1.33
−0.25
3.30+1.38
−0.30
4.00+0.24
−0.16
3.69+0.53
−0.21
3.45+0.67
−0.25
3.85+0.65
−0.69
4.02+0.22
−0.12
4.10+0.61
−0.19
4.11+0.27
−0.13
4.00 ± 1.00
3.82+1.18
−0.58
4.36+0.64
−0.76
3.85+0.51
−0.85
3.73+0.29
−0.23
< 4.20
3.94+0.12
−0.18
3.65+0.41
−0.09
3.92+0.42
−0.22
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HD
(1)

(v sin i)obs
(km s−1 )
(2)

(v sin i)pub
(km s−1 )
(3)

log (g)obs
(cgs)
(4)

a

Hubrig et al. (2007), b Abt (2001), c Aurière et al. (2007),
d
Rice and Wehlau (1990), e Pilachowski et al. (1974),
f
Donati et al. (1997), g Kochukhov et al. (2004b),
h
Royer et al. (2002), i Hoffleit and Warren (1995),
j
Brown and Verschueren (1997), k Khalack and Wade (2006),
l
Reiners and Schmitt (2003), m Abt and Morrell (1995a),
n
Kochukhov et al. (2002)

The available HARPS Stokes I spectra of HD 109026 span the Hγ and Hβ lines.
We performed a similar spectral line modelling analysis to that presented in Sect.
2.5.2 using the gssp composite module described by Tkachenko (2015). This module functions in the same way as the gssp single module used in Sect. 2.5.2 (i.e. by
generating a grid of solutions from which the minimal χ2 solution can be identified)
but allows a spectrum consisting of two components to be fit. We defined a grid
of Teff,A /kK ∈ [14, 19], Teff,B /kK ∈ [10, 15], log gA ∈ [3.0, 5.0], and log gB ∈ [3.0, 5.0]
values with increments of ∆Teff = 100 K and ∆ log g = 0.1 (cgs). The v sin i values of each component were varied from 170 − 190 km s−1 in increments of 1 km s−1
(primary) and 5 − 25 km s−1 in increments of 0.5 km s−1 (secondary). We used fixed
solar abundancies (i.e. no individual abundances were varied), and fixed microturbulence values of 2 km s−1 and 0 km s−1 for the primary and secondary components,
respectively. The contribution of each component to the composite spectrum is primarily determined by the ratio of the luminosities (LA /LB = [TA /TB ]4 [RA /RB ]2 ); we
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allowed the ratio of the radii, RA /RB , to range from 1 to 3 in increments of 0.05.
The resulting χ2 grids associated with the fits to Hγ and Hβ were then compared
with the χ2 grids generated during the SED fitting analysis. In Fig. 2.11 (left), we
show the resulting spectral modelling 1σ contours associated with Teff,A and Teff,B
overlayed onto the SED fitting Teff χ2 distribution. In Fig. 2.11 (right), we show
the spectral modelling 1σ limits of RA /RB overlayed onto the R SED fitting χ2
distribution. By combining the constraints yielded by both the SED fitting and
the Balmer line fitting, we obtain best fitting parameters – corresponding to the
centers of the overlapping 1σ contours – with large but reasonable 1σ errors: Teff,A =
17.1 ± 0.8 kK, Teff,B = 11.8 ± 0.9 kK, RA = 2.9 ± 0.2 R , and RB = 2.6 ± 0.2 R .
These values yield luminosities of log LA /L = 2.8 ± 0.2 and log LB /L = 2.1 ± 0.2.
In Figures 2.12 and 2.13, we show the SED fits and Balmer line fits generated using
the derived most probable parameters.

2.5.4

Hertzsprung-Russell diagram

With the values of Teff and L derived for all of the stars (mCP, candidate mCP,
and non-mCP), their masses (M ) and ages (tage ) could be estimated by generating
a theoretical Hertzsprung-Russell diagram (HRD) and comparing with evolutionary
models. Various theoretical evolutionary tracks spanning a wide range of metallicities
and rotation rates are available in the literature (e.g. Schaller et al., 1992; Schaerer
et al., 1993; Georgy et al., 2013). Depending on the choice of models, the derived
masses and, in particular, the derived ages of the stars can vary substantially.
Although our analysis includes a derivation of most of the mCP stars’ surface
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chemical compositions, it is understood that these values are not representative of
their bulk metallicites (e.g. Michaud, 1970, 1980). Studies of the Sun’s metallicity
as well as that of nearby B-type stars (Przybilla et al., 2008) and star-forming H ii
regions (e.g. Esteban et al., 2004) suggest that Z ≈ 0.014 within the solar neighbourhood (Asplund et al., 2009). The Geneva-Copenhagen survey (Nordström et al.,
2004; Casagrande et al., 2011), which derived the metallicities of more than 16 000 F, G-, and K-type stars in the Hipparcos Catalogue, report a similar value within the
solar neighbourhood: the 9 605 stars within 100 pc with derived [M/H] values exhibit
an approximately Gaussian distribution with mean and sigma values of −0.04 and
0.15, respectively. No significant change in [M/H] is found as a function of distance
within 100 pc. Based on these results, we adopted metallicities of [M/H] = 0.0 with
a 2 σ uncertainty of 0.3 (Z = 0.014 ± 0.009) for all of the stars (both mCP and
non-mCP) in the sample.
Magnetic F-, A-, and B-type MS stars are typically known to have relatively
low equatorial rotational velocities (veq ) (e.g. Abt and Morrell, 1995b; Netopil et al.,
2017), however, the veq values exhibited by their non-mCP counterparts vary widely.
We estimated the non-mCP sub-sample’s typical ratio of veq to the critical rotational
velocity (i.e. the break-up rotational velocity, vcrit ) by first compiling the v sin i and
Teff values of MS A-type stars reported by Ammler-von Eiff and Reiners (2012) and
Zorec and Royer (2012). We then estimated vcrit for each of the 2 835 catalogue entries
using the non-rotating, solar metallicity evolutionary tracks computed by Ekström
et al. (2012). A Monte Carlo (MC) simulation was then performed in which, for each
of the 1 000 steps that were carried out, inclination angles were randomly assigned
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for each star under the assumption that the rotational axes are randomly oriented
in space. Our results suggest that we can expect the subsample of non-mCP stars
to have a median veq /vcrit of approximately 0.3 and for 68 per cent of the sample to
have veq /vcrit . 0.4.
We used several grids of evolutionary models computed with a range of metallicities to derive the stellar masses and ages along with their uncertainties. Mowlavi
et al. (2012) computed 6 dense grids of evolutionary tracks corresponding to metallicities of 0.006, 0.01, 0.014, 0.02, 0.03, and 0.04; each grid contains 39 tracks with
0.5 ≤ M/M

≤ 3.5. Ekström et al. (2012) computed four larger, lower density

grids having metallicities of 0.002 and 0.014, both with rotation (veq /vcrit = 0.4)
and without rotation; each grid contains 24 tracks corresponding to a wide range
of masses (0.8 ≤ M/M ≤ 120). Comparing these grids, it is evident that Teff of
the terminal-age MS (TAMS) decreases significantly for those tracks associated with
a high metallicity (Z = 0.03) and/or fast rotation rate (veq /vcrit = 0.4) relative to
the non-rotating solar metallicity models. We linearly interpolated the grids computed by Mowlavi et al. (2012) in order to generate a Z = 0.023 grid (corresponding
to the adopted high metallicity limit inferred from the Geneva-Copenhagen survey)
and similarly interpolated the grids computed by Ekström et al. (2012) in order
to generate a solar metallicity, veq /vcrit = 0.3 grid (corresponding to the estimated
typical rotational velocity of the non-mCP stars). We found that the Z = 0.023
models yielded a moderately cooler TAMS compared to the rotating models; therefore, since the width of the MS is more strongly affected by an increase in Z compared to an increase in veq /vcrit , we opted to use only the available non-rotating
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Figure 2.14: Theoretical HRD of the sample of non-mCP stars (grey points), the
confirmed mCP stars (blue filled circles), and the candidate mCP stars
(blue open circles). The black and red dash-dotted curves correspond to
the solar metallicity low- and high-mass evolutionary tracks computed
by Mowlavi et al. (2012) and Ekström et al. (2012), respectively.
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models. We used the grids computed by Mowlavi et al. (2012) for the stars with
M < 3.5 M along with the non-rotating grids computed by Ekström et al. (2012)
for the stars with M ≥ 3.5 M . As a consequence, the derived uncertainties in M
and tage associated with the lower-mass stars incorporate both low and high metallicities (0.006 ≤ Z ≤ 0.023) while those of the high-mass stars only incorporate low
metallicites (0.005 ≤ Z ≤ 0.014).
At this point in the analysis, we applied three cuts to the sample of non-mCP
stars. All non-mCP stars with derived masses < 1.4 M were removed since this approximately corresponds to the least massive mCP star in the sample (HD 217522,
which has a mass of 1.48 M ). This cut was applied using the Z = 0.014 grid of
evolutionary tracks (Ekström et al., 2012). The next two cuts removed all stars
positioned (1) below the zero-age MS (ZAMS, identified using the Z = 0.023 evolutionary models computed by Mowlavi et al., 2012) – these stars are discussed below –
and (2) above the coolest point along the MS (identified using the Z = 0.014 models
computed by Ekström et al., 2012). These stars have evolved off of the MS and are
associated with various phenomena (e.g. rapid structural changes) that are outside
the scope of this study. The three cuts reduced the total number of non-mCP stars in
the sample from 21 665 to 3 141. The HRD containing the confirmed mCP, candidate
mCP, and non-mCP stars composing the sample is shown in Fig. 2.14 along with
the adopted solar metallicity evolutionary tracks.
We note that 150 non-mCP stars – along with three candidate mCP stars (HD 107452,
HD 122811, and HD 177880B) – exhibit log Teff /K & 3.9 and log L/L . 0.3 and
are therefore positioned well below the ZAMS associated with the Z = 0.006 grid of
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evolutionary tracks. It is unlikely that errors in the derived Teff and/or log L alone
could reposition these stars below the MS this significantly. Wraight et al. (2012)
note that HD 107452 is a binary system and suggest that the parallax reported within
the Hipparcos Catalogue may have been affected by this. Based on the derived effective temperatures of these three candidate mCP stars, we find that the distances
would need to be increased by factors of approximately 2.5 to 4.5 in order for them
to be positioned near the ZAMS (this estimate does not consider the flux contributed
from the binary companion, which would reduce the factor). An analysis of specific
binary systems presented by Pourbaix and Jorissen (2000) demonstrates that the
parallax angles measured using Hipparcos can be overestimated by a factor . 3 if
the orbital motion of a star within the system is not accounted for, which suggests
that the aformentioned stars in this sample may be similarly affected.
Each sample star’s most probable M and tage were derived by linearly interpolating the adopted solar metallicity evolutionary tracks. Their associated uncertainties
were estimated by carrying out the following MC analysis. A large number (& 1 000)
data points consisting of Teff , L, and Z values were generated by randomly sampling
from Gaussian distributions defined by each parameter’s most probable values and
uncertainties: Teff , σTeff , L, and σL were derived in Section 2.5.2 while Z and σZ were
inferred from the Geneva-Copenhagen survey (this MC HRD method corresponds to
a simplified version of that carried out by Shultz et al., in prep). We then derived
the corresponding masses and ages for each of those data points found to overlap
with the evolutionary model grids. The uncertainties in M and tage were determined
from the widths of the resulting distributions. No masses and ages could be derived
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for those non-mCP stars positioned below the solar metallicity evolutionary grid’s
MS using their most probable Teff and L values derived in Section 2.5.1. In these
cases, M and tage were assigned the values associated with the nearest valid Teff , L,
and Z obtained during the MC error analysis.
In Table 2.3, we list (1) the Teff , R, and log L values derived from the spectroscopic
and photometric observations, and (2) the M , log g, log tage , and τ values derived
using the evolutionary models; the 52 confirmed mCP stars and the 3 candidate
mCP stars are included in this table.

2.6
2.6.1

Results
Confirmation of Teff
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Figure 2.15: Surface gravity derived from Hβ and Hγ (spectroscopic log g) compared
with the values derived from each star’s position on the theoretical HRD
(HRD log g). Each square symbol corresponds to the best-fitting/most
probable log g while the arrows indicate uncertainties that extend beyond the 3.0 ≤ log g ≤ 5.0 (cgs) range permitted during the fitting
analysis. The black line corresponds to where the spectroscopic log g
equals the HRD log g.

HD

Teff (K)

R (R )

log L/L

M (M )

log (g)HRD

log t/Gyrs

(1)

(2)

(3)

(4)

(5)

(6)

(7)

3980

8620 ± 420

1.85 ± 0.19

1.23 ± 0.04

1.96+0.13
−0.21

4.20 ± 0.10

8.67+0.30
−0.70

0.41+0.35
−0.33

11502

10120 ± 650

1.86 ± 0.31

1.52 ± 0.09

2.36+0.17
−0.29

4.27+0.10
−0.15

8.18+0.52
−0.76

0.23+0.45
−0.19

12446

10000 ± 710

2.66 ± 0.45

1.80 ± 0.08

2.64+0.21
−0.28

4.01 ± 0.14

8.52+0.16
−0.27

0.68+0.22
−0.29

15089

8530 ± 270

2.06 ± 0.16

1.30 ± 0.04

2.02+0.14
−0.22

4.12+0.07
−0.08

8.76+0.20
−0.27

0.56+0.27
−0.24

15144

8510 ± 240

2.07 ± 0.17

1.31 ± 0.06

2.02+0.15
−0.22

4.11+0.07
−0.08

8.77+0.19
−0.24

0.57+0.26
−0.23

15717

6850 ± 1020

1.70 ± 0.22

0.76 ± 0.20

1.49+0.12
−0.24

4.15+0.11
−0.13

9.17+0.35
−0.50

0.63+0.49
−0.42

18296

10010 ± 750

2.89 ± 0.46

1.88 ± 0.05

2.74+0.19
−0.27

3.95 ± 0.14

8.52+0.13
−0.21

0.74+0.20
−0.24

24712

7150 ± 170

1.80 ± 0.11

0.88 ± 0.03

1.60+0.10
−0.16

4.13+0.06
−0.07

9.06+0.20
−0.22

0.60+0.30
−0.25

27309

11290 ± 660

2.30 ± 0.31

1.89 ± 0.05

2.87+0.20
−0.31

4.17+0.11
−0.13

8.21+0.30
−0.73

0.41 ± 0.33

3.41+0.09
−0.32
+0.13
1.83−0.20
1.65+0.12
−0.20
+0.23
3.24−0.25
2.22+0.15
−0.25

3.96+0.07
−0.08
+0.05
4.21−0.07
4.28+0.07
−0.13
+0.08
3.61−0.07
4.20+0.08
−0.10

8.26+0.13
−0.08
+0.28
8.74−0.39
8.58+0.56
−0.76
+0.02
8.46−0.10
8.48+0.32
−0.62

0.72+0.18
−0.12

29305

11810 ± 450

3.19 ± 0.28

2.25 ± 0.04

32576

8180 ± 240

1.76 ± 0.10

1.10 ± 0.14

38823

7750 ± 360

1.54 ± 0.23

0.88 ± 0.10

40312

10220 ± 360

4.68 ± 0.34

2.33 ± 0.02

49976

9460 ± 380

1.95 ± 0.20

1.44 ± 0.06

τ
(8)

0.40+0.34
−0.24
0.21+0.52
−0.17
1.00+0.01
−0.06
0.38+0.35
−0.29
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Table 2.3: Derived fundamental parameters for the 52 confirmed mCP stars and 3 candidate mCP stars
(HD 15717, HD 32576, and HD 217831) in the sample. Columns (1) through (4) list parameters
derived from the spectroscopic and photometric observations. Columns (5) through (8) list parameters derived using the evolutionary models generated by Mowlavi et al. (2012) and Ekström
et al. (2012).

HD

Teff (K)

R (R )

log L/L

M (M )

log (g)HRD

log t/Gyrs

(1)

(2)

(3)

(4)

(5)

(6)

(7)

54118

10910 ± 350

2.61 ± 0.24

1.94 ± 0.06

2.89+0.20
−0.29

4.07 ± 0.09

8.36+0.17
−0.22

0.60+0.23
−0.22

56022

9660 ± 240

2.00 ± 0.10

1.50 ± 0.02

2.29+0.15
−0.24

4.20+0.06
−0.07

8.45+0.29
−0.43

0.39+0.32
−0.24

62140

7740 ± 460

2.32 ± 0.33

1.24 ± 0.08

1.92+0.14
−0.25

3.99 ± 0.13

8.95 ± 0.19

2.77+0.19
−0.28
+0.15
2.16−0.22
2.32+0.16
−0.25
+0.18
2.62−0.28
1.78+0.12
−0.17
+0.16
2.48−0.24
3.65+0.08
−0.53
+0.16
2.36−0.25
2.27+0.14
−0.22
+0.29
3.19−0.40
2.94+0.15
−0.41
+0.22
2.97−0.32
2.06+0.14
−0.21
+0.14
2.22−0.24
2.02+0.14
−0.22

4.05+0.09
−0.10

8.43+0.16
−0.23
+0.13
8.79−0.15
8.63+0.18
−0.28
+0.18
8.47−0.26
8.97+0.15
−0.20

64486

10490 ± 460

2.61 ± 0.28

1.88 ± 0.05

65339

8520 ± 320

2.43 ± 0.23

1.45 ± 0.06

72968

9310 ± 490

2.32 ± 0.26

1.56 ± 0.05

74067

10190 ± 380

2.44 ± 0.25

1.76 ± 0.07

83368

7660 ± 220

2.00 ± 0.15

1.09 ± 0.04

96616

9180 ± 400

2.85 ± 0.28

1.72 ± 0.04

103192

11750 ± 380

3.86 ± 0.38

2.41 ± 0.07

108662

9740 ± 460

2.11 ± 0.21

1.56 ± 0.04

108945

8670 ± 230

2.64 ± 0.16

1.55 ± 0.03

109026

11800 ± 900

2.68 ± 0.82

2.10 ± 0.21

112185

9350 ± 330

3.99 ± 0.28

2.04 ± 0.02

112413

11320 ± 600

2.52 ± 0.31

1.97 ± 0.07

117025

8590 ± 470

2.12 ± 0.25

1.34 ± 0.04

118022

9440 ± 270

1.96 ± 0.11

1.44 ± 0.02

119213

8620 ± 470

1.99 ± 0.23

1.29 ± 0.04

4.07 ± 0.11
4.08 ± 0.09

(8)

0.74 ± 0.24
0.63+0.22
−0.24
0.71 ± 0.19
0.60+0.25
−0.27
0.58 ± 0.25

4.09+0.07
−0.08
+0.09
3.93−0.10
3.83+0.06
−0.11

8.66 ± 0.12
8.25+0.13
−0.03

0.89+0.09
−0.05

4.16 ± 0.10

8.49+0.27
−0.48

0.46+0.32
−0.29

3.95+0.06
−0.07

8.76 ± 0.10

0.76+0.17
−0.14

4.08+0.20
−0.22

8.22+0.21
−0.72

0.56+0.31
−0.46

3.70+0.07
−0.10

8.54+0.12
−0.05

0.94+0.07
−0.08

4.11 ± 0.11

8.28+0.22
−0.43

0.53+0.28
−0.31

4.10 ± 0.11

8.76+0.19
−0.32

0.58+0.27
−0.29

4.20+0.06
−0.07

8.50+0.30
−0.45

0.39+0.32
−0.25

4.14 ± 0.11

8.73+0.23
−0.43

0.51 ± 0.31

0.62+0.28
−0.21
0.78 ± 0.17
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4.00 ± 0.09
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R (R )

log L/L

M (M )

log (g)HRD

log t/Gyrs

(1)

(2)

(3)

(4)

(5)

(6)

(7)

120198

9740 ± 560

2.14 ± 0.26

1.57 ± 0.04

2.37+0.17
−0.25

4.15+0.11
−0.12

8.50+0.25
−0.54

0.47+0.31
−0.33

124224

12260 ± 480

2.05 ± 0.19

1.93 ± 0.04

3.05+0.14
−0.33

4.30+0.05
−0.10

7.63+0.69
−0.51

0.13+0.42
−0.09

128898

7760 ± 230

1.85 ± 0.11

1.05 ± 0.01

1.76+0.12
−0.17

4.15+0.06
−0.07

8.92+0.20
−0.30

0.53+0.33
−0.25

130559

9120 ± 420

2.30 ± 0.25

1.52 ± 0.05

2.26+0.16
−0.23

4.07 ± 0.10

8.67+0.17
−0.26

0.62+0.25
−0.26

137909

7540 ± 420

3.15 ± 0.37

1.46 ± 0.04

2.14+0.13
−0.35

3.77+0.11
−0.14

8.91+0.16
−0.07

0.92+0.10
−0.13

137949

7370 ± 270

2.16 ± 0.24

1.09 ± 0.07

1.77+0.13
−0.28

4.02+0.08
−0.12

9.04+0.25
−0.15

0.72+0.34
−0.19

140160

9030 ± 230

2.17 ± 0.15

1.45 ± 0.04

2.19+0.15
−0.23

4.11+0.06
−0.08

8.67+0.19
−0.22

0.56+0.26
−0.21

140728

9730 ± 550

2.44 ± 0.30

1.69 ± 0.03

2.49+0.17
−0.25

4.06+0.10
−0.12

8.56+0.17
−0.27

0.62+0.25
−0.26

148112

9170 ± 390

3.34 ± 0.33

1.85 ± 0.06

2.66+0.16
−0.41

3.81+0.09
−0.11

8.63+0.17
−0.08

0.87+0.14
−0.13

148898

8150 ± 250

2.97 ± 0.19

1.54 ± 0.02

2.25+0.13
−0.35

3.85+0.06
−0.10

8.82+0.18
−0.07

0.86+0.15
−0.11

151199

8620 ± 390

2.06 ± 0.20

1.32 ± 0.04

2.04+0.14
−0.21

4.12 ± 0.10

8.74+0.21
−0.34

0.55 ± 0.28

2.19+0.14
−0.22
+0.04
3.56−0.49
1.96+0.12
−0.40
+0.20
2.58−0.27
2.11+0.14
−0.22
+0.12
1.78−0.17
2.32+0.18
−0.26

4.06+0.05
−0.06
+0.03
3.85−0.07
3.87+0.09
−0.12
+0.10
4.03−0.11

8.72 ± 0.16

0.64+0.22
−0.18

8.27+0.12
−0.01

0.88+0.09
−0.03

8.99+0.24
−0.09

0.86+0.21
−0.15

8.53+0.15
−0.21

0.65+0.23
−0.24

4.03 ± 0.08

8.79+0.15
−0.18

0.67 ± 0.21

4.06+0.06
−0.07

9.00+0.13
−0.15
+0.17
8.64−0.28

0.67+0.25
−0.18

152107

8840 ± 190

2.30 ± 0.11

1.47 ± 0.03

170000

11630 ± 110

3.73 ± 0.14

2.36 ± 0.04

176232

7440 ± 370

2.69 ± 0.30

1.30 ± 0.04

187474

9900 ± 400

2.56 ± 0.35

1.76 ± 0.09

188041

8520 ± 340

2.32 ± 0.19

1.41 ± 0.04

201601

7570 ± 170

2.07 ± 0.12

1.10 ± 0.03

203006

9240 ± 480

2.35 ± 0.34

1.56 ± 0.09

(8)

0.62+0.25
−0.28
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4.06 ± 0.12

τ

2.6. RESULTS

continued from previous page

HD

Teff (K)

R (R )

log L/L

M (M )

log (g)HRD

log t/Gyrs

τ

(1)

(2)

(3)

(4)

(5)

(6)

(7)

217522

6520 ± 280

1.92 ± 0.28

0.78 ± 0.09

1.48+0.13
−0.27

4.04+0.10
−0.16

9.32+0.30
−0.17

0.86+0.49
−0.28

217831

6900 ± 1350

2.58 ± 0.31

1.13 ± 0.14

1.79+0.12
−0.31

3.87+0.12
−0.14

9.11+0.22
−0.11

0.88+0.23
−0.18

220825

9180 ± 370

1.73 ± 0.14

1.28 ± 0.03

2.06+0.11
−0.22

4.27+0.07
−0.09

8.36+0.48
−0.80

0.23+0.40
−0.20

221760

8470 ± 230

3.62 ± 0.27

1.78 ± 0.05

2.55+0.15
−0.39

3.73+0.07
−0.10

8.71+0.14
−0.05

0.94 ± 0.09

223640

12240 ± 440

2.30 ± 0.22

2.03 ± 0.05

3.17+0.20
−0.34

4.21+0.07
−0.10

7.98+0.37
−0.74

0.32+0.35
−0.26

(8)
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The modelling of Hγ and Hβ carried out in Sect. 2.5.2 is, to some extent, degenerate in log g and Teff : if the value of log g derived by fitting the Balmer lines
is found to be inaccurate, Teff may also be inaccurate despite having obtained a
high-quality fit. In order to assess the accuracy of the spectroscopically-derived log g
values (referred to as the spectroscopic log g) and therefore, of the derived Teff values,
we compare with the log g values derived from the masses and radii associated with
each star’s position on the theoretical HRD (referred to as the HRD log g). We derived spectroscopic surface gravities for 42 of the confirmed mCP stars in the sample
and compare these with the HRD log g values; the comparison is shown in Fig. 2.15.
Thirty-seven out of the fourty-two (88 per cent) spectroscopic log g values are in
agreement with the HRD surface gravities within their uncertainties. The discrepancies between the five stars whose spectroscopic and HRD log g values are not in
agreement range from 7 to 21 per cent. The overall agreement that was yielded by
the analysis is to be expected considering the large uncertainties in the spectroscopic
log g values. This is particularly true of the cooler stars having Teff . 10 000 K,
which exhibit median log g uncertainties & 1 – more than twice that of the hotter
stars (Teff > 10 000K) for which the median uncertainty is 0.5. The increase in spectroscopic log g uncertainties with decreasing Teff reflects a decrease in the sensitivity
of the Balmer line profiles to changes in log g.
It is apparent from Fig. 2.15 that the spectroscopic log g values are systematically
smaller than the HRD log g values. There are a number of possible explanations for
this discrepancy. It could be related to the choice of evolutionary model grids: if the
stars exhibit a metallicity that is systematically higher or lower than the adopted
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solar value, the HRD log g will be affected. Furthermore, the HRD log g values are
associated with non-rotating models – it is possible that including the rotational
velocities of each of the sample mCP stars may serve to reduce this discrepancy.
The Lorentz force that exists within the strongly magnetic atmospheres of mCP
stars is predicted to modify the pressure stratification (Valyavin et al., 2004). This
effect is manifest in the profiles of Hα, Hβ, and Hγ lines, which may vary over
the star’s rotational period for those stars exhibiting field structures that are not
symmetric about the star’s rotational axis (e.g. stars hosting dipole fields with nonzero obliquity angles).
Given that the sample consists only of relatively bright stars, effective temperatures of the majority of the confirmed mCP stars have been derived in previously
published studies. In particular, both Kochukhov and Bagnulo (2006) (henceforth
referred to as KB2006) and Hubrig et al. (2007) (henceforth referred to as HNS2007)
derived Teff values for 87 per cent and 58 per cent of the stars in this sample, respectively. We expect the effective temperatures yielded by these studies to be consistent
with those derived here considering that all three studies attempt to take into account
the presence of chemical peculiarities.
In Fig. 2.16, we compare the values of Teff derived in this study with those
derived by KB2006 and HNS2007. We find that 87 per cent and 97 per cent of the
effective temperatures derived for the mCP stars included in both this study and
those published by KB2006 and HNS2007, respectively, are consistent within their
associated uncertainties. HD 38823 exhibits the largest discrepancy (12 ± 5 per cent)
with derived Teff values of 7 750 ± 360 K (this study) and 6 900 ± 210 K (KB2006); we
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find that a lower Teff of 7 350 ± 800 K is derived when a solar metallicity is adopted
and no chemical peculiarities or magnetic fields are considered (see Section 2.5.2).

2.6.2

Mass distribution

Based on the comparisons with the evolutionary tracks carried out in Sect. 2.5.4,
we find that the sample’s 52 confirmed mCP stars span a range of masses from 1.48
to 3.65 M . The mass distribution is shown in Fig. 2.17 (top). Our volume-limited
sample is affected by two sources of incompleteness: (1) the completeness of the
identified mCP stars is . 80 per cent for those stars having M . 1.5 M and is &
97 per cent for stars with M & 1.9 M (Fig. 2.1); (2) the completeness of the volumelimited sample of stars extracted from the Hipparcos sample increases with mass
from ∼ 87 per cent to ∼ 100 per cent. The mass distribution can be approximately
corrected for completeness if the actual incidence rate of mCP stars within individual
mass bins is known. We estimated the actual incidence rate by taking the ratio of
the number of confirmed mCP stars within each mass bin to the bin’s total number
of stars (both mCP and non-mCP) which have been observationally confirmed or
rejected as mCP members (see Sect. 2.4). For instance, in the smallest mass bin
(1.4 < M/M

< 1.8 M ) there are 1 063 stars with observational constraints on

their mCP status, 968 stars without such constraints, and ≈ 294 stars that may be
missing from the sample due to the incompleteness of the Hipparcos catalogue. Seven
confirmed mCP stars are found in this bin implying an estimated mCP incidence rate
of 7/1 063 = 0.66×10−2 ; therefore, we can expect approximately 8 ([968+294]×0.66×
10−2 ) additional mCP stars to be found within the subsample of 968 + 294 = 1 262
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stars that have not been confirmed or rejected as mCP members within this mass
bin. Applying this estimation to the mass distribution shown in Fig. 2.17 yields an
increase of 8 and 2 stars to the two smallest mass bins; the higher mass bins are
unaffected.
The incidence rate of mCP stars as a function of mass can be derived using the
masses of both the mCP and non-mCP stars within the sample; this is shown in Fig.
2.17 (bottom). We find that the fractional incidence increases monotonically from
0.3±0.1 per cent at M < 1.8 M to approximately 11 per cent at 3.4 < M/M < 3.8.
As shown in Fig. 2.17, correcting for completeness increases the estimated incidence
rate in the two smallest mass bins to 0.8 per cent and 0.3 per cent, respectively, while
the changes to the higher mass bins are negligible.
As discussed in Fig. 2.5.4, the metallicities of the mCP stars cannot be confidently
determined and, as a result, a relatively large uncertainty is adopted based on the
solar neighbourhood (Z = 0.014 ± 0.009; see Sect. 2.5.4). Accounting for this
σZ , we find that the uncertainties in mass exhibit median and maximum values of
0.15 and 0.37 M , respectively (4 and 10 per cent of the sample’s mass range of
1.4 ≤ M/M

≤ 5). Therefore, we conclude that the properties of both the mCP

mass distribution and the fractional incidence rate of mCP stars as a function of
mass presented here are likely robust.

2.6.3

Evolutionary state

Unlike the distribution of masses presented in Sect. 2.6.2, the absolute ages (tage ) and
fractional MS ages (τ ) derived using theoretical evolutionary tracks vary significantly
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Figure 2.16: Comparison of Teff values derived in this study with those derived by
Kochukhov and Bagnulo (2006) (top) and Hubrig et al. (2007) (bottom).
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Figure 2.17: Top: Distribution of masses of the mCP stars in the sample (red
hatched). Correcting for completeness yields the black dashed distribution. Bottom: Incidence rate of mCP stars with respect to stellar mass. The large uncertainty associated with the highest mass bin
(5 < M/M < 5.4) is due to the fact that it contains only three stars.
Correcting for completeness increases the incidence rates of the first two
bins, as indicated by the black dashed distribution.

2.6. RESULTS

98

depending on the adopted metallicity. Furthermore, the uncertainties in tage and τ
are significantly larger for those stars positioned closer to the TAMS compared to the
ZAMS as a result of their more rapid evolution (e.g. Kochukhov and Bagnulo, 2006;
Landstreet et al., 2007). These properties are reflected in the large uncertainties
derived in Sect. 2.5.4.
In Fig. 2.18 (top), we show the mCP subsample’s distribution of τ . The distribution is found to peak near the middle of the MS band at approximately τ = 0.7.
This is consistent with the τ distributions of mCP stars with M < 3 M reported by
KB2006 and HNS2007. These two studies also identified differences in the low-mass
(M < 3 M ) and high-mass (M ≥ 3 M ) τ distributions; only 7 mCP stars in our
sample have M ≥ 3 M and so their τ distribution cannot be meaningfully compared
with these results.
For the non-mCP stars, the τ distribution is characteristically similar to that of
the mCP stars. In Fig. 2.18 (bottom) we show the fractional incidence of mCP stars
within the total sample as a function of τ . It is evident that the incidence rate is
approximately symmetric about τ = 0.6 increasing from a rate . 0.5 per cent where
τ < 0.2 and τ > 1 to a peak rate of ≈ 2.3 per cent. We compared the mCP and nonmCP τ distributions by computing a Kolmogorov-Smirnov (KS) test statistic, which
was found to be 0.16. The significance of this result can be evaluated by estimating
the uncertainty in the KS test statistic. The two most important contributions to
the uncertainty are likely (1) the relatively small sample size of the mCP sample and
(2) the large uncertainties in τ that may be attributed to the fact that each stars’
metallicity is effectively unknown.
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The first of the factors contributing to the uncertainty in the KS test statistic can
be evaluated using the case resampling bootstrapping method, which yielded a 1σ
uncertainty of 0.05. We evaluated the second factor using a Monte Carlo (MC) simulation. This involved generating 1 000 mCP and non-mCP τ distributions in which,
for each star, we add on a random value, ∆τ , that is sampled from the associated τ
uncertainty (i.e. τ → τ + ∆τ where ∆τ is randomly drawn from a Gaussian distribution defined by the most probable value and the upper and lower error limits). We
then computed the KS test statistic comparing each of the pairs of simulated mCP
and non-mCP τ distributions. The width of the resulting distribution of test statistics was then interpreted as the approximate uncertainty introduced by the large τ
uncertainties associated with each star; the MC analysis yielded a 1σ uncertainty of
0.07. Combining the two uncertainties estimated from the bootstrapping and MC
analyses yields a 3σ uncertainty of 0.24. Comparing with the derived KS statistic
of 0.16 suggests that the apparent differences between the mCP and non-mCP τ
distributions is likely not statistically significant.

2.6.4

Chemical abundances

In Fig. 2.19, we show mean Fe (top) and Cr (bottom) abundances as a function
of Teff derived for 45 of the mCP stars. These are compared with the mean abundances and effective temperatures of those 104 stars included in the study published
by Ryabchikova (2005) but not included in our volume-limited sample. In general,
both data sets appear to be in agreement in terms of the overall trends: log NFe /Ntot
and log NCr /Ntot tend to increase with Teff and reach a peak value at approximately
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Figure 2.18: Top: Distribution of fractional MS ages of the mCP stars in the sample.
Bottom: Incidence rate of mCP stars with respect to fractional MS age.
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9 500 K. We also compared how the mean Si and Ca abundances derived in both
studies vary with Teff and find similar agreement: a slight increase in the Si abundances with increasing Teff is found while the Ca abundances do not appear strongly
correlated with Teff . The overall agreement between the Fe, Cr, Si, and Ca abundances derived in this study and those appearing in Ryabchikova (2005) suggests
that the final atmospheric parameters (e.g. Teff , log g, and abundances) adopted in
our sample are reasonably accurate. It is noted that the abundances compiled in
their study typically include the effects of magnetic fields (e.g. Ryabchikova et al.,
2004).
We were also able to identify correlations between certain chemical abundances
and absolute stellar age. In Fig. 2.20, we show the abundances of Si, Ti, Cr, and
Fe for 45 of the mCP stars as a function of log tage . No tage error bars are plotted
because of the relatively high density of data points and their large error bars which,
in some cases, span nearly 1/3 of the x-axis. A best-fitting linear function was
calculated for each element using the fitting routine described by Williams et al.
(2010), which considers errors in both x and y coordinates. Symmetric log tage errors
were input into the fitting routine by taking the average of the positive and negative
error intervals. The statistical significance of each fit was calculated by comparing
the χ2 values obtained from the first order linear fit with that of a zeroth order fit.
The slope (m) and significance (σ) of each fit is shown in Fig. 2.20.
The linear fits shown in Fig. 2.20 were found to have slopes ranging from m =
−3.3 to −1.3 indicating overall decreases in the mean abundances with age. Although
the significance of the apparent [Ti/H] trend is relatively low at 0.3 σ, [Si/H], [Cr/H],
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Figure 2.19: Mean Fe (top) and Cr (bottom) abundances as a function Teff derived
in this study (open black circles) and derived by Ryabchikova (2005)
(open blue squares). The horizontal dashed lines correspond to the Fe
and Cr solar abundances of −4.54 and −6.40 dex, respectively (Asplund
et al., 2009).
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Figure 2.20: Mean Si (top left), Ti (top right), Cr (bottom left), and Fe (bottom
right) abundances as a function of absolute stellar age. The sizes of
each data point correspond to the widths of the mean uncertainty in tage
(i.e. half the full width of the error interval); the relation between point
size and error bar width is shown in the bottom right panel. The black
circles correspond to the cooler stars having Teff < 104 K and the red
diamonds correspond to the hotter stars having Teff ≥ 104 K. The solid
lines correspond to the derived best-fitting linear functions (yielding
a slope and fit significance of m and σ). The horizontal dotted lines
indicate the solar abundances (Asplund et al., 2009) of each element.
and [Fe/H] all exhibit statistically significant trends (σ ≥ 4.9). All of the other
abundances that were studied – including O, Mg, and S – yielded significance levels
< 3 σ.
Similar decreases in the mean abundances with age were previously discovered
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by Bailey et al. (2014) within a sample of cluster Bp stars. The significance of the
[Si/H], [Cr/H], and [Fe/H] trends they reported are lower than those found in this
study while they report higher significance levels associated with O, Mg, and Ti.
Comparing the slopes of the [Si/H], [Cr/H], and [Fe/H] trends, we find that those
derived in this study are significantly steeper; only the linear fits to [Cr/H] derived in
both studies exhibit slopes which are in agreement within error. By identifying the
stars in our sample having Teff ≥ 104 K (i.e. the minimum Teff of the stars studied
by Bailey et al., 2014) it is clear that the trends detected in our study are dominated
by comparably cooler stars. Furthermore, the hotter stars appear to exhibit mean
Cr, Fe, and Ti abundances which deviate from the best-fitting linear trends towards
lower abundances. This is confirmed by comparing reduced χ2 values associated with
the hotter (χ2hot ) and cooler (χ2cool ) stars: for [Ti/H], [Cr/H], and [Fe/H], χ2hot /χ2cool
is found to be 2.1, 6.7, and 5.1, respectively. Considering that the minimum age
of the cooler stars in our sample corresponds roughly to the maximum age of the
hotter stars, it is unclear whether or not the observed deviation in these particular
abundances is unique to the hotter stars. A more probable explanation is that the
deviations arise from vertical and/or horizontal stratification, which is known to
significantly affect both Fe and Cr spectral line profiles (e.g. Bagnulo et al., 2001;
Wade et al., 2001b; Kochukhov et al., 2006).

2.7

Discussion and conclusions

The results presented here constitute the first detailed, analytically homogeneous
study of the fundamental parameters and chemical abundances of a volume-limited
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sample of mCP stars. Such a study provides two important and unique contributions
to our understanding of mCP stars: (1) it allows for basic conclusions to be drawn
while minimizing the observer biases inherent in most previously published surveys;
and (2) it comprises of a population of non-mCP stars which can be compared against
the sample’s mCP stars. By adopting a distance limit of 100 pc, we are restricted
to a stellar population with relatively precise Hipparcos parallax measurements and
generally extensive photometric measurements.
The most significant findings presented here are summarized as follows.
1. The incidence rate of mCP stars amongst the population of non-mCP stars is
found to sharply increase with mass from ≈ 0.3 per cent at M ≈ 1.6 M to
≈ 11 per cent at 3 . M . 5 M . It is noted that this trend is not strongly
influenced by sample incompleteness or the uncertainty in metallicity.
2. The mCP stars are more frequently found within the middle of the MS band
(0.4 < τ < 0.8) as opposed to near the ZAMS or the TAMS. This result confirms the findings of Kochukhov and Bagnulo (2006) and Hubrig et al. (2007),
whose studies both used stellar ages derived from the older, less-sophisticated
evolutionary models calculated by Schaller et al. (1992) and Schaerer et al.
(1993) compared to the newer models calculated by Ekström et al. (2012) and
Mowlavi et al. (2012) that are used in this study. Our conclusion is supported by the fact that both the mCP stars’ fractional MS ages and their
incidence rates with respect to the non-mCP subsample exhibit similar peaks
near τ ≈ 0.7. However, we note that the relatively small mCP sample size and
the large errors in τ suggests that the apparent differences to the distributions
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of mCP and non-mCP τ values may not be statistically significant.
3. The mean Cr and Fe abundances appear to decrease with increasing absolute
stellar age. Similar trends are found from mean Si and Ti abundances albeit
with lower statistical significance levels. The overall trends are consistent with
those reported by Bailey et al. (2014) based on their sample of Bp stars (Teff ≥
104 K); however, the estimated abundance decay rates of Ti, Cr, and Fe are
greater. This discrepancy between the derived abundance decay rates may
be related to the fact that our sample is predominantly populated by cooler
stars: lower abundance decay rates of Cr and Fe associated with the cooler
(Teff < 104 K) stars were found compared to those of the hotter (Teff ≥ 104 K)
stars in our sample.
This paper’s submission date approximately coincides with the second Gaia data
release (GDR2) (Gaia Collaboration et al., 2016). GDR2 contains parallax measurements for 49/52 of the mCP stars in our sample. Comparing the reported parallax uncertainties associated with the measurements obtained using Hipparocs and
Gaia, we find that the formal uncertainties of the Gaia measurements are typically
≈ 50 per cent of the Hipparcos values; however, we find that for 9 out of the 49
stars, the uncertainties associated with the Gaia measurements are larger than those
associated with the Hipparcos measurements. Moreover, the two sets of parallax
measurements are only in agreement within the reported uncertainties for 22/49
stars (this may not necessarily imply that the distances are also not in agreeement,
Bailer-Jones et al., 2018b). We note that the majority of the mCP stars in our sample
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(42/52) are brighter than Gaia’s optimal magnitude limit of G > 6 mag. These factors have motivated our decision to not replace the Hipparcos parallax measurements
used in the preceding analysis with the GDR2 parallax measurements.
When deriving the masses and ages of both the mCP and non-mCP stars, we
adopted a solar metallicity (Asplund et al., 2009) with an uncertainty estimated
from the star-to-star variations of F-, G-, and K-type dwarfs within 100 pc ([M/H] =
0.0 ± 0.3, as inferred from the catalogue published by Casagrande et al., 2011).
However, considering that these low-mass stars are generally expected to be older
than the early-F, A-, and late-B-type dwarfs included in this study, there is no reason
to expect both populations to exhibit similar metallicity distributions. That is, the
older stars may have formed within dramatically different environments compared
to those of the younger stars because of (1) the chemical evolution of the solar
neighbourhood and (2) the fact that these stars may have originated from further
away. In Fig. 16 of Casagrande et al. (2011), the metallicity distributions (in terms
of [Fe/H]) of nearby low-mass stars are divided into old (tage ≥ 5 Gyrs), middleaged (1 ≤ tage ≤ 5 Gyrs), and young (tage < 1 Gyrs) populations. It is evident that
the dispersions of [Fe/H] associated with these sub-populations increase with age
suggesting that our adopted 2σ [M/H] uncertainty – estimated using the full sample
– may by somewhat conservative. While this does not discount the possibility of
systematic [M/H] biases in our sample of hotter stars, it does provide further evidence
that the populations of low- and intermediate-mass stars exhibit characteristically
similar metallicities.
Assuming that the Cr and Fe abundance trends are real and not the result of
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systematic bias, it is somewhat surprising that such a correlation was detected considering the typically large uncertainties derived for tage . This may be an indication
that the intermediate-mass MS stars within the solar neighbourhood exhibit a lower
star-to-star variation in metallicity than was adopted in our analysis. Considering
that the derived effective temperatures and luminosities are, in general, consistent
with those reported by Kochukhov and Bagnulo (2006) and Hubrig et al. (2007),
such a detection may have been facilitated by the use of the modern, high-density
evolutionary model grids calculated by Ekström et al. (2012) and Mowlavi et al.
(2012).
We estimate that the completeness of the subsample of mCP stars within 100 pc
is largely complete (& 91 per cent). However, our study is not sensitive to those
stars which may host ultra-weak fields (e.g. Lignières et al., 2009; Petit et al., 2011a;
Blazère et al., 2016b) (i.e. no magnetic constraints are obtained for the vast majority
of the non-mCP stars). Petit et al. (2011b) report that Vega, which is the first Atype star discovered to host an ultra-weak field, exhibits a complex magnetic field
structure (characteristically similar brightness spots were subsequently discovered,
Petit et al., 2017). The authors note that the observed field complexity is generally
incompatible with the fossil field theory and that Vega’s field – and perhaps all MS
A-type stars hosting ultra-weak fields – may have an origin that is distinct from that
of the field’s hosted by mCP stars.
The ultra-weak fields detected on the Am stars Sirius A (Petit et al., 2011a),
β UMa, and θ Leo (Blazère et al., 2016b) all exhibit atypical asymmetric circularly
polarized Zeeman signatures: the signals have a strong positive lobe and no obvious
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negative lobe, which differs from the generally symmetric signatures associated with
mCP stars. This may suggest that the fields hosted by these stars are similar to Vega
– both in terms of their structure and their origin. On the other hand, the ultra-weak
Zeeman signature detected on the surface of the Am star Alhena has a symmetric
profile that is indistinct from many signatures detected on strongly magnetic mCP
stars. This suggests that there may exist a larger population of Am stars that host
fields produced by similar processes to those of the mCP stars. At this point, the
connection between the fields hosted by Am stars and those hosted by mCP stars
is unclear. We note that no Am stars hosting fields & 10 G have been discovered
despite repeated searches (e.g. Aurière et al., 2010). If the fields hosted by Am and
mCP stars share the same origin (e.g. fossil fields), it is perplexing why they appear
to differ so significantly in terms of their strengths.
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Table 2.4: Derived chemical abundances for the 45/52 mCP stars in the sample with
available spectroscopic measurements.
HD

[Si/H]

[Ti/H]

[Cr/H]

3980

−3.01 ± 0.36

−5.73 ± 0.59

−3.96 ± 0.37

−2.92 ± 0.16

11502

−3.27 ± 0.62

−6.02 ± 0.70

−3.85 ± 0.37

−2.96 ± 0.20

15089

−3.87 ± 0.55

−6.20 ± 0.69

−4.37 ± 0.26

−3.59 ± 0.17

15144

−4.07 ± 0.40

−5.84 ± 0.45

−4.20 ± 0.16

−3.62 ± 0.20

18296

−2.64 ± 0.41

−6.19 ± 0.41

−4.60 ± 0.26

−3.12 ± 0.20

24712

−4.52 ± 0.89

−7.13 ± 0.42

−5.93 ± 0.48

−5.10 ± 0.15

27309

−1.93 ± 0.51

−5.17 ± 0.50

−4.38 ± 0.43

−2.70 ± 0.24

29305

−3.27 ± 0.36

−7.06 ± 0.76

−5.85 ± 0.29

−3.79 ± 0.16

38823

−3.51 ± 0.20

−6.25 ± 0.60

−5.09 ± 0.63

−3.93 ± 0.26

40312

−3.14 ± 0.24

−7.57 ± 0.75

−4.50 ± 0.11

−3.40 ± 0.17

56022

−4.22 ± 0.59

−6.57 ± 0.23

−4.03 ± 0.16

−3.40 ± 0.25

62140

−3.88 ± 0.30

−5.74 ± 0.54

−4.32 ± 0.44

−3.40 ± 0.16

65339

−3.33 ± 0.34

−6.86 ± 0.50

−4.38 ± 0.30

−3.47 ± 0.18

72968

−3.72 ± 0.87

−6.76 ± 0.38

−3.51 ± 0.19

−3.14 ± 0.19

74067

−3.87 ± 1.00

−5.51 ± 0.28

−3.74 ± 0.33

−2.86 ± 0.17

83368

−3.89 ± 0.53

−6.50 ± 0.64

−4.51 ± 0.25

−3.93 ± 0.21

96616

−3.91 ± 0.47

−6.86 ± 0.41

−3.91 ± 0.21

−3.13 ± 0.22

108662

-

−5.90 ± 0.09

−3.24 ± 0.26

−2.92 ± 0.18

108945

−3.89 ± 0.44

−6.54 ± 0.94

−4.39 ± 0.14

−3.68 ± 0.11

112185

−4.52 ± 0.12

−6.93 ± 0.35

−4.57 ± 0.16

−3.54 ± 0.12

112413

−2.93 ± 0.24

−6.02 ± 0.20

−4.60 ± 0.19

−2.90 ± 0.14

118022

−3.75 ± 1.06

−5.79 ± 0.28

−3.81 ± 0.15

−2.93 ± 0.10

119213

−3.58 ± 0.64

−5.77 ± 0.62

−4.69 ± 0.33

−3.56 ± 0.18

120198

−5.73 ± 0.55

−6.55 ± 0.42

−3.44 ± 0.32

−3.14 ± 0.17

continued on next page

[Fe/H]
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continued from previous page
HD

[Si/H]

[Ti/H]

[Cr/H]

[Fe/H]

124224

−2.75 ± 0.49

−6.87 ± 0.53

−5.28 ± 0.42

−3.77 ± 0.14

128898

−4.31 ± 0.41

−6.81 ± 0.35

−5.42 ± 0.15

−4.36 ± 0.11

130559

−3.08 ± 0.50

−6.22 ± 0.36

−3.85 ± 0.23

−3.33 ± 0.21

137909

−3.90 ± 0.63

−5.79 ± 0.61

−4.54 ± 0.47

−3.71 ± 0.43

137949

−3.54 ± 0.68

−6.11 ± 0.83

−4.90 ± 0.45

−4.04 ± 0.41

140160

−3.69 ± 0.13

−6.18 ± 0.66

−4.59 ± 0.15

−3.70 ± 0.09

140728

−4.47 ± 1.39

−7.38 ± 1.04

−3.66 ± 0.24

−3.30 ± 0.21

148112

−4.36 ± 0.87

−7.29 ± 0.34

−4.29 ± 0.16

−3.21 ± 0.17

148898

−4.67 ± 0.54

−6.69 ± 0.41

−4.85 ± 0.17

−4.17 ± 0.13

151199

−4.24 ± 0.47

−6.45 ± 0.53

−4.88 ± 0.15

−3.81 ± 0.08

152107

−4.05 ± 0.16

−5.89 ± 0.68

−4.04 ± 0.29

−3.28 ± 0.19

170000

−3.07 ± 0.48

−7.70 ± 0.80

−5.38 ± 0.26

−3.69 ± 0.19

176232

−4.62 ± 1.00

−6.62 ± 0.53

−5.41 ± 0.33

−4.63 ± 0.18

187474

−3.52 ± 0.55

−6.35 ± 0.30

−4.77 ± 0.15

−3.23 ± 0.18

188041

−2.86 ± 0.54

−5.89 ± 1.24

−3.96 ± 0.31

−3.29 ± 0.33

201601

−4.31 ± 0.76

−6.42 ± 0.62

−5.33 ± 0.30

−4.24 ± 0.27

203006

−5.25 ± 0.50

−6.28 ± 0.42

−3.71 ± 0.35

−3.04 ± 0.16

217522

−4.26 ± 0.66

−6.78 ± 0.81

−5.96 ± 0.64

−5.33 ± 0.43

220825

−3.71 ± 1.08

−5.82 ± 0.38

−3.80 ± 0.34

−3.22 ± 0.15

221760

−3.98 ± 0.47

−6.71 ± 0.55

−4.54 ± 0.17

−3.91 ± 0.13

223640

−2.78 ± 0.34

−5.54 ± 0.32

−4.68 ± 0.15

−3.00 ± 0.10
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Chapter 3
A Volume-Limited Survey of mCP Stars Within
100pc II: Rotational and Magnetic Properties

3.1

Abstract

Various surveys focusing on the magnetic properties of intermediate-mass main sequence (MS) stars have been previously carried out. One particularly puzzling
outcome of these surveys is the identification of a dichotomy between the strong
(& 100 G), organized fields hosted by magnetic chemically peculiar (mCP) stars and
the ultra-weak (. 1 G) fields associated with a small number of non-mCP MS stars.
Despite attempts to detect intermediate strength fields (i.e. those with strengths
& 10 G and . 100 G), remarkably few examples have been found. Whether this
so-called “magnetic desert”, separating the stars hosting ultra-weak fields from the
mCP stars truly exists has not been definitively answered. In 2007, a volume-limited
spectropolarimetric survey of mCP stars using the MuSiCoS spectropolarimeter was
initiated to test the existence of the magnetic desert by attempting to reduce the
biases inherent in previous surveys. Since then, we have obtained a large number of
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ESPaDOnS and NARVAL Stokes V measurements allowing this survey to be completed. Here we present the results of our homogeneous analysis of the rotational
periods (inferred from photometric and magnetic variability) and magnetic properties
(dipole field strengths and obliquity angles) of the 52 confirmed mCP stars located
within a heliocentric distance of 100 pc. No mCP stars exhibiting field strengths
. 300 G are found within the sample, which is consistent with the notion that the
magnetic desert is a real property and not the result of an observational bias. Additionally, we find evidence of magnetic field decay, which confirms the results of
previous studies.

3.2

Introduction

The generation and broader characteristics of magnetic fields of cool stars are reasonably well understood within the framework of stellar dynamo theory (e.g. Charbonneau, 2010). In contrast, the origin of the magnetic fields of main sequence (MS)
stars more massive than about 1.5 M remains a profound mystery. Over the past
several decades, many clues related to this problem have been reported.
It is now reasonably well established that all magnetic, chemically peculiar stars
(i.e. Ap/Bp stars, hereinafter referred to as mCP stars) host organized magnetic
fields with strengths as large as 30 kG (e.g. Landstreet, 1982; Shorlin et al., 2002). In
general, the large-scale structures of these fields are relatively simple (e.g. Babcock,
1956; Kochukhov et al., 2015), although a few obvious examples of more complex
fields have been discovered (e.g. Kochukhov et al., 2011; Silvester et al., 2017). Furthermore, both young and evolved MS mCP stars are known to exist (e.g. Wade,
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1997; Kochukhov and Bagnulo, 2006), which suggests that these fields are stable over
long time periods. Surface magnetic fields have been detected on some Herbig Ae/Be
stars (e.g. Wade et al., 2007; Alecian et al., 2013), which are likely the progenitors of
the MS mCP stars. All of these findings are consistent with the notion that the fields
hosted by mCP stars are fossil remnants left over from an earlier stage in the star’s
evolution (the fossil field theory, Cowling, 1945; Moss, 1984; Landstreet, 1987).
One property of stellar magnetism of upper MS stars that is not currently well
explained by the fossil field theory is the fact that only ∼ 10 per cent of all MS
A- and B-type stars (e.g. Wolff, 1968; Smith, 1971) host strong, organized surface
magnetic fields. Shorlin et al. (2002), Bagnulo et al. (2006), and Aurière et al.
(2010) obtained a large number of magnetic measurements of non-mCP MS stars of
spectral types A and B with median uncertainties of 20 G, 95 G, and 2 G, respectively,
however, no magnetic detections were reported. Makaganiuk et al. (2010) carried out
a similar survey of HgMn stars – obtaining typical longitudinal field uncertainties
∼ 10 G and as low as 0.8 G – but did not report any detections of circularly polarized
Zeeman signatures. Recently, fields with strengths . 1 G (so-called ultra-weak, or
Vega-type, fields) were detected on a small number of non-mCP stars (e.g. Lignières
et al., 2009; Petit et al., 2011a; Blazère et al., 2016a). Based on these findings, Petit
et al. (2011a) speculate that a much higher fraction of MS A-type stars (i.e. 
10 per cent) may host ultra-weak surface fields. Regardless, the dichotomy between
the strongly magnetic and the non-magnetic (or very weakly magnetic) MS A-type
stars is unlikely to be entirely explained by the sensitivity of the current generation
of spectropolarimeters. In the case of Vega, it is reported that its ultra-weak field
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exhibits a highly complex field structure (Petit et al., 2010a) that is atypical of the
strongly magnetic mCP stars. It is therefore plausible that the ultra-weak fields are a
distinct phenomenon, which may have an origin that differs from that of the strong,
organized fields hosted by mCP stars (Braithwaite and Cantiello, 2013b).
In 2007, Aurière et al. (2007) explored the weak field regime of mCP stars by
obtaining high-precision longitudinal field measurements of 28 such objects with
reportedly weak or otherwise poorly constrained field strengths. All of the observed
mCP stars were detected in their spectropolarimetric observations, and were inferred
to exhibit dipolar field strengths of Bd & 100 G with the two weakest fields found
+248
to have Bd = 100+392
−100 G and Bd = 229−76 G. Aurière et al. (2007) hypothesized

that there exists a critical field strength (Bc ≈ 300 G), which corresponds to the
minimum field strength that an mCP star must host in order to be invulnerable
to a magnetohydrodynamic pinch-instability (Tayler, 1973; Spruit, 2002). In this
scenario, every intermediate-mass MS star may be initially “assigned” a field strength
(perhaps based on external factors, e.g. the local field properties at its location of
formation, the presence of a companion, etc.) drawn from a probability distribution
that increases towards lower field strengths; only those fields exceeding Bc are able
to be maintained, which results naturally in the so-called “magnetic desert” (i.e. the
dichotomy between the ultra-weak fields detected on a small number of non-mCP
stars and the strong fields hosted by mCP stars, Lignières et al., 2014).
While the detection of ultra-weak fields may not directly contradict the existence
of a critical lower field strength limit, two stars have been found reportedly hosting
fields with intermediate strengths (i.e. 10 . Bd . 100 G, which is lower than the
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typical Bc ∼ 300 G proposed by Aurière et al., 2007). The massive early B-type
star β CMa reportedly hosts a field with Bd < 230 G (Fossati et al., 2015) while
the primary component of the spectroscopic binary HD 5550 is reportedly an Ap
star hosting a field having Bd < 85 G (Alecian et al., 2016). We discuss these two
examples in Sect. 3.8; however, we note that the fact that nearly all mCP stars
are found hosting fields & 100 G despite the current detection limits that have been
achieved remains conspicuous.
A potential problem with many of the reported empirical properties of mCP stars
– including the existence of the magnetic desert – is the fact that they are generally
inferred from intrinsically biased surveys: they are either biased towards brighter
objects (magnitude limited surveys) or those hosting stronger, more easily detectable
fields (field-strength limited surveys). In 2007, a volume-limited survey of mCP stars
located within a heliocentric distance of 100 pc was initiated by Power (2007) in order
to reduce these observational biases. This work yielded the magnetic properties of
a large number of mCP stars in the sample using measurements obtained with the
now-decommissioned MuSiCoS spectropolarimeter at the Pic du Midi Observatory.
However, at the completion of that investigation, nearly half of the sample remained
either unobserved or had relatively poor constraints on their field strengths and
geometries. We have recently completed this survey using measurements obtained
by ESPaDOnS and NARVAL.
In Paper I, we described in detail the sample of mCP and non-mCP stars included in the volume-limited sample. This sample was compiled using Hipparcos
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parallaxes (ESA, 1997) to identify all MS stars with masses ≥ 1.4 M (i.e. all earlyF, A-, and B-type MS stars) located within the adopted distance limit of 100 pc. We
then cross-referenced this list with the Catalogue of Ap, HgMn and Am stars (Renson et al., 1991; Renson and Manfroid, 2009) as well as the Spectral Classifications
compiled by Skiff (2014) in order to identify confirmed and candidate mCP stars.
Ultimately, 52 confirmed mCP stars were identified based on published, archived,
and newly obtained photometric, spectroscopic, and spectropolarimetric (i.e. Stokes
V ) measurements. We derived fundamental parameters (effective temperatures, luminosities, masses, ages, etc.) of all of the intermediate-mass MS stars in the sample.
Average surface chemical abundances of the mCP stars were also derived. The analysis presented in Paper I serves as a starting point for the magnetic analysis presented
here. The results included in this second paper (i.e. Paper II) are organized as
follows.
In Sect. 3.3, we discuss the newly obtained or previously unpublished MuSiCoS,
ESPaDOnS, and NARVAL Stokes V observations. In Sect. 3.4, we present our
analysis of these measurements and how they are used to derive longitudinal magnetic
field measurements; the measurements are then used to help identify each star’s
rotational period, as discussed in Sect. 3.5. In Sect. 3.6, we derive the magnetic
field strengths and geometries and in Sect. 3.7, we search for evolutionary changes
of the field strengths. Finally, in Sect. 3.8 we discuss the results while presenting
our conclusions drawn from the survey.
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New Observations

3.3.1

MuSiCoS spectropolarimetry

The MuSiCoS échelle spectropolarimeter was installed on the 2 m Télescope Bernard
Lyot (TBL) at the Pic du Midi Observatory in 1996 where it was operational until
its decomissioning in 2006. It had a resolving power ∼ 35 000 and was capable of
obtaining circularly polarized (Stokes V ) spectra from 3 900 to 8 700 Å (Donati et al.,
1999a). For this study, we used a total of 151 Stokes V observations of 23 stars that
were obtained from Feb. 12, 1998 to June 8, 2006. These observations were reduced
using the ESpRIT software package (Donati et al., 1997).
We note that the raw MuSiCoS spectra used in this study are unavailable and
we have relied on normalized and reduced spectra from a private archive. All of
the available spectra span a wavelength range of 4 500 to 6 600 Å rather than the
full range presumably associated with the raw spectra. Furthermore, an automatic
normalization routine built into the ESpRIT reduction package had been applied to
the spectra.

3.3.2

ESPaDOnS & NARVAL spectropolarimetry

The ESPaDOnS and NARVAL échelle spectropolarimeters are twin instruments
installed at the Canada-France-Hawaii Telescope (CFHT), and TBL, respectively.
They have a resolving power ∼ 65 000 and are optimized for a wavelength range of
approximately 3 600 Å to 10 000 Å.
We obtained 95 Stokes V observations of 37 stars from Aug. 2, 2015 to Aug. 10,
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2016 using ESPaDOnS. Twenty-three Stokes V observations of 3 stars were obtained
using NARVAL from Aug. 20, 2016 to Feb. 20, 2017. All of the observations
obtained using ESPaDOnS and NARVAL were reduced with the Libre-ESpRIT
software package, which is an updated version of the ESpRIT reduction package
that was applied to the MuSiCoS data (Donati et al., 1997).

Inst.

HJD

Phase

15089

MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
MUS
ESP
ESP
ESP
MUS
MUS
MUS
ESP
ESP

3040.343
3586.543
3589.652
3590.561
3591.597
3594.551
3607.557
3616.513
2253.385
2254.408
3410.324
3613.503
3615.559
3617.570
7556.127
7561.124
7610.142
857.333
1924.360
3247.675
7325.149
7438.845

0.259
0.077
0.864
0.386
0.981
0.678
0.150
0.296
0.716
0.057
0.620
0.392
0.078
0.749
0.190
0.923
0.918
0.180
0.830
0.052
0.210
0.941

15144

18296

24712

56022

hBz i
(G)
223 ± 93
450 ± 23
506 ± 18
−258 ± 20
509 ± 19
−166 ± 24
441 ± 32
11 ± 24
−568 ± 13
−619 ± 12
−567 ± 18
−551 ± 15
−612 ± 10
−586 ± 11
91 ± 19
169 ± 19
195.7 ± 9.7
765 ± 13
763 ± 12
1033 ± 17
139 ± 32
195 ± 24

HD

72968

74067

96616

Inst.

HJD

Phase

ESP
ESP
MUS
MUS
MUS
MUS
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP

7443.892
7447.848
3748.583
3749.549
3755.429
3756.527
7416.994
7498.720
7500.781
7330.146
7331.099
7348.156
7415.993
7440.875
7445.857
7446.838
7358.169
7441.990
7444.970
7447.937
7448.964

0.434
0.739
0.774
0.945
0.985
0.179
0.763
0.221
0.586
0.046
0.352
0.828
0.605
0.592
0.192
0.506
0.668
0.172
0.399
0.620
0.043

hBz i
(G)
−81 ± 36
86 ± 26
346.4 ± 8.4
343.0 ± 7.3
307 ± 16
323.5 ± 7.0
334.1 ± 5.2
335.2 ± 3.8
266.8 ± 2.5
1024 ± 11
−147 ± 10
748 ± 38
−303 ± 12
−370 ± 34
562 ± 26
−480 ± 28
−58 ± 15
213 ± 16
−153 ± 22
−101 ± 13
325 ± 14
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Table 3.1: Observations of confirmed mCP stars – those stars for which at least one definite detection was
obtained based on the criterion proposed by Donati et al. (1997). Columns 1 to 5 contain the
HD number, instrument used to obtain the observation (ESP = ESPaDOnS, MUS = MuSiCoS,
and NAR = NARVAL), HJD, rotational phase, and the derived hBz i value and its associated
uncertainty. The full table appears at the end of this chapter.
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Table 3.2: Spectropolarimetric observations of those stars for which no Zeeman signatures were detected. Columns 1 to 6 contain the HD number, instrument used to obtain the observation (ESP = ESPaDOnS, MUS = MuSiCoS, NAR = NARVAL), HJD, exposure time, number of consecutive
observations, and the derived hBz i value and its associated uncertainty.
HD
358
4853
27411
27749
67523
78362

Inst.

ESP
ESP
ESP
ESP
ESP
MUS
MUS
ESP
90763
ESP
ESP
ESP
ESP
ESP
ESP
102942
ESP
ESP
ESP
ESP
105702
ESP
ESP
ESP
ESP
ESP
115735
MUS
MUS
MUS
MUS
MUS
MUS
continued on next page

HJD
+2 450 000
7561.129
7239.132
7435.763
7435.766
7414.991
858.604
1202.554
7412.001
7325.137
7327.160
7328.157
7329.106
7330.122
7522.802
7412.006
7497.913
7498.878
7500.885
7409.107
7495.949
7497.923
7498.955
7500.902
1600.662
3747.683
3750.683
3755.683
3756.626
3864.422

texp (s)

#

hBz i (G)

15
200
8
5
5
1200
1635
5
8
8
8
8
31
60
37
37
200
200
6
6
6
6
6
2595
3200
3200
3200
3200
2400

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
2
1
1
1
1
1
1
1
1
1

31 ± 19
24 ± 19
0 ± 11
5.4 ± 9.5
0.5 ± 1.9
−0.2 ± 3.9
−8 ± 25
−6.3 ± 5.7
34 ± 54
79 ± 47
−18 ± 50
60 ± 53
6 ± 27
12 ± 23
−8 ± 10
0 ± 10
−4.3 ± 3.2
−4.0 ± 3.2
22 ± 17
11 ± 16
−16 ± 11
13 ± 13
−15 ± 11
−100 ± 190
180 ± 180
70 ± 180
210 ± 160
80 ± 140
50 ± 220
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continued from previous page
HD

120025
125335
136729
139478
149748
156164
189849
202627
206742
221675

3.4

Inst.
MUS
MUS
MUS
ESP
ESP
ESP
ESP
ESP
ESP
NAR
NAR
ESP
ESP
ESP
ESP
ESP
ESP
ESP

HJD
+2 450 000
3874.440
3885.401
3892.366
7236.789
7261.749
7262.733
7265.730
7414.075
7408.155
7800.669
7801.609
7409.126
7560.979
7476.130
7261.984
7262.001
7262.001
7554.124

texp (s)

#

hBz i (G)

2400
2400
2400
330
330
330
330
123
200
3188
1176
225
40
19
217
50
50
100

1
1
1
2
2
2
2
1
1
1
1
1
1
1
2
1
1
1

−90 ± 180
120 ± 240
−20 ± 190
39 ± 26
−47 ± 28
10 ± 25
3 ± 43
−4.6 ± 8.2
−4.0 ± 3.2
15 ± 68
−2.9 ± 7.6
20 ± 13
190 ± 290
3.8 ± 3.6
14 ± 16
−9 ± 26
71 ± 63
−3 ± 13

Magnetic Measurements

Organized magnetic fields that are present in the photospheres of mCP stars may
be detected by identifying Zeeman signatures in Stokes V spectropolarimetric observations. While these signatures are typically weak in individual spectral lines,
the SNRs can be significantly increased by calculating Least-Squares Deconvolution
(LSD) profiles (Donati et al., 1997; Kochukhov et al., 2010). This cross-correlation
technique involves essentially averaging a large number of spectral lines (typically
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& 100) having similarly-shaped profiles. It has been widely used in the study of
mCP star magnetism (e.g. Wade et al., 2000a; Shorlin et al., 2002).

3.4.1

Confirmed mCP Stars

We generated LSD profiles for all of the available Stokes V observations. This was
carried out by first generating line lists containing wavelengths, depths, and Landé
factors, from the Vienna Atomic Line Database (VALD) (Ryabchikova et al., 2015a).
Custom lists specific to each star in the sample were obtained using Extract Stellar
requests specifying the effective temperatures (Teff ), surface gravities (log g), and
chemical abundances derived in Paper I (solar abundances were adopted for those
elements without estimated abundances); a microturbulence value (vmic ) of 0 km s−1
was used along with a detection threshold of 0.05 and a wavelength range of 4 000
to 7 000 Å. Line masks were subsequently generated from each of the line lists and
compared with the observed spectra: any lines in the line mask that were found to
overlap with either telluric lines or broad Balmer lines were removed. The Stokes V ,
Stokes I, and diagnostic null (i.e. the flux obtained by combining the subexposures
such that the net polarization of the source is cancelled, Eqn. 3 of Donati et al., 1997)
measurements associated with each spectropolarimetric observation were normalized
by fitting a multi-order polynomial to the continuum flux of each spectral order.
An example of an LSD profile calculated using one of the observed spectra and its
associated line mask is shown in Fig. 3.1. Additional examples are shown at the end
of this chapter.
The Stokes I/Ic and V /Ic LSD profiles were used to measure the disk-averaged
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longitudinal magnetic field (hBz i) as given by equation 1 of Wade et al. (2000a).
We used mean wavelengths (λavg ) and mean Landé factors (zavg ) calculated from the
customized line masks associated with each star. Prior to each hBz i measurement, the
Stokes I/Ic and V /Ic LSD profiles were renormalized by fitting a 1st order polynomial
(i.e. a linear function) to the regions where I/Ic ∼ 1 and V /Ic ∼ 0 (typically at
v ≈ ±100 km s−1 ). Any radial velocity shift that was apparent in the Stokes I/Ic
LSD profile, as inferred from the calculation of the profile’s “center of gravity” (i.e.
the integral of vI/Ic over that of I/Ic ), was removed. The v integration limits were
chosen to encompass the absorption profile as determined by eye. The derived values
of hBz i associated with the confirmed mCP stars are listed in Table 3.1.
In addition to the previously unpublished hBz i measurements listed in Table 3.1,
we also derived hBz i from archived ESPaDOnS and NARVAL Stokes V observations.
In these cases, we applied the same analysis that was used with the new observations
reported in this study. This ensured that both the new and archived observations
yielded consistent hBz i measurements such that any apparent variability cannot be
attributed to the use of different line masks (i.e. all hBz i values are obtained using
the same measurement system). In total, we used 400 measurements of 42 confirmed
mCP stars derived using the line masks generated in this study – corresponding to a
median value of six observations per star. These hBz i measurements exhibit a median
uncertainty of σhBz i = 18 G. Published hBz i measurements exist for the majority of
the confirmed mCP stars. We compiled and included many of these measurements
in our analysis when no corresponding archival Stokes V observations were found.
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For ten out of the fifty-two confirmed mCP stars, only previously published measurements were available (i.e. no new or archived Stokes V observations were available).
Note that these published data are not derived using the same measurement system
as used for the hBz i measurements that we derived from the Stokes V observations
and analyzed herein.
In summary, a total of 947 new, archived, and published hBz i measurements of
the confirmed mCP stars were used in this study, corresponding to a median number
of observations per star of 17. The measurements exhibit a median σhBz i of 49 G
and a median minimum σhBz i per star of 15 G. For four of the fifty-two stars, fewer
than five observations are available. Two detections of HD 117025 are reported by
Kochukhov and Bagnulo (2006) while, due to its relatively low declination of −45°,
we were only able to obtain a single observation of HD 217522. For HD 29305, only
four archived HARPSpol Stokes V observations are available while for HD 56022, we
obtained four new Stokes V observations using ESPaDOnS.

3.4.2

Null Results

As discussed in Paper I, during the initial phase of this study, we identified a number
of stars within the Catalogue of Ap, HgMn and Am stars (Renson and Manfroid,
2009) reported as being potential mCP members. Additionally, several Am and
HgMn stars were found to exhibit ∆a, ∆(V1 − G), or ∆Z photometric indices consistent with those exhibited by mCP stars (e.g. Maitzen et al., 1998; Bayer et al.,
2000; Paunzen and Maitzen, 2005). We obtained Stokes V observations for 19 of
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these stars using MuSiCoS, ESPaDOnS, and NARVAL in order to search for Zeeman signatures. The observations were analyzed using the same LSD technique that
was applied to the confirmed mCP stars; however, the line masks generated from
the VALD line lists used a surface gravity of log g = 4.0 (cgs) and a solar metallicity
(individual chemical abundances were not specified).
No Zeeman signatures were detected from the observations of the 19 stars. The
minimum hBz i uncertainties obtained for each star ranged from 1.9 G to 69 G with a
median value of 11.4 G. Kochukhov and Bagnulo (2006) report a measured hBz i =
−56 ± 68 G for one of the 19 stars, HD 202627; we obtained a single observation of
this star, which yielded a lower uncertainty and no detection (hBz i = 14±17 G). The
observations are summarized in Table 3.2 where we list the measured longitudinal
field values.

3.5

Rotational Periods and Inclination Angles

Magnetic CP stars are well known to be associated with the periodic variability of
surface-averaged longitudinal magnetic field measurements (e.g. Pyper, 1969; Borra
et al., 1982; Bohlender et al., 1993). The Oblique Rotator Model (ORM) attributes
these variations to a product of (1) the star’s rotation and (2) the presence of a
stable surface magnetic field that is non-axisymmetric with respect to the star’s
rotational axis (Stibbs, 1950; Preston, 1967). A similar explanation for the longperiod (& 1 d) photometric variability that is commonly associated with these stars
is also widely accepted: the variations are understood to be produced by the presence
of inhomogeneous structures (i.e. chemical abundance spots) located within the
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Figure 3.1: Two examples of the Stokes V (top), diagnostic null (middle), and Stokes
I (bottom) LSD profiles derived from the spectropolarimetric observations obtained using ESPaDOnS. The vertical dashed lines indicate the
adopted integration limits used to derive the displayed hBz i values. Note
that the Stokes V and diagnostic null profiles have been scaled by a factor
of 14. Additional examples are included in at the end of this chapter.
rotating star’s atmosphere (e.g. Wolff, 1969; Adelman et al., 1992; Krtička et al.,
2015). Therefore, the characterization of both the rotationally modulated hBz i and
photometric measurements may allow for an mCP star’s rotational period (Prot ) to
be constrained.
Rotational periods of the majority of the confirmed mCP stars in our sample have
been previously published (e.g. Catalano et al., 1998; Renson and Catalano, 2001).
We performed a period search analysis (described below) on all of the hBz i data sets,
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which consist of published hBz i measurements along with those measurements derived from either new or re-analyzed archival Stokes V spectra, as discussed in Sect.
3.4.1. The analysis typically yielded a number of plausible rotational periods, which
were then compared with those that have been previously reported in the literature.
The same period search analysis was also carried out on Hipparcos Epoch Photometry
(Hp ) (ESA, 1997), which aided in the correct identification of Prot . For each of the 52
mCP stars, between 42 and 260 Hp measurements are available spanning 3 yrs. The
minimum and average time intervals between each measurement are approximately
21 min and 11 d, respectively. Each measurement has been assigned a quality flag,
which indicates potential problems (e.g. high background flux or inconsistent values
obtained by the NDAC and FAST data reductions). Any measurements exhibiting
quality flag numbers (referred to as ‘transit flags’ in the Hipparcos catalogue) > 20
were identified but not removed from the analysis. This decision to retain flagged
measurements was based on the fact that, in certain cases, all of the star’s measurements exhibited transit flags > 20 despite the detection of variability that was
consistent with that of the hBz i measurements. For most of the stars having flagged
measurements, the number of flagged measurements was relatively insignificant and
did not strongly influence the period search analysis.
Both the hBz i measurements and the Hipparcos Epoch Photometry were analyzed using two methods to identify the most probable rotational periods. First,
normalized Lomb-Scargle periodograms were generated using an idl routine based
on the algorithm presented by Press (2007). This method yields the spectral power
distribution, which is used to identify statistically significant frequencies (i.e. those
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having false alarm probabilities < 3 per cent) inherent to an unevenly sampled time
series data set. A substantial benefit of this method is that it can be performed
relatively quickly compared to the second period search analysis described below
thereby allowing potentially relevant periods to be recognized efficiently. However,
for the majority of the mCP stars, an insufficient number of hBz i measurements were
available to yield statistically significant frequencies. This technique was found to be
more useful when applied to the Hipparcos Epoch Photometry because of the larger
number of data points available for each star. The hBz i measurements were then
used to verify that the derived Hipparcos period provided an acceptable phasing of
the magnetic data.
The periodogram calculation was followed by the application of a commonly used
period search analysis described, for example, by Alecian et al. (2014). The method
involves fitting the time series data to a function consisting of the first two or three
terms in a Fourier series using a range of fixed periods (P ); plausible rotational
periods are identified as those which yield the lowest χ2 values. We adopted a 2nd
order sinusoidal fitting function given by

f (t)

=

C0 + C1 sin (2π[t − t0 ]/P + φ1 ) + C2 sin (4π[t − t0 ]/P + φ2 ) (3.1)

where t0 is the epoch (set to zero during the period search analysis) and C0 , C1 , C2 ,
φ1 , and φ2 are free parameters. We defined an initial grid of period values having a
step size of ∆P = 10−4 d and spanning 0.1 ≤ P ≤ 25 d. For each P value in the grid,
the best fit was derived and the associated χ2 values were recorded. This analysis was
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repeated with C2 ≡ 0 (reducing Eqn. 3.1 to a 1st order sinusoidal fitting function),
which was frequently found to decrease the number of statistically significant periods
derived from the hBz i data sets. This is related to the fact that longitudinal field
measurements of mCP stars are most sensitive to the dipole component (e.g. Eqn.
68 of Bagnulo et al., 1996). Nevertheless, significant higher-degree contributions to
hBz i curves are often detected in high-precision data (e.g. Kochukhov et al., 2004b,
2010; Silvester et al., 2015).
Uncertainties in the adopted rotational periods (σProt ) were estimated by calculating the 3σ confidence limits associated with the width of the χ2 trough; if σProt ≤ ∆P ,
the grid’s range (Pmax − Pmin ) and ∆P was reduced, the grid was re-centered on the
relevant period, and the grid of χ2 values was re-calculated. If the final σProt was
found to be appreciably less than the published σProt – or if no σProt was reported
with the published Prot – the new Prot and σProt was adopted.
After identifying Prot and obtaining σProt , either through a period search analysis
or from the literature, final 1st and 2nd order sinusoidal fits to each star’s hBz i(t) and
Hp (t) measurements were derived (2nd order fits were only derived for those data sets
consisting of more than 5 data points). The epoch of each star was defined such that
hBz i(t0 ) = |C0 + C1 | (i.e. the maximum, unsigned longitudinal field strength) while
φ1 and φ2 were constrained such that C1 > 0 and C2 > 0. Note that the way in
which the epoch is defined and the way in which C1 and C2 are constrained implies
that, for the fits to hBz i, φ1 = ±π/2 while φ2 is a free parameter; for the fits to Hp ,
both φ1 and φ2 are unrestricted free parameters.
Published periods for 18/52 of the mCP stars were found to be in agreement with
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those associated with the minimal χ2 value and/or maximal Lomb-Scargle spectral
power yielded by our hBz i and Hipparcos Epoch Photometry period search analyses.
In these cases, the stars’ rotational period could be unambiguously identified. For
21/52 of the stars, the most probable periods inferred from the period search analysis
were not consistent with the published periods. The rotational periods of these stars
were determined by identifying those published periods, which are primarily inferred
from photometric variability, that are consistent with local χ2 minima having values
within 3σ confidence limits of the global χ2 minima. We encountered complications
regarding the identification of Prot for the remaining 12/52 stars (discussed below in
Sections 3.5.1 to 3.5.8); however, we note that in most of these cases, final rotational
periods were adopted.
In total, we adopted rotational periods for 48/52 of the mCP stars in the sample.
The phased hBz i measurements and the associated best fitting sinusoidal functions
are shown in Figures 3.3, 3.4, and 3.5. The corresponding phased Hp measurements
are included at the end of this chapter. The hBz i measurements as a function of
HJD of the 4 stars with > 1 measurement and for which we were unable to establish
Prot values are shown in Fig. 3.6.
In the following eight subsections (Sections 3.5.1 to 3.5.8), we discuss those stars
for which Prot could not be unambiguously determined due to (1) an insufficient
number of measurements, (2) no detection of photometric or hBz i variability, or (3)
disagreement with published rotational periods.
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HD 27309 and HD 72968

The most precise published Prot = 1.5688840(47) d (North and Adelman, 1995) for
HD 27309 was found to be consistent with the most probable period inferred from the
Hipparcos photometry; however, both this period and its second harmonic exhibit
poor agreement with the variability of the hBz i measurements when fit to a 1st order
sinusoidal function. A high quality 2nd order sinusoidal fit (Eqn. 3.1) is obtained
using the published Prot , which exhibits C1 ∼ C2 (i.e. comparable amplitudes of the
1st and 2nd order terms). HD 72968 is similar in that Maitzen et al. (1978) report
a period of 11.305(2) d, however, this period is inconsistent with both the hBz i and
Hipparcos measurements. Furthermore, the v sin i value and stellar radius derived
in Paper I imply a maximum Prot of approximately 8.2 d. We find that halving
the 11.305 d period (Prot = 5.6525 d) yields acceptable 1st and 2nd order fits to the
Hipparcos photometry and an acceptable 2nd order fit to hBz i. We note that Aurière
et al. (2007) adopt the same 5.6525 d period. Both the adopted magnetically-inferred
rotational periods for HD 27309 and HD 72968 should be verified using additional
measurements.

3.5.2

HD 74067

No published rotational period could be found for HD 74067. We were able to derive
Prot for HD 74067 based on the identification of a single statistically significant period
in the hBz i χ2 distribution, which was found to be consistent with a local χ2 minima
derived from the Hipparcos photometry.
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HD 128898

As noted by Mathys and Hubrig (1997), the hBz i measurements of HD 128898 obtained by Mathys (1991, 1994) and Mathys and Hubrig (1997) do not exhibit a
trend that is consistent with the star’s known rotational period (4.4790 d, Kurtz
et al., 1994). The authors attribute this to the low amplitude of hBz i variability. We
did not obtain nor find any new hBz i measurements that could potentially better
constrain the star’s magnetic properties.

3.5.4

HD 130559

Two possible rotational periods (1.8871(8) d and 25.4(2) d) of HD 130559 are reported
by Wraight et al. (2012) based on the detection of strong photometric variability using
the STEREO spacecraft. No statistically significant variability was detected from
the Hipparcos photometry. Our analysis includes 12 hBz i measurements obtained
with MuSiCoS; the period search analysis of this data set yielded five plausible
periods within 0.1 < P < 30 d: 0.39661(5) d (χ2red = 2.8), 0.6585(2) d (χ2red = 2.5),
1.90798(71) d (χ2red = 2.2), 1.9377(13) d (χ2red = 4.6), and 2.0905(12) d (χ2red = 2.7).
In Fig. 3.2, we show the Lomb-Scargle periodograms and χ2 distributions associated
with the hBz i and Hipparcos measurements. It is evident that, although similar, the
best-fit 1.90798(71) d period, which yields a clear sine variation of hBz i versus phase,
is not in agreement with the shorter rotational period identified by Wraight et al.
(2012): phasing the hBz i measurements with the 1.8871(8) d period yields significant
dispersion between points that are approximately coincident in phase (e.g. hBz i
values of −375 ± 18 G and −64 ± 30 G appear separated in phase by < 0.03). The
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Figure 3.2: Normalized Lomb-Scargle periodograms (top) and χ2 distributions derived using the 1st order sinusoidal function (bottom) associated with
the Hipparcos (black) and hBz i (red) measurements of HD 130559. The
horizontal dot-dashed red line corresponds to the hBz i 3σ confidence limit
calculated with respect to χ2min ; the Hp periods shown in the χ2 distribution exhibit confidence limits < 0.1σ. The black arrow indicates the
adopted Prot = 1.90798(71) d. The vertical dashed blue line appearing in
the χ2 plot corresponds to the 1.8871(8) d period identified by Wraight
et al. (2012) based on STEREO photometry, which is not consistent with
the hBz i measurements.
authors note the possible influence of systematic effects on their inferred Prot values,
which could potentially explain the discrepancy; however, they suggest that the
systematics are unlikely to strongly influence the reported periods.
We adopt Prot = 1.90798(71) d as it (1) exhibits the closest agreement with
one of the two reported photometric periods and (2) corresponds to the minimal
χ2 sinusoidal fit to the hBz i measurements. Further observations are required to
eliminate the alternative rotational periods identified here and to verify the adopted
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Figure 3.3: The hBz i measurements used in this analysis phased according to each
star’s rotational period – only those mCP stars with known Prot values
are shown. The solid black curves and dashed black curves correspond
to the best 1st and 2nd order sinusoidal fits (defined by Eqn. 3.1). Note
that the periods listed in each figure are rounded and do not correspond
to the actual Prot precision.
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Figure 3.5: Continued from Fig. 3.4.

Figure 3.6: The hBz i measurements used in this analysis associated with those stars
with > 1 measurement and without known Prot values.
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value.

3.5.5

HD 148898

Manfroid et al. (1985) report three plausible rotational periods for HD 148898: 1.79±
0.02 d, 2.33 ± 0.02 d, and 4.67 ± 0.08 d. Based on near infrared variability, Catalano
et al. (1998) adopted the value of Prot = 0.7462(2) d reported by Renson and Maitzen
(1978). We obtained four new ESPaDOnS Stokes V observations for this star, which
we combined with the single measurement published by Kochukhov and Bagnulo
(2006). The five high-precision hBz i measurements could not be adequately phased
using Prot = 1.79 ± 0.02 d (χ2red = 38); the 0.7462 d, 2.33 d, and 4.67 d periods yield
high quality 1st order sinusoidal fits (χ2red < 0.01) and are consistent with the derived
radii and v sin i (i.e. veq > v sin i for both periods). Here we adopt Prot = 2.3205(2) d
based on the marginally lower χ2 value associated with both the hBz i and Hipparcos
measurements compared to the longer 4.682(1) d period; however, we emphasize that
additional observations are required to more confidently identify the correct Prot .
3.5.6

HD 151199

We only found one Prot value of HD 151199 reported in the literature: Gokkaya
(1970) find that the star exhibits Ca ii K line variations having a period of 6.143 d.
The hBz i measurements exhibit a number of statistically significant periods with
none appearing within 0.3 d of 6.143 d. The v sin i value and stellar radius derived
in Paper I imply a maximum Prot of approximately 2.4 d. We adopt the minimal χ2
period within 0.4 − 2.5 d (Prot = 1.83317(22) d and χ2red = 1.0); however additional
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magnetic, spectroscopic, or photometric measurements are required to verify this
value due to the number of periods which yield reasonably high quality sinusoidal
fits.

3.5.7

HD 221760

Four high-precision Stokes V observations of HD 221760 were obtained with ESPaDOnS; the associated hBz i measurements were found to vary from −72 ± 9 G to
57 ± 9 G. The period search analysis performed using the 1st order sinusoidal function yielded a large number of statistically significant periods. None of the possible
periods were found to be consistent with the 12 − 13 d rotational periods suggested
by van Genderen (1971) and Catalano et al. (1998) based on their detections of photometric variability. Furthermore, the v sin i value of 22.4 ± 0.7 km s−1 and stellar
radius of 3.6 ± 0.3 R

derived in Paper I imply a maximum rotational period of

≈ 9.1 d. We find that the hBz i measurements are coherently phased by a period that
is one half that of one of the possible periods reported by Catalano et al. (1998)
(P = 12.665 d/2 = 6.3325 d).
While no additional archived Stokes V observations or published hBz i measurements with sufficiently high precision could be found, 21 archived Stokes I
HARPS observations are available. We attempted to obtain additional constraints
on HD 221760’s Prot by searching for spectral line variability using the combined
HARPS and ESPaDOnS Stokes I observations. No significant line profile variability
could be detected (either visually or from equivalent width calculations) from various
lines including those associated with Ti, Cr, and Fe.
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We adopt Prot = 5.98 ± 0.06 d based on the preceding discussion, however, we
emphasize that further confirmation of this value is required.

3.5.8

HD 64486, HD 117025, HD 176232, and HD 217522

No published rotational periods were found for these five mCP stars. We were
unable to infer the Prot values of HD 64486, HD 117025, or HD 217522 on account
of (1) an insufficient number of available hBz i measurements and (2) the absence
of any statistically significant variability in the associated Hipparcos photometric
measurements. Prot of HD 176232 could not be derived on account of insufficient
phase coverage of its very long rotational period: the available hBz i measurements
exhibit an approximately linear decrease from 400 G to 240 G over a 12 yr period.
The hBz i measurements as a function of HJD are shown in Fig. 3.6 (aside from
HD 217522, for which only a single measurement was obtained).

3.5.9

Distribution of Rotational Periods

In Fig. 3.7, we show the distribution of rotational periods for those 48/52 stars
with known values. It is evident that the sample consists of mCP stars exhibiting
minimum and maximum periods that are comparable to the known fastest rotators
(∼ 0.5 d, e.g. Oksala et al., 2010; Grunhut et al., 2012) and slowest rotators (&
100 yrs, e.g. Mathys, 2015). We find that the distribution is consistent with a lognormal distribution (demonstrated by the derived Kolmogorov-Smirnov (KS) test
statistic of 0.15 ± 0.25). Fitting a Gaussian function to the distribution yields a
mean of 3.1 ± 2.2. We note that there exists a tail to very long periods, with the
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Table 3.3: Parameters associated with the hBz i curves shown in Figures 3.3 and 3.4. Columns 1 to 3 list
each star’s HD number, adopted or derived rotational period, and the adopted epoch, respectively.
References for those rotational periods taken from the literature are listed in the table’s footer;
Prot values without references were derived in this study. Columns 4, 5, and 7 list the mean,
amplitudes, and reduced χ2 values associated with the first-order sinusoidal fits sinusoidal (i.e. C0
and C1 in Eqn. 3.1 with C2 ≡ 0). Column 6 lists the r parameters (Eqn. 2 of Preston, 1967).
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longest determined period in our sample being 97 yrs.
We compared the distribution’s peak Prot with that yielded by larger previously
published surveys. In Fig. 8 of Wolff (1975), the distribution of compiled rotational
periods is concentrated below 10 d and exhibits a peak at Prot < 3.2 d; applying the
same binning (log (σProt /d) = 0.5) to the periods associated with the volume-limited
survey yields the same peak location and sharp decline in the number of stars with
Prot > 10 d. More recently, Netopil et al. (2017) reported rotational periods of more
than 500 confirmed or candidate mCP stars. We derived a mean of 2.4 d by fitting
a Gaussian function to their distribution of reported periods; therefore, the two
distributions’ peak locations are in agreement within the estimated uncertainty. The
preceeding discussion suggests that, in terms of the rotational periods, the survey
presented here is representative of the larger population of known mCP stars.

3.5.10

Inclination Angles

For each star in our sample with known Prot , we derived the inclination of the star’s
rotation axis assuming rigid rotation. The inclination angles were derived according
to
"

1 v sin i Prot
i = arcsin
50.6 km s−1 days



R
R

−1 #
(3.2)

using the rotational periods in conjunction with the projected rotational velocities
(v sin i) and stellar radii (R) derived or adopted in Paper I. The v sin i values of those
stars with long rotational periods (Prot & 10 d) could, in general, not be derived and
have not been reported in the literature. This is related to the fact that, in these
cases, the observed spectral line broadening is dominated by thermal broadening,
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Figure 3.7: Distribution of rotational periods for 48/52 of the mCP stars. The inset
plot shows the same distribution for Prot ≤ 10 d.
Zeeman splitting, etc. thus preventing a determination of v sin i of useful precision.
We were able to derive or adopt reported v sin i values for 43/47 of the stars with
known rotational periods. Detailed analyses involving the derivation of i associated
with HD 24712 and HD 187474, which both exhibit v sin i < 10 km s−1 , have been
previously published. For HD 24712, we adopt i = 43 ± 2° derived by Bagnulo et al.
(1995) using both circularly and linearly polarized spectra. For HD 187474, we adopt
i = 86°, which was derived by Landstreet and Mathys (2000) by modelling both hBz i
measurements and mean field modulus measurements; no uncertainty is reported.
In total, we were able to derive or compile inclination angles for 45/52 of the mCP
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stars.
In Fig. 3.8 (top), we show the distribution of the 45 known inclination angles. It
is apparent that the distribution is strongly peaked at the 45° < i < 60° bin. Such a
feature is not associated with a distribution of inclination angles that are randomly
oriented in space, which is characterized by a monotonic increase in frequency from
0° to 90°. Furthermore, either an excess of moderate i values (30° < i < 60°) or a
deficiency of high i values (i > 60°) relative to a random distribution is apparent
when comparing the cumulative distribution functions (CDFs) of sin i as shown in
Fig. 3.8 (bottom). We computed a KS test statistic comparing the distribution of i
values with that associated with a random distribution (0.19 ± 0.17), which suggests
that the inclination angles of the mCP stars in this sample may not be drawn from
a random distribution.
Previous studies have addressed the question of whether the inclination angles
of mCP stars are in fact randomly oriented in space. Abt (2001) and Netopil et al.
(2017) compiled 102 and 180 inclination angles, respectively, and concluded that the
resulting distributions are consistent with random distributions. The discrepancy
between the observed and expected (random) i distributions in the volume limited
survey presented here may be caused by the fact that the observed distribution
is incomplete: for 7/52 stars, i could not be derived or found in the literature.
We attempted to estimate the statistical significance of the 0.19 ± 0.17 KS test
statistic by carrying out a Monte Carlo (MC) simulation. This involved generating
105 simulated distributions consisting of 45 i values sampled from the theoretical
random distribution. KS test statistics comparing each simulated distribution with

3.5. ROTATIONAL PERIODS AND INCLINATION ANGLES

148

the theoretical random distribution were then calculated. We found that 7 per cent
of the simulated distributions exhibited a test statistic ≥ 0.19; therefore, we conclude
that the difference between the observed and random distributions is not statistically
significant.
Although it is likely that the inclination angles presented here are randomly
oriented, we note that the location of the maximum incidence of i shown in Fig.
3.8 is similar to the location of the distribution’s peak found in the results of the
larger Abt (2001) and Netopil et al. (2017) studies. In Fig. 1 of Abt (2001), the
sin i distribution peaks at ≈ 0.7 (i ≈ 45°) while the inclination angles compiled by
Netopil et al. (2017) exhibit a maximum frequency within 45° < i < 60°. This
may not be entirely unexpected considering that a number of common mCP stars
are included in all three studies: 20 and 21 per cent of the Abt (2001) and Netopil
et al. (2017) samples of mCP stars with known i are also included in our volume
limited survey. The statistical significance of the position of this peak in our sample
was estimated using the results of the MC simulation discussed above. For each
of the 105 simulated distributions consisting of 45 randomly oriented i values, we
determined the location of the maximum incidence when the distribution is binned
using ∆i = 15°, as shown in Fig. 3.8. Nineteen per cent of the simulated distributions
exhibited a maximum incidence within 45° < i < 60° suggesting that the location of
the peak is not statistically significant. We also evaluated the statistical significance
of the peak height relative to the neighbourhing bins (e.g. the peak shown in Fig. 3.8
exhibits a peak height of 9 relative to the two neighbourhing bins). We found that
7 per cent of the simulated distributions exhibited peaks with relative heights ≥ 9.
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Therefore, while the significance of the peak height is higher than that associated
with its location, we do not consider it to be statistically significant.

3.6

Magnetic Parameters

The magnetic field strengths and geometries of the mCP stars can be estimated
using the ORM (Stibbs, 1950). In particular, we use Equations 1 and 2 of Preston
(1967) to derive the strength of the field’s dipole component (Bd ) along with the
associated obliquity angle (β, i.e. the angle between the dipole component’s axis
of symmetry and the star’s rotational axis). This derivation depends on the star’s
inclination angle (i), linear limb-darkening coefficient (u), and ratio of the minimum
to maximum longitudinal field strengths (r ≡ hBz imin /hBz imax ).
Linear limb-darkening coefficients were derived using the grid calculated by Dı́azCordovés et al. (1995). This grid is calculated for a range of surface gravities
(0.0 ≤ log g ≤ 5.0 [cgs]), effective temperatures (3 500 ≤ Teff ≤ 50 000 K), and photometric filters (Johnson U V B and Strömgren uvby). We used the limb-darkening
coefficients calculated for the Johnson V filter because of the fact that this filter’s
transmission function approximately spans the wavelength range of the LSD line
masks (3 000 ≤ λ ≤ 7 000 Å) discussed in Sect. 3.4.1. The grid of Johnson V limbdarkening coefficients was interpolated for each star over log g and Teff (using the
log g and Teff values derived in Paper I).
The ratios of minimum to maximum field strengths (r) for each star were derived
from the fits to the phased hBz i measurements shown in Figures 3.3 to 3.5. Both
hBz imin and hBz imax were calculated using the mean (B0 ≡ C0 ) and amplitudes
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Figure 3.8: Top: Distribution of inclination angles for the 44/52 mCP stars with
known v sin i and known Prot values or with published i values. Bottom:
Cumulative distribution function of sin i (dashed red) compared against
that associated with a distribution of randomly oriented rotational axes
(solid black). The Kolmogorov-Smirnov test statistic of KS = 0.19±0.17
suggests that the inclination angles may not be distributed randomly.
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(B1 ≡ C1 ) associated with the 1st order sinusoidal fits (i.e. Eqn. 3.1 with C2 ≡
0). The uncertainties in B0 and B1 (and thus, in r) were derived by applying the
method of residual bootstrapping. The method involves calculating the residuals
associated with the hBz i measurements and the (1st order) sinusoidal fit. For each
hBz i measurement, we add to it a randomly selected residual and the sinusoidal fit is
recalculated. This process is repeated 10 000 times yielding approximately Gaussian
fitting parameter distributions, which are used to estimate 3σ uncertainties.
Finally, Bd and β were derived using the calculated values of i, u, and r according to Equations 1 and 2 of Preston (1967). Given the number of parameters
involved in this derivation (e.g. Teff , R, v sin i, etc.), it is difficult to evaluate how
they are correlated. Without accounting for these correlations, the uncertainties in
Bd and β will likely be erroneously high. We estimated σBd and σβ by extending
the Monte Carlo (MC) uncertainty analysis carried out in Paper I. This involved
calculating each star’s Bd and β for & 1 000 data points each consisting of randomly
selected effective temperatures and luminosities normally distributed according to
their most probable values and their uncertainties (Shultz et al., in prep; a brief
description is presented in Paper I). This analysis was extended by assigning v sin i
and r values – randomly generated from normal distributions with widths defined by
σv sin i and σr – to each of the previously generated MC data points. Ultimately, this
method yields distributions of Bd and β values, which can be used to infer σBd and
σβ . In general, the resulting distributions are either positively or negatively skewed.
Therefore, rather than defining σBd and σβ using each distribution’s standard deviation, we adopt minimum and maximum limits defined such that 99.7 per cent of the
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distribution is enclosed.
In six cases (HD 3980, HD 38823, HD 108662, HD 108945, HD 137909, and
HD 223640) the most probable v sin i values derived in Paper I were found to exceed
the equatorial velocities (veq ) calculated using Prot , and R; however, the v sin i and
veq values of all six stars were found to be equal within the estimated uncertainties
(i.e. they are consistent with i ≈ 90°). In these cases, we removed those MC data
points for which v sin i > veq . The peak values of the resulting MC distributions were
then used to define new, most probable v sin i values.

3.6.1

Dipole Field Strengths

In Fig. 3.9, we show the derived dipole field strengths for 45/52 mCP stars in
the sample (i.e. those with known rotational periods and inclination angles and
for which multiple hBz i measurements are available). The Bd distribution is well
characterized by a log-normal distribution as demonstrated by the derived KS test
statistic of 0.10 ± 0.19. Fitting a Gaussian function to log (Bd /G) yields a mean and
3σ uncertainty of 3.4 ± 0.2 (corresponding to 2.6+1.9
−1.1 kG). The maximum derived Bd
in the sample corresponds to 18.1+3.4
−2.7 kG (HD 65339), which is in agreement with
the value reported by Landstreet (1988). The minimum derived Bd corresponds to
330+80
−60 G (HD 112185); however, the minimum dipole field strength derived when
considering the upper Bd error limits corresponds to Bdmax = 390 G (HD 221760).
The survey carried out by Aurière et al. (2007) was specifically designed to search
for mCP stars hosting weak dipole fields. They reported a minimum most probable
field strength (i.e. minimum Bd without considering the estimated lower error limits)
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of 100 G. The minimum Bdmax found in their study is 477 G, which is slightly higher
but still comparable to that derived here. The fact that they did not find any
dipole field strengths . 100 G led them to propose the existence of a critical dipole
field strength (Bc ), which defines a minimum field strength necessary for a field to
maintain stability. They estimate that Bc ≈ 300 G for a typical A-type star and is
indicated in Fig. 3.9; it is clear that the majority of the 45 Bd values derived for the
stars in our volume limited survey greatly exceed 300 G.
Aurière et al. (2007) derived the following expression for the order of magnitude
of Bc in terms of Prot , R, Teff , and the equipartion field strength of a typical main
sequence (MS) A-type star (Beq = 170 G):

Bc ∼ 2Beq

Prot
5d

−1 

R
3R



T
104 K

−1/2
.

(3.3)

We derived Bd /Bc for each of the 45 stars having estimated dipole field strengths.
All 45 stars exhibit Bd /Bc & 1; four stars were found to have most probable Bd /Bc ∈
[0.6, 1). Three of these four stars (HD 29305, HD 56022, and HD 112185) have an
estimated Bd /Bc upper error limit < 1 and therefore serve as the best candidates in
our sample for either (1) potentially disproving the hypothesis that field strengths
must exceed Bc or (2) refining the value of Bc .
The derivation of Bc by Aurière et al. (2007) applies to all A-type stars spanning
the main sequence. Therefore, an additional test of the existence of Bc can be
carried out by estimating each mCP stars’ Bd /Bc value as a function of fractional
MS age (τ ) and determing if Bd /Bc  1 at any point during its evolution across the
MS. We estimated each stars’ R(τ ) and Teff (τ ) by interpolating evolutionary tracks
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computed by Ekström et al. (2012) and Mowlavi et al. (2012), which is discussed more
thoroughly in Paper I. The change in Prot occuring across the MS was estimated using
two grids of rotating evolutionary tracks. For stars with masses < 1.7 M , we used
the rotating solar metallicity (Z = 0.014) evolutionary tracks computed by Ekström
et al. (2012) for veq /vc equal to 0.0 and 0.4 where veq and vc are the equatorial
velocity and critical breakup rotational velocity at the zero age MS (ZAMS). For
stars with masses ≥ 1.7 M , we used the higher veq /vc density (veq /vc = 0.0, 0.1, 0.3,
0.5, 0.6, 0.7, 0.9, and 1.0) solar metallicity grids computed by Georgy et al. (2013).
The change in the dipole field strength was estimated by assuming that magnetic
flux is conserved. Under this assumption, Bd decreases with R−2 as R increases
from the ZAMS to the terminal age MS (TAMS). We find that the predicted Bd /Bc
values decrease monotonically along the MS; as a result, only one of the 45 stars with
derived Bd values is predicted to have Bd /Bc < 1 at earlier points during its MS
lifetime. The distributions of the observed Bd /Bc and the Bd /Bc values predicted
at the ZAMS are shown in Fig. 3.10.
It is evident that both of the observed and predicted ZAMS Bd /Bc distributions
shown in Fig. 3.10 exhibit a sharp decrease in frequency at Bd /Bc < 1. This is
consistent with the notion that the current Bd /Bc values are initially drawn from a
wider distribution containing lower Bd /Bc values: the initial distribution is truncated
at Bd /Bc = 1 resulting in a sharp decline towards lower values.

3.6. MAGNETIC PARAMETERS

155

Figure 3.9: Distribution of dipole magnetic field strengths for 45/52 of the mCP
stars. The vertical dashed line corresponds to the critical field strength
of a typical MS A-type star (Bc = 300 G) estimated by Aurière et al.
(2007).
3.6.2

Obliquity Angles

In Fig. 3.11, we show the distribution and CDF associated with the 45 obliquity
angles (β) derived using Equation 3 of Preston (1967). The β distribution exhibits
a moderate increase from low to high β values, which is qualitatively similar to
that associated with a distribution of randomly oriented axes. A more quantitative
comparison was carried out using the CDFs of the derived sin β and theoretical
random distributions. We derived a KS test statistic of 0.17 ± 0.15 suggesting that
the β values may not be randomly oriented. The significance of this KS test statistic
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Figure 3.10: Distribution of the ratio of Bd to the critical field strength (Bc ) derived
by Aurière et al. (2007); these authors hypothesize that no A-type stars
should be found exhibiting Bd /Bc < 1 (indicated by the vertical dashed
line).
was evaluated using the same Monte Carlo simulation that was carried out in Sect.
3.5.10 with the inclination angles. 105 simulated distributions were generated, each
consisting of 45 β values drawn from the theoretical random distribution. A KS test
statistic comparing each of the simulated random distributions with the theoretical
random distribution were calculated. We found that 13 per cent of the resulting KS
values were ≥ 0.17; therefore, we conclude that the apparent difference between the
derived β values and the theoretical random distribution is statistically insignificant.
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Figure 3.11: Top: Distribution of obliquity angles for the 45/52 mCP stars with
known Prot and i values and for which multiple hBz i measurements
are Bottom: Cumulative distribution function of sin β (dashed red)
compared against that associated with a distribution of randomly oriented magnetic dipole axes (solid black). The Kolmogorov-Smirnov test
statistic of KS = 0.17 ± 0.15 suggests that the inclination angles may
not be distributed randomly.

HD

i (°)

β (°)

Bd (G)

Bc (G)

(1)

(2)

(3)

(4)

(5)

3980

84+4
−32

84+3
−82

6360+57570
−5570

285+41
−33

22+206
−19

11502

76+13
−24

54+27
−50

3000+29130
−750

652+139
−99

4.6+47.9
−1.4

12446

38+13
−9

86+3
−4

2450+710
−520

1010+220
−190

2.4+0.5
−0.4

15089

56+23
−14

71+8
−30

1850+490
−160

725+69
−61

2.5+0.7
−0.3

15144

20 ± 5

9+3
−2

1951+73
−45

425+42
−38

4.6+0.6
−0.5

18296

29+12
−9

89.0+0.4
−13.7

1430+1090
−830

567+119
−99

2.5+1.8
−1.5

24712

43+11
−10

45+11
−12

3340+380
−280

96+7
−6

34.5+4.6
−4.0

27309

49+16
−10

7±4

3600+1980
−580

780+140
−120

4.6+3.4
−1.3

29305

54+16
−11

61+8
−19

349+44
−4

564+61
−58

0.6+0.1
−0.1

38823

80+7
−53

71+11
−63

7590+39130
−460

114+20
−13

67+324
−11

40312

63+22
−13

59+12
−45

1291+2800
−94

724+68
−63

1.8+4.1
−0.2

49976

69+18
−29

63+20
−57

7530+48620
−1690

382+46
−43

19.7+134.5
−4.6

54118

58+27
−15

88.2+−0.1
−15.2

5810+1380
−960

432+50
−43

13.4+3.1
−2.1

56022

50+26
−17

56+15
−34

712+476
−91

1252+88
−85

0.6+0.4
−0.1

62140

70+18
−19

89.5+−0.2
−11.8

5110+1050
−330

349+68
−58

14.6+2.0
−1.6

65339

55+18
−11

89.1+0.7
−3.9

18120+3540
−2700

186 ± 22

(6)

97+15
−11
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Table 3.4: Parameters associated with the magnetic field geometries and strengths. Columns 2 to 3 list the
inclination angles and obliquity angles. Columns 4 to 6 list the dipole field strengths (Bd ), critical
field strengths (Bc ), and ratios of Bd to Bc .

HD

i (°)

β (°)

Bd (G)

Bc (G)

(1)

(2)

(3)

(4)

(5)

72968

51+18
−11

8±5

1620+1250
−290

241+36
−33

6.7+6.5
−1.8

74067

58+28
−20

57+15
−48

3439+12198
−70

440+55
−49

7.8+28.8
−0.8

83368

69+17
−10

87.7+0.0
−31.3

2400+540
−470

453+42
−36

5.3+1.1
−1.1

96616

74+14
−20

44+24
−39

1260+7780
−210

693+89
−80

1.8+11.8
−0.5

103192

60+14
−9

6+6
−5

1380+1080
−320

856+104
−92

1.6+1.6
−0.5

108662

80+8
−32

17+30
−16

3110+54640
−770

238+31
−28

12.5+225.1
−3.2

108945

80+9
−26

80+7
−73

870+4980
−150

782+58
−56

1.1+6.3
−0.2

109026

15+8
−6

65+10
−12

2480+1590
−660

490+190
−130

5.0+2.6
−1.2

112185

56+16
−11

71+12
−21

327+79
−62

460+43
−42

0.7+0.2
−0.1

112413

48+35
−21

82+4
−42

3460+2290
−690

245+39
−36

14.1+8.8
−3.2

118022

27+6
−5

58+6
−7

3650+610
−370

308 ± 22

11.9+2.0
−1.3

119213

60+27
−26

25+24
−23

2620+28240
−660

497+77
−66

5.3+58.8
−1.8

120198

48+11
−8

63+13
−16

1600+410
−360

890+140
−120

1.8+0.5
−0.4

124224

46+10
−8

82+4
−5

4460+780
−630

2020+240
−200

2.2+0.3
−0.3

128898

42+7
−6

23+15
−16

1430+310
−270

266+22
−20

5.4+1.5
−1.1

130559

18+6
−5

67+6
−7

2360+770
−440

716+100
−89

3.3+1.0
−0.6

137909

84+5
−27

75+11
−70

2380+25570
−230

111+17
−16

19.7+220.0
−2.3

137949

-

-

-

0.27 ± 0.03

(6)
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HD

i (°)

β (°)

Bd (G)

Bc (G)

Bd /Bc

(1)

(2)

(3)

(4)

(5)

140160

60+18
−11

88.4+−0.1
−20.7

1180+290
−260

811+69
−62

1.5+0.3
−0.3

140728

46+13
−10

87+1
−3

2300+460
−360

1080+170
−140

2.1+0.3
−0.3

148112

58+27
−16

6±6

1090+5680
−340

650+83
−79

1.7+9.3
−0.7

148898

30 ± 5

71+4
−5

2580+440
−330

802+67
−62

3.2+0.5
−0.4

151199

61+23
−13

53+14
−42

880+2010
−140

684+87
−80

1.3+3.1
−0.3

152107

50+17
−12

17 ± 8

4930+3040
−690

359 ± 22

13.7+8.8
−2.3

170000

48+5
−4

70+4
−5

1750+140
−160

1142+49
−56

1.5+0.1
−0.1

187474

86+3
−32

72+16
−42

7210+6310
−710

0.62+0.10
−0.08

11590+9550
−1810

188041

-

-

-

6.36+0.71
−0.65

-

201601

-

-

-

0.038 ± 0.003

-

203006

51+18
−11

89.3+0.6
−1.5

4640+890
−750

653+118
−100

7.1+1.0
−0.8

220825

40+10
−9

80+3
−5

1700+400
−260

722+79
−66

2.4+0.5
−0.3

221760

47+9
−7

84+4
−5

343+47
−43

373+34
−33

0.9 ± 0.1

223640

84+5
−28

12+27
−12

3740+128220
−1030

315+37
−35

11.3+395.1
−3.3

(6)
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Evolution of Magnetic Field Strength

In Paper I, we identified statistically significant trends in the average surface chemical
abundances of certain elements (e.g. Si, Ti, Cr, and Fe) as functions of stellar age.
Similar correlations between the atmospheric chemical abundances and ages of Bp
stars have been previously reported by Bailey et al. (2014). The authors also found
that the same elements exhibiting coherent changes with age also exhibit changes
with the measured magnetic field strengths; this is attributed to a decrease in field
strength with age as previously reported by Landstreet et al. (2007, 2008) for both
MS Ap and Bp stars (8 < Teff < 20 kK).
In Fig. 3.12, we plot R, Bd , and Bd R2 (i.e. the surface magnetic flux) as functions
of age (log t/yrs) and fractional MS age (τ ). The 45 mCP stars represented in the
figure are divided into low-mass (M/M < 2), intermediate-mass (2 ≤ M/M < 3),
and high-mass (M/M ≥ 3) ranges. This is done for two reasons: (1) the increase
in R as each star evolves across the MS increases with mass; and (2) the width of
the MS spanned by each of the three mass ranges decreases with decreasing mass.
Therefore, under the assumption that magnetic flux is conserved, we expect to see
larger changes in Bd with age in the high-mass range compared to the low-mass range.
This can result in an increase in the dispersion of Bd and Bd R2 with increasing τ
thereby decreasing our ability to detect such evolutionary changes.
The best fitting linear functions were derived for each of the Bd and Bd R2 values associated with the three mass intervals. We used an unweighted least-squares
analysis because of the fact that the errors associated with Bd , log t/yrs, and τ are
typically large and asymmetric: Bd diverges as |i − β| → 90° while log t/yrs and τ
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Figure 3.12: Radius (R, top row), dipole field strength (Bd , middle row), and Bd R2
(bottom row) for 45/52 of the mCP stars in the sample as functions
of logarithmic stellar age (log t/yrs, left column) and fractional MS age
(τ , right column). Three mass ranges are identified: M/M < 2, 2 ≤
M/M < 3, and M/M ≥ 3. The lines correspond to the best fitting
linear functions for the low-mass (solid blue), intermediate-mass (dotted
black), and high-mass (dashed red) stars. The derived slopes and their
uncertainties are listed in Table 3.5.
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are significantly more uncertain closer to the ZAMS than to the TAMS (e.g. see Fig.
4 of Kochukhov and Bagnulo, 2006). We found that the resulting fits yielded lower
residuals compared to those obtained by considering both x and y uncertainties (e.g.
using the method described by Williams et al., 2010). We estimated 1σ uncertainties
in the fitting parameters by bootstrapping the residuals. The resulting linear fits are
shown in Fig. 3.12 and the slopes are listed in Table 3.5.
We find that the dipole field strengths associated with all three of the mass
intervals decrease over both log t/yrs and τ ; we do not detect any changes in the
magnetic flux (Bd R2 ) with stellar age. We note that the uncertainties in R are
relatively small (. 15 per cent) and that the estimated uncertainties in the slopes
associated with Bd and Bd R2 are comparable (particularly for the slopes involving
τ ). This suggests that the apparent differences in the rates of change of the field
strength and the magnetic flux are not related to the uncertainty introduced by R.
Therefore, we conclude that these results are statistically consistent with the notion
that magnetic flux is conserved as an mCP star evolves across the MS.
The fact that Bd appears to decrease with increasing stellar age is qualitatively
consistent with the findings of Landstreet et al. (2007), whose survey only consisted
of cluster members with well-constrained ages. Moreover, the rate of field strength
decline that they derived for stars having 3 ≤ M/M ≤ 4 (−0.42±0.14) is consistent
with that derived here for our sample’s high-mass stars (−0.89 ± 0.40). This agreement provides evidence in support of the notion that the magnetic fields of MS mCP
stars decay with age. The rate of change of magnetic flux for the same mass intervals are also in agreement within the uncertainties: Landstreet et al. (2007) derived
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Table 3.5: Slopes and 1σ uncertainties associated with the linear fits shown in Fig.
3.12.
log Bd /G
Mass Interval
log (t/yrs) Slope
M/M < 2
−0.90 ± 0.43
2 ≤ M/M < 3
−0.29 ± 0.35
M/M ≥ 3
−0.89 ± 0.40

τ Slope
−0.62 ± 0.53
−0.65 ± 0.34
−0.75 ± 0.35

log [(Bd /G)(R/R )2 ]
Mass Interval
log (t/yrs) Slope
τ Slope
M/M < 2
−0.53 ± 0.54
−0.06 ± 0.59
2 ≤ M/M < 3
−0.02 ± 0.36
−0.19 ± 0.31
M/M ≥ 3
−0.04 ± 0.42
−0.04 ± 0.36

a slope of −0.22 ± 0.14 while we obtained −0.04 ± 0.42. Despite the quantitative
agreement, it is noteworthy that Landstreet et al. (2007) detect a decrease in magnetic flux over time whereas, for our sample, we do not. It is clear that our sample
includes significantly fewer high-mass stars (7 compared to 25) and that the derived
ages have a much higher uncertainty. On the other hand, the Bd values associated
with the majority of the stars in our sample have been derived from reasonably well
sampled hBz i curves; for most of the stars included in the Landstreet et al. (2007)
study, only single hBz i measurements were obtained. The data set presented here
can be used to assess the significance of this final point.
We carried out an MC simulation in which the magnetic field strengths of the
stars in our sample were estimated using only a small number of randomly sampled
hBz i measurements. This involved generating 104 simulated data sets consisting of
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either 1 or 3 hBz i measurements for each of the 45 stars with known B0 and B1 (i.e.
the mean and amplitude characterizing the hBz i curves). The hBz i measurements
were generated using random phase values (θ ∈ [0, 1]) along with B0 and B1 such that
hBz i(θ) = B0 + B1 sin θ. Each star’s root-mean square field strength (Brms ) was then
calculated (as done by Landstreet et al., 2007). Finally, the linear fitting analyses
involving log t/yrs, Brms , and Brms R2 were carried out and the derived slopes were
compared with those generated using the original data set. In Fig. 3.13, we show
the resulting distributions based on the Brms R2 slopes.
The results of the MC simulation suggest that both the slopes of Brms and Brms R2
as functions of log t/yrs and τ are biased towards lower values when Brms is derived
from a small number of hBz i measurements. However, we find that the bias is small
and decreases with increasing sample size. Considering the large sample size of the
survey carried out by Landstreet et al. (2007), the bias is likely negligible as assumed
by the authors. It is clear from the distributions shown in Fig. 3.13 that, depending
on the number of hBz i measurements used to derive Brms of each star, the uncertainty
in the slope may be significantly affected. We note that the MC simulation uses the
stellar ages derived for the current sample in Paper I; therefore, the results of the
simulation are certainly affected by the large age uncertainties to some extent.
It is plausible that the lack of detection of flux decay in our sample could result
from (1) a small sample size for each of the mass bins (in particular for the high-mass
stars which are expected to exhibit the largest decrease) and (2) large errors in the
stellar ages. Additionally, it is noted that, in terms of both log t/yrs and τ , the mCP
stars in our sample are generally older than those contained in the Landstreet et al.
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(2007) sample: the fraction of stars having τ < 0.4 is > 50 per cent in the Landstreet
et al. (2007) sample compared with 15 per cent in our volume-limited sample. In
Fig. 4 of Landstreet et al. (2008) it is apparent that the rate of flux decay associated
with high-mass Ap stars is significantly higher for τ < 0.2 compared with τ > 0.2.
This suggests that the apparent discrepancy in terms of the detection of flux decay
between our sample and that of Landstreet et al. (2007) may be caused by a decay
rate that is higher for younger MS stars coupled with the different age distribution
of our sample.

3.8

Discussion and Conclusions

In Paper I, we presented an analysis of the fundamental properties and chemical
abundances of 52 and 45 confirmed mCP stars, respectively, located within a distance of 100 pc. This study is the first of its kind in two specific ways. First, it is
focused on a volume-limited sample and thus, is less affected by the biases inherent
to previous studies of samples of mCP stars (e.g. Kochukhov and Bagnulo, 2006;
Hubrig et al., 2007). Secondly, we have attempted to perform the analysis in a homogeneous manner such that any dispersion introduced by using varying techniques
or theoretical models is minimized. The results presented here build on those of Paper I with the addition of an analysis of the confirmed mCP stars’ rotational periods
and magnetic properties. In the following, we discuss these results and present our
conclusions.
Rotational periods for 48/52 of the confirmed mCP stars in the sample were
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Figure 3.13: Distributions comparing the slope of Brms R2 as a function of log t/yrs
generated from the MC simulated data sets with that generated from
the original data set. The top distribution corresponds to the Brms
values calculated using 1 randomly generated hBz i measurement while
the bottom distribution uses 3 measurements. The mean values of each
distribution (hmMC − mobs i) are listed in order of increasing mass.
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adopted based on (1) the available hBz i measurements (i.e. newly obtained or unpublished measurements using ESPaDOnS, NARVAL, and MuSiCoS, newly analyzed
measurements, and previously published measurements) and (2) previously published
values typically derived from photometric variability. In general, we found that the
rotational periods inferred from magnetic measurements are consistent with the published values. However, in several cases Prot could not be identified ambiguously and
we adopted Prot values based on somewhat unreliable or tenuous evidence (e.g. the
newly obtained hBz i measurements of HD 221760 were insufficient to derive a unique
period and poor agreement was found with previously published values). Adopting
unconfirmed rotational periods of certain stars in the sample may have contributed to
the detection of an unusual and unexpected feature in the distribution of inclination
angles.
The feature in question is the large peak i frequency occuring within 45 to 60°,
which also corresponds to the distribution’s global peak value. This is unexpected
since it is not typically found in a distribution of i values that are randomly oriented
in space (e.g. Abt, 2001). Although statistically insignificant based on an estimated
p-value of 0.07, it is perhaps noteworthy that a similar feature is found in the much
larger data set of mCP i values published by Netopil et al. (2017). We note that the
distribution shown in Fig. 3.8 is incomplete since the i values of 7/52 sample stars
could not be derived; however, their inclusion is unlikely to dramatically reduce the
feature’s statistical significance. No correlation between sin i and Galactic latitude
is found (e.g. Fig. 2 of Abt, 2001), suggesting that the origin of the unexpected
feature found in the i distribution is unlikely to be environmentally dependent.
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Landstreet and Mathys (2000) derived β values for a sample of 24 Ap stars and
found that the slow rotators (Prot > 25 d) tend to exhibit low β values while only 2
faster rotators in their sample (Prot < 25 d) were found with β < 60°. Our sample
consists of 5 stars with Prot > 25 d; only 1 of these stars was assigned a value of β
(obtained by Landstreet and Mathys, 2000). Obliquity angles were derived for all
44 of the stars with Prot < 25 d. We did not identify any clear correlations between
β and Prot . We do confirm the findings of Landstreet and Mathys (2000) that β
tends to be large for these more rapidly rotating stars (i.e. those with Prot values
that are more commonly found amongst mCP stars e.g. Wolff, 1975; Bychkov et al.,
2005; Netopil et al., 2017). However, we find that the distribution of β values is
consistent with a theoretical distribution of randomly oriented axes. We also did not
find any clear correlations between β and absolute stellar age or fractional MS age
or between β and Bd . Therefore, we find no evidence that the β values of stars with
Prot < 25 d are preferentially oriented as a result of some physical mechanism (e.g.
Mestel and Takhar, 1972; Moss, 1984). We note that this result is consistent with
the findings of Wade (1997) who identified both young and evolved mCP stars that
exhibit moderate β values (∼ 30°).
We were able to constrain the dipole magnetic field strengths for 45/52 of the
mCP stars in our sample. The minimum field strength found in our sample when
considering the upper error limits of Bd corresponds to 390 G. The fact that we did
not find any stars with fields . 100 G is consistent with the notion that there exists
a magnetic desert (e.g. Aurière et al., 2007; Lignières et al., 2014). We also derived
the critical field strengths of each of the stars, which corresponds to the minimum
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field strength required for an mCP star’s field to remain stable as hypothesized by
Aurière et al. (2007). Three stars (HD 29305, HD 56022, and HD 112185) were
found exhibiting upper error limits of Bd /Bc < 1; however, no stars were found
having Bd /Bc  1. These stars may serve as useful targets for constraining Bc , if
this critical lower field strength limit does exist.
Although our volume-limited sample does not contain any examples of mCP
stars with field strengths well below Bc , several examples of intermediate- and highmass stars have recently been reported. Fossati et al. (2015) derived a dipole field
strength of 60 < Bd < 230 G for the massive B1 II/III star, β CMa, suggesting that
the magnetic desert feature may be limited to the cooler, intermediate mass stars
studied by Aurière et al. (2007). On the other hand, Alecian et al. (2016) report a
field strength of Bd = 65±20 G for an Ap star with an effective temperature estimated
to be 11.4 ± 0.3 kK. This star is the primary component of the spectroscopic binary,
HD 5550, which exhibits an orbital period ∼ 6.8 d. They find that the magnetic
component likely rotates with a period of 6.8 d; no radius or luminosity is reported.
Assuming that the star is positioned somewhere on the MS, we obtain a rough
estimate of the critical field strength (Eqn. 3.3) of 130 . Bc . 220 G; therefore, it
is likely that Bd /Bc < 1. It is possible that the fact that this star is in a binary
system with a relatively short period may somehow influence this result, however,
considering the > 5 d orbital period, it is unlikely that any tidal interactions are
taking place. It is also possible that the order of magnitude estimate of Bc estimated
by Aurière et al. (2007) is simply too high or is in need of refinement.
A clear increase in the incidence rate of mCP stars with increasing mass was
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identified in Paper I (mCP stars account for ≈ 3 per cent of MS stars with M ≈
1.5 M and ≈ 10 per cent of MS stars with 3.0 < M/M < 3.8). The Monte Carlo
simulation involving the Zorec and Royer (2012) data did not reveal an increase in
Bc with decreasing M , which might have otherwise explained the increased rarity
of lower mass mCP stars. We conclude that, regardless of whether Bc exists, this
particular property of mCP stars is likely a product of additional factors such as the
increase in subsurface convection zone depth with decreasing mass.
In Paper I, we detected the decrease of average surface abundances of certain
elements such as Si, Ti, and Fe over stellar age similar to the trends reported by
Bailey et al. (2014) for Bp stars. Here we detect a decrease in Bd over both absolute
age and fractional MS age. The rate of Bd decrease is strongest for the highest
mass stars in our sample and is found to be in agreement with that reported by
Landstreet et al. (2007) based on Brms values. Contrary to the findings reported by
Landstreet et al. (2007), we do not detect any change in the surface magnetic flux
over time; however, the reported decay rates are in agreement within the adopted
uncertainties. We conclude that the lack of detection of surface flux decreases can
plausibly be attributed to our smaller sample size and lower age precision.

3.8. DISCUSSION AND CONCLUSIONS

Figure 3.14: Examples of LSD profiles at one or two rotational phases.
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Figure 3.15: Examples of LSD profiles at one or two rotational phases.
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Figure 3.16: Examples of LSD profiles at one or two rotational phases.
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Figure 3.17: Examples of LSD profiles at one or two rotational phases.
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Figure 3.18: Examples of LSD profiles at one or two rotational phases.
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Figure 3.19: Examples of LSD profiles at one or two rotational phases.
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Figure 3.20: The Hipparcos Epoch Photometry associated with those mCP stars
with known Prot . The solid black curves and dashed black curves correspond to the best 1st and 2nd order sinusoidal fits (defined by Eqn.
3.1). Note that the periods listed in each figure are rounded and do not
correspond to the actual Prot precision.

3.8. DISCUSSION AND CONCLUSIONS

Figure 3.21: Continued from Fig. 3.20.
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Figure 3.22: Continued from Fig. 3.21.

Figure 3.23: The Hipparcos Epoch Photometry associated with those stars without
known Prot values.

181

Chapter 4
A spectroscopic test of the rotational modulation
origin of A star variability detected with Kepler

4.1

Introduction

Currently, only a relatively small subsample of main sequence (MS) A-type stars
are known to exhibit photometric variability that can convincingly be attributed to
surface structures (i.e. spots). This subsample is dominated by the strongly magnetic
chemically peculiar stars (mCP or Ap stars), which account for ∼ 10 per cent of all
MS A-type stars (Wolff, 1968; Smith, 1971; Sikora et al., 2019b). Within the last
two decades, a small number of HgMn stars have been found to exhibit (i) spectral
line variability (Adelman et al., 2002; Kochukhov et al., 2005a; Folsom et al., 2010)
and (ii) photometric variability (Alecian et al., 2009; Balona, 2011), which is strongly
indicative of surface chemical and/or temperature spots. Although . 10 per cent
of MS A-type stars are known to exhibit photometric rotational modulation that is
linked to surface structures, several recent analyses of Kepler light curves suggest
that ∼ 40 per cent of MS A-type stars may exhibit variability that is consistent with
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a rotational modulation origin (Balona, 2011, 2013, 2014; Balona and Abedigamba,
2016). Whether the detected variability is intrinsic to the A stars themselves and,
if so, whether it is produced by spots are important questions, particularly in the
context of stellar magnetism.
Since 2009, four MS A-type stars – Vega, Sirius A, β UMa, and θ Leo – have been
found to host ultra-weak magnetic fields with strengths . 1 G (∼ 100 times weaker
than the weakest fields found on mCP stars) (Lignières et al., 2009; Petit et al., 2011a;
Blazère et al., 2016b). Low contrast spots – either due to inhomogeneous chemical
or temperature distributions – have also recently been detected from spectroscopic
observations of Vega (Böhm et al., 2015; Petit et al., 2017). Two important questions
related to Vega’s spectroscopically detected spots currently remain unanswered: (1)
are they directly linked to the star’s magnetic structure (i.e. are the spot sizes and
locations correlated with Vega’s complex magnetic field topology) and (2) do they
modulate Vega’s brightness with its rotation? The discovery of ultra-weak fields on
A-type stars coupled with the discovery of a large sample of rotationally modulated
A star light curves has led to speculation that many, or perhaps all, MS A-type stars
host detectable magnetic fields (Blazère et al., 2016b; Petit et al., 2017).
In the following, we present the results of our spectroscopic survey of a sample
of MS A-type stars identified by Balona (2013) as exhibiting rotationally modulated
Kepler light curves. The goals of this survey are to (1) test the rotational modulation
hypothesis by measuring each star’s projected rotational velocity and comparing with
the equatorial velocities inferred under the assumption that the photometric periods
are the rotation periods, (2) search for chemical peculiarities that may provide insight
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into the origin of the observed variability, and (3) search for the presence of low-mass
binary companions, which could provide an alternative explanation for the variability
(i.e. the variability may be intrinsic to such companions or it may be associated with
orbital motions or tidal distortions).
In Sect. 4.2 we introduce the sample of stars included in our survey. Sect. 4.3
describes the Kepler observations that led to the detection of rotational modulation
along with the new spectroscopic observations that were obtained for this study. In
Sect. 4.4 we analyze the Kepler light curves and derive new rotation periods. The
derivation of each star’s fundamental parameters, chemical abundances, and radial
velocities derived from photometric and spectroscopic measurements are presented in
Sect. 4.5. In Sect. 4.6, we present our search for radial velocity variability in order to
search for the presence of binary companions. In Sect. 4.7, we compare the derived
rotational broadening parameters with equatorial velocities in order to test whether
the periods inferred from the Kepler light curves can plausibly be attributed to each
star’s rotation period. Finally, in Sect. 4.8 we discuss the results of our survey and
the conclusions that can be drawn.

4.2

Sample selection

Our sample was selected from the list of 875 targets identified by Balona (2013) as
exhibiting rotational modulation in their Kepler light curves. The full sample of stars
that Balona (2013) searched for such signatures consisted of all stars observed with
Kepler that have effective temperatures (Teff ) between 7 500 and 10 000 K (1 974
stars); this Teff range was adopted in order to approximately select all stars with
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spectral types between A9 and A0. These Teff values were taken from the Kepler
Input Cataloge (KIC) (Brown et al., 2011), which were derived from photometric
observations obtained primarily using SDSS griz filters. Brown et al. (2011) note
that they were unable to obtain u observations for all of the stars within the Kepler
field due to the prohibitively long exposure times that were required and, as a result,
they consider the effective temperatures included in the KIC with values ≥ 9 000 K
to be unreliable.
Based on the list of 875 rotationally variable A-type stars identified by Balona
(2013), we selected those targets with V < 9 mag. This magnitude limit was adopted
because it yielded a reasonable sample size of 44 stars for which multiple spectroscopic
observations could be obtained per star while also maintaining relatively low exposure
times. The exposure times were calibrated in such a way as to achieve a target signalto-noise ratio ∼ 100 per pixel, which we estimated to be adequate for the derivation
of radial velocities to a precision of < 5 km s−1 . The full sample of A- and late-B type
stars with V < 9 mag that have been observed with Kepler consists of approximately
279 stars (i.e. the number of stars listed in the KIC with V < 9 mag and effective
temperatures between 7 400 and 12 500 K – the approximate range of temperatures
for the stars in our sample). The brightest star in our sample has V = 7.2 mag while
the median V magnitude is 8.4 mag. The distances derived for 43 of the 44 stars
based on Gaia DR2 parallax measurements (Bailer-Jones et al., 2018a) imply that
≈ 80 per cent of the sample is within 470 pc with the furthest star located at ≈ 1 kpc.
Based on the spectral types extracted from the SIMBAD astronomical database1 , 31
1

http://simbad.u-strasbg.fr/simbad/
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of the 44 stars in our sample are early-A (A1 or A0) or late-B (B9 or B8) type.
Three Am stars (KIC 8692626, KIC 8703413, and KIC 9349245) and one Bp star
(KIC 8324268) are also included in the sample and no spectral type could be found
for one star (KIC 10724634).

4.3

Observations

This study primarily makes use of two observational data sets: Kepler photometric light curves and high-resolution spectroscopic measurements obtained with ESPaDOnS at Canada France Hawaii Telescope (CFHT).

4.3.1

Kepler photometric measurements

The photometric variability associated with the 44 stars in our sample was first
reported by Balona (2013) based on light curves obtained with the Kepler space
craft (Borucki et al., 2010). The passband of the filter used for these photometric
measurements has an effective wavelength of 5 800 Å and a width of approximately
4 900 Å. The angular size of Kepler ’s CCD pixels is 4” (Koch et al., 2010).
All of the Kepler observations used for the 44 stars in this study were obtained
from the Mikulski Archive for Space Telescopes (MAST)2 . We used all of the available
long cadence data (i.e. ∆t = 30 min), which was taken over a time period of 4 yrs
from May 2, 2009 to May 11, 2013. The majority of the available light curves (41
of the 44 stars) span time periods between 13 and 18 observing quarters where each
quarter spans approximately 3 months; two of the 44 stars have light curves spanning
2

https://archive.stsci.edu/kepler/
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6 and 9 quarters (KIC 3629496 and KIC 3848385, respectively) while measuements
spanning only a single quarter are available for KIC 11600717.
We used the PDC SAP light curves, which have been processed by the Kepler
team to correct for various errors such as outliers and systematic trends (Smith et al.,
2012). We carried out additional post-processing, which primarily involved removing
remaining outliers. Any low-amplitude, long-term trends occuring over time scales on
the order of the total time span of the light curves were also removed by fitting firstor second-order polynomials and dividing the flux measurements by the resulting fit.

4.3.2

ESPaDOnS spectroscopic measurements

The Stokes I spectroscopic measurements presented in this study were obtained using
ESPaDOnS installed at the 3.6 m CFHT. This instrument has a high spectral resolving power (R ∼ 65 000) and is optimized for a wavelength range of approximately
3 600 − 10 000 Å. All of the measurements were reduced using the libre-esprit
pipeline described by Donati et al. (1997).
One of the goals of this study is to detect radial velocity variability induced
by the presence of binary companions. Given that the orbital periods of any such
binary companions are unknown, we needed to obtain multiple measurements of each
sample star’s radial velocity over both short (. 1 d) and long (& 100 d) timescales.
We adopted the observing strategy employed by Lampens et al. (2018) in which the
time between consecutive observations is gradually increased from . 1 d, to ∼ 7 d,
and finally to ∼ 30 d. A total of 319 Stokes I observations were obtained over a time
period spanning ≈ 11 months from Jan. 31, 2018 to Dec. 21, 2018; each of the 44
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stars in our sample was observed between 6 and 9 times. Eighty-five per cent of the
319 observations have signal-to-noise ratios (SNRs) > 75 per pixel while the median
SNR is 100 per pixel. The observations are summarized in Table 4.1 where we list the
total number of times each target was observed, the maximum and median achieved
SNRs, the SNR associated with each star’s averaged spectrum, and the minimum
and maximum time (∆tmin and ∆tmax , respectively) between any two observations.
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Table 4.1: The sample of 44 A- and B-type stars included in this study. Columns 1 to 4 list each target’s
KIC number, HD number, spectral type, and V magnitude. Column 5 lists the number of Stokes
I observations obtained with ESPaDOnS for each star. Columns 6 and 7 list the maximum and
median SNR per pixel at a wavelength of 5 500 Å associated with the observations while column 8
lists the SNR per pixel associated with each star’s averaged spectrum. Columns 9 and 10 list the
minimum and maximum time between any two observations.

KIC

HD

Sp.

V

Median

Combined

∆tmin

ID

num.

Type

(mag)

SNR/pxl

SNR/pxl

(d)

(d)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

5430514

177081

A

8.89

7

114

105

268

1.0

264

5436432

179618

A

8.95

7

115

105

259

1.0

264

5461344

186254

A0

8.60

7

117

106

263

1.0

175

5880360

184380

A0

8.75

7

110

92

235

1.0

281

6106152

177061

A3IVwkmet(A1)

8.06

9

115

106

289

0.9

265

6450107

185265

A1IV-s

7.53

7

125

107

257

1.0

281

7050270

186883

A0

8.74

7

120

106

278

1.0

175

7131828

186485

B8

8.52

6

119

103

252

1.0

175

7345479

177328

A2Vnn

7.90

8

120

109

287

0.9

265

7383872

187710

A0

8.50

7

110

97

261

0.9

179

7530366

184024

A0.5IVnn

8.31

7

122

100

263

1.0

285

7974841

187139

B8V

8.16

7

117

105

261

0.9

179

8153795

178847

B9V

7.87

9

130

105

302

0.9

265

8324268

189160

B9pSiCr

7.90

7

118

101

263

0.9

179

8351193

177152

B9V

7.57

9

124

106

304

0.9

265

8367661

184023

A2IVn

8.56

7

119

97

253

1.0

281

8390826

189375

A0

8.97

6

99

92

206

1.0

175

Max

obs. SNR/pxl

∆tmax

189

continued on next page

No.

4.3. OBSERVATIONS

continued from previous page

KIC

HD

Sp.

V

No.

ID

num.

Type

(mag)

(1)

(2)

(3)

(4)

(5)

8692626

184482

kA2hA4mA6(IV)Am

8.29

8703413

187254

kA5hA5mF2V

9349245

185658

9392839

Max

Median

Combined

∆tmin

SNR/pxl

SNR/pxl

(d)

(d)

(6)

(7)

(8)

(9)

(10)

7

120

93

259

1.0

285

8.71

6

112

100

244

1.0

175

Am:

8.11

6

113

104

252

1.0

144

177931

B9

7.18

8

123

112

301

0.9

265

9468475

184602

A2

7.58

7

115

102

254

0.9

281

9772586

184086

A0

8.96

7

115

93

246

1.0

281

10724634

181094A

8.82

7

116

104

262

1.0

291

10815604

188360

A0

8.06

7

119

103

271

0.9

179

10879812

188610

A0

8.12

6

111

101

241

1.0

175

10974032

182828

A0

8.30

9

116

101

290

0.9

289

11189959

183257

A1Va+n

8.15

7

125

112

267

1.0

285

11443271

176708

A2V

7.46

8

135

118

296

1.0

265

11600717

177828

A3

7.53

9

117

103

298

0.9

265

12061741

183254

A0

8.45

7

123

107

270

1.0

285

12306265

182613

A2

8.59

7

117

105

269

1.0

289

obs. SNR/pxl

∆tmax

4.3. OBSERVATIONS

continued from previous page

190

4.4. PHOTOMETRIC VARIABILITY

4.4

191

Photometric variability

The 44 A- and B-type stars in our sample have been identified by Balona (2013) as
exhibiting variability that is consistent with rotational modulation. We analyzed the
available Kepler light curves in order to (i) verify the presence of such variability and
(ii) to derive high-precision estimates of what are believed to be these stars’ rotation
periods.
We searched for statistically significant variability by first calculating LombScargle (LS) periodograms (Lomb, 1976; Scargle, 1982a; Press, 2007) from the postprocessed Kepler light curves. The iterative pre-whitening procedure described by
Degroote et al. (2009) was then carried out. This involved selecting the highest amplitude signal that is apparent in the LS periodogram, fitting a sinusoidal model to
the original light curve given by

∆K(t) = c +

nf
X

Aj sin (2πfj t − φj ),

(4.1)

j=1

where the j indices are associated with each of the nf extracted frequencies, and
then calculating a new LS periodogram from the resulting residuals. Each parameter in Eqn. 4.1 (c, Aj , and φj ) is re-fit for each new frequency that is extracted.
This process may be carried out indefinitely until signals that are attributed to noise
are extracted; in order to avoid this, we adopted the stopping criterion proposed
by Van Reeth et al. (2015). The criterion involves comparing the Aj values with
their associated amplitudes obtaimed from the LS periodogram; if these two values
differ by more than 50 per cent, the pre-whitening procedure is terminated. We

4.4. PHOTOMETRIC VARIABILITY

192

also imposed an additional constraint such that a maximum of 50 frequencies would
be extracted, which reduced the required computational time. Many of the periodograms generated from the light curves exhibit relatively large amplitude peaks
at f . 0.1 c d−1 that increase in amplitude with decreasing f ; these signals are
likely due to systematic instrumental effects (e.g. Balona et al., 2011; Murphy, 2012)
and were removed from the lists of extracted frequencies. In several cases, the LS
periodograms were found to contain regions of densely distributed, high-amplitude
frequencies (e.g. Fig. 4.1); in these cases, we removed all of the frequencies except
for the one exhibiting the highest amplitude. The signal-to-noise ratios (SNRs) of
each extracted frequency were estimated by assuming that the final LS periodogram
calculated from the residuals of the final sinusoidal model (Eqn. 4.1) consists predominantly of noise (i.e. it is assumed that no real, high-amplitude signals remain in
the final residuals). We then average the periodogram over frequency bins 0.5 c d−1
in width and divide each extracted frequency’s amplitude by the local amplitude of
the binned LS periodogram. In Table 4.2, we list the independent frequencies (i.e.
those that are not harmonics of lower-frequencies) that were extracted from each of
the light curves based on the pre-whitening procedure. In the majority of the light
curves, we identified multiple independent, low-frequency signals with f > 0.1 c d−1 ;
several examples of these light curves and their associated periodograms are shown
in Fig. 4.1.
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Figure 4.1: Three examples of Kepler light curves, which exhibit multiple independent, low-frequency signals, phased by the inferred rotation periods (left)
and the LS periodograms associated with the light curves (right). The
inset plots show each light curve’s window function. The red arrows in
the periodograms indicate the adopted rotation frequency (1/Prot ).
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Table 4.2: Independent frequencies extracted from the Kepler light curves. Columns
2 to 4 (6 to 8) list the frequencies (f ) and their associated amplitudes
(∆K) and signal-to-noise ratios (SNRs).
fn

f
(c d−1 )
(1)
(2)
KIC 1572201
f1
0.421976(3)
f2
0.330576(5)
f3
0.291813(5)
KIC 2859567
f1
3.284466(4)
f2
2.032768(5)
KIC 3629496
f1 2.3434916(9)
KIC 3848385
f1
1.036931(7)
f2
1.006200(9)
KIC 4048716
f1
1.705208(3)
KIC 4567097
f1
0.359224(4)
f2
0.073100(5)
f3
0.980092(8)
f4
1.048571(8)
KIC 4663468
f1
2.282207(6)
f2
2.192750(8)
KIC 4818496
f1
1.626990(4)
f2
1.53103(1)
KIC 4829781
f1
0.340031(1)
f2
0.433321(4)
f3
0.294447(6)
KIC 4995049
continued on next

∆K
(mmag)
(3)

SNR

0.0271(2)
0.0176(2)
0.0174(2)

39
21
19

0.0110(1)
0.0080(1)

83
37

4.26(1)

206

0.0196(4)
0.0154(4)

21
16

0.0146(1)

65

0.0205(2)
0.0154(2)
0.0099(2)
0.0092(2)

29
14
24
24

0.0109(2)
0.0078(2)

39
25

0.0170(2)
0.0063(2)

39
12

0.0449(2)
0.0151(2)
0.0113(2)

76
33
17

page

(4)

fn
(5)
f1
f2
KIC
f1
f2
KIC
f1
f2
KIC
f1
f2
KIC
f1
f2
KIC
f1
f2
KIC
f1
f2
f3
f4
f5
KIC
f1
f2
f3
KIC
f1
f2

f
∆K
SNR
−1
cd
(mmag)
(6)
(7)
(8)
1.36188(1) 0.0070(3)
12
1.40788(2) 0.0059(3)
10
5371784
0.998218(2) 0.1791(8)
104
2.819278(4) 0.0728(8)
77
5395418
1.674561(2) 0.0353(2)
67
1.630852(4) 0.0229(2)
40
5430514
0.737850(1) 0.0389(1)
115
0.170931(4) 0.0130(1)
25
5436432
0.305776(2) 0.164(1)
40
0.631102(3) 0.113(1)
56
5461344
0.1323713(9) 0.2877(7)
75
0.290409(4) 0.0704(7)
26
5880360
1.570342(8) 0.345(5)
24
0.790637(9) 0.290(5)
31
3.50163(1)
0.220(5)
38
2.71131(1)
0.218(5)
22
4.26883(1)
0.188(5)
35
6106152
0.127103(2) 0.0693(3)
44
0.249009(5) 0.0246(3)
19
1.411497(7) 0.0192(3)
41
6450107
1.533235(7) 0.0098(2)
24
1.50786(1) 0.0072(2)
17
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continued from previous page
fn

f
(c d−1 )
(1)
(2)
KIC 7050270
f1
0.091574(1)
f2
0.194273(5)
KIC 7131828
f1
3.175283(4)
f2
1.557251(8)
KIC 7345479
f1
2.289798(2)
KIC 7383872
f1
0.146060(1)
f2
0.581024(1)
KIC 7530366
f1
1.335074(3)
f2
1.275870(4)
f3
1.902683(6)
f4
1.470047(9)
KIC 7974841
f1
0.351723(1)
f2
0.255001(2)
f3
0.265655(3)
KIC 8153795
f1
2.204102(2)
KIC 8324268
f1 0.4977084(2)
KIC 8351193
f1
1.75054(2)
f2
1.09312(2)
KIC 8367661
f1
1.600563(2)
KIC 8390826
f1
0.34002(2)
KIC 8692626
f1
0.606771(9)
continued on next

∆K
(mmag)
(3)

SNR

0.0897(2)
0.0218(2)

61
18

0.0379(4)
0.0209(4)

47
19

0.0283(2)

111

(4)

0.1185(4)
0.1084(4)

60
199

0.0255(2)
0.0158(2)
0.0124(2)
0.0075(2)

56
31
62
23

0.1712(6)
0.0948(6)
0.0845(6)

73
35
31

0.0191(1)

121

13.419(7)

821

0.0029(1)
0.0024(1)

13
10

0.0279(2)

75

0.057(2)

9

0.0051(1)
page
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fn
(5)
f2
KIC
f1
f2
KIC
f1
f2
KIC
f1
f2
f3
KIC
f1
KIC
f1
f2
KIC
f1
f2
f3
f4
KIC
f1
f2
f3
f4
KIC
f1
f2
KIC
f1
f2
KIC

f
c d−1
(6)
1.17499(2)
8703413
0.153247(1)
0.140379(1)
9349245
1.061571(9)
1.10715(1)
9392839
0.223598(2)
0.095859(2)
0.159691(5)
9468475
1.547582(4)
9772586
1.943878(1)
2.008348(4)
10724634
0.140283(1)
1.207874(7)
1.22852(1)
0.68595(1)
10815604
2.014428(3)
0.225374(5)
1.873178(7)
1.957507(8)
10879812
1.429713(5)
1.406012(5)
10974032
0.885470(1)
2.063589(2)
11189959

∆K
(mmag)
(7)
0.0020(1)

SNR

0.2329(7)
0.2277(7)

77
73

0.0068(2)
0.0056(2)

13
11

0.0580(3)
0.0624(3)
0.0202(3)

53
45
16

0.0171(2)

49

0.0895(3)
0.0366(3)

102
42

0.0479(2)
0.0104(2)
0.0067(2)
0.0066(2)

60
30
20
15

0.0203(2)
0.0127(2)
0.0093(2)
0.0089(2)

55
19
24
23

0.0122(2)
0.0111(2)

39
34

0.0704(2)
0.0448(2)

205
113

(8)
9
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continued from previous page
fn
(1)
f1
f2
KIC
f1
f2
KIC
f1
KIC

f
(c d−1 )
(2)
1.215776(4)
1.633286(4)
11443271
1.237734(2)
1.270491(4)
11600717
0.45153(4)
12061741

∆K
(mmag)
(3)
0.0144(1)
0.0135(1)

SNR

0.0716(4)
0.0390(4)

53
31

0.0776(5)

43

(4)
49
47

fn

f
c d−1
(5)
(6)
f1 0.339826(2)
f2 0.694915(4)
f3 1.852445(5)
KIC 12306265
f1 0.166818(3)
f2 1.127604(6)
f3 1.080952(9)

∆K
(mmag)
(7)
0.0596(3)
0.0274(3)
0.0209(3)

SNR

0.0162(1)
0.0098(1)
0.0064(1)

27
32
20

(8)
63
54
66

For the majority of the 44 stars in our sample, we derived rotation periods based
on the periodogram peaks identified by Balona (2013) as being produced by rotational modulation; however, in 7 cases (KIC 3629496, KIC 3848385, KIC 5461344,
KIC 6106152, KIC 7974841, KIC 8390826, and KIC 9392839), we adopted periods
that were significantly different from those reported by Balona (2013). The adoption
of these new periods was based on (1) the higher amplitudes associated with the
new peaks compared to those adopted by Balona (2013) and (2) the resulting higher
quality fits that were obtained when phasing the light curves by the adopted periods. For 6 of the 7 noted cases, our pre-whitening frequency extraction procedure
did not yield the peaks identified by Balona (2013), which suggests that these peaks
can likely be attributed to noise. For KIC 7974841, the pre-whitening procedure did
yield the 0.255 c d− 1 peak identified by Balona (2013). The origin of this frequency
is unclear and may be produced by a binary companion or by contamination from
a background star. The light curves and the periodograms of 5 of these targets are
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shown in Figures 4.2 and 4.3. The frequencies and amplitudes of the peaks that
are presumed to be associated with each star’s rotation were then refined using the
analysis described by Sikora et al. (2019a) in which the light curves are fit using a
sinusoidal function consisting of the rotation frequency and its first four harmonics.
The rotation periods and the photometric amplitudes associated with these periods
are listed in Table 4.3 along with the periods reported by Balona (2013).

4.5

Fundamental parameters

We derived a number of fundamental parameters for the stars in our sample (effective
temperatures, surface gravities, metallicities, radii, masses, etc.). This was carried
out using both the high-resolution spectroscopic observations obtained for this study
and published multi-colour photometric observations obtained using various bandpass filters.
Table 4.3: Rotation periods and Kepler photometric amplitudes associated with the
44 stars in our sample. Columns 1 to 4 list the KIC identifiers, rotation
periods derived in this study, rotation periods reported by Balona (2013),
and the maximum photometric amplitudes inherent to the (presumably)
rotationally modulated variability. In column 5 we note the presence
of multiple independent, low-frequency periodogram peaks (MP) and/or
evidence of amplitude modulation or beating (AMod/B) and we note if
the phased light curve is characterized by a double wave (DW).
KIC
ID
(1)
1572201
2859567

Prot
(d)
(2)

Prot,B13
(d)
(3)

∆Kmax
(mmag)
(4)

Notes

2.36979(2)
0.491931(3)

2.370
0.492

0.0251(2)
0.0050(2)

MP
MP

continued on next page

(5)
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continued from previous page
KIC
ID
(1)
3629496
3848385
4048716
4567097
4663468
4818496
4829781
4995049
5371784
5395418
5430514
5436432
5461344
5880360
6106152
6450107
7050270
7131828
7345479
7383872
7530366
7974841
8153795
8324268
8351193
8367661
8390826
8692626

Prot
(d)
(2)

Prot,B13
(d)
(3)

∆Kmax
(mmag)
(4)

0.42671(1)
1.69460(4)
0.586434(1)
2.78379(2)
0.438170(2)
0.614640(1)
2.94096(2)
0.734281(6)
1.00177(1)
0.598251(1)
1.355268(4)
3.270478(6)
7.55482(2)
1.27362(1)
7.86777(7)
0.652215(2)
10.9204(1)
0.62987(1)
0.43699(1)
6.84690(3)
0.749025(2)
2.843537(3)
0.45371(1)
2.00912(1)
0.571251(6)
0.624769(1)
2.9410(2)
1.64812(3)

0.580
1.698
0.587
2.841
0.438
0.615
2.941
0.725
1.002
0.599
1.355
3.185
3.436
1.274
27.778
0.652
10.989
0.640
0.437
6.849
0.749
3.922
0.454
2.008
0.569
0.625
1.462
1.647

3.9261(3)
0.0042(5)
0.0134(2)
0.0188(2)
0.0100(3)
0.0158(2)
0.0414(2)
0.0063(2)
0.1656(2)
0.0319(2)
0.0358(2)
0.1513(2)
0.2641(2)
0.3070(2)
0.0643(2)
0.0091(1)
0.0829(2)
0.0351(2)
0.0238(1)
0.1091(2)
0.0224(2)
0.1570(2)
0.0176(1)
12.3980(1)
0.0023(1)
0.0258(2)
0.057(2)
0.0047(2)
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Notes
(5)
MP
MP
MP
MP
MP
MP
MP
MP
MP
MP, AMod/B
MP, AMod/B
MP, DW
MP, AMod/B
MP
MP
MP, DW
MP, AMod/B
MP
MP, AMod/B

MP

MP
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continued from previous page
KIC
ID
(1)

Prot
(d)
(2)

8703413 6.526278(7)
9349245 0.942002(8)
9392839
4.47203(2)
9468475 0.646197(1)
9772586
0.51444(1)
10724634 7.12911(4)
10815604 8.8408(2)
10879812 0.699426(3)
10974032 1.129327(1)
11189959 0.822467(3)
11443271 0.80791(1)
11600717 2.2135(2)
12061741 2.94251(1)
12306265 0.886820(9)

4.5.1

Prot,B13
(d)
(3)

∆Kmax
(mmag)
(4)

Notes

6.536
0.943
71.429
0.646
0.514
7.143
8.850
0.711
1.130
0.822
0.808
2.222
2.941
0.887

0.2144(2)
0.0063(1)
0.0535(1)
0.0156(1)
0.0822(2)
0.0431(2)
0.0226(2)
0.0113(2)
0.0647(2)
0.0132(2)
0.0668(1)
0.0713(5)
0.0550(2)
0.0065(2)

MP, AMod/B
MP
MP, AMod/B

(5)

MP
MP
MP
MP
MP
MP, AMod/B
MP
MP, AMod/B
MP

Spectral fitting

Spectral modelling of the Stokes I ESPaDOnS observations was carried out using
the Grid Search in Stellar Parameters (gssp) code (Tkachenko, 2015). This code
uses grids of pre-computed LLmodels atmospheric models (Shulyak et al., 2004) in
order to generate grids of synthetic spectra that span a range of parameters. The
parameters that can be varied include effective temperature (Teff ), surface gravity
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Figure 4.2: Three examples of Kepler light curves phased by the inferred rotation
periods (left) and the LS periodograms associated with the light curves
(right). The inset plots show each light curve’s window function. The
red arrows in the periodograms indicate the adopted rotation frequency
(1/Prot ) while the blue arrows associated with the lower amplitude peaks
correspond to the rotation frequencies proposed by Balona (2013).
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Figure 4.3: Same as Fig. 4.2. Note that in the bottom row, the rotation frequency
identified by Balona (2013) appears at f = 0.014 c d−1 .
(log g), metallicity ([M/H]3 ), rotational broadening (v sin i), and microturbulence (ξ).
Individual chemical abundances can also be fit one element at a time. The χ2 values
associated with each model in the defined grid are computed and the minimal χ2
model can be determined along with each parameter’s formal uncertainty.
The spectral modelling analysis that we carried out in order to estimate the
3

[M/H]≡ log10 (Z/Z ) where Z ≡ Mmetals /Mtot and Mmetals is the mass of all elements heavier
than He.
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parameters listed above consisted of the following three steps.
1. We derived Teff , log g, [M/H], and v sin i values by fitting Hβ and Hγ line
profiles, which are both sensitive to changes in Teff and log g. Three stars in
our sample (KIC 3848385, KIC 5371784, and KIC 7131828) were found to
exhibit significant emission within their Hβ and Hγ line profiles (these cases
are discussed in more detail in Sect. 4.5.5) and as a result, their Balmer lines
could not be modelled using gssp. In these three cases, we used narrow 21 Åwidth spectral windows centered at 4 475 Å to derive Teff , log g, [M/H], and
v sin i values. This region was selected because of the fact that it encompasses
various spectral lines that are, to some degree, sensitive to both Teff and log g:
for A-type stars with 7 000 . Teff . 10 000 K this spectral region includes Fe i,
Fe ii, and Mg ii lines while for early-A and late-B type stars with 10 000 .
Teff . 15 000 K this region includes He i and Mg ii lines. We note that the
21 Å-width spectral window was found to be less sensitive to changes in Teff
and log g compared to Hβ and Hγ, which is demonstrated by the typically
larger uncertainties: the median Teff and log g uncertainties for those three stars
exhibiting Balmer line emission are 1 250 K and 1.2 (cgs), respectively, while the
values derived for the stars not exhibiting Balmer line emission are 400 K and
0.4 (cgs), respectively. The microturbulence was fixed at ξ = 2 km s−1 during
this first step of the analysis.
2. Multiple 100 Å-width spectral windows ranging from 4 900 Å to 5 900 Å were
then fit in order to place additional constraints on [M/H] and v sin i and to
derive ξ; Teff and log g were fixed at the values derived during the first step of
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the analysis.
3. Finally, the 100 Å-width spectral windows used in the previous step were fit
while varying individual chemical abundances with all other parameters fixed.
Prior to fitting, the observed spectra were normalized using two methods depending on whether or not Balmer lines were being fit. In both cases, we used the
un-normalized spectra that were reduced with libre-esprit (Donati et al., 1997).
The normalization of the Hβ and Hγ profiles was carried out by selecting narrow
wavelength regions spanning ∼ 1 Å on either side of the Balmer line’s central wavelength (λ0 ). These regions have wavelengths centered at approximately λ0 ± 40 Å
and are therefore outside of the Lorentzian-broadened region of the Balmer line
profiles. A first order polynomial function was then fit across the line within the
selected regions and the entire Balmer line profile was normalized to the resulting
fit. The spectral windows that do not include Balmer lines were normalized using a
multi-order polynomial fit to the continuum.
Initial parameter grids used during the execution of gssp were centered on
Teff = Teff,KIC (where Teff,KIC is the effective temperature listed in the Kepler Input Catalog; Brown et al., 2011), log g = 4.0 (cgs), [M/H] = 0.0, and ξ = 2.0 km s−1
while initial v sin i values were estimated by eye. These initial grids spanned 1 000 K
in Teff , 0.6 (cgs) in log g, 0.5 in [M/H], 4.0 km s−1 in ξ, and 50 km s−1 in v sin i. We
adopted grid resolutions of ∆Teff = 100 K, ∆ log g = 0.1 (cgs), ∆([M/H]) = 0.1,
∆ξ = 0.5 km s−1 , and ∆v sin i = 1 km s−1 . After each execution of the gssp code,
the parameter grids were re-centered on the best-fitting values and, if necessary, the
range of the grids would be expanded until either (i) upper and lower 1σ confidence
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limits (defined as the point at which χ2 (X) − χ2min corresponds to a 1σ confidence
interval where X is the relevant parameter) were reached or (ii) either physically
plausible limits were reached (e.g. we expect MS A- and late B-type stars to have
5 000 < Teff < 20 000, log g > 3.0 [cgs], etc.) or the limits of the grid of LLmodels
atmospheric models were reached (i.e. Teff ∈ [5 000, 20 000] K, log g ∈ [3.0, 5.0] (cgs),
[M/H]∈ [−0.8, 0.8], ξ ∈ [0, 20] km s−1 , v sin i ≥ 0 km s−1 ). For those runs requiring
large parameter ranges, the computation time was slightly reduced by decreasing the
grid resolution. In Fig. 4.4, we show an example of the χ2 grid obtained while fitting
an Hγ line profile.
The fitting of individual chemical abundances described in step 3 of the spectral
modelling analysis was carried out by first identifying those elements that exhibit
sufficiently deep lines within the 100 Å-width spectral window being fit. This was
done by referring to spectral line lists provided by the Vienna Atomic Line Database
(VALD) for specified Teff and log g values (Piskunov et al., 1995; Ryabchikova et al.,
2015b). Any elements found to have lines with unbroadened normalized depths
≥ 0.05 were selected to be fit. Initial abundances were assigned based on the derived
[M/H] values. For each element, the gssp routine was carried out twice: once with
a wide and low-resolution grid ([X/H]∈ [−20, −2] and ∆ [X/H] = 1.0) and a second
time using a narrower, higher-resolution [X/H] grid (∆[X/H] = 0.1) centered on the
minimum χ2 value. This was done in order to reduce the total computation time
involved in the analysis.
The final parameters (Teff , log g, [M/H], v sin i, and ξ) and chemical abundances
derived from the spectral modelling analysis were obtained by fitting each star’s
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Figure 4.4: An example of a reduced χ2 ((χ2red ) distribution obtained with gssp
for the Hγ line of KIC 4995049. The top-right panel shows the final
fit (red curve) to the observation (black curve). The 2D colour contour
plots indicate the χ2 value, which increases with increasing brightness, as
functions of Teff , log g, [M/H], and v sin i. The four 1D plots correspond
to the marginalized χ2red distributions measured relative to the minimum
χ2red value; the horizontal dashed lines correspond to the 1σ confidence
level.
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averaged observed spectrum. The averaged spectra typically have SNR values two
to three times higher than the individual observations (see Table 4.1). They were
obtained by first subtracting the radial velocity shift inherent in each individual
observed spectrum (the derivation of the radial velocities is discussed below in Sect.
4.5.1). The normalized spectra were then interpolated onto a common abscissa and
the average flux, weighted by the measurement uncertainties, was computed; care
was taken to ensure consistent normalization between the individual spectra. In Fig.
4.5 we show several examples of the obtained fits to the Hβ and Hγ lines; in Fig.
4.6, we show the fits to the 21 Å-width spectral windows centered at 4 475 Å used for
the derivation of Teff and log g of the three stars exhibiting Balmer line emission.
The final adopted parameters were taken to be the weighted average of the values
derived by fitting each of the averaged spectral windows; the weights were given by
the formal uncertainties provided by the gssp code. In Table 4.5, we list the derived
Teff , log g, [M/H], v sin i, and ξ values. In 3 cases, ξ values and individual chemical
abundances could not be derived due to low SNRs and/or high v sin i values, which
did not allow for useful constraints to be obtained by fitting the 100 Å-width spectral
windows. The 41 of 44 stars in our sample for which at least one chemical abundance
was derived are discussed below in Sect. 4.5.2. In Fig. 4.7, we show several examples
of the fits to various 100 Å-width spectral windows.

Radial velocities
We inferred the inherent shift in each of the observations’ wavelengths (i.e. the stellar
radial velocities) using two methods. The first method involved comparisons between
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Figure 4.5: Examples of the fits to the observed average Hγ and Hβ profiles. The
black curves correspond to the observations while the red curve corresponds to the synthetic spectra.
the observed spectra and synthetic models, which was carried out in two steps. First,
we calculated synthetic models using the initial parameters (Teff , [M/H], v sin i, and
ξ) as described above in Sect. 4.5.1. These models were then used to roughly estimate
the radial velocities by eye. Higher quality spectral fits were subsequently derived
using the three step modelling analysis described in Sect. 4.5.1 while incorporating
the roughly estimated radial velocities.
Once spectral models had been derived for each of the observed spectra, we began a more rigorous comparison between the models and the observations in order to
refine the roughly estimated radial velocities. This involved re-fitting the best-fitting
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Figure 4.6: Fits to the 21 Å-width spectral windows centered at 4 475 Å for the three
stars in our sample that were found to exhibit strong Balmer line emission. As in Fig. 4.5, the black curves correspond to the observed average
spectra and the red curves correspond to the synthetic spectra. Note that
the abundances of individual chemical elements were not varied during
this step of the analysis, which likely contributes to the poor fit obtained
near 4 468 Å for KIC 3848385 and KIC 7131828.
synthetic spectra to the observed spectra while varying the radial velocity of each
model, along with two re-normalization parameters. The re-normalization parameters are simply coefficients of a first-order polynomial function; the observed spectra
are divided by this first-order polynomial in order to minimize any discrepancy associated with the initial normalization procedure. We found that including these
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Figure 4.7: Examples of fits to the 100 Å-width spectral regions derived during step
3 of the spectral modelling analysis. The black curves correspond to
the average observed spectra, the solid-red and dashed-blue curves correspond to the best-fitting synthetic spectra derived with and without
fitting individual abundances, respectively.
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Figure 4.8: Two examples of radial velocity variability that is apparent in the observed spectra. In both cases, the deepest line corresponds to λ5018 Fe ii.
two re-normalization parameters yielded higher-quality fits and thus, more accurate
radial velocities. The fitting analysis was done using the Levenberg-Marquardt algorithm implemented in idl.
Uncertainties in the radial velocities were estimated by employing a residual bootstrapping method. This involved randomly sampling the residuals calculated between
the best-fitting synthetic models and the observed spectra, which were added to the
synthetic models; radial velocities were then derived from these new data sets. This
process was repeated 500 times and the uncertainty in each radial velocity measurement was taken to be the standard deviation of the resulting distribution. The final
radial velocities and their associated uncertainties were calculated from the weighted
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average of the individual measurements. In Fig. 4.8 we show two examples of radial
velocity variations that are apparent in the spectroscopic observations.
The second method involved generating Least-Squares Deconvolution (LSD) profiles (Donati et al., 1997; Kochukhov et al., 2010). LSD is a cross-correlation technique in which a lage number of spectral lines are combined, resulting in a single line
profile of higher SNR compared to any individual line. We generated the LSD profiles using line masks consisting of spectral line data provided by VALD (Piskunov
et al., 1995; Ryabchikova et al., 2015b). Specifically, the line data were obtained
using VALD’s ’Extract Stellar’ request in which the star’s Teff , log g, ξ values are
specified along with a wavelength range and a detection threshold. We used the Teff
and log g values derived in Sect. 4.5.1, ξ = 2 km s−1 , a wavelength range of 4 000 Å
to 7 000 Å, and a detection threshold of 0.05. Each line mask was then modified in
such a way as to remove all Balmer lines, metallic lines appearing within the broad
spectral wings of the Balmer lines, and stellar spectral lines contaminated by telluric
lines.
In several cases, the LSD profiles revealed line profile variability that was not immediately apparent in the observed spectra, due in part to the improved LSD SNRs.
For KIC 5461344, KIC 5880360, and KIC 8324258, whose LSD profiles are shown in
Figures 4.9 and 4.10, changes in the line profiles are apparent while no clear radial
velocity shifts were detected; therefore, it is unclear whether the variability is intrinsic to the A stars (e.g. it is evidence of spots or pulsations) or if it can be attributed
to the spectral signatures of stellar companions. For KIC 5436432, KIC 6106152,
KIC 7383872, and KIC 869262, the apparent variability is likely produced by stellar
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companions since radial velocity shifts are noticeable in all components visible within
the LSD profiles; these LSD profiles are shown in Fig. 4.11.
We derived radial velocities for each of the LSD profiles by fitting a Gaussian
function to the line profiles thereby allowing the center of each line to be identified.
For those cases in which (i) more one component is visible in the associated LSD
profiles and (ii) these components are easily distinguishable, multiple Gaussian functions were fit. For KIC 6106152, two components are visible and distinguishable in
each of the LSD profiles (Fig. 4.11). In all other instances of LSD profiles containing
multiple components, the lines are frequently blended, which resulted in our inability to distinguish each component in all of the observations. For instance, the LSD
profiles of KIC 5436432 appear to contain three components (Fig. 4.11), which are
always found within the width of the broad, primary component. In this case, we
were able to distinuish the two sharper-lined components in 4 of the 7 observations.
Uncertainties in each radial velocity measurement were estimated by bootstrapping
the residuals. This involved generating 100 bootstrapped data sets by randomly sampling the residuals and adding these to the Gaussian fit; the fitting procedure was
then carried out on each of the bootstrapped data sets and the uncertainties were
taken to be 3 times the standard deviation of the resulting distribution. We note
that for such a bootstrapping analysis, it is preferable to carry out a larger number of
bootstrapped data sets (e.g. 500); however, we found that the distributions obtained
using fewer bootstrapped data sets were characteristically comparable (i.e. comparable standard deviations) to those obtained using a larger number of bootstrapped
data sets. We therefore, used 100 data sets in order to reduce the computation time.
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Figure 4.9: LSD profiles, which appear to exhibit weak line profile variability that
may be produced by chemical spots, phased by the rotation periods inferred from the Kepler light curves. The vertical dotted lines correspond
to the measured v sin i value. The left panels show I/Ic while the right
panels show I/Ic − hI/Ic i, where hI/Ic i is the average profile.
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Figure 4.10: Same as Fig. 4.9.

Figure 4.11: Radial velocity variability apparent in those LSD profiles in which at
least two stellar components are visible.
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Comparing the vr values derived using the two methods (i.e. using spectral
models and using LSD profiles), we generally find that the values are in agreement.
Furthermore, the estimated uncertainties associated with the vr values derived for
the primary component are comparable. All of the radial velocities derived from
both the spectra and the LSD profiles are listed in Tables 4.7 to 4.9 at the end of
this chapter. The search for radial velocity variability and its characterization is
presented below in Sect. 4.6.

4.5.2

Chemical Abundances

As discussed in Sect. 4.5.1, [M/H] values (metallicity) were derived during step one
of the spectral modelling analysis. The metallicity roughly corresponds to the overall
abundance of those elements heavier than He. A more detailed analysis is required
to more accurately derive each individual element’s chemical abundance, particularly
in the case of chemically peculiar stars, which often exhibit significant abundance
enhancements of only a small number of elementsz.
We derived chemical abundances for 41 of the 44 stars in our sample for between
1 and 12 elements per star depending largely on the SNR values associated with the
averaged observations and the star’s v sin i values (lower SNR values and higher v sin i
values generally resulted in the abundances of fewer elements to be constrained). For
nearly all of the 41 stars, the abundances of Si and/or Fe-peak elements such as Fe and
Cr were able to be derived primarily because of the prevalance of these lines within
the Teff range spanned by our sample. In a number of cases, the abundances of rare
earth elements such as Y, La, and Nd were able to be derived; this is particularly
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useful considering that Ap/Bp stars commonly exhibit significant enhancements in
these particular abundances that can be several orders of magnitude higher than the
abundances found in the Sun (e.g. Preston, 1974; Smith, 1996; Ghazaryan et al.,
2018).
For the majority of the elements that were selected for abundance determination
using the procedure described above in Sect. 4.5.1, only upper limits could be established. In these cases, the upper limits that were obtained were typically found
to be very high (i.e. above the chemical abundance excesses typically associated
with CP stars; Ghazaryan et al., 2018) and are therefore not reported here. For
those elements for which both lower and upper limits could be derived, we report the
weighted average. Generally, the abundance uncertainties yielded by the gssp code
are asymmetric; therefore, the weighted averages were computed using the method
described by Barlow (2004). All of the derived abundances for 41 of the 44 stars are
presented in Figures 4.12 to 4.18.
We find that the majority of the 41 stars for which chemical abundances were
derived have abundances that are approximately consistent with solar values or are
slightly underabundant relative to solar values (Asplund et al., 2009). However,
nine of the 41 stars have overabundances of two or more elements. The strongest
overabundances are associated with KIC 8324268, which is identified in the literature
as a Bp star; we observed strong overabundances of Si, Cr, Fe, and Nd with a high
significance (& 5σ). Furthermore, this star exhibits periodic line profile variability
that was clearly detected in the LSD profiles (Fig. 4.10).
Three of the 9 stars found to be overabundant in various elements are identified
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Figure 4.12: The derived chemical abundances, measured relative to the Sun’s chemical abundances (Asplund et al., 2009), of the stars in our sample; those
elements for which only upper bounds were derived are not shown.
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Figure 4.13: Same as Fig. 4.12.
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Figure 4.14: Same as Fig. 4.12.
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Figure 4.15: Same as Fig. 4.12.
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Figure 4.16: Same as Fig. 4.12.
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Figure 4.17: Same as Fig. 4.12.
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Figure 4.18: Same as Fig. 4.12.
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in the literature as Am stars (KIC 8692626, KIC 8703413, and KIC 9349245) were
found to have enhanced abundances of various elements including Cr, Mn, Fe, Ni, Y,
and Ba. Five of the 9 stars have spectral types ranging from A0 to B8 and are not
identified in the literature as being CP. KIC 5461344, KIC 7050270, and KIC 7974841
all have overabundances of Mn suggesting that they may belong to the HgMn class of
CP stars. We note that KIC 5461344 also exhibits weak line profile variability, which
is evident in the LSD profiles (Fig. 4.9). Such a phenomenon has been previously
found to be associated with a number of HgMn stars (e.g. Ryabchikova et al., 1999;
Adelman et al., 2002; Kochukhov et al., 2005b).

4.5.3

SED fitting

We carried out the SED fitting analysis of available photometric observations and
published distance estimates in order to derive each star’s radius and luminosity.
Photometric observations obtained using various filters are available for all of the 44
stars in our sample. This includes Johnson B and V measurements, Tycho BT and
VT measurements (ESA, 1997), 2MASS J, H, and KS measurements (Cohen et al.,
2003), and in several cases, Strömgren uvby measurements (Hauck and Mermilliod,
1998) and/or Geneva U B1 BB2 V V1 G measurements (Rufener and Nicolet, 1988).
Distances to 43 of the 44 stars have been published by Bailer-Jones et al. (2018a)
based on Gaia DR2 parallax measurements; no distances estimates could be found for
one of the 44 stars, KIC 5371784. The uncertainties associated with the distances
are relatively low: the maximum uncertainty is ≈ 7 per cent while the median is
≈ 2 per cent.
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We carried out the synthetic energy distribution (SED) fitting analysis described
by Sikora et al. (2019a) using SED models published by Castelli and Kurucz (2003).
In our application of this analysis, we fixed Teff , log g, and [M/H] at the values derived from the spectroscopic observations (see Sect. 4.5.1) while only allowing the
radius (R) to vary. We note that the grid of model SEDs have a range in [M/H] from
−4.0 to 0.5. For KIC 8324268, we derived a value of [M/H]= 0.8, which falls outside
of this range; therefore, in this case we used the [M/H]= 0.5 SED models. Reddening
parameters (E[B − V ]) for each of the 44 stars in our sample are listed in the KIC
without uncertainties and range from 0.03 to 0.13 mag (Brown et al., 2011). We derived the stellar radii using both the reddened photometry as well as the dereddened
photometry, which were obtained by applying the dereddening method described by
Cardelli et al. (1989). The luminosities were calculated using the Stefan-Boltzmann
relation with the Teff values derived from the spectral modelling analysis and the
radii derived from the SED fitting. In Fig. 4.19 we compare both the radii and
luminosities derived from the reddened and dereddened photometric observations.
The differences between the R values is significant: 84 per cent of the sample exhibit
discrepancies ≥ 1σ while 17 per cent of the sample exhibit discrepancies ≥ 2σ. The
discrepancies between the log L values are significantly lower with only 14 per cent
of the sample exhibiting discrepancies ≥ 1σ. For each star listed in the KIC, the accompanying E(B − V ) values are derived simultaneously with Teff , log g, and [M/H];
therefore, if the fundamental parameters (in particular, Teff and [M/H]) are inaccurate, E(B − V ) will also be similarly inaccurate. It is for this reason that we adopted
the slightly lower R and L values obtained using the reddened photometry; these
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Figure 4.19: Comparisons between the stellar radii (left panel) and luminosity (right
panel) derived using reddened (x-axis) and dereddened (y-axis) photometry.
values are listed in Table 4.6 at the end of this chapter.

4.5.4

Hertzsprung-Russell diagram

The masses and ages of the stars in our sample were derived by comparing each
star’s Teff and L values with published model evolutionary tracks. We used the grids
published by Mowlavi et al. (2012) and Ekström et al. (2012). The grid computed by
Mowlavi et al. (2012) has a higher mass and metallicity resolution but only extends
from zero age main sequence masses of 0.5 to 3.5 M . The majority of our stars
(approximately 75 per cent) have masses less than 3.5 M ; in these cases, we used
the high resolution grid to compute the masses and ages. For the stars with Teff
and L values falling outside of the ranges associated with the evolutionary tracks
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Figure 4.20: HRD associated with the stars composing the spectroscopic survey
(open blue) using Teff and log L values derived in this study. Filled
grey symbols correspond to the stars identified by Balona (2013) as
exhibiting variability that is consistent with rotational modulation; the
Teff and log L values of these stars are taken from the KIC (Brown et al.,
2011).
computed by Mowlavi et al. (2012) (and thus, with masses & 3.5 M ), we used the
lower resolution grid computed by Ekström et al. (2012). In both cases, only the
non-rotating models were used.
The method by which the masses, ages, and their associated uncertainties were
derived for the stars in our sample is described by Sikora et al. (2019b). In Fig. 4.20,
we show the Hertzsprung-Russell diagram (HRD) along with the solar-metallicity,
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non-rotating models computed by Ekström et al. (2012) for reference. As shown
in Fig. 4.19, the adopted luminosities, which were computed using the reddened
photometric measurements, are slighly lower than the luminosities computed using
the dereddened measurements. As a result, the masses and fractional MS ages (τ )
are slightly lower compared to the values derived from the reddened photometric
measurements. The median differences between the masses and τ values derived
using these two approaches is < 4 per cent and < 10 per cent, respectively. The
derived masses and ages are listed in Table 4.6 at the end of this chapter.

4.5.5

Balmer line emission

As noted in Sect. 4.5.1, three of the stars in our sample, KIC 3848385, KIC 5371784,
and KIC 7131828, were found to exhibit strong, apparently non-variable Balmer line
emission. In Fig. 4.21, we show the averaged Hα line profiles for these three stars
compared with models generated using each star’s derived fundamental parameters.
It is evident that, in each of the three cases, the peak (or peaks, in the case of
KIC 5371784 and KIC 7131828, which are characterized by two symmetric peaks on
either side of the Balmer line’s core) of the emission lies within the extent of the
Doppler-broadened line core.
Balmer line profiles similar to those shown in Fig. 4.21 are known to be associated
with classical Be stars – rapidly rotating MS B-type stars that host hot, gaseous
Keplerian decretion disks (Slettebak, 1988; Porter and Rivinius, 2003; Rivinius et al.,
2013). The diversity of Be star Balmer line emission profiles is understood to be
related to the inclination angle (i) of the star’s rotation axis as proposed by Struve
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Figure 4.21: Observed (black) and synthetic (red) Hα profiles for the three stars in
our sample exhibiting strong, apparently non-variable emission. The
vertical dashed lines indicate the extent of the Doppler-broadened core;
in all three cases, the peak of the emission falls within these limits.
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(1945) (e.g. Fig. 3 of Slettebak, 1979): based on their Balmer line emission profiles,
we would expect KIC 3848385 to have the lowest i, KIC 5371784 to have the highest i,
and for KIC 7131828 to have an i value between those two values. This can be tested
using the derived v sin i values, R values, along with the Prot values inferred from the
Kepler light curves. No distance estimate is available for KIC 5371784 and thus, its
stellar radius could not be derived. For KIC 3848385, we find i = 11±3 degrees while
for KIC 7131828, we find i = 20 ± 5 degrees; therefore the manner in which these two
i values differ is consistent with the geometrical model proposed by Struve (1945).
We also note that Be star Balmer line emission is known to be variable over both
short timescales (∼ days) and long timescales (∼ decades) (Rivinius et al., 2013);
therefore, it is not surprising that we do not detect any variability in the Balmer
line emission for the three stars in our sample, which were observed over timescales
∼ 1 day − 9 months.

4.6

Binarity

We searched the radial velocities (vr ) derived in Sect. 4.5.1 for variability that is
presumably attributable to the presence of binary companions. This was carried
out by first defining a grid of orbital frequencies (forb ≡ 1/Porb ). The grid had
a resolution of 10−4 c d−1 and ranged from a minimum frequency of 1/[2(tf − ti )],
where ti and tf are the times of the initial and final observations, respectively, and a
maximum frequency of 1/(2∆tmin ), where ∆tmin corresponds to the minimum time
between any two observations (see Table 4.1). For each grid value of forb , we fit the
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vr values using the following function:

vr = K{cos [θ(t) + ω] + e cos ω} + γ0

(4.2)

where K is the radial velocity amplitude, ω is the longitude of periastron, e is the
eccentricity, and γ0 is the systemic radial velocity; the true anomaly, θ(t), is obtained
from
θ
tan =
2

r

ψ(t)
1+e
tan
1−e
2

and

ψ − e sin ψ = 2π([t − T0 ]forb )

(4.3)

where ψ is the eccentric anomaly and T0 is the time of periastron passage. The χ2
values associated with each of the forb grid points was then calculated; the statistical
significance of each star’s vr variability was evaluated by comparing the minimal
χ2 value obtained from the forb χ2 grid search with that obtained from a constant,
non-variable fit. We considered any fit yielding a significance > 3σ to be evidence of
one or more stellar companions.
The forb χ2 grid search analysis was carried out for each set of radial velocities
including those associated with secondary components that were identified in the
LSD profiles (e.g. Fig. 4.11). For KIC 6106152, we used the vr values derived from
the LSD profiles for both the primary and secondary components, which were distinguishable in all of the observations. For KIC 7383872, we used the vr measurements
derived from the spectral fitting for the primary component and vr measurements
derived from the LSD profiles for the secondary component, which was distinguishable in 5 of 7 observations. Similarly, for the two tertiary components identified in
the LSD profiles of KIC 5436432, we used the vr measurements inferred from the
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Figure 4.22: Example of a target for which statistically significant radial velocity
variability was detected. Left: Radial velocities as a function of HJD.
We list the orbital period that yielded the minimal χ2 value (Porb,best )
and its associated statistical significance level (σ). Right: Reduced
χ2 values as a function of Porb for the derived radial velocities. The
horizontal dashed red line indicates the 3σ χ2red limit (all points below
this line exhibit σ ≥ 3).
LSD profiles while the primary component’s vr values were taken from the spectral
fitting. In all other cases, the forb χ2 grid search analysis was performed solely using
the vr values derived from the spectral fitting. For the 3 cases in which vr values
could be assigned to more than one component, the forb χ2 grids associated with
each component’s vr measurements were combined in order to identify a compatible
orbital period (Porb ). In Fig. 4.22, we show an example of vr values as a function
of HJD and their associated forb χ2 grid for which statistically significant variability
was detected.
In total, we detected statistically significant vr variability (i.e. evidence of stellar
companions) for 9 of the 44 targets in our sample, which all exhibit a significance
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> 5.1σ. In nearly all of the cases in which vr variability was detected, single Porb
values could not be identified due to the fact that, based on each forb χ2 grid search
analysis that was carried out, a large number of orbital periods was found to yield
high-quality fits (e.g. Fig. 4.22). This is primarily attributed to the fact that (1)
the number of observations per star is low (between 6 and 9) and (2) the dispersion
associated with each set of vr measurements is low with respect to the vr uncertainties
(σvr ) (32 of the 44 stars in the sample exhibit a ratio of the standard deviation of vr
to the average σvr that is less than 1). Only one system, KIC 6106152, was found
to have a single significant orbital period that was identified using the primary and
secondary component’s vr values inferred from the LSD profiles; in this case, both
components were distinguishable in every observation thereby yielding a sufficiently
strong constraint on Porb . The vr values phased by the best-fitting 27.946(1) d orbital
period of KIC 6106152’s two components are shown in Fig. 4.23. Based on the
vr amplitudes and primary component’s evolutionary mass of MA = 2.1 ± 0.4 M
(derived in Sect. 4.5.4), we derive a mass for the secondary component of MB =
0.8 ± 0.2 M . The orbital parameters are listed in Table 4.4.
The orbital periods for those 9 stars with statistically significant variability are
poorly constrained; however, as is evident in Table 4.3, the photometric periods
discussed in Sect. 4.4 are very well-constrained. We compared the photometric
periods, which are hypothesized to be the rotation periods of the stars in our sample,
with those orbital periods that were found to have a statistical significance > 3σ. Two
stars – KIC 8703413 and KIC 10724634 – exhibit possible orbital periods that are in
agreement with Prot while KIC 5436432 exhibits orbital periods that are in agreement
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Figure 4.23: Radial velocity measurements of KIC 6106152’s two stellar components
phased by the identified Porb of 27.946(1) d. The dashed red curve and
red circles correspond to the primary component while the dashed blue
curve and blue squares correspond to the secondary component. The
orbital parameters are listed in Table 4.4.
Table 4.4: Orbital parameters for KIC 6106162.
Porb (d)
K1 (km s−1)
K2 (km s−1 )
γ0 (km s−1 )
ω (degrees)
e
M2 /M1

27.496 ± 0.001
21.7 ± 2.2
53.0 ± 0.7
−9.7 ± 1.5
2.2 ± 0.1
0.2 ± 0.1
0.41 ± 0.05

with Prot /2. The statistically significant Porb values associated with the remaining 5
stars are not in agreement with Prot , Prot /2, or 2Prot . The lack of agreement between
Porb and Prot in these cases suggests that the photometric variability is likely not
attributable to ellipsoidal or eclipsing variability.
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Comparing v sin i and veq

One of the primary goals of this study is to derive the rotational broadening values
(v sin i) for each of the stars in our sample and compare these values with the equatorial velocities (veq ≡ 2πR/Prot ) derived by assuming that the Kepler photometric
periods correspond to the rotation periods. By carrying out this comparison, we
are able to falsify the hypothesis that the observed photometric variability is associated with the star’s rotation. In Fig. 4.24, we compare the v sin i and veq values
for the 43 stars in our sample with derived veq values (as discussed previously, no
distance estimates are available for KIC 5371784 and therefore, no veq values could
be obtained).
We find that 33 of the 43 stars (77 per cent) exhibit v sin i < veq within the
estimated uncertainties and therefore exhibit rotational line broadening and photometric periods that are consistent with the rotational modulation hypothesis. Radial
velocity variations (i.e. stellar companions) have been detected for 3 of these 33 stars
(KIC 4567097, KIC 8692626, and KIC 8703413). For 8 of the 33 stars, we detected
chemical abundances exceeding solar values in at least one element. This includes the
Bp star (KIC 8324268), which, considering its low v sin i value, strong photometric
variability (∆K > 10 mmag), and detected line variability (Fig. 4.10), agrees well
with the notion that it hosts a strong (& 100 G) magnetic field. Two of the 33 stars
(KIC 5461344 and KIC 7050270) have strong overabundances of Mn ([Mn/H]> 0.5),
which suggests that they may be HgMn stars and that the observed photometric
variability may be associatedc with a stellar companion or may have a similar origin
to that of other variable HgMn stars (e.g. Alecian et al., 2009). Finally, we note
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Figure 4.24: Comparison between the v sin i values derived from the spectroscopic
observations and the veq values derived using each star’s R value and
Prot value inferred from the Kepler light curves. Points appearing in
the top-left are inconsistent with rotational modulation while points in
the lower-right are consistent with rotational modulation. Filled blue
points correspond to those stars for which chemical overabundances
(i.e. higher than solar) for at least one element were detected. Note
that each point has an assigned uncertainty and that in certain cases,
the uncertainties are smaller than the size of the points in the figure.
that 2 of the 33 stars (KIC 8692626 and KIC 8703413) are identified in the literature
as Am stars (our chemical abundance analysis confirms chemical enhancements of
Cr and Ba, for example) and that we have also detected the presence of associated
stellar companions. When phased by the identified Prot , the shape of KIC 8692626’s
light curve is certainly consistent with that of either an eclipsing or ellipsoidal variable system (e.g. Smalley et al., 2014). KIC 8703413 exhibits a large photometric
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amplitude (∆K > 0.1 mag) and a light curve that is neither reminiscent of an eclipsing or ellipsoidal variable system. Conversely, the light curve’s characteristic shape
is more similar to those exhibited by a number of Ap/Bp stars, which suggests that
this star may be misidentified in the literature as an Am star (e.g. Adelman et al.,
1999; Adelman and Woodrow, 2007).
For the 10 stars for which v sin i > veq , the variability that was detected in the
Kepler light curves is unlikely to be associated with the A- or B-type stars’ rotation
periods. We detected the presence of probable stellar companions for 6 of these 9
stars (KIC 5436432, KIC 6106152, KIC 7383872, KIC 8390826, KIC 10724634, and
KIC 11189959). As discussed in Sect. 4.6, we were only able to estimate the mass of
the secondary component for KIC 6106152, which was found to be 0.8 ± 0.2 M . The
amplitude of the detected radial velocity variations of the primary components of
the other 4 stars are small (∆vr . 7 km s−1 ), which is consistent with the companion
masses being relatively low (or consistent with a low orbital plane inclination angle).
While it is unclear from the light curves whether these 5 systems are either eclipsing or
ellipsoidal variables, the detected radial velocity variations are all consistent with the
companions having low masses (M . 1 M ); therefore, the photometric variability
may be instrinsic to these low mass companions, which are expected to host magnetic
fields and accompanying surface inhomogeneities.
We carried out an additional test of the hypothesis by deriving inclination angles
(sin i values) for those 33 stars for which v sin i < veq and comparing the resulting
distribution with that expected from a sample of stars having randomly oriented
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rotation axes (e.g. Jackson and Jeffries, 2010). In Fig. 4.25, we compare the cumulative distribution functions (CDFs) of these two samples. We find no statistically
significant difference between the two distributions based on the derived KolmogorovSmirnov (KS) test statistic of 0.15 and accompanying p-value of 0.4. As discussed
in Sect. 4.5.3, the radii derived for stars are modified by a non-negligible amount
depending on whether they are derived from the reddened or dereddened photometric measurements. Since veq is proportional to R, using the R values derived from
the reddened photometry rather than the dereddened photometry will yield lower
values of veq . This will in turn yield a higher number of stars in our sample that
are inconsistent with the rotational modulation hypothesis. We find that using the
R values derived from the dereddened photometry yields one additional star that
has v sin i < veq (i.e. consistent with rotational modulation). This also results in a
modified sin i distribution consisting of fewer stars with high i values; carrying out
the same comparison between this new sin i distribution and that associated with a
distribution of randomly oriented rotation axes yields a larger KS test statistic of
0.32 with an associated p-value of 0.001, which implies that, in this case, the two
distributions are distinct.

4.8

Discussion and conclusions

The discovery by Balona (2013) that 40 per cent of the MS A stars observed with
Kepler exhibit variability that is consistent with rotational modulation presents a
challenge to our understanding of the behaviour of these objects. It suggests that
a significantly higher fraction of MS A stars may host inhomogeneous surfaces –
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Figure 4.25: Cumulative distribution function (CDF) of sin i (where i are the inclination angles) for those stars in our sample consistent with v sin i < veq
(dashed red curve). The solid black curve shows the CDF expected from
a distribution of stars with random inclination angles. The KolmogorovSmirnov (KS) test statistic comparing the two distributions is shown.
chemical or brightness spots – than previously believed. Currently, the detection of
chemical spots via both photometric rotational modulation and spectral line profile
variability has only been reported for Ap/Bp stars, which account for ∼ 10 per cent
of all MS A- and B-type stars, and for a small number of rapidly rotating HgMn
stars. Therefore, verifying whether similar phenomena is associated with 40 per cent
of all MS A-type stars is necessary in order to address several theoretical questions
that have been developing over the past decade.
In this study, we have attempted to carry out a simple test of the hypothesis that

4.8. DISCUSSION AND CONCLUSIONS

240

the variability detected by Balona (2013) is consistent with rotational modulation.
Assuming that the variability identified using Kepler is not in fact associated with
the A- and B-type stars’ rotation periods, we might expect to find a significant
fraction of these stars to have v sin i > veq ; however, we found that only 9 of the 43
stars for which we obtained high-resolution spectroscopic measurements have v sin i
values that are inconsistent with the rotational modulation hypothesis. Furthermore,
two additional pieces of evidence that support the hypothesis is: (1) we found that
the distribution of inferred inclination angles of the stellar rotation axes for the 33
stars with v sin i < veq is in good agreement with that of a distribution of randomly
oriented rotation axes and (2) the distribution of v sin i values is in good agreement
with the distribution of A-star v sin i values compiled by Zorec and Royer (2012)
(comparing the distributions, we find a KS test statistic of 0.11 with an associated
p-value of 0.70).
The chemical abundance analysis that we carried out on the 44 stars in our sample
revealed 9 possible chemically peculiar stars that exhibit overabundances of various
elements including Fe-peak elements (Cr, Fe, and Mn) and rare earth elements (Sc,
Y, and Nd). Considering that photometric rotational modulation is known to be
associated with the majority of Ap/Bp stars (e.g. Netopil et al., 2017; Buysschaert
et al., 2018; David-Uraz et al., 2019) and a number of HgMn stars (Alecian et al.,
2009; Balona, 2011), it is perhaps surprising that we did not detect a larger number of
CP stars, particularly amongst those stars in our sample that exhibit variability that
is consistent with the rotational modulation hypothesis. This may be attributed to
the fact that the SNRs of the spectroscopic observations obtained for this study are
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insufficient to detect chemical peculiarities in many of the stars in our sample and/or
that these stars exhibit weak chemical peculiarities. On the other hand, chemical
peculiarities that are observed in the atmospheres of MS A- and B-type stars are
understood to require relatively slow rotation rates to form (Michaud, 1970; Richer
et al., 2000); the median v sin i of our sample is 114 km s−1 , which is comparable to
the most rapidly rotating HgMn and Am stars (e.g. Royer et al., 2002; Zorec and
Royer, 2012).
Another phenomenon that is expected to be associated with either chemical or
brightness spots is line profile variability. As with rotationally modulated light
curves, many Ap/Bp stars and a small number of HgMn stars are known to exhibit such behaviour. The recent detection of low-contrast spots (< 10−3 of the
continuum) on the surface of Vega (Petit et al., 2017), which hosts an ultra-weak
magnetic field, suggests that similar spots may be very prevalent amongst MS Aand B-type stars. It is not clear whether such low-contrast spots are also associated
with photometric variability. Although we only detected spectral line variability in 3
stars in our sample, our detection threshold for such spots is likely too high to place
useful constraints on their existence in these stars. Obtaining observations capable of
detecting or ruling out the presence of weak spots such as those detected on Vega is
an important next step in understanding both the origin of these stars’ photometric
variability and the origin of the growing number of detected ultra-weak magnetic
fields; however, considering that the median V magnitude for the stars in our sample is 8.4 mag, detecting low-contrast chemical spots may require prohibitively long
exposure times.
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Table 4.5: Various parameters derived from the spectroscopic observations of the 44
stars in our sample. Columns 1 to 6 list the KIC identifiers, effective temperatures, surface gravities, metallicities, projected rotational broadening
values, and the microturbulence broadening values.
KIC

Teff

log g

ID

(K)

(cgs)

(1)

(2)

(3)

(4)

(5)

1572201

9640 ± 970

3.1 ± 0.3

−0.1 ± 0.3

73.4 ± 16.1

1.6 ± 1.5

2859567

10000 ± 170

4.0 ± 0.4

−0.1 ± 0.4

212.3 ± 71.5

≤ 9.8

3629496

11750 ± 570

4.0 ± 0.2

−0.0 ± 0.3

167.9 ± 49.9

≤ 7.8

3848385

12500 ± 1250

4.2 ± 1.2

0.2 ± 0.2

47.6 ± 9.0

≤ 2.6

4048716

8750 ± 280

4.2 ± 0.3

−0.3 ± 0.2

140.9 ± 17.0

3.6 ± 1.8

4567097

12250 ± 550

3.8 ± 0.2

−0.6 ± 0.4

59.9 ± 24.7

≤ 5.7

4663468

8890 ± 400

3.9 ± 0.3

−0.2 ± 0.3

222.9 ± 49.0

≤ 6.3

4818496

8800 ± 860

3.8 ± 0.4

−0.5 ± 0.3

150.9 ± 31.5

≤ 5.4

4829781

9590 ± 860

3.8 ± 0.4

−0.0 ± 0.2

53.3 ± 8.2

2.0 ± 1.2

4995049

8050 ± 140

4.1 ± 0.5

−0.2 ± 0.1

114.1 ± 8.2

4.6 ± 0.9

5371784

9500 ± 2120

3.5 ± 1.5

−0.6 ± 0.2

165.0 ± 115.0

5395418

9870 ± 990

3.6 ± 0.4

−0.1 ± 0.5

228.6 ± 41.0

5430514

7590 ± 160

3.7 ± 0.4

0.1 ± 0.1

51.6 ± 2.2

3.0 ± 0.6

5436432

8430 ± 190

4.3 ± 0.5

−0.2 ± 0.1

45.2 ± 3.7

3.0 ± 1.2

5461344

11440 ± 650

3.5 ± 0.3

0.0 ± 0.2

19.6 ± 4.0

≤ 2.0

5880360

7720 ± 190

3.4 ± 0.8

−0.3 ± 0.2

184.5 ± 20.7

3.0 ± 1.2

6106152

9180 ± 570

3.9 ± 0.3

−0.1 ± 0.3

107.8 ± 16.5

≤ 5.1

6450107

9260 ± 820

3.6 ± 0.1

−0.1 ± 0.3

119.0 ± 25.0

≤ 4.0

7050270

9300 ± 290

3.0 ± 0.1

−0.1 ± 0.1

14.9 ± 2.0

≤ 1.3

7131828

10500 ± 680

3.8 ± 0.5

0.2 ± 0.3

99.3 ± 20.1

≤ 2.8

7345479

8760 ± 380

4.0 ± 0.4

−0.2 ± 0.3

208.3 ± 35.1

3.7 ± 2.8

continued on next page

[M/H]

v sin i
(km s−1 )

ξ
(km s−1 )
(6)

≤ 8.6
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continued from previous page
KIC

Teff

log g

[M/H]

v sin i

ID

(K)

(cgs)

(1)

(2)

(3)

(4)

(5)

7383872

10060 ± 290

3.5 ± 0.2

0.2 ± 0.1

47.7 ± 5.3

≤ 1.4

7530366

9000 ± 1140

3.4 ± 0.5

−0.4 ± 0.4

190.7 ± 51.3

≤ 5.8

7974841

11150 ± 460

4.0 ± 0.2

0.2 ± 0.1

32.8 ± 4.8

≤ 1.9

8153795

12330 ± 850

4.0 ± 0.3

−0.2 ± 0.7

267.1 ± 64.3

8324268

12480 ± 570

3.7 ± 0.2

0.8 ± 0.0

30.1 ± 2.2

8351193

10700 ± 590

4.2 ± 0.3

−0.4 ± 0.6

151.5 ± 61.4

8367661

8500 ± 260

3.7 ± 0.2

−0.2 ± 0.2

197.9 ± 23.3

3.3 ± 1.6

8390826

8500 ± 230

3.8 ± 0.5

−0.3 ± 0.2

85.3 ± 10.6

3.9 ± 1.4

8692626

8010 ± 150

4.0 ± 0.6

−0.1 ± 0.1

44.1 ± 2.4

4.2 ± 0.6

8703413

7990 ± 190

3.6 ± 0.6

0.3 ± 0.1

14.4 ± 1.0

3.3 ± 0.6

9349245

7780 ± 110

4.2 ± 0.5

0.1 ± 0.1

78.1 ± 2.9

3.4 ± 0.5

9392839

9870 ± 720

4.2 ± 0.3

−0.6 ± 0.4

95.1 ± 26.7

≤ 7.5

9468475

8500 ± 220

4.1 ± 0.5

−0.2 ± 0.2

130.1 ± 13.7

3.6 ± 1.7

9772586

8550 ± 460

4.0 ± 0.4

−0.4 ± 0.2

202.2 ± 33.4

≤ 8.0

10724634

9000 ± 1100

3.6 ± 0.6

−0.3 ± 0.2

60.4 ± 10.0

≤ 3.5

10815604

8690 ± 290

3.4 ± 0.3

−0.5 ± 0.3

260.0 ± 37.1

2.8 ± 2.1

10879812

8400 ± 180

4.0 ± 0.6

−0.3 ± 0.2

111.5 ± 10.8

3.7 ± 1.4

10974032

9550 ± 550

3.7 ± 0.3

−0.4 ± 0.5

304.3 ± 47.9

≤ 9.6

11189959

9360 ± 910

4.1 ± 0.3

−0.1 ± 0.3

141.4 ± 31.4

≤ 4.8

11443271

8250 ± 220

3.4 ± 0.4

−0.3 ± 0.2

218.1 ± 27.3

2.8 ± 2.0

11600717

7750 ± 120

3.2 ± 0.4

−0.1 ± 0.1

96.4 ± 5.1

3.1 ± 0.6

12061741

9000 ± 1390

3.8 ± 0.2

−0.4 ± 0.3

174.5 ± 40.5

12306265

7840 ± 100

3.7 ± 0.5

−0.1 ± 0.1

60.9 ± 2.6

(km s−1 )

ξ
(km s−1 )
(6)

1.1 ± 0.7

≤ 4.7
3.9 ± 0.6
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Table 4.6: Various fundamental parameters associated with 43 of the 44 stars in
our sample with known distances. Columns 1 to 7 list the KIC identifiers, effective temperatures, luminosities, radii, masses, absolute ages,
and fractional main sequence ages.
KIC ID

log Teff /K

log L/L

R/R

M/M

log t/Gyr

(2)

(3)

(4)

(5)

(6)

1572201

3.98 ± 0.04

2.23 ± 0.18

4.7 ± 0.3

3.01+0.48
−0.65

8.53+0.21
−0.51

1.01+0.01
−0.63

2859567

4.00 ± 0.01

1.57 ± 0.04

2.0 ± 0.0

2.37+0.24
−0.29

8.44+0.29
−0.89

0.42+0.36
−0.37

3629496

4.07 ± 0.02

1.95 ± 0.09

2.3 ± 0.1

3.00+0.43
−0.49

8.08+0.42
−0.98

0.34+0.52
−0.30

3848385

4.10 ± 0.04

2.68 ± 0.19

4.7 ± 0.4

4.25+0.97
−1.14

8.11+0.32
−1.12

0.96+0.06
−0.87

4048716

3.94 ± 0.01

1.23 ± 0.06

1.8 ± 0.0

1.82+0.20
−0.14

8.84+0.16
−0.67

0.59+0.27
−0.45

4567097

4.09 ± 0.02

2.43 ± 0.09

3.6 ± 0.1

3.22+0.47
−0.34

8.34+0.12
−0.20

0.95+0.06
−0.27

4663468

3.95 ± 0.02

1.60 ± 0.08

2.7 ± 0.1

2.25+0.27
−0.29

8.76+0.20
−0.38

0.82+0.19
−0.51

4818496

3.94 ± 0.04

1.47 ± 0.17

2.3 ± 0.0

1.99+0.48
−0.43

8.87+0.30
−1.39

0.85+0.19
−0.81

4829781

3.98 ± 0.04

1.88 ± 0.16

3.2 ± 0.1

2.72+0.61
−0.65

8.57+0.30
−1.08

0.82+0.19
−0.76

4995049

3.91 ± 0.01

1.10 ± 0.04

1.8 ± 0.0

1.71+0.11
−0.13

8.97+0.11
−0.21

0.65+0.19
−0.27

5395418

3.99 ± 0.04

1.84 ± 0.18

2.9 ± 0.1

2.58+0.83
−0.58

8.59+0.31
−1.26

0.81+0.21
−0.76

5430514

3.88 ± 0.01

0.97 ± 0.05

1.8 ± 0.1

1.74+0.10
−0.12

8.81+0.24
−0.90

0.37+0.29
−0.32

5436432

3.93 ± 0.01

1.18 ± 0.05

1.8 ± 0.1

1.79+0.14
−0.13

8.89+0.15
−0.46

0.61+0.24
−0.41

5461344

4.06 ± 0.02

2.21 ± 0.11

3.2 ± 0.2

3.31+0.18
−0.48

8.30+0.21
−0.85

0.75+0.26
−0.65

5880360

3.89 ± 0.01

1.99 ± 0.06

5.5 ± 0.2

2.53+0.31
−0.23

8.68+0.11
−0.12

1.02+0.00
−0.00

6106152

3.96 ± 0.03

1.43 ± 0.11

2.0 ± 0.0

2.09 ± 0.37

8.71+0.31
−1.22

0.59 ± 0.55

6450107

3.97 ± 0.04

1.75 ± 0.15

2.9 ± 0.0

2.48+0.53
−0.52

8.66+0.31
−0.95

0.82+0.20
−0.74

7050270

3.97 ± 0.01

1.88 ± 0.06

3.4 ± 0.1

2.64+0.22
−0.28

8.62+0.13
−0.11

0.90+0.11
−0.23

7131828

4.02 ± 0.03

2.15 ± 0.12

3.6 ± 0.2

3.30+0.19
−0.71

8.37+0.27
−0.42

0.78+0.23
−0.50

7345479

3.94 ± 0.02

1.29 ± 0.08

1.9 ± 0.0

1.89+0.26
−0.21

8.83+0.19
−0.89

0.63+0.30
−0.56

7383872

4.00 ± 0.01

1.88 ± 0.07

2.9 ± 0.2

2.86+0.24
−0.31

8.45+0.13
−0.35

0.65+0.21
−0.39

(1)
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KIC ID

log Teff /K

log L/L

R/R

M/M

log t/Gyr

(2)

(3)

(4)

(5)

(6)

7530366

3.95 ± 0.06

1.79 ± 0.22

3.2 ± 0.1

2.20+0.89
−0.45

8.82+0.21
−1.15

1.01+0.02
−0.93

7974841

4.05 ± 0.02

1.49 ± 0.12

1.5 ± 0.2

2.41+0.39
−0.05

7.94+0.26
−0.64

0.14+0.18
−0.10

8153795

4.09 ± 0.03

2.09 ± 0.12

2.4 ± 0.1

3.12+0.37
−0.62

8.18+0.32
−1.06

0.51+0.42
−0.46

8324268

4.10 ± 0.02

2.09 ± 0.09

2.4 ± 0.1

3.42+0.08
−0.33

7.73+0.55
−0.70

0.20+0.49
−0.16

8351193

4.03 ± 0.02

1.56 ± 0.10

1.8 ± 0.0

2.22+0.45
−0.22

8.45+0.32
−1.12

0.43+0.38
−0.39

8367661

3.93 ± 0.01

1.55 ± 0.06

2.7 ± 0.1

2.13+0.23
−0.31

8.84+0.19
−0.15

0.89+0.12
−0.21

8390826

3.93 ± 0.01

1.40 ± 0.06

2.3 ± 0.1

1.91+0.18
−0.13

8.93+0.10
−0.19

0.87+0.11
−0.30

8692626

3.90 ± 0.01

1.31 ± 0.04

2.3 ± 0.1

1.94 ± 0.12

8.93+0.07
−0.12

0.78 ± 0.20

8703413

3.90 ± 0.01

1.07 ± 0.05

1.8 ± 0.1

1.90+0.12
−0.14

8.52+0.36
−0.71

0.23+0.31
−0.19

9349245

3.89 ± 0.01

0.95 ± 0.05

1.6 ± 0.1

1.77+0.10
−0.14

8.47+0.40
−0.68

0.17+0.27
−0.14

9392839

3.99 ± 0.03

1.74 ± 0.13

2.5 ± 0.0

2.33+0.41
−0.36

8.68+0.23
−0.71

0.84+0.18
−0.67

9468475

3.93 ± 0.01

1.19 ± 0.05

1.8 ± 0.0

1.84+0.16
−0.19

8.82+0.20
−0.64

0.53+0.29
−0.42

9772586

3.93 ± 0.02

1.30 ± 0.10

2.0 ± 0.0

1.83+0.33
−0.19

8.94+0.17
−0.81

0.79+0.22
−0.66

10724634

3.95 ± 0.05

1.75 ± 0.21

3.1 ± 0.1

2.30+0.73
−0.61

8.76+0.29
−1.10

0.97+0.05
−0.91

10815604

3.94 ± 0.01

1.52 ± 0.06

2.5 ± 0.0

2.04 ± 0.18

8.87+0.14
−0.12

0.90 ± 0.20

1.79+0.16
−0.14
2.23+0.47
−0.21
2.05+0.60
−0.47
2.12+0.33
−0.21
2.68+0.18
−0.20
2.25+0.89
−0.58
1.82+0.10
−0.07

8.94+0.12
−0.49
8.73+0.18
−1.15
8.41+0.67
−0.84
8.89+0.09
−0.18

0.70+0.17
−0.46

8.67 ± 0.07

1.02+0.00
−0.00

8.77+0.38
−1.46

0.95+0.08
−0.91

8.99+0.04
−0.08

0.78+0.08
−0.17

(1)

10879812

3.92 ± 0.01

1.22 ± 0.04

1.9 ± 0.0

10974032

3.98 ± 0.03

1.66 ± 0.10

2.5 ± 0.1

11189959

3.97 ± 0.04

1.31 ± 0.17

1.7 ± 0.0

11443271

3.92 ± 0.01

1.69 ± 0.05

3.4 ± 0.1

11600717

3.89 ± 0.01

2.01 ± 0.04

5.6 ± 0.2

12061741

3.95 ± 0.07

1.71 ± 0.27

2.9 ± 0.1

12306265

3.89 ± 0.01

1.22 ± 0.03

2.2 ± 0.1

τ
(7)

0.84+0.17
−0.80
0.27+0.74
−0.23
1.01+0.01
−0.21
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Table 4.7: Radial velocities for those targets with only single stellar components that
were identified in the LSD profiles. Columns 1 to 3 (4 to 6) list the HJD,
vr of the primary component derived from the spectral fits, and vr of the
primary component derived from the LSD profiles, respectively. Each vr
value’s uncertainty is listed in parentheses and correspond to the last digit
of the vr value.
HJD
vA
vA,LSD
- 2458000 (km s−1 ) (km s−1 )
(1)
(2)
(3)
KIC 1572201
153.150
8(2)
5(2)
298.021
5(1)
5.4(9)
299.012
4.3(8)
5.0(9)
304.077
5(1)
5(1)
321.779
4.5(9)
5.2(8)
392.851
4(2)
5(1)
438.705
5(1)
5(1)
KIC 2859567
153.172
-23(3)
-10(7)
298.032
-24(2)
-15(6)
299.033
-19(2)
-21(6)
304.096
-20(3)
-20(1)
321.797
-23(2)
-15(6)
392.867
-23(4)
-14(8)
438.747
-21(2)
-12(8)
KIC 3629496
151.144
-12(2)
-25(6)
294.077
-16(2)
-19(5)
294.995
-18(2)
-20(6)
300.960
-17(1)
-20(4)
304.032
-15(2)
-15(5)
320.876
-16(2)
-15(5)
392.819
-14(3)
-21(8)
415.739
-15(3)
-17(6)
KIC 3848385
153.146
-18(2)
-18(1)
continued on next page

HJD
vA
- 2458000 (km s−1 )
(4)
(5)
298.024
-17(1)
299.008
-17(1)
304.080
-17(2)
321.768
-16(1)
392.847
-17(5)
442.687
-18(2)
KIC 4048716
151.178
-25(2)
294.079
-26(1)
294.997
-28(1)
300.967
-28(1)
304.057
-27(2)
320.935
-28(1)
392.838
-29(3)
442.678
-29(2)
KIC 4567097
153.178
-26(2)
298.063
-28(1)
299.043
-28(1)
304.093
-25(1)
321.783
-19(1)
392.878
-26(3)
438.756
-28(1)
KIC 4663468
157.177
-11(7)
298.057
-27(2)
299.049
-23(2)

vA,LSD
(km s−1 )
(6)
-17.4(6)
-17.8(7)
-17.7(8)
-16.9(5)
-17.5(9)
-17.8(8)
-25(3)
-26(2)
-27(2)
-26(2)
-27(2)
-25(2)
-27(3)
-26(3)
-23(2)
-26(1)
-27(1)
-24(2)
-19(1)
-25(3)
-28(2)
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HJD
vA
vA,LSD
−1
- 2458000 (km s ) (km s−1 )
(1)
(2)
(3)
304.098
-26(2)
321.810
-27(2)
360.977
-24(3)
438.764
-23(6)
KIC 4818496
150.172
13(7)
10(1)
298.001
12(2)
13(4)
298.985
12(2)
18(4)
304.034
11(2)
16(4)
320.899
13(1)
16(4)
322.853
11(2)
12(7)
360.865
9(2)
15(5)
415.745
10(3)
14(5)
KIC 4829781
153.142
-18(2)
-20(2)
298.013
-20.0(7) -19.6(7)
299.000
-20.2(6) -19.6(6)
304.053
-19.7(8) -19.4(6)
321.764
-20.1(6) -19.4(7)
392.843
-20(1)
-19.5(9)
442.681
-19.8(7) -19.5(6)
KIC 4995049
151.152
9(1)
12(1)
297.998
9.1(9)
12(1)
298.988
8.3(8)
12(1)
304.028
7.8(8)
11(1)
320.879
8.2(7)
12(1)
322.850
9(1)
12(1)
392.822
8(1)
12(2)
415.737
9(1)
11(2)
KIC 5371784
298.066
-4(4)
-7(5)
299.053
-4(3)
-9(3)
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HJD
vA
- 2458000 (km s−1 )
(4)
(5)
304.101
3(5)
321.814
-6(3)
392.888
-3(6)
442.694
-3(4)
KIC 5395418
298.094
-7(2)
299.081
-9(2)
304.127
-8(5)
321.031
-11(2)
322.860
-9(3)
442.740
-8(1)
473.726
-8(2)
KIC 5430514
151.135
-15.8(4)
297.991
-15.7(3)
298.981
-15.7(3)
304.016
-15.7(3)
321.746
-15.8(3)
392.809
-16.0(4)
415.725
-16.0(4)
KIC 5461344
298.069
-24.4(2)
299.059
-24.2(2)
304.124
-23.9(7)
321.824
-24.1(2)
392.892
-24.8(5)
442.699
-24.3(3)
473.691
-24.3(3)
KIC 5880360
157.170
-8(4)
298.043
-8(2)
299.037
-6(1)
304.091
-7(2)

vA,LSD
(km s−1 )
(6)
-9(7)
-5(3)
-11(6)
-5(5)

-15.9(3)
-16.2(3)
-16.1(4)
-16.1(3)
-16.2(4)
-16.1(3)
-16.3(4)
-24.1(4)
-24.1(4)
-24.3(4)
-24.2(4)
-24.3(4)
-24.1(4)
-24.2(3)
-4(8)
-4(3)
-1(3)
-4(3)
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HJD
vA
vA,LSD
−1
- 2458000 (km s ) (km s−1 )
(1)
(2)
(3)
321.786
-7(1)
-4(4)
392.870
-8(3)
-5(5)
438.750
-11(2)
-3(4)
KIC 6450107
157.174
-17(4)
-21(7)
298.060
-20(1)
-18(3)
299.046
-16(1)
-17(2)
304.104
-19(1)
-15(3)
321.817
-18(1)
-16(2)
392.884
-20(3)
-18(4)
438.762
-20(2)
-19(4)
KIC 7050270
298.083
-25.0(2) -25.0(2)
299.066
-25.0(2) -24.9(4)
304.118
-24.8(3) -24.9(5)
321.837
-25.1(2) -25.1(4)
360.973
-25.2(2) -25.2(3)
442.707
-25.0(2) -25.0(3)
473.699
-25.1(2) -25.1(3)
KIC 7131828
298.076
-19(3)
-25(2)
299.063
-21(2)
-24(2)
304.121
-21(4)
-27(3)
321.827
-19(2)
-25(3)
442.702
-20(2)
-27(2)
473.695
-22(4)
-27(3)
KIC 7345479
150.168
-24(5)
-20(1)
294.072
-29(2)
-20(4)
294.990
-28(2)
-23(4)
300.940
-23(2)
-20(4)
304.012
-28(2)
-21(4)
320.862
-30(1)
-17(5)
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HJD
vA
- 2458000 (km s−1 )
(4)
(5)
392.812
-27(3)
415.722
-26(3)
KIC 7530366
153.169
-21(3)
298.050
-27(2)
299.026
-21(2)
304.083
-24(2)
321.794
-26(1)
392.859
-30(3)
438.737
-25(2)
KIC 7974841
294.127
-8.3(5)
295.001
-8.1(5)
300.956
-8.4(4)
304.129
-8(2)
321.830
-8.4(4)
442.710
-7.9(4)
473.702
-8.2(5)
KIC 8153795
150.180
-18(5)
294.074
-18(2)
294.992
-21(2)
300.946
-18(2)
304.042
-22(2)
320.906
-22(2)
322.856
-23(3)
392.826
-21(3)
415.751
-22(3)
KIC 8324268
294.131
-18.6(3)
295.006
-18.7(3)
300.943
-18.3(3)
304.131
-18.6(5)

vA,LSD
(km s−1 )
(6)
-25(6)
-24(6)
-30(1)
-23(7)
-25(6)
-27(8)
-23(6)
-32(9)
-25(7)
-8.0(4)
-7.8(6)
-8.0(7)
-7.6(8)
-8.2(2)
-7.9(3)
-8.0(3)
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HJD
vA
vA,LSD
−1
- 2458000 (km s ) (km s−1 )
(1)
(2)
(3)
321.025
-18.2(3)
442.734
-18.8(3)
473.718
-18.7(4)
KIC 8351193
150.165
-22(3)
294.068
-24(2)
294.986
-19(2)
300.935
-19(2)
304.037
-23(2)
320.778
-23(2)
322.835
-24(2)
392.805
-22(3)
415.731
-22(3)
KIC 8367661
157.165
6(4)
14(8)
298.039
10(2)
11(5)
299.022
11(2)
12(4)
304.085
5(2)
9(4)
321.804
8(1)
9(4)
360.970
9(2)
14(5)
438.727
9(2)
10(4)
KIC 8390826
298.089
-33.5(9)
-32(1)
299.077
-34(1)
-33(1)
304.139
-24(2)
-32(3)
321.853
-34.6(9)
-33(1)
442.737
-37.4(8)
-36(1)
473.722
-38(1)
-37(1)
KIC 8692626
153.175
-18.7(5)
298.053
-15.8(2)
299.040
-15.6(2)
304.088
-16.2(3)
continued on next page

HJD
vA
- 2458000 (km s−1 )
(4)
(5)
321.800
-17.8(2)
392.874
-18.3(7)
438.754
-14.4(3)
KIC 8703413
298.079
-4.83(7)
299.070
5.98(8)
304.112
-16.0(1)
321.834 -45.25(7)
442.712
5.94(7)
473.706 -18.48(8)
KIC 9349245
298.072
-28.4(5)
299.056
-27.5(4)
304.106
-27.7(6)
321.820
-28.4(4)
360.968
-28.3(6)
442.697
-27.8(5)
KIC 9392839
150.178
-11(4)
294.063
-13(2)
294.982
-13(1)
300.929
-12(2)
304.040
-12(2)
320.873
-15(2)
392.816
-13(3)
415.743
-14(3)
KIC 9468475
157.173
-10(4)
294.070
-14(1)
294.988
-14(1)
300.937
-15(1)
321.807
-14(1)
392.881
-15(3)

vA,LSD
(km s−1 )
(6)

-4.8(2)
6.1(2)
-16.0(2)
-45.1(2)
6.0(2)
-18.3(2)
-27.9(6)
-28.1(5)
-28.4(6)
-28.1(6)
-28.3(7)
-28.1(6)
-10(1)
-13(5)
-10(4)
-11(5)
-10(7)
-12(5)
-16(7)
-19(7)
-11(4)
-13(2)
-13(1)
-13(2)
-14(2)
-14(3)

4.8. DISCUSSION AND CONCLUSIONS

250

continued from previous page
HJD
vA
vA,LSD
−1
- 2458000 (km s ) (km s−1 )
(1)
(2)
(3)
438.758
-15(2)
-14(3)
KIC 9772586
157.168
-11(5)
-10(1)
298.046
-13(2)
-6(5)
299.029
-8(2)
-5(4)
304.109
-9(2)
-7(4)
321.790
-11(2)
-6(4)
392.863
-12(4)
-10(6)
438.740
-10(3)
-8(6)
KIC 10724634
151.172
-13(1)
-12(2)
298.009
-18.6(8)
-18(2)
298.995
-14.7(7)
-14(1)
304.061
-20.6(8)
-21(1)
321.755
-12.9(7)
-12(1)
392.834
-12(1)
-11(1)
442.676
-12(1)
-12(2)
KIC 10815604
294.133
-21(2)
-5(8)
295.008
-22(2)
-9(5)
300.949
-22(2)
-6(9)
304.133
-20(3)
-20(1)
321.846
-23(2)
-11(7)
442.723
-23(2)
-13(4)
473.713
-22(2)
-3(9)
KIC 10879812
298.086
-15.5(9)
-12(2)
299.073
-15.4(9)
-14(2)
304.136
-14(1)
-15(2)
321.849
-14.5(9)
-14(2)
442.725
-16.7(8)
-14(2)
473.716
-16(1)
-15(2)
KIC 10974032
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HJD
vA
- 2458000 (km s−1 )
(4)
(5)
153.154
-14(4)
294.081
-20(2)
294.999
-20(2)
300.963
-21(2)
304.068
-19(2)
320.945
-22(2)
322.831
-21(2)
360.965
-21(3)
442.691
-18(2)
KIC 11189959
153.162
-22(3)
298.017
-12(2)
299.019
-14(1)
304.070
-15(1)
321.772
-20(2)
392.855
-17(3)
438.722
-7(2)
KIC 11443271
150.151
-2(5)
297.994
-9(2)
298.978
-8(2)
304.003
-10(2)
320.762
-10(1)
322.838
-6(3)
392.799
-6(2)
415.717
-6(3)
KIC 11600717
150.175
-20(1)
294.066
-19.2(6)
294.984
-19.7(6)
300.932
-19.4(6)
304.006
-19.8(7)
320.771
-18.7(5)

vA,LSD
(km s−1 )
(6)

-20(6)
-13(3)
-11(3)
-14(3)
-14(2)
-17(5)
-7(4)

-20(1)
-19(1)
-18.9(9)
-19(1)
-19.1(9)
-19(1)
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HJD
vA
- 2458000 (km s−1 )
(1)
(2)
322.841
-20.0(7)
360.961
-18.6(8)
415.719
-18.3(9)
KIC 12061741
153.166
-4(3)
298.035
-8(2)
299.015
-5(2)
304.073
-5(2)
321.775
-3(2)
360.956
-7(2)

vA,LSD
(km s−1 )
(3)
-19(1)
-19(1)
-18(1)
-10(1)
-8(6)
-6(4)
-10(5)
-10(4)
1(7)

HJD
vA
- 2458000 (km s−1 )
(4)
(5)
438.711
-5(2)
KIC 12306265
153.157
-24.2(7)
298.028
-24.4(4)
299.003
-24.0(3)
304.065
-24.3(3)
321.759
-24.2(3)
360.954
-24.3(4)
442.685
-24.4(3)

vA,LSD
(km s−1 )
(6)
-8(5)
-24.2(5)
-24.3(6)
-24.2(5)
-24.2(6)
-24.4(5)
-24.4(6)
-24.4(5)
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Table 4.8: Radial velocities for KIC 6106152 and KIC 7383872, which are found to
have 2 stellar components. Columns 1 to 4 list the HJD, vr of the primary
component derived from the spectral fits, vr of the primary component
derived from the LSD profiles, and vr of the secondary component derived
from the LSD profiles, respectively. Each vr value’s uncertainty is listed
in parentheses and correspond to the last digit of the vr value.
HJD
vA
- 2458000 (km s−1 )
(1)
(2)
KIC 6106152
150.157
-25(4)
294.061
-14(1)
294.981
-8(1)
300.953
7(1)
304.010
1(1)
320.868
-20(1)
322.846
-9(2)
392.802
-17(2)
415.733
-1(3)
KIC 7383872
294.129
-15.1(7)
295.004
-14.5(7)
300.970
-15.4(7)
304.115
-14.9(8)
321.841
-22.3(7)
442.721
-15.3(6)
473.709
-21.6(9)

vA,LSD
(km s−1 )
(3)

vB,LSD
(km s−1 )
(4)

-27(6)
-12(2)
-6(2)
14(3)
0(2)
-18(3)
-6(3)
-15(2)
0(3)

37(2)
-4.4(6)
-20.3(8)
-63.9(9)
-42.0(4)
11.3(9)
-21.7(9)
2.1(7)
-37.1(6)
-11(2)
-38(1)
-19(1)
6(7)
-20(2)
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Table 4.9: Radial velocities derived for KIC 5436432, which is found to have 3 stellar
components. Columns 1 to 4 list the HJD, vr of the primary component
derived from the spectral fits, vr of the secondary component derived from
the LSD profiles, and vr of the tertiary component derived from the LSD
profiles, respectively. Each vr value’s uncertainty is listed in parentheses
and correspond to the last digit of the vr value.
HJD
vA
- 2458000 (km s−1 )
(1)
(2)
KIC 5436432
151.160
-24.0(6)
298.005
-29.6(4)
298.992
-28.0(4)
304.046
-24.2(3)
321.750
-24.0(4)
392.829
-37.1(8)
415.748
-27.2(5)

vB,LSD
(km s−1 )
(3)

vC,LSD
(km s−1 )
(4)

-20.3(3)

-41.1(2)

-16.6(4)
-16.2(3)

-44.2(1)
-46.2(5)

-13.9(4)

-37.6(2)
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Chapter 5
MOBSTER - II. Identification of rotationally
variable A stars observed with TESS in Sectors 1
to 4

Statement of Co-Authorship
The following chapter consists of work that has been published in the Monthly Notices
of the Royal Astronomical Society. The work was carried out under the MOBSTER
collaboration, which was initiated by Dr. A. David-Uraz. As the first author of this
study, I carried out the majority of the analysis independently. The TESS light
curves that were analyzed in this study required some degree of post-processing.
In several instances, Dr. D. M. Bowman performed the post-processing; however, I
repeated a similar analysis on the majority of the light curves. The identification of
rotational modulation signals in the TESS light curves is, to some degree, inherently
ambiguous. Therefore, my search for such signals was independently repeated by
Dr. A. David-Uraz, S. Chowdhury, and O. Kobzar and our results were compared in
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order to reduce the number of potentially incorrect classifications.
All of the text contained in this chapter was written by me except for 3 short (subparagraph length) sections discussing HgMn stars included in Sect. 5.1 and 5.7 that
were written by Dr. O. Kochukhov. All other co-authors, including Dr. G. A. Wade,
Dr. V. Khalack, Dr. C. Neiner, and Dr. E. Paunzen provided comments to improve
various aspects of the analysis and the text.

Abstract
Recently, high-precision optical 2 min cadence light curves obtained with TESS for
targets located in the mission’s defined first four sectors have been released. The majority of these high-cadence and high-precision measurements currently span ∼ 28 d,
thereby allowing periodic variability occurring on timescales . 14 d to potentially be
detected. Magnetic chemically peculiar (mCP) A-type stars are well known to exhibit
rotationally modulated photometric variability that is produced by inhomogeneous
chemical abundance distributions in their atmospheres. While mCP stars typically
exhibit rotation periods that are significantly longer than those of non-mCP stars,
both populations exhibit typical periods . 10 d; therefore, the early TESS releases
are suitable for searching for rotational modulation of the light curves of both mCP
and non-mCP stars. We present the results of our search for A-type stars that exhibit
variability in their TESS light curves that is consistent with rotational modulation
based on the first two data releases obtained from sectors 1 to 4. Our search yielded
134 high-probability candidate rotational variables – 60 of which have not been previously reported. Approximately half of these stars are identified in the literature as
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Ap (mCP) stars. Comparisons between the subsample of high-probability candidate
rotationally variable Ap stars and the subsample of stars that are not identified as
Ap reveal that the latter subsample exhibits statistically (i) shorter rotation periods
and (ii) significantly lower photometric amplitudes.

5.1

Introduction

One fundamental property that distinguishes main sequence (MS) A-type stars with
masses 1.5 < M < 3 M from their lower-mass (M . 1.5 M ) counterparts is the
incidence rate of inhomogeneous surface brightness distributions, which are broadly
referred to as star spots. Contrary to MS A-type stars, essentially all late-F, G-, and
K-type MS stars exhibit bright and/or dim star spots (Cameron et al., 2002; Berdyugina, 2005; Ermolli et al., 2007). The relatively small fraction of MS A-type stars that
do host qualitatively similar surface structures are known as α2 CVn variables and
are identified based on detections of low-frequency photometric and spectroscopic
variability (Samus’ et al., 2017). While the origins of these surface structures differ,
in both the spotted low-mass MS star and α2 CVn cases, the observed photometric variability is understood to be a consequence of the star’s rotation: the star’s
brightness is modulated as surface features appear and disappear from view.
It is well established that α2 CVn variable stars are magnetic chemically peculiar
(mCP) Ap stars (e.g. Babcock and Burd, 1952). Furthermore, the origin of surface
brightness inhomogeneities that lead to photometric rotational modulation in α2 CVn
stars can be traced to the presence of strong, organized magnetic fields that are visible
at the stellar surface (Krtička et al., 2007, 2009, 2015). The mCP stars account for

5.1. INTRODUCTION

257

approximately 10 per cent of all MS A-type stars with masses ∼ 3 M (Wolff, 1968;
Aurière et al., 2007; Sikora et al., 2019c). They host strong, stable, and organized
magnetic fields with strengths ∼ 0.1 − 30 kG (Babcock, 1960; Landstreet, 1982).
Recently, a small number of non-mCP MS A-type stars have been found to host
ultra-weak (dubbed “Vega-like” after the prototype of the population) fields with
strengths . 1 G (Lignières et al., 2009; Petit et al., 2011a; Blazère et al., 2016b).
It is has been suggested that these stars may represent a new class of magnetic MS
A-type stars that are distinct from the mCP stars (Lignières et al., 2014).
The Kepler (Borucki et al., 2010), K2 (Howell et al., 2014), and CoRoT (Auvergne
et al., 2009) space-based photometry missions have resulted in the identification of
a large number of MS A-type stars exhibiting variability that is consistent with
rotational modulation (Balona, 2011; Paunzen et al., 2015; Bowman et al., 2018).
In particular, Balona (2013) reported the discovery that ∼ 40 per cent of MS Atype stars observed with Kepler may exhibit photometric rotational variability. In
addition to the rotational variables, Balona (2012, 2013) also identified (i) a number
of apparently flaring A-type stars and (ii) unexplained periodogram features that are
characterized by nearly coincident low-frequency diffuse and narrow peaks (e.g. Fig.
6 of Balona, 2013).
Pedersen et al. (2017) carried out a detailed analysis of 33 of the A-type stars that
reportedly exhibit evidence of flares in their Kepler light curves. They confirmed
the presence of flares in 27 of these stars’ light curves but found that the flares
associated with 14 of these cases may be attributed to contamination from nearby
sources. Ultimately, these authors concluded that the flares identified by Balona
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(2012, 2013) are likely not intrinsic to the A stars themselves. In the case of the
unexplained periodogram features, Balona (2014) suggested that the diffuse peaks
may be caused by spots appearing on the surface of a differentially rotating A star
while the narrow peaks are caused by close-in Jupiter-sized planets. However, Saio
et al. (2018) argue for a more physically-justified explanation in that the features in
the amplitude spectra of many A stars are evidence of Rossby waves (also known
as r modes, Papaloizou and Pringle, 1978), which can occur in rotating γ Dor stars.
Observational evidence of this phenomenon has been previously identified by Van
Reeth et al. (2016).
If the variability identified by Balona (2013) is indeed produced by spots on the
surfaces of rotating A-type stars, then what is the origin of the spots? Such variability in these particular objects is normally attributed to the presence of magnetic
fields that are visible at the surface. The reported ∼ 40 per cent incidence rate
of rotationally variable A-type stars is several times higher than the incidence rate
of strongly magnetic (mCP) stars; therefore, it is unlikely that all of these stars are
strongly magnetic. Considering that surface spots have been detected on Vega (which
hosts an ultra-weak field, Böhm et al., 2015) and that such spots may lead to photometric variability, it is plausible that a large number of the A-type stars that were
found to exhibit rotational modulation by Balona (2013) may host ultra-weak fields.
Recently, Cantiello and Braithwaite (2019) explored the observational consequences
of convection that might produce dynamo magnetic fields at or near the surfaces
of fast-rotating A- and B-type stars. Referring to similar discussions presented by
Cantiello and Braithwaite (2011) in the context of more massive stars, the authors
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note that such magnetic fields are expected to result in both ultra-weak fields and
coincident spots characterized by low temperature contrasts (∼ 10 K) being present
at the stellar surface. They predict that, while all A- and late B-type stars should
host these features, they are likely largely undetectable. The fraction of stars for
which the temperature spots can be expected to be detected depends on the size and
number of spots (Kochukhov and Sudnik, 2013), which is not well constrained.
The MS A-type stars as defined in this study partly overlap with the mercurymanganese (HgMn) group of CP stars, which exhibit a distinct and unique rotational
variability. HgMn stars have masses between 2.5 M

and ∼ 5 M

and effective

temperatures as low as 10 000 K (Ghazaryan and Alecian, 2016). These stars show
no evidence of either global or strong complex magnetic fields (Aurière et al., 2010;
Makaganiuk et al., 2010; Kochukhov et al., 2013), with the best upper limits on
the longitudinal field component currently in the 1 − 10 G range. Nevertheless,
many of these stars show rotational line profile variability indicative of low-contrast,
large-scale inhomogeneous surface abundance distributions (Adelman et al., 2002;
Kochukhov et al., 2005b; Folsom et al., 2010; Briquet et al., 2010; Makaganiuk et al.,
2012). Unlikely stationary spots on magnetic Ap stars, surface structures on HgMn
stars evolve on time scales from months to years (Kochukhov et al., 2007; Korhonen
et al., 2013), suggesting a different underlying physical mechanism of their formation.
A low-amplitude photometric modulation associated with chemical spots on HgMn
stars is undetectable from the ground but can be identified using high-precision space
photometric data (Alecian et al., 2009; Balona et al., 2011; Hodgson et al., 2017).
The MOBSTER collaboration (Magnetic OB[A] Stars with TESS : probing their
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Evolutionary and Rotational properties; David-Uraz et al., 2019) is focused on advancing our understanding of stellar magnetism of intermediate- and high-mass stars
using TESS observations along with spectroscopic and spectropolarimetric follow-up
observations. The primary goal of the study presented here, which is the second of
a series of publications by the MOBSTER collaboration, is to identify new candidate rotational variable MS A-type stars based on the release of TESS observations.
These stars are hypothesized to host either strong magnetic fields (similar to those
associated with mCP stars) or ultra-weak fields (similar to that found on Vega,
Lignières et al., 2009). Since these stars are generally much brighter than those detected by Kepler, these identifications will serve as the basis for spectropolarimetric
surveys designed to detect such magnetic fields, as was proven a successful strategy
with stars observed by K2 (e.g. Buysschaert et al., 2018).
In Sect. 5.2 we describe the TESS observations on which our study is based. In
Sect. 5.3 we describe our sample of A-type stars and the methods by which it was
constructed. In Sect. 5.4 we discuss how our search for rotationally modulated TESS
light curves was carried out and present the results of this search. In Sect. 5.5, we
present the fundamental parameters (i.e. effective temperatures, radii, masses, etc.)
associated with our sample and describe the way in which they were derived. In
Sect. 5.6, we discuss some of the more noteworthy targets identified as candidate
rotational variables. Finally, in Sect. 5.7 we summarize and discuss the results of
this study.
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Observations

TESS is optimized to detect planetary transit signatures in light curves of MS dwarf
stars having IC magnitudes of approximately 4 − 13 (Ricker et al., 2015). For typical
MS A-type stars, which are the focus of this study, the IC limits correspond to
Johnson V magnitudes of approximately 3 − 12. The passband of the filter used
by the onboard photometer has an effective wavelength of ≈ 7 500 Å and a width of
≈ 4 000 Å (Sullivan et al., 2015). In this study we used the 2 min PDC SAP light
curves processed by the TESS Science Team. These light curves are available from
the Mikulski Archive for Space Telescopes (MAST)1 . We refer the reader to Jenkins
et al. (2016) for a description of the pipeline that produces these light curves.
The TESS data considered in this study consist of targets located in sectors
1 to 4. These sectors are in the southern ecliptic and contain targets with right
ascension (RA) values of RA < 131 degrees and RA > 308 degrees and declination
(Dec) values of −85 < Dec < +12 degrees. The observations have been obtained
over a period of ≈ 4 months from July 25 to November 14, 2018. Sectors 1 and 2,
sectors 2 and 3, and sectors 3 and 4 partially overlap where Dec . −30 degrees; the
light curves associated with the targets found in only one sector (the majority of the
targets) span 28 d while those associated with targets found in two sectors span 56 d.
The brightness measurements exhibit typical uncertainties of . 800 parts per million
(ppm).
1

https://archive.stsci.edu/tess/
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Sample

TESS light curves of 44 371 targets in sectors 1 to 4 were made available during the
first two data releases. In order to identify the A-type stars within this sample, we
first cross-referenced this list with the SIMBAD astronomical database2 for available
spectral types associated with those targets. No spectral types could be found for
20 098 of the 44 371 observed targets while a further 5 083 targets could not be found
within SIMBAD. We identified 1 715 A-type stars from the 19 190 TESS targets with
available spectral types.
We attempted to identify the A-type stars in the subset of 25 181 stars (20 098 +
5 083) without available spectral types using their effective temperatures (Teff ). The
TESS Input Catalogue (TIC, Stassun et al., 2018) includes Teff values that are either
derived from (V −KS )−Teff calibrations (Casagrande et al., 2008; Huang et al., 2015)
or are taken from published spectroscopic surveys. Typical A-type stars exhibit
7 000 . Teff . 10 000 K; however, the colour-Teff calibrations used for the majority of
the Teff values reported in the TIC are only applicable to stars having Teff ≤ 9 755 K.
Out of the subset of 25 181 observed stars without available spectral types that
are listed in the TIC, 228 exhibit 7 000 ≤ Teff ≤ 9 755 K and another 228 have
not been assigned Teff values (i.e. their Teff values could not be estimated using
the (V − KS ) − Teff calibrations and no spectroscopically determined Teff values are
available).
Johnson B and V magnitudes are available for 93 of the 228 stars without Teff
values listed in the TIC. We estimated their Teff values using the (B − V ) − Teff
2

http://simbad.u-strasbg.fr/simbad/

5.3. SAMPLE

263

calibration published by Gray (2005) for MS stars. This colour-Teff calibration is
reasonably sensitive to stars with Teff . 10 000 K; the scatter associated with the
calibration is estimated to be ≈ 2 − 5 per cent. The (B − V ) − Teff calibration
yielded 19 stars having 7 000 ≤ Teff ≤ 10 000 K and are therefore considered to be
candidate A-type stars.
In summary, out of the 44 371 targets included in the first two TESS data releases,
we identified a total of 1 962 A-type stars based on (i) published spectral types (1 715
stars), (ii) the (V − KS ) − Teff calibrations used in the TIC (228 stars), and (iii)
(B − V ) − Teff calibrations (19 stars). We note that by adopting a minimum Teff
value of 7 000 K in our search for A-type stars within the subsample of those stars
without available spectral types, a number of cooler A-type stars will likely have
been missed. While this is unlikely to significantly impact the broader findings of
our study, it may have an impact on the results associated with the coolest and
lowest mass A-type stars in our sample.
Johnson V magnitudes for all but one of the 1 962 A-type stars included in our
sample are listed in the TIC. The sample exhibits a median V magnitude of 8.7 mag
and ranges from 16.4 to 2.9 mag. Distances (d) derived from the parallax angles
associated with the second Gaia Data Release (DR2) (Gaia Collaboration et al.,
2016; Holl et al., 2018; Bailer-Jones et al., 2018a) for 1 906 of the 1 962 sample stars
are available; based on these values, the majority of the stars in the sample are
relatively nearby with 90 per cent having d . 440 pc. Out of the 1 962 stars in our
sample, 363 are located in overlapping sectors and thus, their light curves have a
temporal baseline of 56 d while the remaining 1 599 appear only in one sector and
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have temporal baselines of 28 d.

5.4

Rotational Modulation

5.4.1

Search criteria

We carried out a search for rotationally modulated variability in the set of TESS
light curves by adopting the main criteria outlined by Balona (2011, 2013): (i) the
frequency spectrum of the light curve (i.e. the periodogram) must exhibit a low
frequency peak (f1 . 3 d−1 ) that plausibly corresponds to the star’s rotational frequency and (ii) this peak must be accompanied by a first harmonic (f2 = 2f1 ). The
first criterion is based on the fact that the critical rotation frequency of a zero age
MS (ZAMS) A-type star ranges from fcrit ≈ 3 − 3.7 d−1 . As described by Balona
(2013), the second criterion is adopted as a means of minimizing the number of stars
exhibiting low frequency signals that may be caused by pulsations rather than rotational modulation (e.g. γ Dor stars and slowly pulsating B-type stars, Cousins et al.,
1989; Waelkens, 1991; De Cat and Aerts, 2002; Henry and Fekel, 2003).
As a result of the second criterion, rotational variables may not be detected in our
study if the amplitude of the first harmonic (A2 ) is low. The ratio of the amplitude of
the rotational frequency (A1 ) to A2 depends largely on the distribution of co-rotating
surface structures (i.e. spots) and on the inclination angle, i, of the star’s rotational
axis. We attempted to evaluate the selection effect that the second criterion has
on our sample of identified rotational variables by using the analytical spot model
developed by Eker (1994). The model consists of a rigidly rotating star having one
or more circular surface spots positioned at various longitudes and latitudes. The
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inclination of the star’s rotation axis, the manner in which limb darkening is treated
(i.e. whether it is neglected or described by a linear or quadratic limb darkening law),
and the spot radii and contrast values are input parameters that can be modified in
this model.
The expected range of the ratio A1 /A2 was estimated by carrying out several
Monte Carlo (MC) simulations. We generated 500 models each for cases in which
between 1 and 5 spots are present on the star’s surface. For each model, the star’s
i value, spot longitudes, latitudes, and angular radii (ranging from 2 to 30 degrees)
were randomly assigned; for those models with more than one spot, the same radius
was adopted for each spot. We used a linear limb darkening law with a coefficient
of u = 0.589, which is computed by Dı́az-Cordovés et al. (1995) in the V band for
a 7 000 K star with log g = 4.0 (cgs). We adopted a rotation period of 2.5 d and the
light curves were then calculated during 40 d (16 rotational cycles) with a cadence of
2 min. Lomb-Scargle (LS) periodograms (Lomb, 1976; Scargle, 1982b; Press, 2007)
were calculated for each synthetic light curve (the same technique was employed in
the analysis of the TESS light curves, as described below) from which the values of
A1 and A2 were extracted in units of magnitude.
In Fig. 5.1 we show the cumulative distribution functions for A1 /A2 associated
with the MC simulations carried out with 1 to 5 spots. The results suggest that stars
having multiple spots are more likely to exhibit A1 /A2 ratios that are & 2 compared
to stars with single spots. This implies that stars with complex spot distributions
are less likely to satisfy the second criterion in our search for rotational modulation
since, depending on the value of A1 , the value of A2 is more likely to fall below the
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Figure 5.1: Cumulative distribution functions corresponding to A1 /A2 based on the
spot model published by Eker (1994). The distributions for models with
1, 2, 3, 4, and 5 spots are shown increasing in brightness from dark blue
to light blue and alternating between solid and dashed lines.
detection threshold. It is also noted that a non-negligible fraction (∼ 10 per cent)
of the models exhibiting more than one spot have A1 /A2 < 1 and thus, the rotation
frequency does not necessarily correspond to the periodogram peak with the largest
amplitude.
The two criteria used to identify rotationally modulated light curves are also
frequently satisfied by eclipsing binaries (EBs) and ellipsoidal variables (EVs). EBs
are easily identified based on the presence of primary and secondary eclipses in
their light curves; however, EVs can exhibit highly sinusoidal light curves similar to
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those produced by rotational modulation (e.g. Fig. 10 of Smalley et al., 2014). In
order to reduce the number of EVs misclassified as rotational variables, we rejected
any non-Ap rotational variable candidates with light curves exhibiting a deep local
minimum followed by a shallower local minimum that are both bracketed by the
system’s maximum brightness. These characteristic features of EVs are often easy
to identify when the light curve is phased by the system’s orbital period since the two
minima have a phase separation of 0.5. Furthermore, the distances separating the
two components of an EV system are relatively low and the inclination of the orbital
plane is relatively high; therefore, radial velocity variations are often large and easy
to detect (e.g. Matson et al., 2017). We searched the literature for any reported
detections of radial velocity variations from which orbital periods have been derived.
Those candidate rotational variables with reported orbital periods consistent with
the photometric periods that were originally attributed to the star’s rotation were
rejected.
The last step of the search process involved classifying the identified candidate rotational variables as either low- or high-probability candidates. In a number of cases,
the rotation and first harmonic peaks were accompanied by additional low-frequency
peaks with comparable amplitudes (e.g. γ Dor stars, Henry and Fekel, 2003). These
stars were considered to be low-probability candidate rotational variables due to our
inability to distinguish between those peaks that are caused by rotational modulation and those which are caused by pulsations; all other candidates were assigned a
high-probability status.
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Figure 5.2: Examples of TESS light curves associated with Ap stars that are found to
exhibit variability that is consistent with a rotational origin. Left: Subsamples of the full light curves. Right: The Lomb-Scargle periodograms
derived from the light curves. The rotational frequencies believed to be
the stars’ rotational frequencies are apparent along with the first harmonic. The spectral window function is shown in the inset at upper
right.

5.4. ROTATIONAL MODULATION

269

Figure 5.3: Same as Fig. 5.2 but for non-Ap stars. Note that TIC 44627561 (top)
exhibits high-frequency ∼ 20 d−1 variability that is typical of δ Scuti
stars.

5.4. ROTATIONAL MODULATION

5.4.2

270

Application of the search criteria to the TESS sample

We found that the signatures of rotational modulation in the light curves that were
reduced and made publicly available by the TESS team could be more clearly identified after they were post-processed. This involved manually removing obvious outliers
and detrending instrumental systematics by subtracting a low-order polynomial. We
note that this detrending process may remove long-term trends described by periods
that are approximately one or more times as long as the total light curve’s timespan.
First- or second-order polynomial fits are unlikely to remove short period signals that
are strictly periodic; however, signals that exhibit variations between consecutive cycles (e.g. such as those which might be associated with evolving star spots) are more
susceptible to being removed.
We calculated LS periodograms of these post-processed light curves using an oversampling factor of ten to ensure that peaks in a periodogram were well resolved. Statistically significant peaks were then identified using an iterative pre-whitening procedure similar to that described by Morel et al. (2011). For each iteration, the frequency
of the maximum-amplitude peak (fmax ) appearing in the periodogram was identified
and a first-order sinusoidal function having frequency fmax (i.e. A sin [2πfmax t + φ]
where A, t, and φ correspond to the semi-amplitude, time, and phase) was fit to the
light curve with A and φ as free parameters. The fit was then subtracted from the
light curve and the LS periodogram was recalculated. This procedure was repeated
until either 50 frequencies had been extracted or until no peaks having a statistical
significance ≥ 5 σ were found (the significance is evaluated according to Eqn. 13.8.7
of Press, 2007). Uncertainties in all the extracted frequencies and their associated
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amplitudes were estimated using the prescriptions described by Montgomery and
O’Donoghue (1999), which involve the root mean square deviation (RMSD) of the
noise inherent in the light curve (σ[m]). We estimated σ(m) by taking the RMSD of
the light curve once all of the statistically significant signals had been removed.
After extracting the frequencies as described above, we carried out an automated
routine designed to identify rotation (f1 ) and first harmonic (f2 ) frequency pairs.
The first harmonic is given by f2 = 2f1 ± ∆f where ∆f is defined as the half-width
at half-maximum of the central peak of each light curve’s spectral window function
corresponding to a typical value of 0.02 d−1 . The 1 695 light curves exhibiting low
frequency peaks with accompanying first harmonics were then inspected visually;
those targets with obvious EB, EV, or pulsational (e.g. RR Lyrae stars) signatures were removed from the list of candidate rotational variables. The remaining
candidates were then assigned either a low-probability or high-probability candidate
rotational variable classification based on the appearance of additional low-frequency,
high-amplitude peaks (described in Sect. 5.4.1).
Having identified periodogram peaks that are likely associated with each star’s
rotation period (Prot = 1/f1 ), we refined the final Prot values using a LevenbergMarquardt least-squares algorithm. This involved fitting the light curves to a sinusoidal function that includes the first four harmonics:

∆T (t) = a0 +

n=5
X

an sin (2πnt/P + φn )

(5.1)

n=1

where a0 , an , φn , and P are free parameters. The a1 and P parameters are assigned initial guesses of half the range of ∆T (t) and 1/f1 , respectively, while all
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other parameters are assigned initial guesses of zero. The uncertainties in each of
the fitting parameters were estimated using a residual bootstrapping method. The
refined rotation periods associated with the high-probability candidates along with
the maximum amplitudes (∆Tmax , i.e. the largest an , which always corresponds to
either a1 or a2 ) associated with the sinusoidal fitting function are listed in Table 5.1.
In Fig. 5.2, we show sample light curves and their associated periodograms of
several Ap stars identified as high-probability candidate rotational variables. Similarly, Fig. 5.3 shows examples of stars that are classified as non-chemically peculiar
(i.e. their spectral types do not contain a ‘p’ classification) in the literature and
are also considered to be high-probability candidate rotational variables. The search
yielded 134 high-probability and 126 low-probability candidate rotational variables,
respectively. This corresponds to an incidence rate of 6.8 ± 0.6 per cent. Including
those stars identified as low-probability rotational variables increases this incidence
rate to 13.3 ± 0.9 per cent. Out of the 134 high-probability candidate rotational
variables, 76 are classified as Ap stars, 3 are classified as Am stars, 7 have luminosity classes of II or III (i.e. they have likely evolved off the MS), and 48 are either
classified as non-chemically peculiar MS stars or are unclassified.
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Figure 5.4: Distributions of the rotation periods (Prot ) obtained from the TESS
light curves associated with the high-probability (HP) rotational variable candidates for the total sample (solid black), subsample of Ap stars
(red hatched), and subsample of non-Ap stars (dashed black). Inset:
The cumulative distribution functions associated with the Prot values of
the TESS stars not classified as being Ap (dashed black), the TESS
stars classified as Ap (solid red), and the confirmed mCP stars having
Prot < 15 d (90 per cent of the sample of mCP stars) included in the
survey carried out by Sikora et al. (2019c) (dotted black).
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Figure 5.5: Distributions of the maximum photometric amplitudes (∆Tmax ) associated with the rotational modulation for the high-probable (HP) rotational variable stars: the total sample (solid black), subsample of Ap
stars (red hatched), and subsample of non-Ap stars (dashed black) are
shown. The cumulative distribution functions associated with the nonAp (dashed black) and Ap (solid red) are shown in the inset plot.
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Table 5.1: Parameters associated with the 134 identified high probability candidate rotational variables.
Columns (1) through (8) list the TIC identifiers, alternative identifiers, spectral types, V magnitudes, maximum photometric amplitudes associated with the rotational modulation signals (∆Tmax
where the 1 or 2 subscript indicates whether ∆Tmax corresponds to f1 or f2 ), rotation periods inferred from the TESS light curves, published rotation periods, and notes. The numbers in parentheses in rotation periods indicate the uncertainty in the value (3σ uncertainties are listed for both
∆Tmax and Prot ). We note the confidence with which any reported magnetic field measurements in
the literature have been obtained: definite detections (DD), marginal detections (MD), and null
detections (ND). Additionally, we note whether each star is identified as a spectroscopic binary
(SB), visual binary (VB), δ Scuti pulsator, roAp star, and if the amplitude of the rotational modulation is found to vary over time (amplitude modulation, AMod). Those stars without Prot,pub
values are considered new rotational variables; similarly, those δ Scuti and roAp identifications that
are not accompanied with references are considered new classifications. The full table appears at
the end of this chapter.
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a

Catalano et al. (1998), b Cunha et al. 2019 (submitted), c Pourbaix et al. (2004), d Bagnulo et al. (2015)

e

Netopil et al. (2017), f Kudryavtsev et al. (2006), g Oelkers et al. (2018), h Borra and Landstreet (1980)
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The distribution of the inferred rotation periods of the 134 high-probability rotational variables is shown in Fig. 5.4. The longest period is ≈ 20 d; 81 per cent of the
134 stars exhibit Prot < 5 d. Statistically, chemically peculiar Ap stars are known
to have significantly longer rotation periods compared with their chemically normal,
main sequence counterparts (e.g. Wolff, 1975; Abt and Morrell, 1995b). Comparing
the high-probability candidate rotational variables with Ap classifications with the
remainder of the high-probability candidates, we find that the Ap stars have statistically longer inferred Prot values: this is apparent from the cumulative distribution
functions shown in the inset plot of Fig. 5.4. We also compare the rotation periods
of the 76 Ap stars with those of the sample of nearby magnetic Ap stars studied
by Sikora et al. (2019c). The TESS light curves span a period range of ≈ 30 d for
the majority of the stars in our sample (i.e. for those stars that are found in only
one sector), which implies that only rotation periods of Prot . 15 d can be detected.
Comparing the distributions of those stars in the two samples having Prot < 15 d –
75/76 of the Ap stars included in this study and 43/48 of the stars included in the
survey carried out by Sikora et al. (2019c) – yields close agreement.
In Fig. 5.5 we show the distribution of maximum TESS photometric amplitudes
(∆Tmax , i.e. the maximum of the amplitudes associated with f1 and f2 ) for the
identified 134 high-probability rotational variables. The distribution ranges from
∼ 3 − 52 mmag and exhibits a median value ∼ 6 mmag. Comparing the distributions
of ∆Tmax associated with the Ap stars and those not identified as Ap, it is evident
that the sample of Ap stars tend to exhibit larger ∆Tmax values.
We searched the light curves of the identified 134 high-probability candidate
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rotational variables for evidence of amplitude modulation (AMod). This was carried
out by dividing each light curve into sections spanning one rotational cycle (defined
by Prot ); those sections having a coverage . 80 per cent of the rotational cycle were
discarded. The sections were then individually fit using Eqn. 5.1 with P fixed at Prot
while allowing the an and φn terms to vary. Evidence of AMod is manifest as changes
in the amplitudes associated with the rotation frequency and first 4 harmonics (an
where n goes from 1 to 5) over time. In many cases, the variations in an were found
to be correlated with the level of noise throughout the light curve; those sections of
the light curve that were obviously affected by the level of noise were disregarded.
We identified 22 instances of clear AMod that is not obviously induced by changes
in the noise level or by the detrending process that was applied to the light curves.
These cases are noted in Table 5.1 and 3 examples of such light curves are shown
in Fig. 5.6. In several of the light curves the detected AMod could be a beating
effect caused by low-amplitude (pulsation) frequencies in a narrow frequency near
the rotation frequency (e.g. Degroote et al., 2011; Bowman et al., 2016) produced by
pairs of signals having narrow frequency spacings. An example of this is shown in the
second panel of Fig. 5.6 (TIC 70525154). The apparent beating could also be induced
by the presence of binary companions or background variable stars; therefore, the
detected AMod may not be intrinsic to the A stars themselves. Out of the 22 stars,
3 have likely evolved off of the MS based on their luminosity classes of II or III, 1
is an Am star, 8 are Ap stars, and 10 are not identified as chemically peculiar. The
inferred rotation periods of the 3 evolved stars and 1 Am star are all < 1 d while
those of the 8 Ap stars and remaining 10 non-Ap stars are between 0.5 and 4.4 d.
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Figure 5.6: Examples of TESS light curves exhibiting rotational modulation with
variable amplitudes (amplitude modulation, AMod).
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The study recently carried out by Cunha et al. (submitted) focuses on Ap stars
observed with TESS in sectors 1 and 2. It consists of 83 stars located in sectors 1
and 2; they find that 61 of these targets exhibit variability that is consistent with
rotational modulation and for which rotation periods could be inferred from the
TESS light curves. A total of 76 out of the 83 stars in their sample are also found in
our sample while the 7 stars that are excluded have reported spectral types of either F
or B and thus were filtered out during the construction of our sample. The majority
of our identifications of candidate rotational variables is in agreement with those
reported by Cunha et al. (submitted): only four stars that these authors identify
as rotational variables are not identified as such in our survey due to the difficulty
with which we were able to identify clear rotation and first harmonic frequency
pairs in accordance with the search criteria outlined in Sect. 5.4.1. For example,
TIC 394124612 exhibits a large number of low-frequency peaks in the periodogram
associated with its light curve; as a result, we could not definitively attribute a single
peak to the star’s rotation frequency.

5.5

Fundamental parameters

The TIC (Stassun et al., 2018) provides a number of fundamental stellar parameters including effective temperatures, luminosities, radii, and masses. For 12 of the
1 962 stars in the sample of A-type stars the reported fundamental parameters are
obtained from large spectroscopic surveys that have been compiled into the TIC. For
the majority of the stars (1 900 of the 1 962 stars in the sample) the fundamental
parameters listed in the TIC have been derived using the (V − KS ) − Teff calibration
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published by Huang et al. (2015). Comparisons between the extracted spectral types
of the stars in our sample with the Teff values derived from this colour-Teff calibration suggest that many of the temperatures may be inaccurate (e.g. TIC 13373403
is an A0/1V star with a reported Teff = 5 500 K and TIC 30728476 is an A7V star
with a reported Teff = 9 200 K). As a result, we decided to derive the fundamental
parameters for our sample using several methods.

5.5.1

SED fitting

We derived temperatures, luminosities, and stellar radii by fitting the available photometric observations with synthetic spectral energy distributions (SEDs). The TIC
contains Johnson B and V magnitudes for 1 956 of the 1 962 A-type stars in our
sample and 2MASS J, H, and KS (Cohen et al., 2003) magnitudes for 1 959 stars.
We searched additional catalogues for available Johnson U (31 stars, Ducati, 2002),
Tycho BT and VT (953 stars, ESA, 1997), Strömgren uvby (537 stars, Hauck and
Mermilliod, 1997), and Geneva U B1 BB2 V V1 G (402 stars, Rufener and Nicolet, 1988)
magnitudes. All of the photometric measurements were converted from magnitudes
to physical flux units using published Johnson, Tycho (Bessell and Murphy, 2012),
Strömgren (Bessell, 2011), Geneva (Rufener and Nicolet, 1988), and 2MASS (Cohen
et al., 2003) zero points.
Colour excess values (E[B − V ]) associated with 1 885 and 1 457 of the 1 962 stars
in our sample are listed in the TIC and reported by Gontcharov and Mosenkov (2017),
respectively. We found that de-reddening the flux measurements using the values
taken from either of these catalogs prior to carrying out the SED fitting analysis
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Figure 5.7: Two examples of the fits yielded by the SED fitting analysis involving
various photometric filters. The filled red circles correspond to the observed flux measurements; the black ‘X’ symbols correspond to the model
flux associated with the various filters. Top: Fit obtained with Johnson,
Tycho, Strömgren, Geneva, and 2MASS filters. Bottom: Fit obtained
with Johnson, Tycho, and 2MASS filters.
yielded a large number of Teff values that are significantly greater than is expected
for A-type stars (Teff > 12 000 K). Furthermore, based on the distances derived from
the Gaia DR2 parallax measurements (Bailer-Jones et al., 2018a), many of these
stars were found to be positioned well below the main sequence in the HertzsprungRussell Diagram. As a result, we opted to derive the fundamental parameters with
E(B − V ) ≡ 0.
We used the grid of synthetic SEDs published by Castelli and Kurucz (2003) to
fit the photometric observations. The grid consists of models having 5 000 ≤ Teff ≤
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20 000 K in increments of 250 − 1 000 K, surface gravities of 3 ≤ log g ≤ 5 (cgs)
in increments of 0.5, and metallicities of −2.5 ≤ [M/H] ≤ +0.5 in increments of
0.2 − 0.5. The model SEDs are computed using the solar abundances published
by Grevesse and Sauval (1998). The model flux associated with each photometric
filter was then computed using the transmission functions obtained from the same
publications from which the zero points were obtained. The grid of synthetic SEDs
was linearly interpolated in Teff , log g, and [M/H] in order to produce a uniform grid
having ∆Teff = 50 K, ∆ log g = 0.5, and ∆[M/H] = 0.5.
The best-fitting Teff , log g, and [M/H] were derived using a grid-search χ2 minimization analysis that was carried out with the interpolated grid of models. The
χ2 value associated with each grid point was calculated after deriving an angular
radius (α ≡ (R/d), where R and d correspond to the star’s radius and distance,
respectively); for those stars with known distances, the angular radius was used to
infer the stellar radii. The distances were primarily obtained from Bailer-Jones et al.
(2018a), which are based on Gaia DR2 parallax measurements (1 906 of 1 962 stars
in the sample). Additional distances were obtained from the Gaia DR1 parallax
measurements derived by Astraatmadja and Bailer-Jones (2016) (9 of 1 962 stars),
Hipparcos parallax measurements (van Leeuwen, 2007) (28 of 1 962 stars), or Tycho
parallax measurements (ESA, 1997) (2 of 1 962 stars); no distances could be obtained
for 17 of 1 962 stars. For 88 stars, [M/H] values are listed in the TIC; in these cases,
[M/H] was fixed at the reported values. The Teff and R values were used to derive the
luminosities (L) of the stars in our sample based on the Stefan-Boltzmann relation.
In Fig. 5.7, we show two examples of the obtained fits to the observed photometry.
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The uncertainties in Teff , log g, [M/H], R, and L were estimated using the residual
bootstrapping method described by Sikora et al. (2019c); note that the uncertainties in R and L include the errors in the distances that are propagated through the
scaling factor α.
Effective temperatures were derived for 1 913 stars through the SED fitting analysis. Based on our bootstrapping method of estimating uncertainties, we find that
1 765 of these stars (92 per cent) exhibit σTeff ≤ 200 K. For nearly all of those stars
that were found to have σTeff ≥ 400 K, only Johnson B and V and 2MASS J, H, and
KS measurements are available (only two of the stars with more than five available
measurements were found to have σTeff ≥ 400 K). Overall, only moderate differences
are evident between those σTeff values obtained from stars with only five available
measurements compared to those with more than five: we find that hσTeff i = 150 K
in the former case compared to hσTeff i = 100 K in the latter case.
5.5.2

Strömgren colour-Teff calibrations

In addition to the SED fitting, we also derived Teff , R, and L values using Strömgren
colour-Teff calibrations for those 537 stars with available Strömgren indices. As in the
SED fitting analysis, we opted not to de-redden the colour indices prior to applying
the calibrations.
Out of the 537 stars with available Strömgren indices, 32 are identified as Ap
stars; in these cases, we applied the calibrations published by Stepień (1994). These
calibrations include bolometric corrections (BCs), which were used along with the
available Johnson V magnitudes and distances to derive L and R. For the remaining
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stars not identified as Ap, we used the calibrations incorporated into the uvbybeta
IDL routine (Moon and Dworetsky, 1985). The R and L values were then derived
using the same method as was applied to the Ap stars where the BCs were calculated
from the calibration published by Flower (1996).
The adopted Teff , R, and L values associated with the stars in our sample have
been derived using five methods: (i) a spectroscopic-based analysis (Stassun et al.,
2018) (12 stars), (ii) SED modelling (1 889 stars), (iii) Strömgren colour-Teff calibrations (5 stars) (iv) (V − KS ) − Teff calibrations (41 stars), and (v) a (V − B) − Teff
calibration (8 stars). For each star, the method that was used to obtain the final
parameters was prioritized based on the order in which they are listed above. In Fig.
5.8, we compare the first three of these methods for those stars for which multiple
methods could be applied. It is evident that, in general, the Teff values derived from
the SED modelling and the Strömgren colour-Teff calibration are in agreement with
the values listed in the TIC that were derived from (V − KS ) − Teff calibrations.
Comparisons between Teff,Strömgren and Teff,SED yield a median absolute deviation of
150 K while comparing Teff,Strömgren and Teff,TIC yields a slightly higher value of 210 K.
5.5.3

Hertzsprung-Russell diagram

The masses of the stars in our sample were computed by comparing their positions
on the HRD with several non-rotating grids of model evolutionary tracks. For stars
having masses < 3.5 M , we used the dense grid computed by Mowlavi et al. (2012),
which has mass intervals of 0.1 M . For the small number of more massive stars in
the sample, we used the grid computed by Ekström et al. (2012), which has larger
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Figure 5.8: Comparisons between Teff values derived using three methods: Teff,TIC are
obtained from the TESS Input Catalogue, Teff,Strömgren are derived from
a Strömgren colour-Teff calibration, and Teff,SED are derived by fitting
synthetic SEDs to various photometric measurements, depending on their
availability.
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mass intervals of 0.1 − 2 M for the models with M ≤ 15 M . The derivation of the
masses and their uncertainties was carried out using the method described by Sikora
et al. (2019c).
In Fig. 5.9 we show the Hertzsprung-Russell diagram (HRD) generated using the
sample’s derived Teff and L values. These are plotted along with the grid of model
evolutionary tracks for solar metallicity, non-rotating stars published by Ekström
et al. (2012). It is evident that the sample roughly spans the entirety of the MS for
those stars having 1.4 . M/M . 3. Based on the HRD, the sample appears to
include a small number of post-MS stars, which is consistent with the fact that 212
of the stars in the sample have luminosity classes of II or III. The incidence of the
high-probability candidate rotational variable stars as a function of mass is shown in
Fig. 5.10. In Table 5.2, we list the derived fundamental parameters (Teff , log L, M ,
and R) associated with the 134 high-probability candidate rotational variable stars
in our sample.

TIC

d

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

7624182

461 ± 7

8666 ± 229

8450 ± 200

1.68 ± 0.04

3.24 ± 0.15

2.42 ± 0.15

7780491

218 ± 2

8030 ± 220

7700 ± 100

1.29 ± 0.01

2.48 ± 0.05

1.96 ± 0.12

10863314

256 ± 5

8968 ± 234

9050 ± 100

1.69 ± 0.02

2.85 ± 0.08

2.45 ± 0.14

12359289

672 ± 31

12300 ± 250

2.56 ± 0.07

4.19 ± 0.28

3.95 ± 0.20

12393823

226 ± 5

10250 ± 100

1.45 ± 0.03

1.68 ± 0.05

2.27 ± 0.09

24186142

272 ± 6

11200 ± 150

1.95 ± 0.04

2.51 ± 0.08

2.94 ± 0.18

24225890

390 ± 8

7300 ± 100

1.08 ± 0.02

2.18 ± 0.06

1.75 ± 0.12

27985664

872 ± 75

11550 ± 200

2.07 ± 0.10

2.69 ± 0.27

3.12 ± 0.20

29432990

224 ± 4

7115 ± 207

6750 ± 100

0.89 ± 0.02

2.03 ± 0.07

1.58 ± 0.11

29666185

123 ± 1

7975 ± 219

8200 ± 100

1.27 ± 0.02

2.14 ± 0.03

1.97 ± 0.13

29755072

232 ± 4

8292 ± 224

7800 ± 100

1.54 ± 0.03

3.21 ± 0.09

2.23 ± 0.16

29781099

204 ± 1

8362 ± 225

8100 ± 100

1.28 ± 0.02

2.22 ± 0.05

1.97 ± 0.12

32035258

160 ± 2

13650 ± 200

2.20 ± 0.03

2.26 ± 0.06

3.57 ± 0.14

(1)

7163 ± 207

RSED

MSED

(R )

(M )
(7)
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9433 ± 241

log(LSED /L )
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Table 5.2: Fundamental parameters associated with the 134 identified high probability candidate rotational
variables. Columns (1) through (7) list the TIC identifiers, distances (d), effective temperatures
listed in the TIC (Teff,TIC ), effective temperatures (Teff,SED ), luminosities (log LSED /L ), and radii
(RSED ) derived through the SED fitting analysis, and the masses (M ) derived from comparisons
with evolutionary models. The full table appears only in the elctronic version of the paper.

TIC

d

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

38586082

126 ± 7

8669 ± 229

9050 ± 100

1.63 ± 0.05

2.65 ± 0.19

2.38 ± 0.14

41259805

243 ± 2

8034 ± 220

8050 ± 100

1.07 ± 0.01

1.76 ± 0.03

1.79 ± 0.11

42055368

174 ± 1

7362 ± 210

7600 ± 100

1.11 ± 0.01

2.07 ± 0.06

1.79 ± 0.11

44627561

408 ± 11

6451 ± 198

6700 ± 100

1.42 ± 0.03

3.79 ± 0.18

1.94 ± 0.15

44678216

93.6 ± 1.9

12503 ± 87

13000 ± 350

2.38 ± 0.04

3.06 ± 0.15

3.70 ± 0.16

44889961

442 ± 8

8823 ± 232

8150 ± 100

1.23 ± 0.02

2.07 ± 0.07

1.93 ± 0.12

52368859

787 ± 26

9076 ± 235

9300 ± 100

1.89 ± 0.04

3.39 ± 0.14

2.72 ± 0.16

(1)

log(LSED /L )

RSED

MSED

(R )

(M )
(7)
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Targets of particular interest

As discussed in Sect. 5.4, we identified 134 high-probability candidate rotational variables. The TESS light curves associated with these targets all exhibit low-frequency
peaks in their LS periodograms that are accompanied by at least one harmonic. Here
we discuss some of those targets in our sample which are particularly noteworthy.

5.6.1

Candidate δ Scuti and roAp stars

Fourteen of the 134 rotational variable candidates are found to exhibit high-frequency
peaks in the range 10 . f . 65 d−1 which are associated with δ Scuti pulsators (e.g.
Breger, 2000; Holdsworth et al., 2014; Bowman and Kurtz, 2018) in addition to
the low-frequency peaks believed to be associated with rotation. Aside from these
periodogram features, no other statistically significant peaks were detected. Only
one of the 14 stars (TIC 38586082) has been identified as a δ Scuti pulsator in the
literature. Little information is available for the other 13 new candidate δ Scuti stars.
HD 27463 (TIC 38586082) is an ApEuCr(Sr) star (Houk and Cowley, 1975) for
which a number of photometrically determined rotation periods have been reported
(Manfroid and Renson, 1981; Mathys and Manfroid, 1985). The δ Scuti pulsations
were recently discovered by Cunha et al. (submitted) using the same TESS light
curves analyzed in our study. No magnetic field measurements were found in the
literature. Anomalous ∆a measurements of 26 ± 6 mmag and 28 mmag published by
Vogt et al. (1998) and Paunzen and Maitzen (2005), respectively, support the star’s
Ap classification. Speckle interferometry has been used to detect a companion with
a separation of 0.3 ± 0.4“ that is dimmer than the primary component by 0.9 mag
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Figure 5.9: HRD associated with the A-type stars that have been observed with
TESS in sectors 1 to 4. The different symbols correspond to highprobability (HP) and low-probability (LP) candidate rotational variables
(red triangles and blue squares, respectively); black circles correspond to
the rest of the sample (i.e. those stars for which variability consistent
with rotational modulation was not detected). Filled symbols correspond
to Ap stars; open symbols correspond to stars not identified as Ap.
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Figure 5.10: Incidence rate of high-probability (HP) candidate rotational variables as
a function of mass where the masses are computed using the derived Teff
and L values for the total sample (solid black) and subsample of Ap stars
(red hatched). The dashed black line corresponds to the incidence rate
of known mCP stars within 100 pc Sikora et al. (2019c). The numbers
indicate the total number of stars contained in each bin.
in the Strömgren y filter (Hartkopf et al., 2012). It is plausible that the δ Scuti
pulsation peaks are associated with this dimmer companion rather than the Ap star
itself. A detailed photometric and spectroscopic analysis of HD 27463 is presented
by Khalack et al. (in preparation).
In addition to the δ Scuti stars, our sample of high-probability candidate rotational variable stars also contains seven previously discovered roAp stars (TIC 41259805,
TIC 211404370, TIC 237336864, TIC 326185137, TIC 340006157, TIC 431380369,
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and TIC 350146296), and one new candidate roAp star (TIC 259587315).
HD 30849 (TIC 259587315) is a well-known ApSrCrEu star with a reported rotation period of ∼ 16 d based on Strömgren light curves (Renson, 1979; Hensberge
et al., 1981). We infer a shorter rotation period of 8.105(6) d based on the TESS light
curve. Martinez and Kurtz (1994) observed this star twice over time spans ∼ 1 hr;
no high-overtone pulsations typical of roAp stars were detected. Based on the TESS
light curve, we detect several peaks at frequencies of 78.1 d−1 , 80.1 d−1 , and 82.1 d−1
with respective amplitudes of 0.072 mmag, 0.098 mmag, and 0.118 mmag, which suggest that HD 30849 is likely a roAp star.

5.6.2

Am stars

Three Am stars were identified as being high-probability candidate rotational variables based on our analysis of their TESS light curves (TIC 29781099, TIC 42055368,
and TIC 396696863). All three targets are listed in the Catalogue of Ap, HgMn and
Am stars compiled by Renson and Manfroid (2009); however, no definitive information could be found in the literature regarding photometric variability, binarity, or
chemical peculiarities. All three light curves and periodograms are shown in Fig.
5.11 of the electronic version of the paper.
The long rotation periods associated with Am stars, which allow for the formation
of these stars’ defining chemical peculiarities, are believed to be the result of tidal
interactions (Abt, 1961). This is consistent with the fact that Am stars are commonly
found in short period binary systems (e.g. Carquillat and Prieur, 2007). Therefore,
it is plausible that the periods identified in the TESS light curves may be associated
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with orbital motions. In this case, large radial velocity variations are expected;
spectroscopic monitoring of these targets will need to be carried out in order to
determine whether these targets are binaries, and that the observed low-frequency
harmonics represent the orbital period.

5.7

Discussion & Conclusions

We have identified 134 high-probability candidate rotational variable stars based on
2 min cadence TESS light curves among a sample of 1 962 A-type stars. More than
half of these 134 stars (76 of 134) are identified in the literature as Ap stars, which
are expected to exhibit photometric rotational modulation (e.g. Adelman et al., 1992;
Catalano et al., 1998; Samus’ et al., 2017; Netopil et al., 2017). Our sample of 1 962 Atype stars includes 20 Ap stars for which we did not detect low-frequency variability
in their TESS light curves. These stars are relatively dim compared to the Ap stars
for which low-frequency variability was detected: 75 per cent of the variable Ap stars
in our sample have brighter V magnitudes than the median magnitude (V = 9.5 mag)
of the 20 non-variable Ap stars. The dimmest variable Ap stars in our sample having
V > 9.5 mag are found to have ∆Tmax > 0.3 mmag; therefore, it is likely that any
of the dim, apparently non-variable Ap stars that exhibit photometric amplitudes
< 0.3 mmag fall below our detection threshold. That being said, less than 10 per cent
of the variable Ap stars have ∆Tmax < 0.3 mmag, which suggests that only a small
number of the 20 non-variable Ap likely have ∆Tmax below this limit.
A significant number of Ap stars are known to have very long rotation periods 
1 yr (e.g. Landstreet and Mathys, 2000; Mathys, 2015; Bychkov et al., 2016; Mathys
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et al., 2016). It is possible that several of the 20 apparently non-variable Ap stars
are variable over timescales that significantly exceed the 28 − 56 d temporal baseline
of the TESS light curves used in this study. Alternatively, assuming that these Ap
stars host strong, organized magnetic fields similar to other Ap stars and that they
have Prot . 14 d, the lack of low-frequency variability may either be indicative of
the geometry and structure of the magnetic field or simply be due to the fact that
i = 0 degrees. The Oblique Rotator Model (ORM, Stibbs, 1950; Preston, 1967)
predicts that no longitudinal magnetic field variability will be observed in the case
in which (i) the magnetic field is axially symmetric and (ii) the axis of symmetry
is parallel to the star’s axis of rotation. Since the chemical spots which produce
the non-uniform surface brightness distributions are known to be correlated with the
magnetic field topology (Kochukhov et al., 2004a; Silvester et al., 2014; Kochukhov
et al., 2017), the star’s rotation might lead to weak or absent photometric variability
in this specific case.
The 134 high-probability candidate rotational variable stars includes 58 A-type
stars that are not identified as Ap based on the spectral types obtained from SIMBAD. We find that these stars’ light curves are statistically distinct from the 76
identified candidate rotational variable Ap stars both in terms of the distribution
of inferred Prot values and in terms of their distribution of photometric amplitudes,
∆Tmax . The (presumably) non-Ap stars tend to exhibit much lower values of ∆Tmax
than the Ap stars: ≈ 60 per cent of the non-Ap stars have ∆Tmax . 1 mmag compared to < 7 per cent of the Ap stars. The distribution of rotation periods inferred
for the Ap stars in our sample is found to be in agreement with that reported by
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Sikora et al. (2019c) for nearby mCP stars. The non-Ap stars in our sample tend to
rotate more rapidly based on the inferred rotation periods. This is to be expected
from normal (i.e. non-chemically peculiar) A-type stars; nevertheless, comparing
with published distributions of A star v sin i values (Abt and Morrell, 1995b; Zorec
and Royer, 2012) suggests that the inferred Prot values are unusually long for nonCP A stars. Including those non-CP stars identified in our sample as low-probability
candidate rotational variables reduces the discrepancy but does not change the conclusion that the distribution of periods is inconsistent with that of non-CP A-type
stars.
The photometric variability associated with Ap stars is well understood to be
associated with strong, organized, and stable magnetic fields that are visible at the
stellar surface. The origin of the identified rotational variability associated with the
non-Ap star light curves, however, is unclear. It is plausible that the A stars are not
intrinsically variable but that the observed variability is related to late-type binary
companions or late-type background stars. A similar explanation for the origin of a
number of flares in Kepler light curves of A-type stars was presented by Pedersen
et al. (2017). This is a distinct possibility especially considering the relatively large
21“ pixel size of the TESS CCDs (Sullivan et al., 2015) (cf. Kepler ’s 4“ pixel size,
Koch et al., 2010).
Assuming that the identified rotational variability of the non-Ap stars is intrinsic
to the A stars themselves, it cannot be excluded that the variability is caused by
the same mechanism that is responsible for the formation of dynamic, low-contrast
chemical spots on HgMn stars. No convincing evidence of a surface magnetism has
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been found for HgMn stars (e.g. Shorlin et al., 2002; Wade et al., 2006; Makaganiuk
et al., 2010). Consequently, it was suggested (Kochukhov et al., 2007) that their spots
are not linked to magnetic fields but are formed under the influence of hydrodynamic
instabilities associated with the build-up of chemical anomalies by radiative diffusion.
Numerical simulations (Alecian et al., 2011; Deal et al., 2016) demonstrate possibility
of such instabilities for both late-B and A-type stellar parameter ranges, though it is
not clear at the moment what governs the horizontal spatial scales of these structures.
A comparison of the photometric behaviour of known HgMn stars with the present
non-Ap sample is necessary to assess their similarities and differences. Furthermore,
detailed abundance analysis of newly discovered rotational variables is required to
ascertain their status as chemically normal stars. As noted above, the rotation
periods associated with our sample of non-Ap stars appear to be unusually long
for non-CP A stars, which suggests that this subsample may include unrecognised
chemically peculiar stars with moderate abundance anomalies (e.g. marginal Am
and HgMn stars).
The detection of ultra-weak magnetic fields with strengths . 1 G on a small
but growing number of non-Ap stars such as Vega (Lignières et al., 2009; Petit
et al., 2011b; Blazère et al., 2016a) has led to speculation that such fields may be
widespread amongst the population of non-Ap stars (e.g. Petit et al., 2011a). Given
that (i) chemical and/or temperature spots have been detected on the surface of Vega
(Böhm et al., 2015) and that (ii) these spots exhibit a similarly complex topology to
that of the detected magnetic field (Petit et al., 2010a, 2017), it is plausible that the
non-Ap candidate rotational variables identified in our study also host ultra-weak
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fields, which are responsible for the observed variability. This explanation has been
put forth in response to the discovery by Balona (2013) that ∼ 40 per cent of Atype stars observed with Kepler appear to exhibit rotational variability. Braithwaite
and Cantiello (2013b) have proposed that such ultra-weak fields may be so-called
failed fossils – weak fields having a similar origin to the fossil fields that are widely
believed to be associated with mCP stars (Cowling, 1945). The strengths of failed
fossil magnetic fields are predicted to decrease as the star evolves across the MS and
have strengths that are anti-correlated with Prot . While Braithwaite and Cantiello
(2013b) do not provide any predictions regarding photometric variability, the authors
note that changes in a failed fossil (and presumably, any chemical spots that may be
associated with the field) should not be detectable. Evidence of AMod was found
in the light curves of 10 of the 48 high-probability candidate rotational variable
non-CP MS stars in our sample, which could be indicative of evolving surface spot
morphologies. Assuming that the detected AMod is intrinsic to the A stars and
not the result of contamination from binary companions or background stars, these
detections would be inconsistent with the failed fossil model.
Cantiello and Braithwaite (2019) explored an alternative explanation for the origin of ultra-weak fields in A- and late B-type stars, which involves dynamo fields
that are generated near the stellar surface. The authors suggest that (i) all rapidly
rotating A- and B-type stars possess sub-surface H and He convection zones where
turbulent dynamo may generate magnetic fields and that (ii) these fields are associated with bright temperature spots similar to those predicted to exist on more
massive stars (Cantiello and Braithwaite, 2011). A rotation-activity connection is
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known to be a key feature of any type of dynamo-powered magnetic field and associated surface activity. According to Cantiello and Braithwaite (2019), the dynamo
action requires stellar rotation with periods of 0.5 − 1 d for a dwarf star with parameters similar to Vega. Among the 48 MS non-CP stars in our sample only 20
have Prot ≤ 1.5 d and the rest are slower rotators with Prot up to 7.5 d for which no
dynamo action is anticipated. Moreover, we do not observe a clear anticorrelation
between Prot and ∆Tmax , which is expected within the framework of any dynamo
hypothesis. As noted above, we do find evidence of AMod in the light curves of 10
of the 48 MS non-CP stars. These 10 stars have inferred rotation periods ranging
from 0.5 to 4.6 d and all but 4 have Prot ≤ 1.5 d. We also note that we did not find
evidence of AMod for an additional 17 of the MS non-CP stars with Prot ≤ 1.5 d.
It is likely that in order to better understand the origin of the variability associated with the non-Ap stars identified in our sample as being rotational modulation we
will need to obtain high-resolution spectroscopic measurements. The measurement
of chemical abundancies in the atmosphere’s of these stars is of particular interest as
it may confirm our suspicion that some of the stars in our sample are at least weakly
chemically peculiar. Detecting spectroscopic variability or placing constraints on
the strength of such variability would also be useful in this regard. We also note
that combining the TESS light curves with multi-colour long-term monitoring, such
as that provided by the BRITE -Constellation mission (Weiss, 2008), may provide
insight into the puzzling results presented here.
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7624182

HD 27342

A2/3V

8.8

0.62(2)1

1.720(1)

7780491

HD 28430

ApEuCrSr

8.2

3.50(2)2

1.8763(3)

10863314

HD 10653

A1IV

7.7

2.06(2)2

2.1345(6)

8.2

2

3.0644(5)

12359289

HD 225119

ApSi

5.14(3)

Notes
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Table 5.3: Parameters associated with the 134 identified high probability candidate rotational variables.
Columns (1) through (8) list the TIC identifiers, alternative identifiers, spectral types, V magnitudes, maximum photometric amplitudes associated with the rotational modulation signals (∆Tmax
where the 1 or 2 subscript indicates whether ∆Tmax corresponds to f1 or f2 ), rotation periods inferred from the TESS light curves, published rotation periods, and notes. The numbers in parentheses in rotation periods indicate the uncertainty in the value (3σ uncertainties are listed for both
∆Tmax and Prot ). We note the confidence with which any reported magnetic field measurements in
the literature have been obtained: definite detections (DD), marginal detections (MD), and null
detections (ND). Additionally, we note whether each star is identified as a spectroscopic binary
(SB), visual binary (VB), δ Scuti pulsator, roAp star, and if the amplitude of the rotational modulation is found to vary over time (amplitude modulation, AMod). Those stars without Prot,pub
values are considered new rotational variables; similarly, those δ Scuti and roAp identifications
that are not accompanied with references are considered new classifications.
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10.0

6.88(6)2
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DDd

2.23047(4)b
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0.332(8)1
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HD 41613
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HD 21360
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HD 17450
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A2IV/V
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A9III/IV
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270250508

HD 209133

A9V

8.3
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ApSrEuCr
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HD 66082
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ApSrEuCr
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4.452(3)

4.4501(19)b
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HD 212385

ApSrEuCr

6.8

6.99(1)1

2.5084(2)

2.5062(2)b
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2.480e
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HD 54118

ApSi

5.1

8.01(3)1

3.2743(4)
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HD 3980

A1IV/V
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TIC
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0.33273(4)
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7.529(8)
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HD 69784

A0V
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4.76(2)

0.65973(1)
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HD 15144

A3VpSrCrEu
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9.2

0.76(3)1
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HD 22378
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301795354
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306893839
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ApSi

8.0

17.40(2)1
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4.233e
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HD 74388
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HD 69862

ApSrEuCr

10.1

13.85(3)1

13.291(7)

13.3519(107)b
0.519e
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HD 70623

A8IV
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1.99(3)1

5.600(5)
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HD 35402

A3V
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4.096(5)
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HD 222638
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8.7
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HD 6532

A2Vp
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6.79(2)1

1.9451(2)

1.945e
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roAps
MDd
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HD 206497

A3V
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0.15(1)2
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ApSi
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1.787e

NDd
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HD 209468
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7.6
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1
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2

1.25(5)

2.770(3)
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b
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1.385e
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HD 58292
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2.9607(2)

2.960e
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HD 60435

ApSr(Eu)

8.9
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7.6793(6)t
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HD 54399
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HD 58448
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0.831(3)u

NDd

0.83088(5)b
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A3V
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0.38(2)1
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0.24544(2)

δ Scuti
roApb
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A7IV
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1.31(2)

2.6637(2)
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HD 63204

ApSi

8.3
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1.837488(9)

1.838e
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HD 38719

ApCrSrEu

7.5
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4.0232(4)

4.0237(4)b
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358467700

HD 65712

ApSi

9.3

14.11(4)1

1.9457(1)

1.946e

DDd
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HD 39979
HD 30374
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7.9
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1.29(3)1
1

8.63(3)
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δ Scuti
e
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HD 19228
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9.3

1.40(3)1
1

2.115(2)
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HD 34870
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2.66(2)
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HD 64369
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AMod
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HD 40277

ApSrCr(Eu)pec

8.3

6.27(1)2
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391927730

HD 56981
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0.44(2)1

3.788(4)

3.7843(18)b
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0.17(2)1

5.66(6)
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HD 27952
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A0pEuCrSr

9.7
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HD 2957
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Figure 5.11: Examples of TESS light curves associated with Am stars that are found
to exhibit variability that is consistent with a rotational origin. Left:
Subsamples of the full light curves. Right: The Lomb-Scargle periodograms derived from the light curves. The rotational frequencies are
apparent along with the first harmonic. The spectral window function
is shown in the top right.
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Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

7624182

461 ± 7

8666 ± 229

8450 ± 200

1.68 ± 0.04

3.24 ± 0.15

2.42 ± 0.15

7780491

218 ± 2

8030 ± 220

7700 ± 100

1.29 ± 0.01

2.48 ± 0.05

1.96 ± 0.12

10863314

256 ± 5

8968 ± 234

9050 ± 100

1.69 ± 0.02

2.85 ± 0.08

2.45 ± 0.14

12359289

672 ± 31

12300 ± 250

2.56 ± 0.07

4.19 ± 0.28

3.95 ± 0.20

12393823

226 ± 5

10250 ± 100

1.45 ± 0.03

1.68 ± 0.05

2.27 ± 0.09

24186142

272 ± 6

11200 ± 150

1.95 ± 0.04

2.51 ± 0.08

2.94 ± 0.18

24225890

390 ± 8

7300 ± 100

1.08 ± 0.02

2.18 ± 0.06

1.75 ± 0.12

27985664

872 ± 75

11550 ± 200

2.07 ± 0.10

2.69 ± 0.27

3.12 ± 0.20

29432990

224 ± 4

7115 ± 207

6750 ± 100

0.89 ± 0.02

2.03 ± 0.07

1.58 ± 0.11

29666185

123 ± 1

7975 ± 219

8200 ± 100

1.27 ± 0.02

2.14 ± 0.03

1.97 ± 0.13

29755072

232 ± 4

8292 ± 224

7800 ± 100

1.54 ± 0.03

3.21 ± 0.09

2.23 ± 0.16

29781099

204 ± 1

8362 ± 225

8100 ± 100

1.28 ± 0.02

2.22 ± 0.05

1.97 ± 0.12

32035258

160 ± 2

13650 ± 200

2.20 ± 0.03

2.26 ± 0.06

3.57 ± 0.14

38586082

126 ± 7

9050 ± 100

1.63 ± 0.05

2.65 ± 0.19

2.38 ± 0.14

(1)

7163 ± 207

8669 ± 229

RSED

MSED

(R )

(M )
(7)
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Table 5.4: Fundamental parameters associated with the 134 identified high probability candidate rotational
variables. Columns (1) through (7) list the TIC identifiers, distances (d), effective temperatures
listed in the TIC (Teff,TIC ), effective temperatures (Teff,SED ), luminosities (log LSED /L ), and radii
(RSED ) derived through the SED fitting analysis, and the masses (M ) derived from comparisons
with evolutionary models.

TIC

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

41259805

243 ± 2

8034 ± 220

8050 ± 100

1.07 ± 0.01

1.76 ± 0.03

1.79 ± 0.11

42055368

174 ± 1

7362 ± 210

7600 ± 100

1.11 ± 0.01

2.07 ± 0.06

1.79 ± 0.11

44627561

408 ± 11

6451 ± 198

6700 ± 100

1.42 ± 0.03

3.79 ± 0.18

1.94 ± 0.15

44678216

93.6 ± 1.9

12503 ± 87

13000 ± 350

2.38 ± 0.04

3.06 ± 0.15

3.70 ± 0.16

44889961

442 ± 8

8823 ± 232

8150 ± 100

1.23 ± 0.02

2.07 ± 0.07

1.93 ± 0.12

52368859

787 ± 26

9076 ± 235

9300 ± 100

1.89 ± 0.04

3.39 ± 0.14

2.72 ± 0.16

55400261

183 ± 1

7173 ± 208

7000 ± 100

0.90 ± 0.01

1.91 ± 0.03

1.60 ± 0.10

66646031

250 ± 5

9100 ± 236

8900 ± 100

1.65 ± 0.03

2.81 ± 0.09

2.40 ± 0.14

67650835

241 ± 3

8944 ± 233

8650 ± 100

1.30 ± 0.02

1.98 ± 0.07

2.02 ± 0.13

70525154

96.8 ± 1.7

9977 ± 92

10000 ± 100

1.90 ± 0.02

2.96 ± 0.08

2.76 ± 0.16

79272047

170 ± 1

6782 ± 70

6850 ± 100

0.83 ± 0.01

1.84 ± 0.05

1.54 ± 0.10

79394646

29.4 ± 0.2

8655 ± 229

8350 ± 250

1.06 ± 0.02

1.61 ± 0.13

1.82 ± 0.10

89545031

101 ± 3

13150 ± 250

2.17 ± 0.06

2.35 ± 0.11

3.48 ± 0.11

92705248

273 ± 10

8808 ± 231

8600 ± 100

1.15 ± 0.04

1.68 ± 0.08

1.90 ± 0.11

102090493

360 ± 4

6830 ± 203

7100 ± 150

1.24 ± 0.03

2.76 ± 0.08

1.90 ± 0.13

129636548

120 ± 10

11450 ± 300

2.01 ± 0.09

2.57 ± 0.31

3.04 ± 0.20

136843852

137 ± 1

7626 ± 214

7600 ± 100

1.16 ± 0.02

2.20 ± 0.03

1.84 ± 0.11

140044682

276 ± 5

9726 ± 246

9700 ± 100

1.36 ± 0.03

1.69 ± 0.05

2.18 ± 0.09

(1)
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TIC

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

140204398

250 ± 2

9400 ± 241

10000 ± 200

2.07 ± 0.02

3.63 ± 0.15

3.02 ± 0.18

141028198

782 ± 21

8192 ± 222

7700 ± 100

1.72 ± 0.04

4.09 ± 0.17

2.30 ± 0.19

141610473

423 ± 12

7183 ± 208

6900 ± 100

1.25 ± 0.03

2.94 ± 0.12

1.90 ± 0.15

144069014

124 ± 1

7520 ± 212

7600 ± 150

1.00 ± 0.03

1.82 ± 0.05

1.71 ± 0.11

147086189

204 ± 2

7050 ± 206

7100 ± 100

0.82 ± 0.02

1.71 ± 0.04

1.55 ± 0.10

150250959

226 ± 3

8072 ± 220

7700 ± 100

1.10 ± 0.03

1.99 ± 0.06

1.79 ± 0.11

153742460

362 ± 7

13050 ± 250

2.32 ± 0.04

2.83 ± 0.09

3.63 ± 0.15

155945483

197 ± 2

7909 ± 218

7950 ± 150

1.26 ± 0.03

2.24 ± 0.06

1.94 ± 0.12

159834975

54.7 ± 1.7

8790 ± 231

9750 ± 150

1.57 ± 0.04

2.14 ± 0.11

2.37 ± 0.16

161270578

41.4 ± 0.5

7900 ± 210

8550 ± 250

1.73 ± 0.02

3.34 ± 0.28

2.48 ± 0.15

161334416

431 ± 18

8126 ± 221

8100 ± 100

1.59 ± 0.04

3.17 ± 0.16

2.30 ± 0.16

161570223

378 ± 8

8345 ± 224

8350 ± 150

1.29 ± 0.04

2.10 ± 0.08

1.99 ± 0.13

182909257

285 ± 5

12350 ± 250

1.95 ± 0.04

2.06 ± 0.08

3.08 ± 0.15

183802606

680 ± 18

8754 ± 231

9250 ± 100

1.82 ± 0.03

3.16 ± 0.14

2.62 ± 0.16

183802904

318 ± 5

8648 ± 229

8300 ± 100

1.77 ± 0.02

3.72 ± 0.17

2.53 ± 0.18

200441087

451 ± 7

8683 ± 229

8500 ± 100

1.33 ± 0.02

2.12 ± 0.05

2.04 ± 0.12

200783972

122 ± 1

9068 ± 235

10000 ± 100

1.62 ± 0.01

2.15 ± 0.02

2.45 ± 0.15

201923258

628 ± 21

8936

9200 ± 100

2.00 ± 0.03

3.94 ± 0.15

2.87 ± 0.21
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TIC

d

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

204293493

218 ± 3

6490 ± 83

6950 ± 100

0.76 ± 0.03

1.66 ± 0.05

204314449

101 ± 1

7880 ± 218

206648435

400 ± 10

8184 ± 222

206663039

62.3 ± 1.8

207143419

225 ± 2

207208753

(1)

log(LSED /L )

RSED

MSED

(R )

(M )
(7)
1.40 ± 0.04
1.88 ± 0.22

1.24 ± 0.03

1.99 ± 0.07

1.95 ± 0.12

10500 ± 250

1.88 ± 0.05

2.64 ± 0.16

2.78 ± 0.17

8123 ± 221

8150 ± 100

1.07 ± 0.02

1.73 ± 0.03

1.81 ± 0.10

544 ± 13

9310 ± 239

9450 ± 200

1.49 ± 0.05

2.08 ± 0.09

2.27 ± 0.15

211404370

201 ± 57

7544 ± 213

7350 ± 100

0.97 ± 0.25

1.89 ± 0.55

1.67 ± 0.20

219118940

219 ± 3

7172 ± 208

7150 ± 100

0.78 ± 0.02

1.59 ± 0.04

1.53 ± 0.09

219234021

536 ± 12

9531 ± 243

10000 ± 100

1.67 ± 0.03

2.29 ± 0.08

2.50 ± 0.16

219990936

152 ± 1

7313 ± 209

7300 ± 100

0.86 ± 0.01

1.68 ± 0.03

1.59 ± 0.09

220035931

261 ± 3

12950 ± 250

2.29 ± 0.05

2.77 ± 0.06

3.58 ± 0.14

220414891

230 ± 2

8377 ± 225

8300 ± 150

1.10 ± 0.02

1.72 ± 0.04

1.84 ± 0.10

220565429

209 ± 1

7194 ± 208

7050 ± 100

1.01 ± 0.01

2.13 ± 0.04

1.68 ± 0.11

220570020

184 ± 1

6824 ± 203

7100 ± 100

0.67 ± 0.02

1.43 ± 0.03

1.48 ± 0.07

231813751

377 ± 8

14150 ± 100

2.47 ± 0.03

2.86 ± 0.07

3.99 ± 0.13

231844926

194 ± 2

12700 ± 350

2.11 ± 0.05

2.34 ± 0.07

3.33 ± 0.14

231864288

140 ± 1

9232 ± 238

9400 ± 150

1.34 ± 0.03

1.76 ± 0.03

2.13 ± 0.11

232066526

721 ± 22

8750 ± 230

8700 ± 300

1.31 ± 0.05

1.98 ± 0.14

2.04 ± 0.13
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TIC

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

234346165

726 ± 24

9480

10700 ± 100

2.20 ± 0.04

3.68 ± 0.15

3.25 ± 0.15

235007556

124 ± 2

14750 ± 250

2.31 ± 0.04

2.18 ± 0.05

3.84 ± 0.25

237336864

245 ± 2

8283 ± 223

8100 ± 100

0.91 ± 0.02

1.45 ± 0.04

1.62 ± 0.06

259587315

355 ± 5

8165 ± 222

7750 ± 100

1.41 ± 0.02

2.83 ± 0.11

2.09 ± 0.13

262613883

402 ± 6

9359 ± 240

9100 ± 150

1.44 ± 0.03

2.11 ± 0.06

2.19 ± 0.14

269857621

196 ± 2

9136 ± 236

8700 ± 100

1.06 ± 0.02

1.50 ± 0.03

1.72 ± 0.07

270250508

151 ± 1

6973 ± 76

6850 ± 100

0.92 ± 0.01

2.05 ± 0.05

1.62 ± 0.11

270304671

387 ± 6

8044 ± 220

7750 ± 100

1.22 ± 0.02

2.27 ± 0.08

1.90 ± 0.11

270406421

117 ± 1

7918 ± 218

7700 ± 100

1.37 ± 0.01

2.73 ± 0.05

2.05 ± 0.13

272316843

319 ± 4

8547 ± 227

8150 ± 150

1.17 ± 0.03

1.93 ± 0.06

1.88 ± 0.12

277688819

115 ± 2

8368 ± 225

8200 ± 100

1.13 ± 0.02

1.83 ± 0.08

1.85 ± 0.11

277748932

518 ± 14

8955 ± 234

8500 ± 100

1.33 ± 0.03

2.12 ± 0.08

2.04 ± 0.13

278804454

146 ± 3

8672 ± 229

8450 ± 100

1.48 ± 0.02

2.56 ± 0.08

2.18 ± 0.13

279573219

85.4 ± 1.4

11250 ± 250

1.93 ± 0.04

2.42 ± 0.10

2.92 ± 0.18

280095777

327 ± 5

8808 ± 231

8750 ± 150

1.13 ± 0.03

1.60 ± 0.06

1.91 ± 0.09

281668790

68.3 ± 0.4

8747 ± 230

8500 ± 150

1.28 ± 0.02

2.01 ± 0.08

2.00 ± 0.13

284196481

257 ± 2

8650 ± 229

8650 ± 100

1.62 ± 0.02

2.86 ± 0.05

2.35 ± 0.13

287329624

135 ± 1

6900 ± 94

7000 ± 100

0.76 ± 0.01

1.63 ± 0.02

1.50 ± 0.10

(1)

continued on next page

log(LSED /L )

RSED

MSED

(R )

(M )
(7)

316

d

5.7. DISCUSSION & CONCLUSIONS

continued from previous page

TIC

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

287428184

261 ± 3

9259 ± 238

9000 ± 100

1.30 ± 0.02

1.83 ± 0.03

2.05 ± 0.12

289731700

81.7 ± 1.0

8429 ± 226

8450 ± 100

1.37 ± 0.02

2.27 ± 0.06

2.08 ± 0.13

300162713

288 ± 4

8826 ± 232

8500 ± 100

1.14 ± 0.02

1.72 ± 0.05

1.89 ± 0.10

301345974

305 ± 4

8212 ± 222

7400 ± 100

1.12 ± 0.02

2.21 ± 0.09

1.79 ± 0.11

301481939

482 ± 13

9501 ± 242

11150 ± 200

1.77 ± 0.05

2.05 ± 0.07

2.73 ± 0.16

301795354

168 ± 2

8790 ± 231

8450 ± 100

1.23 ± 0.02

1.93 ± 0.04

1.95 ± 0.13

304096024

751 ± 20

8098 ± 221

7600 ± 100

1.65 ± 0.03

3.88 ± 0.14

2.21 ± 0.19

304101379

233 ± 2

8046 ± 220

7650 ± 100

1.19 ± 0.01

2.23 ± 0.05

1.86 ± 0.12

306573201

292 ± 8

8950 ± 100

1.42 ± 0.04

2.14 ± 0.08

2.16 ± 0.14

306893839

516 ± 9

12700 ± 200

2.47 ± 0.04

3.55 ± 0.12

3.82 ± 0.16

307288162

809 ± 30

13600 ± 200

2.42 ± 0.05

2.92 ± 0.16

3.83 ± 0.15

307642246

353 ± 36

8947 ± 233

9650 ± 100

2.19 ± 0.09

4.48 ± 0.51

2.99 ± 0.21

307784098

278 ± 3

8396 ± 225

8550 ± 100

1.56 ± 0.02

2.75 ± 0.05

2.28 ± 0.13

308085294

349 ± 5

13850 ± 200

2.62 ± 0.04

3.54 ± 0.16

4.25 ± 0.17

309148260

632 ± 11

8134 ± 221

7350 ± 100

1.43 ± 0.03

3.20 ± 0.09

2.10 ± 0.17

309402106

158 ± 1

7053 ± 206

7050 ± 100

0.76 ± 0.01

1.60 ± 0.02

1.51 ± 0.09

309792043

164 ± 2

8482 ± 226

8450 ± 100

1.52 ± 0.03

2.69 ± 0.06

2.23 ± 0.13

316913639

307 ± 5

9714 ± 245

9550 ± 250

1.47 ± 0.03

1.98 ± 0.09

2.25 ± 0.13
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TIC

Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

326185137

197 ± 3

8550 ± 227

8450 ± 100

1.11 ± 0.02

1.67 ± 0.05

1.86 ± 0.09

326358579

215 ± 3

7573 ± 213

7500 ± 100

1.12 ± 0.03

2.15 ± 0.05

1.79 ± 0.12

327597288

240 ± 5

12100 ± 500

2.08 ± 0.07

2.49 ± 0.15

3.20 ± 0.18

327724630

162 ± 2

8906 ± 233

9350 ± 100

1.39 ± 0.01

1.88 ± 0.03

2.16 ± 0.11

332518087

201 ± 2

9631 ± 244

10100 ± 250

1.52 ± 0.03

1.87 ± 0.07

2.36 ± 0.12

336731635

1640 ± 270

9439 ± 241

12150 ± 550

2.28 ± 0.19

3.13 ± 0.67

3.50 ± 0.17

339673256

409 ± 6

9601 ± 244

10450 ± 250

2.12 ± 0.04

3.52 ± 0.15

3.12 ± 0.18

340006157

245 ± 2

8427 ± 226

7800 ± 100

1.10 ± 0.01

1.93 ± 0.08

1.79 ± 0.11

348898673

700 ± 16

7505 ± 44

7300 ± 100

1.67 ± 0.03

4.26 ± 0.17

2.12 ± 0.04

349409844

159 ± 1

11500 ± 200

1.78 ± 0.03

1.97 ± 0.04

2.79 ± 0.13

349972600

281 ± 3

9540 ± 243

7800 ± 200

1.08 ± 0.03

1.91 ± 0.06

1.78 ± 0.11

350146296

221 ± 3

7690 ± 215

7200 ± 100

0.79 ± 0.02

1.59 ± 0.04

1.54 ± 0.09

350146577

336 ± 5

9737 ± 246

10700 ± 150

1.83 ± 0.03

2.38 ± 0.06

2.74 ± 0.17

350519062

223 ± 2

8937 ± 233

8950 ± 100

1.62 ± 0.02

2.70 ± 0.05

2.37 ± 0.14

358467700

432 ± 6

8768 ± 231

10000 ± 350

1.56 ± 0.04

2.01 ± 0.11

2.39 ± 0.14

364323133

118 ± 1

7578 ± 213

7250 ± 100

0.86 ± 0.02

1.70 ± 0.04

1.58 ± 0.09

364424408

643 ± 21

7608 ± 47

8100 ± 150

1.49 ± 0.05

2.83 ± 0.14

1.95 ± 0.18

365332561

311 ± 8

9470 ± 242

8500 ± 100

1.17 ± 0.03

1.78 ± 0.06

1.91 ± 0.12
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Teff,TIC

Teff,SED

(pc)

(K)

(K)

(2)

(3)

(4)

(5)

(6)

382044382

370 ± 6

7917 ± 218

7950 ± 150

1.09 ± 0.03

1.86 ± 0.07

1.80 ± 0.12

382512330

430 ± 6

9042 ± 235

9350 ± 100

1.72 ± 0.02

2.76 ± 0.05

2.50 ± 0.15

6885 ± 9

6600 ± 100
8750 ± 100

1.20 ± 0.01

1.73 ± 0.03

1.95 ± 0.09

(1)

387515681

log(LSED /L )

RSED

MSED

(R )

(M )
(7)

389922504

207 ± 1

391927730

230 ± 1

6984 ± 205

6750 ± 100

0.76 ± 0.01

1.75 ± 0.02

1.48 ± 0.11

392761412

304 ± 5

8036 ± 220

7850 ± 100

1.31 ± 0.02

2.45 ± 0.07

1.98 ± 0.11

394230660

320 ± 4

7908 ± 218

7950 ± 200

1.10 ± 0.03

1.86 ± 0.06

1.81 ± 0.11

396696863

208 ± 1

6562 ± 199

6800 ± 100

0.80 ± 0.02

1.81 ± 0.03

1.52 ± 0.11

410451752

509 ± 14

9057 ± 235

8900 ± 100

1.52 ± 0.03

2.41 ± 0.10

2.25 ± 0.14

423663684

327 ± 9

9185

9400 ± 100

1.58 ± 0.03

2.31 ± 0.10

2.35 ± 0.15

431380369

221 ± 5

8242 ± 223

8000 ± 100

1.38 ± 0.02

2.56 ± 0.12

2.06 ± 0.12

469948764

327 ± 7

8779 ± 231

8950 ± 100

1.22 ± 0.03

1.69 ± 0.06

1.99 ± 0.11
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Chapter 6
Summary and Conclusions

6.1

Summary

In this thesis, we have presented three studies that attempt to address key open questions regarding our understanding of stellar magnetism amongst main sequence (MS)
A- and late B-type stars. In particular, these studies revolve around the fact that
(1) a growing number of such stars hosting either weak magnetic fields (∼ 1 − 10 G)
or ultra-weak magnetic fields (. 1 G) have been reported and (2) a large number
A-type stars for which photometric rotational modulations has been detected. Here
we summarize what these three studies involved, their weaknesses, and the most
important conclusions that can be drawn from their results.

6.1.1

Volume-limited survey of mCP stars

The first study presented here involved an analysis of a large number of archival
and newly obtained spectropolarimetric (i.e. magnetic) observations of MS A- and
B-type stars located within a heliocentric volume of radius 100 pc. The goal of this
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study was to construct a volume-limited sample from which various aspects of mCP
(Ap/Bp) stars could be studied in such a way as to minimize the observational biases
that are inherent to all previously published surveys of mCP stars. Two particularly
important results were yielded by this survey.
The first important result is that the incidence rate of mCP stars decreases monotonically and systematically with decreasing mass from ∼ 10 per cent at M > 3 M
to . 0.3 per cent at M = 1.4 M . As discussed in Chapter 1, one of the most
significant differences between low- and high-mass MS A-type stars is the extent to
which subsurface convection zones dominate the transportation of energy within the
star: lower mass stars in this mass regime are expected to have a more substantial
convection zone near the surface due to the ionization of H as well as a shallower
subsurface convection zone due to the ionization of He ii (Fig. 1.1) (Cantiello and
Braithwaite, 2019). Such convection zones are also likely capable of hosting dynamogenerated magnetic fields. Therefore, it is plausible that the fossil fields hosted by
mCP stars will be affected by changes in the convection zones in such a way as to
reduce their stability with decreasing stellar mass. As is evident in Fig. 1.1, the
convective envelope for MS stars with masses . 1.4 M (spectral types of mid-F and
cooler) dramatically increases in depth. Another stellar property that governs the
strength of surface and subsurface convection zones and the dynamo fields potentially generated within these zones is the stellar rotation rate: stronger convection
and magnetic activity is known to be correlated with faster rotation rates (e.g. K,
1978; Featherstone and Hindman, 2016). Considering that mCP stars are known to
rotate much more slowly compared to their non-magnetic counterparts, it is possible
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that strong, large-scale magnetic fields such as those found on mCP stars are rendered unstable by sufficiently strong convection zones/dynamo-generated magnetic
fields that may only be found in more rapidly rotating stars. In our volume-limited
sample, we do find that the mCP stars with masses < 2 M (i.e. those that are more
likely to have substantial convection zones) tend to exhibit slightly longer rotation
periods compared to the higher-mass stars, however, the significance of this result
is low due to the small number of low-mass stars in our sample. We note that it is
widely believed that the slower rotation rates of mCP stars are most likely due to
magnetic braking taking place on the pre-MS (Stepień, 1994). These two scenarios
differ in terms of the initial distribution of strong magnetic fields: in the former
scenario, most or even all A- and B-type stars are born with strong magnetic fields
and only those fields hosted by slowly rotating stars appear on MS stars while in the
latter scenario, only some A- and B-type stars (i.e. ∼ 10 per cent) are born with
magnetic fields regardless of their initial rotation periods.
The second important result of this work is the fact that no magnetic fields are
detected having dipole strengths . 300 G, which is consistent with the existence of
the magnetic desert – the notion that no MS A- and B-type stars host magnetic fields
with strengths ∼ 10−100 G (Aurière et al., 2007). Although our study is presumably
free of observational biases (or they are at least significantly reduced compared to
previous studies), our sample is still biased in regards to certain properties such as
the stellar ages, metallicities, and also in terms of the environments in which they
were formed. The stars in our sample are relatively old compared to the wider
sample of all known Ap/Bp stars (c.f. Kochukhov and Bagnulo, 2006) and likely
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formed in solar-metallicity environments. Furthermore, they are all field stars and
may therefore have a lower probability of being formed within binary (or multi-star)
systems or of undergoing dynamical interactions (e.g. Goodwin, 2010). Despite these
biases and the fact that at least one MS Ap star has been found hosting a magnetic
field with a strength ∼ 60 G (Alecian et al., 2016), our results still emphasize the
need to further understand the mechanisms by which such a distribution may be
produced.
The most significant potential weakness of the volume-limited survey lies in the
premise used to construct the sample: that mCP stars can be reliably and efficiently
identified using proxies for magnetism, mainly (i) low-frequency photometric variability (i.e. rotationally modulated light curves), (ii) UV flux depressions that are
manifest in specific photometric indices derived using narrow bandpass filters, and
(iii) strong spectral peculiarities. It was necessary to rely on such proxies due to
the high expense of spectropolarimetric measurements – both in terms of the instruments themselves and the typically long exposure times needed to directly detect
magnetic fields. As discussed in Chapter 2, these magnetic proxies are proven to
be highly efficient; however, some mCP stars that do not exhibit such photometric
variability (or it occurs over timescales much longer than the temporal baselines of
most photometric data sets) and/or strong UV flux depressions have been reported
in the literature. For example, in Chapter 5, we noted that 20 stars identified as
Ap stars in the literature that were observed with TESS did not exhibit detectable
photometric variability. Most of these 20 Ap stars were identified based on individual
detection methods (e.g. photometric indices or indications of chemical peculiarities
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in low-resolution spectra) and likely consist of a number of non-Ap CP stars (e.g.
Am stars, HgMn stars). Using multiple proxies simultaneously certainly reduces the
probability that a large number of mCP stars were not identified in our sample,
however, it is important to note that there are likely at least a small number of such
cases that may be revealed in the future.
Although our study only focused on the strongly magnetic mCP stars (with field
strengths & 25 G), we note that the magnetic proxies used to construct the volumelimited survey are likely to fail for those stars hosting weak or ultra-weak magnetic
fields (e.g. Vega, Sirius A, β UMa, and θ Leo). For instance, Kochukhov et al. (2005a)
found that the UV flux depressions associated with mCP stars decrease in strength
with decreasing field strength. The amplitudes of photometric variability that have
been detected from mCP stars do not appear to correlate strongly with field strength,
however, the photometric characteristics of the chemical or brightness spots detected
on Vega (Petit et al., 2017) have yet to be empirically constrained. Although highly
plausible, it has not yet been confirmed whether such spots even produce photometric
variability or whether it would be detectable by the most recently launched highprecision space-based photometry missions. Ultimately, considering that (1) we set
out to detect and characterize the fields hosted by mCP stars with a target sensitivity
∼ 25 G and (2) we did not find any such stars hosting fields with strengths . 100 G,
we conclude that our study is essentially complete in regards to mCP stars. In order
to better understand the weak fields (. 10 G) and ultra-weak fields (. 1 G) hosted
by some MS A-type stars, a new method of constructing such a survey will likely
need to be implemented.
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Surveys of Kepler and TESS targets

In 2013, Balona (2013) reported the discovery that 40 per cent of MS A-type stars
observed with Kepler appear to exhibit photometric rotational modulation. As discussed throughout this thesis, this result contradicts the widely-held belief – based
on many spectroscopic and photometric studies that have been carried out over the
past several decades – that only Ap/Bp stars and a small number of HgMn stars
(accounting for . 10 per cent of all MS A-type stars) are associated with such a
phenomenon among the MS A-type stars. In the case of the Ap/Bp stars, photometric rotational modulation is known to be directly linked to the presence of
strong, organized magnetic fields that are (relatively) easily detectable. Many surveys have been carried out over the past several decades in search of similar magnetic
fields on non-Ap/Bp stars (e.g. Shorlin et al., 2002; Aurière et al., 2010; Makaganiuk
et al., 2011); however, no convincing evidence of strong magnetic fields existing on
non-Ap/Bp stars has been reported. Based on the results of these studies, it is extremely unlikely that  10 per cent of the variable stars identified by Balona (2013)
host similar strong, organized fields. Instead, it is perhaps more plausible that the
variability is linked to weaker and/or disorganized fields, which may be widespread
amongst MS A-type stars but have predominantly escaped detection. It is clear
that this potentially paradigm-shifting discovery, which is the primary motivation
for the studies presented in Chapters 4 and 5 based on light curves obtained with
the Kepler and TESS spacecraft, has important implications for our understanding
of stellar magnetism of tepid or even hot stars.
Considering the discovery of Balona (2013) and the fact that a small but growing
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number of ultra-weak magnetic fields have been detected on MS A-type stars, we wish
to answer the following fundamental and corollary questions: (1) is the variability
associated with 40 per cent of all MS A-type stars observed with Kepler produced
by inhomogeneous surface structures (i.e. chemical or brightness spots) and, if so,
(2) is it being produced by magnetic fields that are active at or near the surfaces of
these stars? These questions could be immediately answered by obtaining very highprecision spectropolarimetric measurements of the Kepler stars identified by Balona
(2013) in order to detect ultra-weak fields or rule out their presence; however, this
is unfeasible primarily due to the fact that these stars are typically very dim: for
example, the 44 targets included in the study – identified as the brightest such
stars from the sample of Balona (2013) – presented in Chapter 4 have a median V
magnitude of 8.4 mag.
As an alternative to obtaining spectropolarimetric (i.e. magnetic) observations,
which is currently unfeasible, we attempted to falsify the rotational modulation origin
of the variability by obtaining unpolarized spectroscopic observations for a sample of
these stars in order to test whether the projected rotational broadening parameters
(v sin i) are compatible with the hypothesis that the photometric periods correspond
to the rotation periods (Prot ). Simply put, we sought to determine whether most of
the stars exhibit v sin i ≤ veq where veq is the equatorial rotation velocity derived
from the stellar radius and Prot . We found that the majority of the observed stars (33
of 43) have v sin i < veq and are therefore compatible with the rotational modulation
hypothesis. Furthermore, the distribution of rotational axis inclination angles derived
from those 33 stars agree well with a distribution of randomly oriented rotation axes,
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which is expected if the periods do in fact correspond to Prot .
In addition to comparing each star’s v sin i and veq values in order to test the
rotational modulation hypothesis, we also derived chemical abundances for up to
12 elements per star. Most of the stars are found to exhibit chemical abundances
that are consistent with those found in the Sun (i.e. chemical peculiarities were
not detected); however, we did identify a number of elements with obvious chemical
abundance enhancements for 9 of the 41 stars in our sample for which a chemical
abundance analysis could be carried out. Three of these stars are identified in the
literature as Am stars and 1 of the 9 stars is identified in the literature as a Bp star.
The remaining 5 stars found to exhibit chemical peculiarities are not identified in the
literature as CP stars. Considering both their relatively high effective temperatures
and the specific chemical enhancements that they exhibit, these 5 stars are consistent
with being either HgMn are Ap/Bp stars. The fact that no chemical peculiarities
were detected for 32 of the 41 stars with derived chemical abundances may provide
important clues regarding the origin of the photometric variability.
We attempted to search for the presence of low-mass binary companions for each
of the stars in our sample in order to provide a possible alternative explanation for
the origin of the photometric variability (i.e. that it is being produced by stellar
companions and not by the hotter A- and B-type stars themselves). We detected
evidence of stellar companions for 9 of the 44 stars in our sample. Interestingly, out of
the 10 stars that were found to have v sin i > veq , 6 exhibit radial velocity variations
that are indicative of stellar companions. In these cases, it is highly probable that
the photometric variability is either being produced by the companion stars (e.g. due
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to spots similar to those found on the surface of the Sun) or by orbital motions such
as those associated with ellipsoidal variables. Stellar companions were also detected
for 3 stars that have v sin i ≤ veq (and are therefore consistent with the rotational
modulation hypothesis). Two of these stars are Am stars, which are commonly found
in short-period binary systems; this suggests that they may be ellipsoidal variables
whose variability is attributed to the orbital motions of the two tidally interacting
stellar components. We note that, since these 3 stars all exhibit v sin i ≤ veq , it is still
possible that the observed photometric variability is intrinsic to the hotter primary
components.
While the Kepler stars are certainly too dim to directly detect ultra-weak magnetic fields and, perhaps, evidence of chemical or brightness spots in spectroscopic
observations, the stars observed by the recently launched TESS space-based photometry mission may be suitable for such detections to be made. This was the primary
motivation for carrying out the study detailed in Chapter 5, which consists of a
search for candidate rotationally variable A-type stars in the light curves obtained
with TESS. In this study, we identified 134 such objects within the early TESS data
release of light curves associated with stars located within a small fraction of the sky
south of the ecliptic. We found that approximately half of these targets are not identified in the literature as Ap stars and thus, may be analogous to the non-CP stars
identified in the spectroscopic survey of Kepler stars. Comparing the subsamples of
stars identified as Ap stars and those presumably non-Ap stars yielded significant differences both in terms of the photometric amplitudes and the photometric periods.
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The (presumably) non-Ap stars were found to have significantly lower photometric amplitudes and moderately shorter rotation periods compared to the subsample
of stars identified as Ap. These stars are generally brighter than the Kepler stars
and thus may be more suitable targets for follow-up studies, e.g. detecting either
magnetic fields or spectroscopic evidence of inhomogeneous surface structures.
Two characteristics of the TESS mission and the space-craft itself are, to some
extent, problematic in the context of the study presented in this thesis along with
similar studies that will be carried out in the future. First, the TESS mission is
designed such that each of the 26 sectors that make up the entire observing field
(see Fig. 1.7) are to be observed for approximately 27 d. For stars located near the
ecliptic poles, which are located in overlapping sectors, this observing time period
may be ∼ 120 d; however, a relatively small stars are located in these overlapping
regions. Considering that mCP stars are frequently found to exhibit rotation periods
that are & 27 d, the 27 d temporal baseline will prevent such long-term variability
from being detected. Secondly, the angular size of the CCD pixels used by TESS
are relatively large, which implies that contamination from background stars may
non-negligible. That is to say, it is plausible that the variability detected within
our study for some of the 134 targets may be due to contamination. Spectroscopic
observations similar to those obtained for the study of 44 stars observed with Kepler
that is presented in this thesis may be required in order to perform a similar test of
the rotational modulation origin for the variability.
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Future Work

A substantial problem with many surveys designed to explore the properties of magnetic A- and B-type stars is that they generally consist of relatively small numbers
of objects from which it is difficult to draw statistically significant results. In the
case of the volume-limited mCP star survey presented in Chapters 2 and 3, only 52
confirmed mCP stars were found within the sample of 3 254 A-type stars. While the
benefits of carrying out volume-limited surveys in order to minimize observational
biases is considerable, it is often difficult to achieve high levels of completeness.
However, one aspect of this problem has recently been addressed, which may allow
a much larger volume-limited survey to be carried out in the near future while still
mainting high levels of completeness. The Gaia survey has yielded stellar parallax
measurements that are unprecedented both in terms of the number of stars included
in the survey as well as the precision of these measurements. Although there remains
the difficulty of efficiently identifying mCP stars within a volume much larger than
100 pc, Gaia now allows essentially complete samples of A- and B-type stars to be
compiled out to distances several times that permitted by Hipparcos.
The results of the spectroscopic survey of variable Kepler stars identified by
Balona (2013) are compelling; however, they only serve as a small first step towards
answering the fundamental question stated above in Sect. 6.1.2. Aside from direct
magnetic detections, a more impactful test of the rotational modulation origin of Kepler light curves might involve a larger sample size and a greater number of higher
SNR spectroscopic observations per star, which could potentially better constrain
the presence of weak chemical peculiarities and/or chemical spots. Such a discovery
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could establish an important link between photometric variability and inhomogeneous surface structures similar to that associated with the majority of mCP stars
and a very small number of HgMn stars. As new light curves are obtained over
the next year, TESS will undoubtedly provide a large number of targets for which
the goals of detecting either weak magnetic fields or low-contrast spots (similar to
those detected on the surface of Vega) may be achievable. In particular, the release
of TESS light curves of objects north of the ecliptic is highly anticipated both because of the larger number of bright stars and because of their accessibility from
specific spectropolarimetric instruments located in the northern hemisphere, such
as ESPaDOnS@CFHT, SPIRou@CFHT, and NARVAL@TBL. In addition to Kepler
and TESS, the space-based photometry mission PLATO (PLAnetary Transits and
Oscillations of stars), which is currently planned to be launched in 2026, will allow
for longer-term variability to be detected (compared to TESS ) due to the fact that
several fields will be observed over 2 and 3 year periods. As in the case of the survey
of Kepler stars presented here, a first step in identifying targets of particular interest that have been (or will have been) observed with TESS may involve obtaining
relatively low-SNR spectroscopic observations. In this way, we might be able to efficiently identify those stars that exhibit currently unexplained rotational modulation
and provide a more convincing justification for obtaining expensive, higher-precision
measurements.
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Conclusions

The four studies presented in this thesis provide an important framework on which
future studies of tepid star magnetism – both in terms of the strong fields hosted
by mCP stars and the more recently discoverd and poorly understood weak and
ultra-weak fields – can be based. The volume-limited survey of mCP stars, which
is essentially free of the observational biases inherent to all surveys that have been
previously carried out, has solidified several properties associated with the population of these objects. For instance, the derived constraints on the incidence of
strong magnetic fields as a function of stellar mass will likely provide theorists with
important clues in regards to how fossil fields interact with the dynamo-generated
magnetic fields that may be operating in subsurface convection zones. While the two
studies presented here on the apparently rotationally variable A-type stars observed
with Kepler and TESS fall short of directly connecting the variability with the presence of weak or ultra-weak fields similar to that found on Vega, they do provide
compelling evidence in support of the notion that these two phenomena are related.
Therefore, these two studies will likely serve as the necessary first step that will
motivate the acquisition of high-precision spectropolarimetric follow-up observations
that are designed to directly detect weak magnetic fields and/or low-contrast spots.
Based on the various empirical discoveries that have been made over the past
decade in regards to the magnetic fields hosted by tepid stars, it is clear that the field
is currently undergoing a transition. This transition has largely been initiated by (1)
the discovery of the magnetic dichotomy – the notion that the magnetic fields hosted
by tepid stars are either very strong or very weak – along with (2) the possibility
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that a significant fraction of all tepid stars may host detectable magnetic fields. At
this point, our understanding of these two regimes and how they are related is quite
poor. In particular, further constraints on the properties of the weakly-magnetic
tepid stars (i.e. their incidence rate, field strengths and geometries, and evolution
over short and long timescales) are sparse and will likely require significant leaps in
terms of the available instrumentation.

BIBLIOGRAPHY

334

Bibliography

Abt, H. A. (1961). The frequency of binaries among metallic-line stars. ApJS, 6:37.
Abt, H. A. (1979). The Occurrence of Abnormal Stars in Open Clusters. ApJ,
230:485–496.
Abt, H. A. (2001).

Are Stellar Rotational Axes Distributed Randomly?

AJ,

122(4):2008–2012.
Abt, H. A. (2002). Rotational Velocities of B Stars. ApJ, 573(1):7.
Abt, H. A. and Morrell, N. I. (1995a). The Relation between Rotational Velocities
and Spectral Peculiarities among A-Type Stars. ApJS, 99:135–172.
Abt, H. A. and Morrell, N. I. (1995b). The Relation Between Rotational Velocities
and Spectral Peculiarities Among A-type Stars. ApJS, 99:135–172.
Adelman, S. J. (1975). On the continuous energy distributions of peculiar A stars.
ApJ, 195:397–403.
Adelman, S. J. (1979). Spectrophotometry of peculiar B and A stars. I. On the detection of the lambda 4200 and lambda 5200 broad, continuum features of peculiar
A stars. AJ, 84(6):857–866.

BIBLIOGRAPHY

335

Adelman, S. J., Dukes, Jr., R. J., and Pyper, D. M. (1992). Photometry of Eight
Magnetic Peculiar A Stars. AJ, 104(1):314–326.
Adelman, S. J., Gulliver, A. F., Kochukhov, O. P., and Ryabchikova, T. A. (2002).
The variability of the Hg II \lambda3984 line of the Mercury-Manganese star alpha
Andromedae. ApJ, 575:449–460.
Adelman, S. J., Rayle, K. E., and Pi, C. M. (1999). uvby photometry of the magnetic
CP stars 45 Leonis , HR 4330 , 49 Herculis , and HR 6718. A&AS, 136:379–383.
Adelman, S. J. and Woodrow, S. L. (2007). uvby FCAPT Photometry of Six SmallAmplitude mCP Stars. PASP, 119:1256–1267.
Alecian, E., Kochukhov, O., Petit, V., Grunhut, J., Landstreet, J., Oksala, M. E.,
Wade, G. A., Hussain, G., Neiner, C., and Bohlender, D. (2014). Discovery of new
magnetic early-B stars within the MiMeS HARPSpol survey. A&A, 567:A28.
Alecian, E., Tkachenko, A., Neiner, C., Folsom, C. P., and Leroy, B. (2016). Astrophysics The magnetic field of the double-lined spectroscopic binary system HD
5550. A&A, 589:A47.
Alecian, E., Wade, G. A., Catala, C., Grunhut, J. H., Landstreet, J. D., Bagnulo,
S., Folsom, C. P., Marsden, S., and Waite, I. (2013). A high-resolution spectropolarimetric survey of Herbig Ae / Be stars - I . Observations and measurements.
MNRAS, 429(2002):1001–1026.
Alecian, G. (2015). Abundance distributions over the surfaces of magnetic ApBp
stars: theoretical predictions. MNRAS, 454:3143–3149.

BIBLIOGRAPHY

336

Alecian, G., Gebran, M., Auvergne, M., Richard, O., Samadi, R., Weiss, W. W., and
Baglin, A. (2009). Special feature Looking for pulsations in HgMn stars through
CoRoT lightcurves. A&A, 506:69–78.
Alecian, G. and Stift, M. J. (2010). Bi-dimensional element stratifications computed
for magnetic Ap star atmospheres. A&A, 516:A53.
Alecian, G., Stift, M. J., and Dorfi, E. A. (2011). Time-dependent diffusion in stellar
atmospheres. MNRAS, 418:986–997.
Aller, L. H. (1960). Diffusion in the Sun. ApJ, 132:461.
Ammler-von Eiff, M. and Reiners, A. (2012). New measurements of rotation and differential rotation in A-F stars: are there two populations of differentially rotating
stars? A&A, 542:A116.
Asplund, M., Grevesse, N., Sauval, a. J., and Scott, P. (2009). The Chemical Composition of the Sun. ARA&A, 47(1):481–522.
Astraatmadja, T. L. and Bailer-Jones, C. A. L. (2016). Estimating Distances From
Parallaxes III Distances of two million stars in the Gaia DR1 Catalogue. ApJ,
833(1):1–6.
Aurière, M., Wade, G. a., Lignieres, F., Hui-Bon-Hoa, A., Landstreet, J. D., Iliev,
I., Donati, J. F., Petit, P., Roudier, T., and Theado, S. (2010). No detection of
large-scale magnetic fields at the surfaces of Am and HgMn stars. A&A, 523:A40.
Aurière, M., Wade, G. a., Silvester, J., Lignières, F., Bagnulo, S., Bale, K., Dintrans,
B., Donati, J. F., Folsom, C. P., Gruberbauer, M., Hui Bon Hoa, a., Jeffers, S.,

BIBLIOGRAPHY

337
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Briquet, M., Korhonen, H., González, J. F., Hubrig, S., and Hackman, T. (2010).
Dynamical evolution of titanium , strontium , and yttrium spots on the surface of
the HgMn star HD 11753. A&A, 511:A71.
Brown, A. G. A. and Verschueren, W. (1997). High S/N Echelle Spectroscopy in
Young Stellar Groups II. Rotational Velocities of Early-Type Stars in Sco OB2.
A&A, 319:811–838.
Brown, T. M., Latham, D. W., Everett, M. E., and Esquerdo, G. A. (2011). Kepler
Input Catalog: Photometric calibration and stellar classification. AJ, 142:112.
Buysschaert, B., Neiner, C., Martin, A. J., Aerts, C., Bowman, D. M., Oksala, M. E.,
Reeth, T. V., Si, B., Si, B., Si, A., Si, B., Si, B., Si, B., and Si, B. (2018). Detection
of magnetic fields in chemically peculiar stars observed with the K2 space mission.
MNRAS, 478:2777–2793.

BIBLIOGRAPHY

344

Bychkov, V. D., Bychkova, L. V., and Madej, J. (2005). A catalog of stellar magnetic
rotational phase curves. A&A, 430:1143–1154.
Bychkov, V. D., Bychkova, L. V., and Madej, J. (2016). Periods of magnetic field
variations in the Ap star γ Equulei (HD 201601). MNRAS, 455(3):2567–2572.
Cameron, A. C., Donati, P. J., and Semel, M. (2002). Stellar differential rotation
from direct star-spot tracking. MNRAS, 330:699–706.
Cantiello, M. and Braithwaite, J. (2011). Magnetic spots on hot massive stars. A&A,
534:A140.
Cantiello, M. and Braithwaite, J. (2019). Envelope convection, surface magnetism
and spots in a and late b-type stars. arXiv:1904.02161.
Cardelli, J. A., Clayton, G. C., and Mathis, J. S. (1989). The relationship between
infrared, optical, and ultraviolet extinction. ApJ, 345:245–256.
Carquillat, J. and Prieur, J. (2007). Contribution to the search for binaries among
Am stars – VIII . New spectroscopic orbits of eight systems and statistical study
of a sample of 91. MNRAS, 380:1064–1078.
Carrier, F., North, P., Udry, S., and Babel, J. (2002). Multiplicity among chemically
peculiar stars. A&A, 394(1):151–169.
Casagrande, L., Flynn, C., and Bessell, M. (2008). M dwarfs : effective temperatures
, radii and metallicities. MNRAS, 389:585–607.

BIBLIOGRAPHY

345

Casagrande, L., Schönrich, R., Asplund, M., Cassisi, S., Ramı́rez, I., Meléndez, J.,
Bensby, T., and Feltzing, S. (2011). New constraints on the chemical evolution of
the solar neighbourhood and Galactic disc(s). A&A, 530:A138.
Castelli, F. and Kurucz, R. L. (2003). New Grids of ATLAS9 Model Atmospheres. In
Proceedingsx of the 210th Symposium of the IAU, page A20, Uppsala University,
Uppsala, Sweden. Publications of the Astronomical Society of the Pacific.
Castelli, F. and Kurucz, R. L. (2003). New Grids of ATLAS9 Model Atmospheres.
In Piskunov, N., Weiss, W. W., and Gray, D. F., editors, Modelling of Stellar
Atmospheres, volume 210 of IAU Symposium, page A20.
Catalano, F. A. and Leone, F. (1994). The light variations of some CP2 SrCrEu
stars. A&AS, 108:595–602.
Catalano, F. A., Leone, F., and Kroll, R. (1998). On the near infrared variability of
chemically peculiar stars. A&AS, 129:463–477.
Charbonneau, P. (2005). Dynamo Models of the Solar Cycle. Living Rev. Sol. Phys.,
2.
Charbonneau, P. (2010). Dynamo Models of the Solar Cycle. Living Rev. Sol. Phys.,
7(1-91).
Charbonneau, P. and MacGregor, K. B. (2001). Magnetic fields in massive stars. I.
Dynamo models. ApJ, 559:1094–1107.

BIBLIOGRAPHY

346

Cohen, M., Wheaton, W. A., and Megeath, S. T. (2003). Spectral Irradiance Calibration in the Infrared. XIV. The Absolute Calibration of 2MASS. AJ, 126(2):1090–
1096.
Conti, P. S. (1970). THE METALLIC-LINE STARS. PASP, 82:781.
Cousins, A. W. J., Caldwell, J. A. R., and Menzies, J. W. (1989). The period of
gamma Doradus. IBVS, (3412):1.
Cowley, A. (1973). Spectra of some peculiar and luminous bright stars. PASP,
85:314–316.
Cowley, A., Cowley, C., Jaschek, M., and Jaschek, C. (1969). A study of the bright
A stars. I. A catalogue of spectral classifications. AJ, 74(3):375–406.
Cowling, T. G. (1945). On the Sun’s general magnetic field. MNRAS, 105:166.
Cramer, N. (1999). Calibrations for B-type stars in the Geneva photometric system.
New Astron. Rev., 43:343.
Cucchiaro, A., Jaschek, M., Jaschek, C., and Macau-Hercot, D. (1976). Spectral
classification from the UV line features of S2/68 spectra I. Early B-type stars.
A&AS, 26:241–250.
Cucchiaro, A., Jaschek, M., Jaschek, C., and Macau-Hercot, D. (1980). Spectral
Classification from the Ultraviolet Line Features of S2/68 Spectra. V. Supplement
Series. A&AS, 40:207–213.

BIBLIOGRAPHY

347

Cucchiaro, A., Macau-Hercot, D., Jaschek, M., and Jaschek, C. (1977). Spectral
classification from the UV line features of S2/68 spectra II. Late B-type stars.
A&AS, 30:71–79.
Cucchiaro, A., Macau-Hercot, D., Jaschek, M., and Jaschek, C. (1978a). Spectral
Classification from the Ultraviolet Line Features of S2/68 Spectra III. Early A-type
Stars. A&AS, 33:15–26.
Cucchiaro, A., Macau-Hercot, D., Jaschek, M., and Jaschek, C. (1978b). Spectral
classification from the UV line features of S 2/68 spectra IV. Late-type stars.
A&AS, 35:75–82.
David-Uraz, A., Neiner, C., Sikora, J., Bowman, D. M., Petit, V., Chowdhury, S.,
Handler, G., Pergeorelis, M., Cantiello, M., Cohen, D. H., Erba, C., Keszthelyi,
Z., Khalack, V., Kobzar, O., Kochukhov, O., Labadie-Bartz, J., Lovekin, C. C.,
MacInnis, R., Owocki, S. P., Pablo, H., Shultz, M. E., ud-Doula, A., and Wade,
G. A. (2019). Magnetic OB[A] Stars with TESS: probing their Evolutionary and
Rotational properties (MOBSTER) - I. First-light observations of known magnetic
B and A stars. MNRAS.
Davison, A. and Hinkley, D. (1997). Bootstrap Methods and Their Application. Cambridge Series in Statistical and Probabilistic Mathematics. Cambridge University
Press.
De Cat, P. and Aerts, C. (2002). Astrophysics A study of bright southern slowly
pulsating B stars II . The intrinsic frequencies. A&A, 393:965–981.

BIBLIOGRAPHY

348

de Mink, S. E., Sana, H., Langer, N., Izzard, R. G., and Schneider, F. R. N. (2014).
The Incidence of Stellar Mergers and Mass Gainers Among Massive Stars. ApJ,
782(1):7.
Deal, M., Richard, O., and Vauclair, S. (2016). Astrophysics Hydrodynamical instabilities induced by atomic diffusion in A stars and their consequences. A&A,
589:A140.
Degroote, P., Acke, B., Samadi, R., Aerts, C., Kurtz, D. W., Noels, A., Miglio, A.,
Montalbán, J., Bloemen, S., Baglin, A., Baudin, F., Catala, C., Michel, E., and
Auvergne, M. (2011). CoRoT ’ s view on variable B8 / 9 stars : spots versus
pulsations Evidence for differential rotation in HD 174648. A&A, 536:A82.
Degroote, P., Briquet, M., Catala, C., Uytterhoeven, K., Lefever, K., Morel, T.,
Aerts, C., Carrier, F., Auvergne, M., Baglin, A., and Michel, E. (2009). Evidence
for nonlinear resonant mode coupling in the β Cephei starHD 180642 (V1449
Aquilae) from CoRoT photometry. A&A, 506(1):111–123.
Deutsch, A. J. (1947). The period of the spectrum variable 56 Arietis. ApJ, 105:503–
504.
Dı́az-Cordovés, J., Claret, A., and Gimenez, A. (1995). Linear and non-linear limbdarkening coefficients for LTE model atmospheres. A&AS, 110:329.
Donati, J.-F., Catala, C., Wade, G. A., Gallou, G., Delaigue, G., and Rabou, P.
(1999a). A dedicated polarimeter for the MuSiCoS échelle spectrograph. A&AS,
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extinction in the solar neighbourhood. I. Statistical approach. A&A, 340:543–555.
Vogt, N., Kerschbaum, F., Maitzen, H., and Faundez-Abans, M. (1998). An extensive
Delta a-photometric survey of southern B and A type bright stars. A&AS, 130:455–
464.
Wade, G. A. (1997). Evolutionary estimates for 10 magnetic Ap stars calculated
from their rigid rotator geometries. A&A, 325:1063–1069.

BIBLIOGRAPHY

382

Wade, G. A., Bagnulo, S., Drouin, D., Landstreet, J. D., and Monin, D. (2007).
A search for strong, ordered magnetic fields in Herbig Ae/Be stars. MNRAS,
376(3):1145–1161.
Wade, G. A., Bagnulo, S., Johnson, N., Landstreet, J. D., Marsden, S., Monin, D.,
Mouillet, D., Paletou, F., Petit, P., Alecian, E., and Folsom, C. (2006). A search for
magnetic fields in the variable HgMn star alpha Andromedae. A&A, 451:293–302.
Wade, G. A., Bagnulo, S., Kochukhov, O., Landstreet, J. D., Piskunov, N., and
Stift, M. J. (2001a). LTE spectrum synthesis in magnetic stellar atmopsheres.
The interagreement of three independent polarised radiative transfer codes. A&A,
374:265–279.
Wade, G. A., Donati, J.-F., Landstreet, J. D., and Shorlin, S. L. S. (2000a). Highprecision magnetic field measurements of Ap and Bp stars. MNRAS, 313(4):851–
867.
Wade, G. a., Donati, J.-F., Landstreet, J. D., and Shorlin, S. L. S. (2000b). Spectropolarimetric measurements of magnetic Ap and Bp stars in all four Stokes
parameters. MNRAS, 313(4):823–850.
Wade, G. A., Hill, G. M., Adelman, S. J., Manset, N., and Bastien, P. (1998).
Magnetic field models for A and B stars. V. The magnetic field and photometric
variation of 84 Ursae Majoris. A&A, 335:973 – 8.
Wade, G. A., Ryabchikova, T. A., Bagnulo, S., and Piskunov, N. (2001b). Chemical
Stratification in Magnetic Ap Stars. In ASP Conf. Ser.

BIBLIOGRAPHY

383

Waelkens, C. (1991). Slowly pulsating B stars. A&A, 246(2):453–468.
Waelkens, C., Aerts, C., Kestens, E., Grenon, M., and Eyer, L. (1998). Study of
an unbiased sample of B stars observed with Hipparcos: the discovery of a large
amount of new slowly pulsating B stars. A&A, 330:215.
Weiss, W. W. (2008). BRITE-Constellation: Astrophysical Concept. Communications in Asteroseismology, 152:6–10.
Williams, M. J., Bureau, M., and Cappellari, M. (2010). The Tully-Fisher relations
of early-type spiral and S0 galaxies. MNRAS, 409(4):1330–1346.
Wilson, O. C. (1966). Stellar Convection Zones, Chromospheres, and Rotation. ApJ,
144:695.
Wilson, R., Gardier, S., Jamar, C., Macau, J. P., Malaise, D., Butler, H. E.,
Humphries, C. M., Nandy, K., Thompson, G. I., Barker, P. J., Wroe, H., Housiaux, L., and Boksenberg, A. (1972). Early Data from the Ultraviolet Sky-scan
Telescope in the TD1 Satellite. Nature, 238:34–36.
Wolff, S. C. (1968). The Incidence of Ap Stars. PASP, 80:281–289.
Wolff, S. C. (1969). The period of the magnetic variations of HD 188041. ApJ,
158:1231–1233.
Wolff, S. C. (1975). The Distribution of Periods of the Magnetic A-type Stars. ApJ,
202:127–136.

BIBLIOGRAPHY

384

Wolff, S. C. and Preston, G. W. (1978). Late B-type stars - Rotation and the
incidence of HgMn stars. ApJS, 37:371.
Wraight, K. T., Fossati, L., Netopil, M., Paunzen, E., Rode-Paunzen, M., Bewsher,
D., Norton, A. J., and White, G. J. (2012). A photometric study of chemically
peculiar stars with the stereo satellites - i. magnetic chemically peculiar stars.
MNRAS, 420:757–772.
Wright, G. A. E. (1973). Pinch Instabilities in Magnetic Stars. MNRAS, 162(4):339–
358.
Yakunin, I., Wade, G., Bohlender, D., Kochukhov, O., Marcolino, W., Shultz, M.,
Monin, D., Grunhut, J., Sitnova, T., and Tsymbal, V. (2015). The surface magnetic field and chemical abundance distributions of the B2V helium-strong star
HD 184927. MNRAS, 447:1418–1438.
Young, A. and Martin, A. E. (1973). A search for Ap stars in open clusters. ApJ,
181:805–810.
Ziznovsky, J. and Mikulasek, Z. (1995). Improvement of the period of CQ UMa.
IBVS, (4259):1–3.
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