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ABSTRACT

Numerous magnetic hot stars exhibit gyrosynchrotron emission. The source electrons
were previously thought to be accelerated to relativistic velocities in the current sheet
formed in the middle magnetosphere by the wind opening magnetic field lines. How-
ever, a lack of dependence of radio luminosity on the wind power, and a strong de-
pendence on rotation, has recently challenged this paradigm. We have collected all
radio measurements of magnetic early-type stars available in the literature. When
constraints on the magnetic field and/or the rotational period are not available, we
have determined these using previously unpublished spectropolarimetric and photo-
metric data. The result is the largest sample of magnetic stars with radio observations
that has yet been analyzed: 115 stars with rotational and magnetic constraints, of
which 48 are radio-bright. We confirm an obvious dependence of gyrosynchrotron ra-
diation on rotation, and furthermore find that accounting for rotation neatly separates
stars with and without detected radio emission. There is a close correlation between
Ha emission strength and radio luminosity. We demonstrate that radio emission is
explained by the same mechanism responsible for Ha emission from centrifugal mag-
netospheres, i.e. centrifugal breakout (CBO), where the Ha-emitting magnetosphere
probes the cool plasma before breakout, while radio emission is a consequence of elec-
trons accelerated in centrifugally-driven magnetic reconnection. CBO both accurately
predicts the onset of detectable emission, and yields a luminosity scaling relationship
that matches the observed luminosities with high confidence.

Key words: stars: magnetic field — stars: early type — stars: rotation — radio contin-
uum: stars — magnetic reconnection

1 INTRODUCTION

* E-mail: mshultzQudel.edu Approximately 10% of OBA stars possess magnetic fields
(Sikora et all 12019a: IGrunhut et all 12017). with properties
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that are remarkably consistent across the Hertzsprung-
Russell diagram: they are strong (102 to 10 G;

); topologically simple (i.e., with only a few excep-
tions, approximately dipolar; [Kochukhov et all 1211]_9), and
stable over at least thousands of rotational cycles (i.e. at
least decades; [Shultz et al] M) Unlike stars with con-
vective envelopes, for which surface magnetic field strength
1ncreases w1th rotation (Vidotto et all [2014; [Folsom et al!
- there is no such correlation with rotation
for the magnetic fields of stars with radiative envelopes
(Shultz et al! [2019d; ISikora. et all [2019H). Instead, hot star
magnetic fields decline in strength with age in a fashion
consistent with conservation of magnetic flux in an expand-
ing atmosphere (for intermediate mass stars;

) or gradual decay of magnetic flux (for stars above
about 5 Mg; 12007; [Shultz et all [2019d;
Fossati et all lZQl_d) These properties, together with the

absence of a sustainable dynamo mechanism in radiative
zones, has led to the interpretation of hot star magnetic
fields as ‘fossils’ left over from a previous epoch, a sce-
nario supported by magnetohydrodynamic (MHD) simula-
tions that have demonstrated the stability of fossil magnetic
fields over evolutionary timescales as well as the ability of
processes such as binary mergers to generate fossil fields

(Braithwaite & Spruit 2004; [Braithwaite 2009; [Duez et all
2010; [Schneider et al![2019).

Strong magnetic fields stabilize the atmospheres of
hot stars, enabling various chemical elements to accumu-
late in long-lived surface patches via radiative diffusion
% Michaud et all [1981; [Alecian [2015; [Alecian & Stift

). This leads directly to modulation of the light curve

on rotational timescales (e.g. [Krticka et all 12009, 2012;
Krticka et al] w), making it straightforward to infer pre-
cise rotation periods from photometric time series (e.g.
12001)). A key goal of the MOBSTER. col-
laboration (Magnetic OB(A) Stars with TESS: probing their
Evolutionary and Rotational properties;
M) is to leverage space photometry from the TESS mis-
sion in order to dramatically expand the number of known
rotational periods for magnetic chemically peculiar stars
(e.g. |Sikora et all 2019d), as a means of investigating the
evolutionary and magnetospheric characteristics of this pop-
ulation.

The radiation-driven winds of hot stars serve

ion sources which feed their magnetospheres
(Landstreet & Bgrrd M; Babel & MQangrlé m;
lud-Doula & Owocki [2@12) Hot star magnetospheres have
a number of observable consequences. They were first
detected by [Landstreet & Borrd (1978) via eclipsing of o
Ori E by the dense plasma clouds of its magnetosphere. Ul-
traviolet observations demonstrated that the wind-sensitive
resonance lines of magnetic hot stars exhibit clear rotational
modulation indicating departures from spherical symmetry
(e.g. [Henrichs et all M) Optical and near-infrared H
emission is also formed in the dense plasma of the magneto-
sphere (Petit_et _alll2013; DmlamﬂlZQlB_H) Magnetically
confined wind-shocks lead to X-ray emission
w; ud-Doula et al] w) Finally, a large fraction of
magnetic hot stars show gyrosynchrotron radiation at high
frequencies (e.g. ) and occasionally auroral

With the exception of radio diagnostics, magnetospheric
emission is believed to be formed within the inner mag-
netosphere, i.e. the magnetically dominated region within
the Alfvén surface, in which the wind kinetic energy den-
sity is less than the magnetic energy density. By contrast,
radio diagnostics are believed to be a consequence of ac-
tivity in the middle magnetosphere, a region beyond the
Alfvén radius in which magnetically enforced corotation of
the plasma with the star breaks down, while the ram pres-
sure of the winds opens the magnetic field lines, the combi-
nation of which leads to the formation of a current sheet. In-
side the current sheet, electrons are accelerated to relativis-
tic velocities, some of which then return to the star along
magnetic fields lines, leading to gyrosynchrotron emission
(Trigilio et al] w) and, for those that are caught in auro-
ral circuits, electron-cyclotron maser emission m
2011; Leto et all2016; Das et all 2020).

Rotation has emerged as a key parameter governing
the structure of the inner magnetosphere. In the absence
of rotation, inner magnetosphere plasma exists in dynami-
cal equilibrium: flowing up along magnetic field lines, collid-
ing at the magnetic equator, and then being pulled back
to the star by gravity @d;]lm_la_&ﬂmki lZQQﬂ) These
dynamical magnetospheres are generally detectable in Ha
only for stars with high mass-loss rates (i.e. O-type stars;

). Due to corotation of the inner magne-
tosphere plasma, around rapid rotators centrifugal forces
can prevent gravitational infall (ud-Doula et QIHM). This
leads to the formation of a centrifugal magnetosphere (CM)
between the Kepler corotation radius (the equilibrium point
between the gravitational and centrifugal forces) and the
Alfvén radius. Within the CM, plasma can accumulate to
high enough densities for Ha emission to be detectable
even around stars with low mass-loss rates (i.e. B-type
stars; [Petit et all 2013; [Shultz et all[2019d). Rotational in-
fluence furthermore distorts the plasma distribution, such
that (for a tilted dipole) it departs from a torus in the mag-
netic equator to two distinct clouds located at the intersec-
tions of the rotational and magnetic equatorial planes, as
described by the Rigidly Rotating Magnetosphere (RRM;
[Townsend & Owocki[2005) model. In addition to the canon-
ical CM host star o Ori E (e.g. [Landstr Borr M;
[Oksala et. all lZQlﬁd), the variable Ha profiles of a large
number of CM host stars has been examined in detail
and found to be phenomenologically consistent with the
RRM model (e.g. [Leone et all 2010; [Bohlender & Moninl
2011; \Grunhut et all[2012; Rivinius et all[2013; Sikora et all
m, m; Shultz et al] 2 !215), with significant differences
so far apparent only in the case of tidally locked binaries
(Shultz et al! 2018a).

The current understanding of radio magnetospheres as-
sumes that the inner magnetosphere plasma makes no con-
tribution to the current sheet (Trigilio et all[2004). Within
this framework the only importance of the inner magneto-
sphere is absorption and diffraction of radio emission due
to the denser plasma in this region, and the primary role of
rotation is signal modulation due to the changing projection
of a tilted dipole on the sky, and a reduced density in the
inner magnetospere due to centrifugal stress on the mag-

netic field. However, [Shultz et all (2020) and [Owocki et all

radio emission at low frequencies (e.g. [Trigilio et al] mﬁ)ﬂﬂ;
Das et all 2018).

(2020) have recently demonstrated that the Ha emission
properties of magnetic early B-type stars can only be ex-
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plained if mass-balancing in the CM is accomplished by
centrifugal breakout (CBO), rather than steady-state leak-
age mechanisms operating via a combination of diffusion
and drift across magnetic field lines (Owocki & Cranmer
2018). This process, analogous to magnetotail reconnection
in planetary magnetospheres, occurs when mass-loading by
the wind drives the plasma density beyond the ability of
the magnetic field to contain it, at which point the plasma
is ejected outwards in a centrifugally driven reconnection
process (ud-Doula et all 2006, [2008). In contrast to previ-
ous expectations that this should result in large-scale reor-
ganization of the inner magnetosphere due to emptying of
the plasma (e.g. Townsend et alll2013), observations instead
suggest that CBO events happen more or less continuously
over small spatial scales, with the CM maintained at a con-
stant state of near-breakout density (Shultz et all|2020).

Since plasma ejected by CBO must flow away from the
star and, therefore, should pass through the middle magne-
tosphere, it is reasonable to ask whether there might be some
connection between gyrosynchrotron emission and rotation.
Linsky et all (1992) searched for just such a connection but
were unable to find anything statistically significant. Since
then the number of stars with precisely determined rota-
tion periods has dramatically increased. A connection be-
tween rotation and gyrosynchrotron emission was suggested
by [Kurapati et all (2017), who did not detect radio emis-
sion from slow rotators; however, their small sample size
prevented firm conclusions. [Leto et all (2021) have recently
demonstrated a close connection between rotation and radio
luminosity, suggesting that the wind-driven current sheet
model advanced by [Trigilio et all (2004) be abandoned in
favour of a radiation belt model in which radio emission
originates from a magnetic shell unrelated to the middle
magnetospheric regions where the magnetic field lines are
opened by the wind ram pressure. However, |Das & Chandra
(2021) have recently reported the detection of correlated flux
enhancements emanating via the electron cyclotron maser
mechanism from auroral circuits above both magnetic poles
of CU Vir, which they interpreted as a possible result of
centrifugal breakout events in the inner magnetosphere in-
jecting electrons into both magnetic hemispheres, suggest-
ing that gyrosynchrotron emission may also be connected to
CBO.

In the current work we collect together all magnetic
stars for which radio observations, magnetic data, and ro-
tational periods have been obtained, both for radio-bright
and radio-dim stars (i.e. stars from which radio emission re-
spectively is and is not detected), in order to investigate the
influence of rotation in gyrosynchrotron emission from hot
star magnetospheres. Literature data are supplemented with
unpublished magnetometry, photometry, and radio observa-
tions in order to provide the most comprehensive sample of
radio emission from magnetic early-type stars that has been
analyzed to date. In § 2] the sample and observations are
described, together with the determination of atmospheric,
fundamental, rotational, and magnetic parameters. The pa-
rameter space distributions of radio-bright and -dim stars
are examined in §[3] together with comparison to Ha emis-
sion, and analysis of correlations between radio luminosities
and various parameters. Drawing on this empirical analy-
sis, § M develops a theoretical framework for understanding
gyrosynchrotron emission in the context of CBO, together

Table 1. Sources for radio observations.

Source Number of stars ~ Wavelength (cm)
Drake et al. (1987) 33 6
Linsky et al. (1992) 42 2, 3.6, 6, 20
Leone et al. (1994) 40 6
Leone et al. (1996) 7 1.3, 2, 6, 20
Leone et al. (2004) 11 0.3
Drake et al. (2006) 19 6
Chandra et al. (2015) 9 20, 50
Kounkel et al. (2017) 2 6
Kurapati et al. (2017) 19 1, 3,13
Leto et al. (2017) 1 1,2,3
Leto et al. (2018) 1 1,2, 3,20
Das et al. (2019b) 1 50
Leto et al. (2020a) 1 1,2,3,6
Leto et al. (2020b) 1 2, 3,6, 13, 20
Pritchard et al. (2021) 5 20
Leto et al. (2021) 1 3
Das & Chandra (2021) 1 50
Drake (priv. comm.) 46 6
Das et al. (submitted) 4 50
This work 10 50

with a comparison to observations. In § Bl this framework is
compared to previous models and the implications are dis-
cussed, while the conclusions are summarized in §[6l Stellar
parameters are tabulated in Appendix [Al The online ap-
pendices [Bl [C and [D] respectively provide the observation
log of newly presented radio measurements, notes on indi-
vidual stars for which new magnetic and rotational analyses
are presented together with newly published magnetic data,
and the tabulated radio flux density measurements for the
individual stars.

2 SAMPLE

The sample started with all chemically peculiar or magnetic
OBA stars which have been observed in at least one radio
band. For Ap/Bp stars, we assume them to be magnetic even
if magnetic data are not available, as chemical peculiarity of
this type is invariably associated with strong surface mag-
netic fields. For magnetic OB stars (i.e. stars of spectral type
B0 and hotter, in which strong winds inhibit the formation of
surface chemical abundance spots), only those stars known
to be magnetic via spectropolarimetric measurement of the
Zeeman effect are included, as chemical peculiarity is not an
indicator of magnetism at the top of the main sequence. The
sources consulted for radio data are summarized in Table [l
Note that there is considerable overlap in targets between
the various surveys; across all papers, 186 unique targets
were observed. In addition to literature measurements, we
also include new radio measurements of 10 stars (see below).

Since some of the stars observed in the early surveys be-
long to non-magnetic classes (e.g., classical Be stars, HgMn
stars), these stars (33 in total) were removed from the sam-
ple. After cross-referencing the catalogues and removing
non-magnetic stars, 153 stars have at least one radio fre-
quency observation, 48 of which are detected. These stars
are listed in Table [Adl with the observed fluxes given online
in Table [DI] Where more than one observation is available
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at a given wavelength, the radio luminosity corresponds to
the maximum observed flux density.

2.1 Stellar parameters

We searched the literature for determinations of atmospheric
parameters effective temperature Teg and bolometric lumi-
nosity log Lvo1, and projected rotational velocities v sinzi.
These are given together with references in Table[ATl When
stellar parameters could not be found in existing compi-
lations or single studies, they were determined photomet-
rically. As a first step, the catalogue was cross-referenced
with SIMBA[ﬂ, in order to obtain spectral types and John-
son photometry. Distances were obtained from the Gaia

early Data Release 3 Catalogue Mﬁbﬂlﬂdﬁw

); in the few cases where these were not available,
Hipparcos parallaxes dxa‘mL:ﬂm&ﬂ lZQQ_ﬂ) generally were. If

Stromgren photometry is available (using the catalogues
provided by [Hauck & Mermilliod m; Paunzeﬂ M), ef-
fective temperatures were determined with the IDL pro-
gram UVBYBETA (which uses the calibration determined by
Napiwotzki et al] M) If Strémgren photometry is not
available, Johnson photometry was used to obtain the Teg.
All available de-reddened colours were compared to the em-
pirical calibration provided by [Worthey & Led (2011). Red-
dening was found using the Stilism three-dimensional to-
mographic dust map (Lallement et al!2014; |Capitanio et al!
m; Lallement et al“M) based on the positions and Gaia
distances of the individual stars. While Stilism typically ex-
tends only out to around 1 kpc, the overwhelming major-
ity of the sample stars are well within this distance; the
few stars beyond this distance have stellar parameters avail-
able in the literature. Extinctions were determined with the
usual reddening law (Ay = 3.1E(B — V)). For magnetic
chemically peculiar (mCP) stars, the bolometric correction
BC determined by Netopil et al! (2008) for mCP stars was
used to determine bolometric luminosities L. Since the

BC is only calibrated up to 19 kK, for mCP
stars hotter than this limit a larger uncertainty was adopted
following [Shultz et al] (IM) For chemically normal stars,
the Nievdl (2013) BC was used.

We then searched the literature for determinations of
rotational periods P..t and magnetic oblique rotator model
(ORM) parameters. In the simplest case of a tilted dipole
(appropriate to first order for the vast majority of stars with
fossil fields), an ORM consists of an inclination ¢ of the rota-
tional axis from the line of sight, an obliquity angle 3 of the
magnetic axis from the rotational axis, and a polar surface
strength Bq of the magnetic dipole at the stellar surface.
In the simplest case of a tilted dipole, appropriate to the
vast majority of stars (e.g. [Kochukhov et al! [2019), the ro-
tation of the star will lead to a sinusoidal variation in the
longitudinal, or line-of-sight, magnetic field (B.) averaged
over the stellar disk. If Pt is known, the (B.) curve can
then be used to obtain the ORM parameters ),
however there is a degeneracy between the angular param-
eters ¢ and B. Breaking this degeneracy requires knowledge
of vsini and the stellar radius R..

Where ORM parameters were not already available,

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

we searched for longitudinal magnetic field measurements
(B:) with which to determine them. ORM parameters
were determined simultaneously with fundamental, rota-
tional, and magnetospheric parameters using the Monte
Carlo Hertzsprung-Russell diagram (MCHRD) sampler de-
scribed by [Shultz et al] (IM) The MCHRD sampler com-
bines all available measurements with evolutionary models
in order to infer self-consistent fundamental, ORM, wind,
and magnetospheric parameters, automatically accounting
for correlated error bars. In this case we utilized the ro-
tating or non-rotating Geneva evolutionary models calcu-
lated by [Ekstrom et all GM), as appropriate for a given
stellar rotational period (non-rotating models were used if
Prot > 10 d)

2.2 Radio observations
2.2.1 VLA

We report previously unpublished 6 cm observations of 46
stars acquired at the Very Large Array (VLA). The data
were acquired in 1992 and 1994 in the context of the survey

presented by [Drake et al! (1987), Linsky et all (1992), and
[Drake et al! (2006), and were reduced and analyzed follow-
ing the procedures described in those works. All 46 obser-
vations are non-detections. One of the stars in this sample,
HD 118022, was reanalyzed by (M) and found
to be a detection.

2.2.2 uGMRT

We report new 50 cm radio observations of 10 magnetic hot
stars, including 2 new detections (HD 11503 and HD 64740).
These data were acquired with the upgraded Giant Metre-
wave Radio Telescope (uGMRT), located at Pune, India.
The uGMRT is a radio interferometer consisting of 30 an-
tennae, and operates over the frequency range of 120-1450
MHz divided into four bands. Our observation frequency cor-
responds to band 4 (550-900 MHz). For each observation,
we observed a set of calibrators in order to calibrate the ab-
solute flux density scale and the bandpass (flux calibrator),
and the time-dependent antenna gains (phase calibrator).
The details of these observations, including the calibrators
used, are provided in Table [BIl The data were analyzed us-
ing the Common Astronomy Software Applications (CASA,
McMullin et al] m)ﬂ_ﬂ) following the procedure described in
(@B) The flux densities are given in Table
B1

These measurements were acquired in the context of an
ongoing uGMRT survey aiming to detect and characterize
auroral radio pulses emitted via the electron cyclotron maser
mechanism (ECM;Das et al]hﬂlﬁ,&ﬂl%]ﬂ;wmrd
12021). These pulses occur at or near (B.) nulls (i.e. at phases
corresponding to the magnetic equator bisecting the stellar
disk) since they are emitted tangent to the auroral circuits
above the magnetic poles (e.g. [Trigilio et al] M, m;
Leto et al] m; Das et al] M) For this reason, observa-
tions were acquired close to magnetic nulls, and care is re-
quired to ensure that the adopted flux density reflects basal
gyrosynchrotron emission rather than the much stronger
ECM pulse. For 5 additional stars for which phase coverage
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was insufficient to cover the basal flux density level, uGMRT
data were not included.

It should be noted that, since gyrosynchrotron emis-
sion is rotationally modulated and, unlike ECM pulses, is at
a minimum rather than a maximum at magnetic nulls (e.g.
Leto et all 12017, 12018), there is the possibility that these
data systematically under-estimate the peak 50 cm flux den-
sities of these targets. However, in most cases when observa-
tions at other wavelengths are available, the measurements
are comparable, consistent with expectations that the radio
spectrum is approximately flat and that rotational modula-
tion of the flux density is generally only a factor of a few (e.g.
Trigilio et all[2004; [Leto et all|2012, 2017, [2018&, 120204).

2.3 Spectropolarimetric and photometric
observations

When neither ORM parameters nor published (B.) mea-
surements were available, or when rotation periods were un-
known, we utilized both public and private archives of spec-
tropolarimetric and space photometric data with which to
constrain magnetic and rotational properties. These were
then used in conjunction with stellar parameters and the
MCHRD sampler to infer ORM models as described above.
The data used for this analysis are described in detail in
Appendix In total, we provide new magnetic data for
30 stars, of which magnetic fields were detected in 16, and
utilized magnetic and/or photometric data to evaluate ro-
tational periods for 59 stars, of which we refined the pub-
lished periods of 14 stars and determined new periods for 16
stars. In some cases (HD 36629, HD 37041, HD 49606, and
HD 89822), these analyses also led to the rejection of pub-
lished rotational periods and magnetic data as spurious re-
sults arising from noisy data; these stars were removed from
the sample.

2.8.1 Dominion Astrophysical Observatory
spectropolarimetry

The dimaPol spectropolarimeter is a medium-resolution
(A/AX ~ 10,000) instrument covering the 25 nm region
centred on the laboratory wavelength of the HS line. It
is mounted on the 1.8 m Dominion Astrophysical Obser-
vatory (DAO) Plaskett Telescope. The instrument and re-
duction pipeline are described in detail by [Monin et al.
(2012). Magnetic measurements are obtained primarily us-
ing the wings of HB and are therefore fairly insensitive to
either vsin¢ or surface chemical abundance patches (e.g.
Borra & Landstreet| [1977).

Unpublished DAO measurements are available for 16
stars in the sample, although in some cases no magnetic field
can be detected at the available precision (generally hun-
dreds of G). Of the 12 stars for which a magnetic field can
certainly be detected and good constraints do not already
exist, 217 individual measurements are available, with a me-
dian of 18 measurements per star. These data are provided
in Appendix [Cl

2.8.2 ESPaDOnS and Narval spectropolarimetry

ESPaDOnS (Echelle SPectropolarimetric Device for the Ob-
servations of Stars) and Narval are identical high-resolution
(A/AN) spectropolarimeters respectively mounted at the
3.6 m Canada-France-Hawaii Telescope (CFHT) and the
2 m Bernard Lyot Telescope (TBL). They cover a wave-
length rang of approximately 370 nm to 1050 nm across 40
overlapping spectral orders. Each observation consists of 4
differently polarized subexposures, yielding for unpolarized
(Stokes I) spectra, one circularly polarized (Stokes V') spec-
trum, and two diagnostic null (N) spectra with which to
check for normal instrument operation and determination
of noise. The characteristics of the instruments and data
reduction were described in detail by [Wade et all (2016).

We queried the PolarBase database of Narval and ES-
PaDOnS spectropolarimetry for unpublished spectropolari-
metric measurements (Petit et all|2014). These were found
for 20 stars (overlapping with the DAO dataset), of which
magnetic fields were detected via the multiline least-squares
deconvolution (LSD; [Donati et all 1997; [Kochukhov et al.
2010) method in 6. The magnetic analysis of these mea-
surements is described in Appendix [Cl

2.8.8 Space photometry

The surface abundance spots of magnetic chemically pecu-
liar stars lead to photometric variability that can be used to
infer their rotational periods. We searched public archives
(the Hipparcos archive and MAST, the Mikulsi Archive for
Space Telscopes) for the light curves from the High precision
parallax collecting satellite (Hipparcos), Kepler, and Tran-
siting Exoplanet Survey Satellite (TESS) space telescopes.
These light curves are provided in Appendix[Cl Period anal-
ysis was performed using the Lomb-Scargle program PE-
RIOD04 (Lenz & Breger 12005). This was accomplished by
identifying the lowest-frequency term in a harmonic series,
fixing higher harmonics to whole number multiples of the
rotational harmonic, and then optimizing the phases and
amplitudes of the terms to minimize residuals, as is stan-
dard practice for the strictly periodic rotational variability of
mCP stars (e.g.David-Uraz et alll2019;Sikora et all[2019d).

Hipparcos was an astrometric space telescope, whose
mission lasted from 1989 to 1993. While the primary aim
was to obtain high-precision trigonometric parallaxes, it also
obtained time series photometry for a large number of stars
(Perryman et all [1997; lvan Leeuwen 2007), which is avail-
able for 12 stars without published rotation periods.

The NASA Kepler satellite was a pmag-precision space
photometer with a 110 square degree field of view operating
in the 400 to 850 nm bandpass, intended for high-cadence,
long-duration observations with the goal of detecting tran-
siting exoplanets (Borucki et all[2010). The K2 mission was
an extension of the original Kepler mission, following the
failure of two of the satellite’s reaction wheels; by utilizing
pressure from the solar wind, the satellite could be stabilized
on a given field of view for about 3 months, enabling it to
observe fields along the ecliptic (Howell et all 2014). A K2
light curve is available for 1 star.

TESS uses four cameras with a total field of view
of 24° x 96°, with a bandpass covering 600 to 1050 nm
(Ricker et alll2015). The initial two-year TESS mission be-
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Figure 1. Radio luminosities inferred from the maximum flux
density vs. radio luminosities obtained by integrating flux density
across the full frequency range, for those stars with observations
sampling at least 4 frequencies. Symbol size is proportional to
number of observations (either 4, small, or 5, large).

gan in 2018, during which it completed coverage of almost
the entire sky. During each year, 13 sectors were observed for
27 days each, with a nominal precision of 60 ppm hr* (al-
though this varies between fields and targets). High-priority
targets are observed with a two-minute cadence, and the
processed light curves made available on the MAST archive
immediately following reduction. Two-minute cadence TESS
data are available for 9 stars. In other cases, we used the
30-minute cadence data extracted from Full Frame Images,
obtained from MAST when available or, for 9 stars for which
this was not the case, extracted ourselves. In total we uti-
lized TESS data for 46 stars.

2.4 Final sample

In the end, magnetic data are available for 139 stars, ro-
tational periods for 132 stars, and both for 116 stars, of
which 48 have detected radio emission. Dipolar magnetic
field strengths and rotation periods are given together with
references in Table [A1l In the cases in which ORM param-
eters were determined here using published (B.) measure-
ments, the references to the measurements are also included.

Radio luminosities were determined using parallax dis-
tances. When multiple radio measurements are available, the
highest flux density measurement was chosen as representa-
tive of the radio luminosity of the star. When they have
been measured, the spectral indices of radio emission from
magnetic hot stars are approximately flat between 1 and
100 GHz (as has been shown by , for the
largest sample to date of stars with a sufficient number of
multifrequency observations to perform this analysis), and
the difference between measurements at different frequencies
for a given star in the present sample is in general small. It
is therefore likely that radio luminosities can be estimated

log(Lrad/LO)
&
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Figure 2. Radio luminosity as a function of a distance. Solid
and dotted lines indicate distance-dependent detection limits as
defined by the lower bounds of detected and non-detected stars,
respectively. The vertical dashed line indicates the distance be-
yond which the lower detection limit begins to rise with increasing
distance. Non-detections are upper limits.

with reasonable accuracy from single observations at a sin-
gle frequency (which are all that are available for much of
the sample). Following this, radio luminosity was determined
by integrating a box function between 600 MHz and 30 GHz
(i-e., 50 cm to 1 cm), scaled by the peak specific intensity
measured across all observations (when more than one ob-
servation is available). In the end, 0.3 cm measurements were
discarded as likely outliers due to significant discrepancies
between these and observations at other wavelengths for the
same stars. While this is a less-than-perfect approximation
of the actual spectral energy distributions (SEDs) of the
sample stars, in the absence of multi-wavelength measure-
ments constraining the variation of SEDs across stellar pa-
rameters it is not yet possible to adopt a more sophisticated
approach. Furthermore, rotational modulation of the signal
and the reliance on snapshot observations makes it likely
that the maximum flux density is under-estimated for much
of the sample, for which this box function approach may
partially compensate given that it may over-estimate the
radio luminosity by failing to account for deparatures from
perfectly flat spectral indices. As a check on this approxi-
mation, Fig. [l shows the radio luminosity inferred from the
maximum flux density, vs. the radio luminosity measured via
integration of measured flux densities across the same fre-
quency range, for those stars with observations sampling at
least 4 frequencies. While there are outliers by up to about
1 dex, there is generally a good correlation between the two
quantities, suggesting this approach is a reasonable approx-
imation of the actual radio luminosities of the sample.

As can be seen in Fig. 2] radio luminosity varies over
about 4 orders of magnitude. While radio emission is ro-
tationally modulated, the amplitude of this modulation is

a factor of a few (e.g. [Trigilio et al] M; Leto et al] 21!12,
2017

, ), i.e. much smaller than the differences between
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Figure 3. Parameter space distribution of the sample. Filled red circles indicate radio-bright stars, open blue squares radio-dim stars,
and symbol size is proportional to radio luminosity (or its upper limit). Mean uncertainties are indicated by error bars. Filled green circles
highlight HD 64740 and HD 171247 (discussed in the text). Top Left: Hertzsprung-Russell diagram showing all magnetic stars with radio
observations. The grey shaded region indicates the main sequence. The thick line indicates the empirical bolometric luminosity cutoff
applied to the subsequent analysis. Top right: the sample on the log Bq —log Prot plane. Bottom left: the sample on the rotation-magnetic
wind confinement diagram. The solid line indicates Ry = Rk: points below have dynamical magnetospheres only, points above possess
centrifugal magnetospheres. The dashed line shows log Ra/Rx = 0.8, the approximate minimum threshold for Ha emission. Bottom
right: the log Bk — log L1,o1 plane. The minimum value of log Bk extends to about —6; none of the stars not shown are detected in radio.
The dashed line indicates the approximate By threshold for Ha emission, while the solid line indicates the lower luminosity limit for

Ha.

individual stars in the sample. That radio observations sam-
pling the entire phase curve are in general unavailable, and
that the true peak luminosity is therefore unknown, is unim-
portant at the level of the full population.

Another consideration that is apparent from Fig. 2] is
that the detection limit is a function of distance. However,
below a distance of log (d/pc) = 2.2, the lower detection
limit is fairly constant, with radio non-detections being com-
parable in luminosity to the weakest radio detections. Be-
yond this distance, it is more likely that radio-dim stars

would have been detected if they were closer; below it, this
scenario is less likely. This sub-sample is therefore in a sense
more complete than the full sample, and can be used to test
conclusions derived from the full sample of stars.

3 PARAMETER STUDY

We begin our analysis by examining the distributions of
radio-bright and radio-dim stars in atmospheric, magnetic,
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rotational, and magnetospheric parameter space, examining
the effectiveness of each parameter in separating the two
populations, as well as the strength of the correlation be-
tween radio luminosity and a given parameter.

3.1 Hertzsprung-Russell diagram

The top left panel of Fig. [3] shows all magnetic stars
with radio observations on the Hertzsprung-Russell diagram
(HRD). Most radio-bright stars are between about 3 and 9
Mg, and are generally close to the Zero-Age Main Sequence
(ZAMS), where we have shown the non-rotating evolution-
ary models calculated with the solar metallicity Geneva evo-
lutionary code by [Ekstrom et all (2012). They are relatively
evenly distributed within this mass range, with no obvious
tendency to cluster at high luminosities, consistent with the
finding from |Leto et all (2021) that gyrosynchrotron emis-
sion is more or less independent of the wind power.

As discussd by [Chandra et al! (2015), the strong winds
of O-type stars lead to radio photospheres that are, in gen-
eral, much larger than their Alfvén radii, and swallow any
gyrosynchrotron emission that might be produced. Thermal
radio emission from O-type stars can be produced by their
winds (e.g. [Bieging et al! [1989; [Lamers & Leitherer 1993),
and while this can in principle be rotationally modulated
due to symmetry-breaking in the presence of a magnetic
field (Daley-Yates et all 2019), this is unrelated to the gy-
rosynchrotron emission of interest here. Furthermore, non-
thermal synchrotron emission can be produced in the col-
liding wind shocks of close binaries (e.g. [Pittard et all|2006;
Blomme et al! 2010). Only two O-type stars are detected
in the sample (Kurapati et all 2017), these being ¢ Ori A
(which has a thermal radio spectrum) and Plaskett’s Star (a
spectroscopic binary; [Linder et all|2008). O-type stars were
therefore excluded from the sample, as indicated by the hor-
izontal thick bar in Fig. [l This removed 11 stars from the
sample.

3.2 Rotation and magnetic field strength

The top right panel of Fig. [3 shows the sample on the
log B4 —log P;ot plane. The period axis is truncated for clar-
ity, omitting three stars with periods on the order of several
years, none of which are detected in the radio. Notably, all
radio-bright stars are both strongly magnetic (as expected)
as well as being rapid rotators (Pt < 5 d, with Babcock’s
Star, HD 215441, the only exception — a ‘slow’ rotator with
a period of about 10 d).

Comparing radio-dim and radio-bright stars, their
rotational and magnetic properties are clearly different.
The mean rotational period and surface magnetic dipole
strengths of the radio emitters are log (Piot/a) = 0.147:8:%2
and log (Bq/G) = 3.7075-23 | while the corresponding means
for the radio-dim stars are log (Prot/a) = O.81f8'§; and
log (Ba/G) = 3.31702%, where the error bars correspond
to standard deviations above and below the mean. Notably,
radio emission is not detected in any star with log Prot > 1,

regardless of magnetic field strength.

3.3 The rotation-magnetic wind confinement
diagram

The bottom left panel of Fig. [3] shows the sample on the
rotation-magnetic wind confinement diagram (introduced
as a fundamental plane of magnetospheres by [Petit et al.
2013). The vertical axis shows the Kepler corotation radius
Rk /R = W72/37 where the critical rotation parameter W
is given by the ratio of the equatorial velocity veq to the
orbital velocity vorh necessary to maintain a Keplerian orbit
at the stellar equator (ud-Doula et all[2008):

W:

—1/2
Urot _ 27 R+ <GM*> 7 (1)

R,

where R. and M, are the stellar radius and mass, and G is
the gravitational constant. The Kepler radius corresponds
to the distance from the star at which gravity and the cen-
trifugal force due to magnetically enforced corotation are in
balance, and therefore decreases (moves closer to the stellar
surface) with increasing rotational velocity.

The horizontal axis of the bottom left panel of Fig. Bl
shows the Alfvén radius Ra, i.e. the distance from the star at
which the wind ram pressure and magnetic pressure equal-
ize. The Alfvén radius was determined from the wind mag-
netic confinement parameter 7. as Ra/R. = 0.3 + (. +
0.25)1/4, where 7, is the ratio of the magnetic energy to the
wind kinetic energy given by lud-Doula & Owocki (2002):

Vorb Prot

_ AR o
Muvos

with Beq = Ba/2 the; surface magnetic field strength at the

magnetic equator, M the mass-loss rate in the absence of

a magnetic field (i.e., the surface mass flux), and ve the

wind terminal velocity. For mass-loss we adopted the usual
Castor, Abbott & Klein (1975, CAK) scaling formula,

. L R *Fe —1+1/c N
M= « bl<Q ) NL:,/017 (3)

M

T l—a 2 1-T.

where Q ~ 1000 (Gayley [1995), c is the speed of light,
and the electron Eddington parameter scales as I'e =
KeLbol/(AmGM,c) for electron opacity k.. The effective
CAK exponent can range from a ~ 1/2 to a ~ 2/3, with
a =~ 0.55 applicable for the magnetic B-stars considered here
(see e.g. [Petit et all|l2013). We used CAK mass-loss in pref-
erence to the B-star mass-loss rates developed by [Krticka
(2014) because the latter are effectively zero for stars be-
low about 14 kK for the default solar metallicityﬁ. Wind
terminal velocities were scaled with the escape speed vVesc

2GM.(1 - T\
Vesc = (#) ) (4)

where we adopted a scaling factor f, such that veoc = fvesc,
where f = 1.3 and 2.6 on either side of the bistability jump
at 25 kK (Vink et all 2000, 12001). We did not, however,
adopt an abrupt change in M across the bistability jump

2 While essentially all of these stars are chemically peculiar, de-
tailed mean surface abundances are not generally available.
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as, in contrast to the change in vo, which is observation-

ally motivated dLanr_sm]J l]_&%j% the predicted change in
M has not been confirmed Markova & Pulé M)

If Rk > Ra the inner magnetosphere is purely dynam-
ical, meaning that rotation plays no role; no stars in this
regime show radio emission. When Rk < Ra the inner mag-
netosphere forms a centrifugal component. The dashed line
indicates log (Ra/Rk) = 0.8, the approximate threshold for
Ha emission (Petit et al] m; Shultz et al] M) Essen-
tially all of the radio-bright stars are above this threshold,
once again indicating that rotation plays a crucial role. It
is also noteworthy that radio and Ha emission occur in the
same part of the rotation-magnetic confinement diagram.
Furthermore, while there are relatively few stars in the DM-
only regime with radio observation, there are numerous stars
in the small-CM regime (0 < log (Ra/Rx) < 0.8), all but
two of which are not detected in the radio (with the two de-
tected stars having limiting values of Bq). Since it seems to
be necessary for a star to have a large CM for it to display
gyrosynchrotron emission, it also seems unlikely that addi-
tional observations will detect DM stars with non-thermal
radio (although this should naturally be checked in the fu-
ture).

3.4 Magnetic field at the Kepler radius

Shultz et all (2020) showed that Ha emission is regulated
directly by the strength of the magnetic field at the Kepler
radius in the magnetic equatorial plane, which for a dipole is
Bk = Beq/ R%, for Rk in units of stellar radii. Ha emission
appears only in stars with Bk ~ 100 G. As demonstrated by

(2020), this is the magnetic field strength nec-
essary for the plasma density at Rk to reach an Ha optical
depth of unity, under the assumption that mass balancing
is governed by centrifugal breakout.

The bottom right panel of Fig. [8] shows the sample
on the log Bk — log Lio1 plane (compare to the right panel
of Fig. 3 in |Shultz et al! 2020). The dashed line indicates
the Ha emission threshold; essentially all stars above this
threshold are radio-bright. The vertical line indicates the
low-luminosity cutoff for Ha emission; notably, radio emis-
sion extends to lower luminosities, including essentially the
entire B-type spectral sequence. Gyrosynchrotron emission
is also seen at lower values of Bk than those at which Ha
can be detected, down to about 10 G.

3.5 Evolution of radio luminosity

As is apparent from the HRD in Fig. Bl the majority of
radio-bright stars are found close to the ZAMS. Fig. [ shows
radio luminosity as a function of fractional main sequence
age Tus, and demonstrates that radio luminosity drops pre-
cipitously by about 2 dex beyond a fractional main-sequence
age of Tms ~ 0.2. The stars with the weakest radio emission
are furthermore found in the second half of the main se-
quence. This is just as would be expected if radio emission
is tied to rotation, since magnetic braking rapidly removes
angular momentum (ud-Doula et al] m; Keszthelyi et al]
m, M) A similar phenomenon has been seen in the Ha
magnetospheres of early B-type stars: emission is found only

in young stars (Shultz et al “M and drops in strength
(Shultz et all 2020).

steeply with age

Figure 4. Radio luminosity as a function of fractional main se-
quence age Tvs. HD 171247 is highlighted with a green star.

The one exception to this trend is HD 171247, high-
lighted in Fig. [3] with a large green circle and in Fig. @] with
a green star. This is a somewhat curious object as its radio
luminosity is relatively high (log Lyaqa = —5.16+£0.02) despite
being a relatively slow rotator (Prot = 3.9 d) with a surface
magnetic field of average strength (Bq ~ 4.1 kG). Further-
more, in contrast to the general case in which radio-bright
stars are found close to the ZAMS, HD 171247 is apparently
a fairly evolved object very near to the terminal age main
sequence. As described in the Appendix, there is consider-
able uncertainty regarding HD 171247’s rotational period, as
strikingly different values (about 1 d vs. 4 d) are found from
(B:) and photometry.

It is possible that HD 171247 is affected by some
other factor. For example, an undetected binary compan-
ion might lead to an overestimated bolometric luminosity
or, in the case of an interacting system, enhance its radio
luminosity; however, there is nothing particularly strange
about the measurements from the well-studied binary sys-
tems HD 36485 or HD 37017 (Leone et alll2010;Bolton et all
@)7 and there is furthermore no indication of asymmetry
or radial velocity variability in the available DAO spectra.
The star does, however, have a substellar companion of ap-
proximately 46 Jupiter masses at a separation of about 2
AU, detected via Gaia astrometry (Kervella et al] w), if
the companion is also magnetic, it may be an additional
source of radio emission. Alternatively, its reported radio
flux density measurement might have been obtained at a
rotational phase corresponding to an auroral radio emission
pulse, which can result in substantial enhancements over
the basal flux (while its 6 cm observations are not in the
usual wavelength regime for this phenomenon, which is pre-
dominantly seen at longer wavelengths, ECM was detected
at this wavelength by [Das & £Zhandrd M, in the case of
HD 124224). Given HD 171247’s anomalous position on the
HRD, and the uncertainty in its rotational period, this ob-
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Figure 5. Ratio between the radius of the free-free emission pho-
tosphere Rg and the Alfvén radius Ra as a function of Teg.
Symbol colour and type indicates wavelength; filled symbols cor-
respond to radio-bright stars. Above the dashed line, the radio
photosphere is larger than R for the given frequency. Only one
radio-bright star, HD 64740, is above the dashed line.

ject was removed from the subsequent analysis as likely suf-
fering from one or more systematic errors.

3.6 Wind absorption

To determine to what degree the remaining sample might
still be affected by wind absorption, following|Chandra et al.
(2015) we calculated the ratio between the radius of free-free
emission Rg and Ra, where Rg gives the extent of the radio
photosphere at a given frequency. If Rg > Ra, it is likely
that gyrosynchrotron emission will be absorbed by the wind,
and any radio emission detected from the source will arise
from free-free emission in the wind. Fig. Bl shows Rg/Ra as
a function of Teg. Since Rg is a strong function of wave-
length, this analysis was done for observations at specific
wavelengths rather than integrated values. As can be seen
in Fig. B for all but one radio-bright star Rg < Ra. The
sole exception is HD 64740, which is the hottest and most
luminous of the radio-bright stars remaining in the sample
after removing the O-type stars, and the only radio-bright
B-type star with a mass above 9 M. This star is highlighted
in Fig. Bl by a small green circle. HD 64740 has a relatively
low radio luminosity, log Lyada/Le = —7.16 & 0.06, and was
subsequently found to be under-luminous in comparison to
stars with similar rotational, magnetic, and stellar parame-
ters. Following Kurapati et all (2017)’s Eqn. 1, the minimum
mass-loss rate that could explain the star’s radio luminos-
ity via free-free emission is ~ 2 x 1077 Mg yr~", which is
about 100 times higher than the star’s CAK mass-loss rate,
indicating that the radio emission cannot be due to free-free
emission from the wind. While HD 64740’s radio emission is
therefore almost certainly gyrosynchrotron, it seems proba-
ble that the sole 50 cm observation of this star is strongly
attenuated by self-absorption in the wind, and it was there-
fore removed from the subsequent analysis.

log(Leas / Lo)
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Figure 6. Radio luminosity as a function of Ho emission equiva-
lent width. The solid diagonal line shows a fit to the measurements
of stars detected in both Ha and radio. The vertical dashed line
indicates the approximate noise floor identified by Shultz et al.
(2020). Red and blue points are stars detected and not detected
in the radio; filled and open symbols are stars with Ha in emission
and absorption.

3.7 Comparison to Ha emission

The co-occurence of radio-bright and Ha-bright stars in the
same part of the rotation-magnetic confinement diagram
(see Fig. B) is suggestive of a relationship between the two
forms of magnetospheric emission. Fig. [0l demonstrates that
the two forms of emission do in fact correlate. Ha emission
equivalent widths (EWSs) were taken from the measurements
of [Shultz et all (2020), with the addition of measurements
of HD 156424 (Shultz et al!|2021b), ALS 9522 (Shultz et all
20214), and HD 147932 (Shultz et al., in prep.). For stars in
which both gyrosynchrotron emission and Ha emission are
detected, Pearson’s correlation coefficient is » = 0.89.

Stars without Ha emission (open symbols) are of course
all at or below the noise level (dashed line) inferred from the
median EW error bar. Furthermore, the radio luminosities
of these stars are systematically lower than those of stars
with Ha emission, consistent with magnetic confinement in
their CMs being too weak to contain plasma that is optically
thick in Ha. Only two stars have Ha emission but are not
detected in radio; in these cases, the upper limits on their
radio luminosities lie very close to the regression line.

3.8 Regression analysis

In order to identify the primary parameters affecting ra-
dio emission in a relatively hypothesis-independent fashion,
we compared radio luminosities to a variety of stellar, mag-
netic, and rotational parameters, using one-, two-, and three-
variable regressions (regressions with four variables yielded
no statistical improvement). The results of these tests are
summarized in Table [2I The best regressions are shown in
Fig. [0

The particular quantities chosen for regression analysis
are: the bolometric luminosity Lyoi; the effective temper-
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Figure 7. Best results for (left — right) single-, double-, and triple-variable regressions of various parameters vs. radio luminosity.
Red circles show radio-bright stars; open squares are upper limits for radio-dim stars. Legends give the K-S probability for separating
radio-bright and -dim stars into different populations; Pearson’s r; and the Akaike Information Criterion (AIC).

Table 2. Regression parameters for maximum radio luminosity.
From left to right, the columns give: the tested variable; the two-
sample K-S test probability that the variable separates radio-
bright and -dim stars into separate populations; Pearson’s corre-
lation coefficient r; the reduced x2 of the regression; the Akaike
Information Criterion (AIC) for the regression; and the slope of
the regression.

Variable K-S r x%?/v AIC Slope
One-Variable Regressions
log(Lpo1/Le) 0.65 0.68 191 99 1.14+0.2
log (T /K) 0.77  0.75 154 83 6.7£0.9
log (R« /Re) 0.05 0.23 249 124 2.0£1.3
log (M« /Mg) 0.43 0.73 156 84 4.440.7
log (Prot/d) 10-8  -0.53 261 129 -1.7+0.4
log (Bq/G) 10—2 0.60 131 73 1.6+0.3
log (M /Mg yr—1) 0.82 0.56 194 100 0.6+0.2
log (Ra/Rx) 0.02 -0.18 242 121 -0.7£0.6
log (Rk /R+) 107%  -0.47 243 122 -2.1+0.7
log (Ra/RK) 0.15 -0.28 237 119 -0.7£0.4
log (Bk /G) 1077 0.77 162 86 1.240.2
log (/G Ré) 0.23 0.71 139 76 1.840.3
log f3 0.21 0.34 287 141 3.0£1.4
Best Two-Variable Regression
log (®/G R2) 107 091 36 34 1.940.2
log (Prot/d) -1.84+0.2
Best Three-Variable Regression
log (/G R%) 10-7 0.94 30 34 1.8£0.2
log (Prot/d) -1.9+0.2
fa 2.1£0.5

ature Teg; the stellar radius R.; the stellar mass M.; the
rotation period Prot; the surface magnetic dipole strength
Ba; the mass-loss rate M; the Alfvén radius Ra; the Kepler
radius Rk; the dimensionless size of the CM log (Ra/Rk);
the strength of the equatorial magnetic field at the Kepler
radius Bk; the unsigned magnetic flux ® = BqR?; and as
a test of the dependence on the geometry of the magnetic
field, fz = (14cos 8)/2, where 3 is the obliquity angle of the
magnetic axis from the rotational axis. The inclusion of the

geometric parameter fg is motivated by the RRM model,
since at higher 8 the amount of plasma retained in the CM
is reduced (Townsend & Owocki 12005).

Each parameter was tested in several ways. First, the
two-sample Kolmogorov-Smirnov test was used to compare
the distributions of stars with and without detected radio
emission, in order to determine if the parameter or combin-
ination of parameters effectively separates the two popula-
tions. Second, for the radio-bright stars, Pearson’s correla-
tion coefficient r was calculated for each parameter or set
of parameters, where r values close to +1 indicate a strong
correlation, and values close to 0 no correlation. Third, the
reduced x?/v (where v is the number of degrees of freedom)
was calculated, in order to estimate the quality of the fit
of the linear regression to the data. Finally, the Akaike In-
formation Criterion (AIC) was calculated, which provides a
relative estimator of the quality of a given model based upon
the fit and the number of variables (a lower value indicating
a superior fit despite additional model parameters). Since
adding additional parameters to a regression will naturally
improve the fit to the data, x*/v and AIC help to determine
whether the improvement is a meaningfully better fit, or sim-
ply a consequence of the additional degrees of freedom. In
calculating XZ/V and the AIC, we used the uncertainties in
the radio luminosities, rather than also including the uncer-
tainties in the tested parameters, since the latter are widely
variable between parameters (e.g., on the order of 10% or
higher in Bg, as compared to around 0.0001% in Prot), and
including these uncertainties results in the goodness-of-fit
tests simply reflecting the parameter uncertainties, making
meaningful comparison difficult.

For one-variable regressions, stellar parameters (Teg,
log Lyol, Ry, M, M) have large K-S probabilities, indicating
that they do not separate the radio-bright and -dim popu-
lations. However, r is relatively high for Tug, log Lo, and
M., indicating that stellar parameters play some role. By
contrast, parameters associated with the magnetic field or
rotation achieve K-S probabilities close to 0, indicating that
they do a good job of distinguishing between radio-bright
and -dim stars, with parameters involving rotation (Prot,
Rk, Bk) achieving the smallest K-S probabilities. Interest-
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ingly, the correlation coefficients associated with Bg and Prot
are lower than those achieved for some stellar parameters.
The highest r is achieved for Bk, while ® gives the smallest
AlC.

The one-variable results indicate that radio emission
is primarily an effect of magnetic field strength and ro-
tation, however they also point to at least some role for
stellar parameters. With the addition of a second vari-
able, the best » = 0.91 and AIC = 34 is provided by
Liag o ®V9E02p-18+02  which also yields a very small
K-S probability. Adding a third variable yields the best
7 =0.94 for Lyaq oc 1802 p 19502 (21205 with the AIC
unchanged from the best two-variable result.

The overall results favour a strong dependence of radio
luminosity on surface magnetic field strength, rotational pe-
riod, and the size of the star, with a possible residual depen-
dence on the magnetic geometry. The overall basic best-fit
regression seems to go as Lraq o (®/Prot)? = (BaR?/Prot)>.
This confirms the basic result found by [Leto et all (2021).

As demonstrated by Fig. 2] beyond a distance of
log (d/pc) = 2.2 the lower limit on Lyaq is a strong func-
tion of distance. If the above analysis is repeated only us-
ing those stars closer than this distance, the basic results
are qualitatively unchanged. The best single-variable re-
gression (K-S = 0.01, » = 0.85, AIC = 42) is given by
Liag o B}1<‘4i0'2. Two variables yield a best fit (K-S = 0.02,
r = 0.93, AIC = 28) for Lyaq Bélio'legio'g. Adding a
third variable provids the overall best model (K-S = 0.02,
r = 0.97, AIC = 21) for Lyaq <I>1‘7i0'2Pr;tz“lio'zf;‘GiO'G.
Once again, the results favour a dependence of radio lumi-
nosity on magnetic field strength, and an inverse dependence
on rotation period. The best one- and three-variable regres-
sions are identical to those obtained with the full dataset.

In order to test for robustness against individual out-
liers, the analysis was repeated removing individual stars.
Results were qualitatively unchanged in all cases. Re-
sults were also qualitatively unchanged if HD 171247 and
HD 64740 were reintroduced to the analysis (see § B)), al-
though r was reduced and the AIC increased (further sug-
gesting them to be outliers).

Linsky et all (1992) found an empirical relationship of
Lyag MO'3SBr1,',?fPr;S‘32, where Brms is the root-mean-
square (B.) (as Bq was not available for most of the stars).
The improvement of this relationship over a two-parameter
scaling relationship involving only M and Bims was only
marginal. The much stronger dependence on magnetic field
strength and rotation period is due to our much larger sam-
ple, as well as the fact that magnetic field strengths and
rotational periods are known for a much larger number of
stars.

Leto et all (2021) found an essentially identical scaling
relationship to that found here, i.e. a dependence of radio lu-
minosity on the ratio ®/Prot, which they noted the physical
dimension of an electromotive force. However, dimensional
analysis of the correlation with P.ot, Ba, and R« is sugges-
tive of an alternative. B2 is the magnetic energy density,
while R2 suggests the volume of the star; combined, this
yields the magnetic energy of the system. The relationship
Bng/Pmt then directly yields a luminosity: the magnetic
energy of the star being tapped on a rotational timescale. In-
deed, if B4, R«, and Pt are allowed to vary independently,
the best-fit relationship is Lyaq o Bg'OiOQP*l‘SjEO'ZR‘:"‘Lio‘6

rot ’

i.e. a somewhat weaker R, dependence is favoured than in
the case of the magnetic flux. However, the dependence on
the inverse square of the rotation period introduces an extra
dimension of time, which must somehow be accounted for,
as must the possible additional R, term.

4 SCALING LAWS FOR MAGNETOSPHERIC
EMISSION

Ha emission is governed by the CBO mechanism, which si-
multaneously explains the onset of emission, the increase
of emission strength with increasing magnetic field strength
and decreasing rotation period, and the morphology of emis-
sion line profiles (Shultz et all [2020; |Owocki et all 12020).
Plasma fed by the wind into the CM builds up to a den-
sity beyond which the magnetic field can no longer hold
it. At this point, rather than the plasma being dragged by
the magnetic field, magnetic field lines are pulled by the
plasma which, due to the considerable rotational stress in a
CM, is then hurled away from the star. As demonstrated by
Townsend & Owocki (2003), the breakout density at Rx is
set by Bk, and is independent of M:; precisely this depen-
dence on By, and lack of sensitivity to M, was found by
Shultz et all (2020) for both emission onset and emission
strength scaling. |IOwocki et al! (2020) found an expression
for the strength B: necessary for the density at Rx to pro-
duce an optical depth of unity in the Ha line, and showed
that the threshold Bk/Bi neatly divides stars with and
without Ha emission. Two-dimensional MHD simulations of
CBO by lud-Doula et all (2006, 200&) yielded a radial den-
sity gradient associated with the CBO mechanism, which in
conjunction with the density at Rk set by Bk can be used
to predict the optically thick area and, hence, the scaling
of emission strength (Owocki et al! [2020). Finally, a char-
acteristic emission line profile morphology, common across
all Ha-bright CM host stars, was reported by [Shultz et al.
(2020) and shown by |Owocki et al! (2020) to be a straight-
forward consequence of a corotating optically thick inner
disk transitioning to optically transluscent in the outermost
region.

A crucial subtlety that deserves emphasis is that, in
contrast to expectations from 2D MHD simulations that
CBO should manifest as catastrophic ejection events ac-
companied by large-scale reorganization of the magneto-
sphere (ud-Doula et al![2006, 2008), which has indeed never
been observed in the densest inner regions (Townsend et al.
2013), the Ha analysis performed by [Shultz et all (2020)
instead indicates that the magnetosphere must be continu-
ously maintained at breakout density, with CBO occuring
more or less continuously on small spatial scales. However,
it is worth noting that the ‘giant ECM pulse’ observed by
Das & Chandrd (2021) may have been the signature of a
large-scale breakout occuring in magnetospheric regions in
which the density is too low to be probed by Ha or photom-
etry.

Ha emission and gyrosynchrotron emission occur in the
same part of the rotation-magnetic confinement diagram
(see Fig. @), and Ha emission EW and radio luminosity are
closely correlated (see Fig. [B]). Since Ha emission is regu-
lated by CBO, this suggests that the same may be true of
gyrosynchrotron emission. In the following we develop a the-
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oretical basis for this connection, which we then compare to
the empirical regression analyses and measured radio lumi-
nosities.

4.1 Rotational spindown

The rotational energy of a star with moment of inertia I and
rotational frequency €2 is given by

1
Bt = =107 Q)
2
If we assume a fixed moment of inertia, the release of
rotational energy associated with a spindown —dQ/dt = —Q
is
Lot = IQS). (6)

For a magnetized star with a wind of mass loss rate ]\'J7
Weber & David (1967) argued that the loss of the star’s an-
gular momentum J = I} scales as

J=1I0= MQRY, (7)

This gives the associated release of rotational luminosity the
scaling,

Leos = MQ?RA . (8)

For a star with an equatorial field of strength Be.q at
the stellar surface radius R., ud-Doula & Owocki (2002)
and lud-Doula et all (2008) showed that the Alfvén radius
depends on a dimensionless wind magnetic confinement pa-
rameter 7. (Eqn. ). Specifically, for a magnetic multipole
of order p (=1, 2 for monopole, dipole, etc.), with radial
scaling as B ~ rf(pﬂ), R scales as

Ba _ o, (9)

R. 7
The [Weber & Dayvis (1967) analysis treated the simple
case of a pure radial field from a spit monopole, with p = 1.
But [ud-Doula et al! (2008) showed a base dipole field leads
to a spindown that follows the(Weber & Davis (1967) scaling
(@), where Ra is given by eqn. (@) with a multipole index
set to the p = 2 value for a dipole.

4.2 Breakout from centrifugal magnetospheres

The above wind-confinement scalings work well for wind-
magnetic braking, which operates through wind stress on
open field lines, wherein the associated Poynting flux carries
away most of the angular momentum.

But for rapid rotators with a strong field, the magnetic
trapping of the wind into a centrifugal magnetosphere (CM)
leads to some important differences for scalings of the asso-
ciated luminosity.

First, as discussed in the Appendix of
Townsend & Owocki (2005, see their equation AT), for
trapping and breakout from a CM, the wind speed veo
in the usual wind confinement parameter 7. is replaced
with a characteristic dynamical speed of the stellar
gravity, which we take here to be the surface orbital

speed vorb = /GM./R., giving the centrifugal magnetic
confinement parameter

22
Ne = Baf. (10)
Mvorb

A second difference stems from the fact that, even for
an initially dipolar field, the rotational stress of material
trapped in the CM has the effect of stretching the field out-
wards, thus weakening its radial drop off, and so reducing
the effective multipole index to p < 2.

Finally, this stretching ultimately leads to centrifugal
breakout (CBO) events, with associated release of energy
via magnetic reconnection. In general the overall total lu-
minosity available from CBO events should follow a general
scaling analogous to that for Lyot,

Lepo ~ MQ?R*pl/?|. (11)

4.2.1 Split monopole case

As a first example, consider the limit in which field lines
are completely opened by the wind ram pressure into a split
monopole, with p = 1, which gives

MQ*R2n.
ORI B?
Vorb

= WQR:B3?, (12)

Lepo(p=1)

where W is the critical rotation fraction (Eqn.[Il). Note that
the second equality recovers the empirical scaling Lyaqa o
B?RY/P2, found in § 3.8

Remarkably, note that in this monopole field case the
dependence on wind feeding rate M has canceled! Dimen-
sionally, the scaling now is as if the total magnetic energy
over a volume set by R? is being tapped on a rotational
timescale.

An alternative physical interpretation is that the field
acts more like a conduit, trapping mass in a CM, with total
rotational energy tapped on a breakout timescale, set in this
monopole case by the orbital timescale.

4.2.2  Dipole case

More generally, this breakout luminosity depends on the
wind feeding rate.

In particular, for the pure dipole scaling with p = 2, we
find

Loso(p=2) = MQ°Rin!/?
= M. (13)
Ve

This has Lco ~ \/M7 with a weaker, linear scaling
with Bgt.

In general, empirical evaluation of Lceo thus requires
evaluation of the wind feeding rate M, where we have used
the same CAK mass-loss rates as adopted in § [3l
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Figure 8. Radio luminosity L,,q as a function of breakout lu-
minosity Lcpo for the split monopole case. The thick black line
indicates L,,q = Lcpo; the solid red line shows the same line
shifted by the mean difference. The dashed green line shows the
regression. Red circles indicate stars with detected emission; blue
squares, stars without emission. Green circles indicate HD 171247
and HD 64740.

In the applications below, we consider multipole indices
1 < p < 2, intermediate between these monopole and dipole
limits.

4.3 Application to radio emission

Let us next consider how well such breakout scalings for ro-
tational luminosity correlate with observed radio luminosi-
ties, Lrad. Noting that the dimensional scaling of breakout
luminosity is set by the p = 1 case, it is convenient to cast
the general scaling in the form

Lego(p) = Leso(p = 1) 7P = Lepo(p = 1)nd, (14)

by which we see an inferred empirical exponent ¢ in 7. im-
plies an effective multipole exponent p = 1/(1 + q).

Let us first examine how well this basic, dimensional
scaling of the monopole model, with p = 1 and so ¢ = 0, fits
the observed radio emission. Fig. [ shows the observed ra-
dio luminosity Lyaq as a function of Lcpo for the monopole
case (Eqn. [[2 i.e. with no dependence on M) The thick
black line shows L,,q = LcBo, while the thick red line shows
the same relationship shifted by about 8 dex, the mean dif-
ference between L;,q and Lcpo for radio-bright stars for
the monopole scaling. This line is almost indistinguishable
from a regression of L,aq vs. Lceo for radio-bright stars.
The relationship yields a correlation coefficient r = 0.87,
and separates radio-bright from radio-dim stars with a K-S
probability of about 10™%. Further, there are very few radio-
dim stars with scaled breakout luminosities greater than the
upper limits on their radio luminosities, i.e. to the right of
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Figure 9. Ratio between L,;,q and Lcpo as a function of bolo-
metric luminosity (left) and cos 8 (right).

the red line; those radio-dim stars that are to the right of
the line, are very close to it.

Eqn. does not yield quite as high of a correlation
coefficient as the purely empirical scaling in Fig. [l To see
if there is some dependence on the mass-loss rate, the left
panel of Fig.[@shows the residual radio luminosity after sub-
traction of the monopole Lcpo as a function of bolometric
luminosity. There is only a weak dependence on Ly, with
a correlation coefficient r = 0.19 and a slope b = 0.16.

Another factor that may affect radio luminosity is the
obliquity angle 8 of the magnetic dipole axis from the ro-
tational axis. Indeed, in the empirical regression analysis
the factor fg was found to improve the correlation (§ [3.8).
In the RRM model the plasma distribution in the CM is a
strong function of 3, since the densest material accumulates
at Rk at the intersections of the magnetic and rotational
equatorial planes (Townsend & Owocki 12005). For the spe-
cial case of an aligned rotator (8 = 0°) this will result in
plasma being evenly distributed around Rx. With increasing
B the plasma distribution becomes increasingly concentrated
at the two intersection points, leading to a warped disk that
eventually becomes two distinct clouds. Therefore, the mass
confined within the CM will be a maximum for 8 = 0° and
a minimum for 8 = 90°. If reconnection in the CM is the
source of the high-energy electrons that populate the radio
magnetosphere, we would then naturally expect that radio
luminosity should decrease with increasing 3. The left panel
of Fig.[@shows the residual radio luminosity as a function of
cos 3, and demonstrates that radio luminosity in fact does
increase with decreasing (; in fact, the relationship is much
stronger than for log Lyo1, with » = 0.49 and b = 0.64.

Fig. [IQ replicates Fig. B with the difference that cor-
rections for M and B are accounted for. Following Eqn.
[[4, M dependence was determined by scaling Eqn. [[2] with
ng. A purely empirical correction for S was adopted as
fz = ((1 4 cosB)/2)", such that fg(8 = 0°) = 1 and
f8(8 = 90°) # 0. By minimizing the residuals, the best-fit
exponents are ¢ = —0.09 and x = 2. The former exponent
corresponds to p = 1.1, implying only a very slight departure
from the monopole scaling. The latter indicates an increase
in Lyaq by a factor of 4 as 8 decreases from 90° to 0°. As can
be seen in Fig. [I0] these corrections lead to a tighter cor-
relation (r = 0.92) and a somewhat reduced ratio between
Lcepo and Lyag to around 7 dex.

Changing aeg from 0.55 to 2/3 has a negligible effect on
the optimal value of p. That the optimal value is so close to
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Figure 10. As Fig. Bl with Lopo modified to account for the
residual dependence on bolometric luminosity (i.e. the surface
mass-flux from the wind) and the tilt angle of the magnetic dipole
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Figure 11. Ratio between surface magnetic field strength and
the threshold magnetic field strength necessary to achieve a flux
density of 1 mJy, as a function of bolometric luminosity.

the monopole scaling is suggestive that electron acceleration
occurs in the outermost region of the magnetosphere, where
the field lines have very nearly been opened.

4.3.1  Emission threshold

In their development of a breakout scaling relationship

for Ho emission from CMs, [Owocki et all (2020) defined a
threshold magnetic field strength Bk as the strength of the

magnetic field at Rk necessary to confine a sufficient quan-
tity of plasma at Rk for the optical depth to reach unity.
They demonstrated that all magnetic early B-type stars with
Bk /Bki > 1 are Ha-bright, while all stars with Bx < Bk
do not display Ha emission. By solving Eqn. for Bq we
can derive a similar threshold value for the radio luminosity:

eLco Prot > 1/2 (15)

Bthrcsh = ( REW
where € ~ 1078 is an efficiency scaling determined from the
empirical ratio between Lcso and Lyaq, and additional de-
pendence on 5 and 7c is implicitly ignored. Since what is
actually observed is a flux density Fiaq rather than a lumi-
nosity Lyaa X Fraddz, Eqn. is necessarily a function of
distance d. Amongst the radio-bright stars, the median flux
density uncertainty is 0.1 mJy, while the median significance
of a detection is around 10o i.e. 1 mJy. We therefore take
the flux density detectability threshold for the sample as 1
mJy and solve Eqn. accordingly to obtain B (i.e. the
surface magnetic field necessary to generate 1 mJy of flux
density at the star’s distance). The results are shown in Fig.
inl]

As expected, all radio-bright stars have log Ba/B1 2 0.
The relationship for non-detected stars is not as clean as
for the similar plot for Ha shown by [Owocki et all (lZQZﬂ)7
as there are a large number of stars with surface magnetic
fields above this threshold. However, the radio observations
comprising this sample, having been obtained at a variety
of observatories with different capabilities over a span of
over 30 years, are quite heterogeneous, with a wide range
of upper limits, and many of the non-detected stars in this
regime have upper limits comparable to 1 mJy. Further, gen-
erally only a single snapshot at one frequency is available,
and it is possible that they were observed at inopportune ro-
tational phases. These stars should certainly be reobserved
with modern facilities.

The dashed line in Fig. [Tl shows the theoretical detec-
tion limit for radio telescopes such as the upcoming Square
Kilometre Array able to achieve uJy precision, under the as-
sumption that a 100 detection (i.e. 10 uJy) is necessary for
the star’s radio emission to be securely detected. As can be
seen, such facilities can at least double the number of stars
with measured gyrosynchrotron emission. This is especially
true when stars that have not yet been observed in the ra-
dio are included: the green triangles in Fig. [[1] show those

stars from the samples studied by |Auriere et all QZQD_H
Sikora et all (20194]5), and [Shultz et _all (2019d) without ra-
dio observations, essentially all of which are expected to have
radio fluxes above 10 pJy and about half of which should
have fluxes above 1 mJy.

4.83.2 How CBO reconnection can lead to radio emission

Breakout events are accompanied by centrifugally driven
reconnection of magnetic fields that have been stretched
outward by rotational stress acting against the magnetic
tension of the initially closed loops. As these loops recon-
nect, the associated release of magnetic energy can strongly
heat the ejected plasma. Some fraction of this reconnec-
tion energy can accelerate both ions and electrons to highly
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CS
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Figure 12. Schematic of the proposed model. Pink shaded regions indicate magnetic field lines contributing plasma to the electron
acceleration region; grey shaded regions indicate magnetospheric regions isolated from the locus of electron acceleration. In the non-
rotating case (meaning that rotation is dynamically unimportant), plasma in the inner magnetosphere is in dynamical equilibrium, with
upflow (red arrows) and downflow (blue arrows) occuring at the same rate. Beyond the Alfvén radius Ra, corotation ceases, and ram
pressure from the wind stretches magnetic field lines, leading to the formation of a current sheet (CS) which accelerates electrons to
relativistic velocities. The electrons return to the star along magnetic field lines, leading to the emission of gyrosynchrotron radiation.
The inner magnetosphere is entirely isolated from the current sheet, as all plasma flow is internal. By contrast, in the rotating case,
centrifugal support of plasma above the Kepler corotation radius Rk leads to the formation of a centrifugal magnetosphere (CM), in
which plasma accumulates to high density (below Rk the magnetosphere remains dynamical, as in the non-rotating case). When gas
pressure overloads the ability of the magnetic field to confine the plasma, plasma is ejected outwards by a centrifugal breakout (CBO)
event. Magnetic reconnection during CBO leads to flaring, which accelerates electrons to high energies (indicated by the starburst),
thereby providing the source electrons to populate the radio magnetosphere. Note also that the fraction of the wind plasma captured by

the CM is much higher than that captured by the CS in the non-rotating case.

super-thermal energies, with some of these particles becom-
ing trapped into gyration along closed magnetic field loops
near the reconnection site. The associated gyrosynchrotron
emission of the much lighter electrons can then produce the
observed radio emission. This concept is illustrated in the
right half of Fig.

The basic scenario of electron acceleration in recon-
nection events, followed by gyrosynchrotron emission along
magnetic loops, is indeed already a central component of the
model for radio emission (Trigilio et all|2004), illustrated in
the left half of Fig. However, this model is based on
wind-driven reconnection, with no inclusion for any role of
stellar rotation. As such, the available reconnection lumi-
nosity is expected to scale with the wind kinetic energy
Lwina = Mvgo/Q. By comparison, the rotational luminos-
ity for a multipole exponent p is larger by a factor

Lceo(p) _ 2771/p (@)2
Lwind N Voo
2
— /e yp?( Yesc
/v (<)
1/Pw2
~ WCT’ (16)

where the last equality stems from the standard result that
the stellar wind speed scales with the escape speed as veo ~
3vesc. For typical values for B-star magnetospheres with 7. ~
10%, W ~ 1/2 and p = 4/3, we find Lego (p = 4/3)/ Lyina =
880 (using the empirically derived value of p = 1.1 yields
an even greater ratio of almost 8000). For these W and p
values, the ratio is greater than unity for even moderate
confinement values 7. > 120.

Regardless of the relative values, a central empirical re-

sult here is the finding that L,,q has a clear scaling with
rotation frequency as €2 and with surface field as Bfl/ P de-
pendences which are entirely missing from Lyina. Indeed, we
find that log(Lyaa) shows only weak correlation with Lyind,
with » = 0.3. This strongly disfavors the wind-driven re-
connection model proposed by [Trigilio et all (2004); instead
it indicates that centrifugal breakout reconnection provides
the underlying energy that leads to the radio luminosity
through gyrosynchrotron emission.

While we have cast available energy in terms of loss
of the star’s rotational energy, one has to be careful not to
take this too literally. Most (70+%) of the angular momen-
tum loss in spindown is through magnetic field Poynting
stresses. But the CBO material that leads to reconnection
should share the same basic Weber-Davis scaling with Ra,
and it is that component that this scenario associates with
the reconnection and the resulting electron acceleration and
radio emission.

4.3.3 Energy source - magnetic or rotational?

The energy term in Eqn.[[2is B2R?, and it would therefore
be natural to assume that the magnetic field is the energy
source powering radio emission. However, as suggested in
§ [A2.1] this is probably not the case. The mean magnetic
energy Fma., amongst the radio-bright stars is about 1042
erg, whereas the mean rotational kinetic energy F,ot in the
same sub-sample is about 107 erg, i.e. the star’s rotation
is a vastly greater energy reservoir. Indeed Enag > Frot for
only 3 stars (HD 46328, HD 165474, and HD 187474), all of
which have P,ot ~ years (and none of which are, of course,
detected at radio frequencies).

An additional consideration is that, if the magnetic field
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were the energy source, radio emission should over time
draw down the magnetic energy of the star. The peak ra-
dio luminosity is around 10?° erg s™', implying that the
magnetic energy of the most radio-luminous stars would be
consumed in about 10'® s ~ 0.3 kyr. To the contrary, fos-
sil magnetic fields are stable throughout a star’s main se-
quence lifetime. For Ap/Bp stars below about 4 Mg, the
decline in surface magnetic field strength is entirely consis-
tent with flux conservation in an expanding stellar atmo-
sphere (e.g. [Kochukhov & Bagnuld [2006; [Landstreet. et al.
2007; Sikora. et alll20191), while for more massive stars there
is an additional, gradual decay of flux (e.g. [Landstreet et al.
2007, [2008; [Fossati et all [2016; [Shultz et all 2019d) that is
however, much longer than the abrupt field decay timescale
that would be implied if the breakout luminosity was pow-
ered by the magnetic field. Furthermore, the most plausible
mechanism for flux decay is found in small-scale convective
dynamos formed in the opacity-bump He and Fe convection
zones inside the radiative envelope (e.g.[MacDonald & Petit
2019; [Jermyn & Cantiellg 12020), which naturally explains
why flux does not decay in A-type stars (which lack these
convection zones), and why flux apparently decays more
slowly for the strongest magnetic fields (Shultz et al.2019d)
since strong fields inhibit convection (Sundqvist et all2013;
MacDonald & Petit [2019).

In contrast to the magnetic field, which decays slowly
or not at all, magnetic braking is quite abrupt (Shultz et all
2019d; [Keszthelyi et al![2020), making the larger rotational
energy reservoirs of rapidly rotating stars a more far more
plausible power source. Quantitatively, for the most radio-
luminous stars in the sample it would take about 30 Myr for
the energy radiated by gyrosynchrotron emission to remove
the total rotational energy of the star. For stars above 5
Mg (the mass range of the brightest radio emitters), this is
comparable to or greater than the main sequence lifetime.

It therefore seems that the magnetic field cannot serve
as the energy source, but rather acts as a conduit for the
extraction of rotational energy and its conversion into gy-
rosynchrotron emission. The magnetic energy lost in break-
out events is immediately replenished as mass is injected
into the CM by the wind, with the ion-loaded magnetic field
then stretching under the centrifugal stress acting on the
corotating plasma.

5 DISCUSSION
5.1 Comparison to previous results

The scaling relationship discovered by |[Leto et all (2021)
and confirmed in the present work, Liaq < B3R} /Pfot =
(<I>/Prot)27 was explained in § Ml as a consequence of electron
acceleration via centrifugal breakout. However, |Leto et al.
pointed out that ®/P.ot has the physical dimension of an
electromative force £ (EMF), which they speculated may
be suggestive of an underlying mechanism. In this section
we examine gyrosynchrotron emission from this standpoint,
in order to contrast it with the CBO mechanism described
above.

This empirical association by |Leto et all (2021) of radio
emission with the voltage of an EMF also stands in contrast
with the previous theoretical model by [Trigilio et all (2004),

which associates the acceleration of radio-emitting non-
thermal electrons with the wind-induced current sheet that
forms in the middle magnetosphere. However, |Leto et al.

(2021) conclusively demonstrated that the wind does not
provide sufficient power to the middle magnetosphere to
drive the observed levels of radio emission.

The highly ionized plasma in these magnetospheres im-
plies a very high conductivity, and so currents can form even
with a vanishingly small EMF. Instead, the current density
J is set by Ampere’s law as a result of a curl induced in a
stressed field,

c
4
Even in a non-rotating wind-fed magnetosphere, large-scale
stressing of the magnetic field by the wind ram pressure
forces outlying closed loops to open, with a Y-type neutral
point at the top of the last closed loop; above this there
develops a split monopole, with a current sheet separating
field lines of opposite polarity. But unless there are insta-
bilities or induced variability, this current sheet does not by
itself lead to energy dissipation that can heat the plasma
or accelerate electrons. This, together with the lack of ob-
served radio emission from stars with slow rotation, thus
strongly disfavors the [Trigilio et al! (2004) model based on
the wind-induced current sheet.

The general principles regarding current vs. EMF sce-
narios can be well illustrated by a simple circuit model, us-
ing an Ohm’s law I = £/R to related current I and EMF
& through a resistance R. The associated dissipated power,
or luminosity, scales as

J=—VxB. (17)

52
=
If one fixes the current I, then the second equality shows that
in the limit of vanishing resistivity R — 0, the luminosity
also vanishes; this underlies the fundamental issue with the
current-sheet model advocated by [Trigilio et all (2004).

To understand the ramifications of the last equality of
Eqns. [I8 within the context of the empirical association of
the gyrosynchrotron scaling law with an EMF, let us re-
turn to consideration of plasma conditions in such magne-
tospheres. In the notation of the present paper, the EMF
can be written as £ = B*REQ/C, where the speed of light
¢ comes in from the CGS form for the induction equation.
In terms of a plasma resistivity p (with units of time), the
circuit resistance scales with resistivity times a length over
area, which in this context gives R ~ pR./R2 = p/R.. Thus
Eqn. I8 becomes

Lemi = 1€ =I’R = (18)

B2R%0?
Lemt = T (19)
= (B?R%Q) [”’;;f*} 7 (20)

where in the latter equality, viot = (2R« is the surface ro-
tation speed at the stellar equator. Here the term in paren-
thesis separates out the dimensional luminosity, while the
dimensionless ratio in square brackets can be identified as a
magneto-rotational Reynold’s number,

Vrot Fx
Remr = r;tcz . (21)
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Rather remarkably, Eqn. has a form very similar to
that derived above (cf. eqn. [I2) for the monopole (p = 1)
CBO model. However an important, indeed crucial differ-
ence is that the CBO rotation scaling is relative to the near-
surface orbital speed, vorb = y/GM./R«. As such in this
CBO model the associated dimensional rotation parameter
W = Vrot /Vorb is always less than unity.

In contrast, because of the typically very low resistivity
of the ionized plasma in hot-star magnetospheres, the associ-
ated dimensionless Reynolds number is expected to be very
large. To quantify this, a simple Coulomb collision model for
interaction of conducting electrons with background ions in
fully ionized hydrogen plasma gives

3
p® = darec <£> In A (22)
Ve
2
cm —3/2
~ 1.9x10° — T /2, (23)

Here: re = 62/mec2 = 2.8%x 107" cm is the classical electron
radius (with m. and e the electron mass and charge); In A =~
10 is the Coulomb logarithm (which is only a very weak func-
tion of density and temperature); and the electron thermal
speed for temperature T, is given by ve = \/2kTe /me.

The latter equality (23] gives the numerical evaluation
as a function of a scaled temperature Too = T./20kK.
Application in (2I)) for typical B-star stellar parameters
R. = 5Rg, trot ~ 100km/s and T2 = 1 then implies an
exceedingly large Reynold’s number,

Remy ~ 1.8 x 102 (24)

The associated dissipation luminosity (20) in this EMF
scenario would thus be enormous, leading in effect to a
“short circuit” that would quickly draw down the available
pool of magnetic energy.

The difficulties with an association of gyrosynchrotron
scaling with EMF, and with the current sheet model, stand
in contrast to some key advantages of the CBO mechanism
proposed here.

First, this CBO model has a more modest magnetic
dissipation rate, set by the base dimensional rate BZR3Q
reduced by the rotation factor W < 1, instead of the enor-
mous Rerm ~ 10'2 enhancement of an EMF mechanism.
This CBO dissipation can be quite readily replenished over
time by the centrifugal stretching of closed magnetic field
lines by the constant addition of mass from the stellar wind.
As such, the ultimate source of energy thus comes not from
the field — which acts merely as a conduit — but from the
star’s rotational energy.

Second, these eventual centrifugal breakout events lead
naturally and inevitably to magnetic reconnection. This thus
preserves the longstanding notion (Trigilio et all|2004) that
such reconnection provides the basic mechanism to acceler-
ate electrons to high energies, whereupon the gyration along
the remaining field lines connecting back to the star results
in the gyrosynchrotron emission of the observed radio lumi-
nosity.

Third, and perhaps most significantly, instead of the
previous notion (Trigilio et all[2004) that this reconnection
is driven by the stellar wind — with no consideration of any

role for stellar rotation — our model for CBO-driven recon-
nection puts rotation at the heart of the process, and so
yields a scaling for luminosity that matches the strong de-
pendence on rotation rate, as well as on magnetic field en-
ergy. Indeed, while the wind can certainly open the mag-
netic field and lead to the formation of a current sheet, this
does not of itself provide a power source, but merely results
in a slower radial decline of the magnetic field strength as
compared to that of a dipole. By contrast, CBO provides a
clear power source for the acceleration of electrons to high
energies.

Thus, although only a small fraction of the breakout lu-
minosity Lcso ends up as radio luminosity, with an inferred
effective efficiency € ~ 1077, the strong correlation between
observed and predicted scalings provides strong empirical
support for such a CBO model.

5.2 The case of Jupiter

Leto et all (2021) showed that the scaling relationship
for the non-thermal radio emission from dipole-like rotat-
ing magnetospheres also predicts the radio luminosity of
Jupiter, suggesting an underlying similarity in the physics
driving gyrosynchrotron emission from giant planets and
magnetic hot stars. Adopting the same parameters as used
byLeto et all (Beq = 4 G, Proy = 0.41 d, My = 1.9x10%" kg,
and Ry = 7.1 x 10° km) gives W = 0.3. The break-
out luminosity is then log Lceo/Le ~ —15.9 or, at 1 cm,
L, ~ 107erg s7* hz™!, translating to an expected flux of
around 40 Jy at a distance of 4 AU. This is about an or-
der magnitude higher than the observed radio luminosity of
Jupiter (de Pater & Dunn|2003;|de Pater et alll2003). How-
ever, it is worth noting that in the extrapolation shown by
Leto et all, Jupiter’s EMF of 376 MV is near the lower en-
velope of the range of uncertainty inferred from hot stars,
i.e. Jupiter is somewhat less luminous than predicted by a
direct extrapolation of the hot star scaling relationship. Fur-
thermore, 1 dex is at the upper range of the scatter about
the Lcpo relationship (see Figs. Bl and [I0]).

One possible explanation for Jupiter being less lumi-
nous than predicted is that Jupiter’s primary ion source,
the volcanic moon lo, is effectively a point source offset
from the centre of the Jovian magnetosphere. This is in con-
trast to stellar winds, which feed the magnetosphere isotrop-
ically and continuously from the centre. The result is that
hot star magnetospheres are relatively more populated, and
there is therefore more material available for the genera-
tion of gyrosynchrotron emission. Another potential issue is
that in the Jovian magnetosphere reconnection takes place
in the magnetotail due to stretching by the solar wind; its
azimuthal extent will therefore be limited, in analogy to the
obliquity dependence found in stellar magnetospheres. Ex-
ploring whether the approximate consistency between the
Jovian and stellar radio luminosities is indeed due to a sim-
ilarity in the underlying physics, or is merely coincidental,
will require a detailed analysis that is outside the subject of
this paper.

5.3 Indirect magnetometry

The magneto-rotational scaling law discovered by |[Leto et al.
(2021) and confirmed and explained here as a consequence
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Table 3. Parameters for radio-bright stars with known ro-
tational periods but without detected magnetic fields. Refer-
ences: a, Wraight et all (2012); b |Catalano & Renson (1998); ¢
Linsky et all (1992); d |Pritchard et al! (2021).

Parameter HD 143699 HD 146001 HD 77653
Prot/d 1.323 0.586% 1.488b
R«/Re 3.04+0.3 2.540.3 2.6+0.1
M./Mg 5.340.3 4.340.2 3.440.1
log (Lraq/Le) —7.08£0.17¢ —6.69+£0.17¢ —5.71 4 0.08¢
Bq/G (obs.) <600 <500 -
Bg4/G (pred.) 450 430 2900

of CBO reconnection shows the potential, as pointed out
by Leto et all, to be utilized as a reliable form of ‘indirect
magnetometry’, enabling measurement of stellar magnetic
fields in objects beyond the reach of contemporary spec-
tropolarimeters. Three stars in the present sample are radio-
bright and have known rotational periods, but do not have
detected magnetic fields. While these stars could not be used
to constrain the scaling law, they can serve as test cases for
the predictive ability of the scaling law. Table [3lsummarizes
their key parameters.

For HD 143699 and HD 146001, the ‘observed’ values
of B4 correspond to the 1o upper limits derived via mod-
elling their (B.) error bars (both around 70 G; see Appendix
C) using the MCHRD sampler, where in both cases high-
resolution spectropolarimetry was used. The predicted Bg
was found by solving Eqn. for Bqg, using an efficiency
€ = 1077. For the two stars with available (B.) measure-
ments, the predicted Bq — about 400 G in both cases — is
in both cases just below the upper limits. For HD 77653, for
which spectropolarimetry is not available, Eqn. predicts
Ba ~ 3 kG, which should be easily detectable.

5.4 Radio emission from stars with ultra-weak
magnetic fields

The nearby A7V star Altair was recently discovered by
White et al! (2021) to emit non-thermal radio at cm wave-
lengths, with a brightness temperature around 10* K and a
luminosity of around log Lyaa/Le ~ —10.5. [White et all in-
terepreted this as chromospheric emission, possibly related
to the equatorial convection zone formed due to the star’s ex-
tremely rapid rotation. [Robrade & Schmitt (2009) further-
more detected X-ray emission from Altair, which they inter-
preted as magnetic activity.

Altair was observed with Narval as part of the BRIght
Target Explorer (BRITE; [Weiss et all 2014) spectropolari-
metric survey (Neiner et all |2017). No magnetic field was
detected, with an uncertainty in (B.) of about 10 G, im-
plying that a surface magnetic dipole of around 100 G
could easily have gone undetected. Using the fundamen-
tal parameters (equatorial radius Req = 2.008 + 0.006 R,
M, = 1.86 £ 0.03 Mg) and rotation period Pt = 0.323 d
determined via careful interferometric modelling performed
by IBouchaud et all (2020) yields a critical rotation parame-
ter W = 0.75 and a Kepler corotation radius Rx = 1.2 R..
The star’s CAK mass-loss rate is M = 1073 Mo yr~}; as-
suming a terminal velocity of 3000 kms™!, Rx will be inside

the Alfvén surface so long as B4 > 0.1 G, well within the up-
per limits on Altair’s surface magnetic field and consistent
with the range of ultra-weak fields detected in other main se-
quence A-type stars (Petit et alll2010a; Blazere et alll2020).

To see if the star’s non-thermal radio emission might be
consistent with a magnetospheric origin given the limits on
the surface magnetic field, we solve Eqn. for Bq4. We as-
sumed the efficiency € ~ 1078 as inferred from the monopole
relationship (i.e. ignoring corrections for 7. and B). This
yields a predicted surface magnetic field of Bg ~ 10 G. Al-
tair’s radio emission may therefore be consistent with a mag-
netospheric origin, although actually detecting such a weak
field (which would require uncertainties on the order of a few
G) is a challenging prospect given the star’s broad spectral
lines.

Unlike Altair, magnetic fields have actually been de-
tected in Vega and Sirius (Petit et all [2010a, 2011), with
both stars having sub-gauss (B.). Radio observations at mm
and sub-mm wavelengths of both stars are consistent with
thermal emission (Hughes et all 2012; [White et all [2019).
Sirius is a slow rotator and therefore unlikely to produce
gyrosynchrotron emission. Taking Vega’s stellar parameters
(Yoon et alll2010) and 0.732 d rotation period (Petit et all
2010b) yields Rk = 1.5 Rp. With the CAK mass-loss rate
M =10"""9 Mo yr~! and the same assumption of a 3000
kms~! wind terminal velocity, the miniumum surface dipole
strength capable of confining the wind out to Rk is 2.3 G,
4x higher than the dipolar component of about 0.5 G re-
covered via Zeeman Doppler Imaging (Petit et all 2010b).
The expected radio luminosity from the breakout scaling is
then log Lyaa /Lo = —12, translating at 1 cm to 0.15 pJy at
Vega’s 7.67 pc distance: certainly undetectable, since this is
much less than the expected 1 cm photospheric flux of about
0.5 mJy.

5.5 A solution to the low-luminosity problem?

Given that Ha emission strength from CMs is apparently
fully explained by CBO, as shown by [Shultz et all (2020)
and |Owocki et all (2020), and as shown in the present work
the same seems to be true of gyrosynchrotron emission, we
would expect there to be a direct correlation between the
two.

It is notable that magnetospheres are detectable in the
radio in stars with CMs that are too small to be detectable
in Ha. In addition to being a more sensitive magnetospheric
diagnostic, this may also suggest an answer to the low-
luminosity problem identified by |Shultz et all (2020) and
Owocki et all (2020). While CBO matches all of the char-
acteristics of Ha emission from CM host stars, emission
disappears entirely for stars with luminosities below about
log Lvo1/Le ~ 2.8. This could be either a consequence of
a ‘leakage’ mechanism, operating in conjunction with CBO
to remove plasma via diffusion and /or drift across magnetic
field lines (Owocki & Cranmer 2018), or due to the winds
of low-luminosity stars switching into a runaway metallic
wind regime (Springmann & Pauldrach [1992; Babel 1995;
Owocki & Pulg[2002). In the former case the leakage mech-
anism only becomes significant when M is low. In the latter
case, Ha emission is not produced for the simple reason that
the wind does not contain H ions. Notably, the peculiar sur-
face abundances of magnetic stars may lead to enhanced



20 M. E. Shultz et al.

mass-loss rates as compared to non-magnetic, chemically
normal stars (Krticka [2014).

Since CBO apparently governs gyrosynchrotron emis-
sion, and is seen in stars down to log Lyo/Leo ~ 1.5, the
leakage scenario seems to be ruled out as an explanation for
the absence of Ha emission. This therefore points instead to
runaway metallic winds. One possible complication is that,
as is apparent from Fig. [f] stars without Ha so far are also
relatively dim in the radio (at least for those stars for which
Ha measurements have been obtained). As can be seen in
Fig. Bl these stars have systematically lower values of Bk
than have been found in more luminous Ha-bright stars.
Thus, a crucial test will be examination of both Ha and ra-
dio for a star with a luminosity well below 2.8, but Bk ~ 3,
i.e. it must be cool, very rapidly rotating (Prot ~ 0.5 d), and
strongly magnetic (Bq ~ 10 kG). So far no such stars are
apparently known.

A further complication to the runaway wind hypothe-
sis is provided by 36 Lyn, a relatively cool (Teg ~ 13 kK),
radio-bright star which, while it does not show Ha emission,
does display eclipses in He (Smith et all2006) and therefore
must have H inside its magnetosphere which, presumably,
originated in the stellar wind. Why no other star in 36 Lyn’s
Tex range should show evidence of a similar phenomenon
is not currently understood, although its peculiar magneto-
sphere may be related to the remarkably high toroidal com-
ponent of its magnetic field in comparison to other magnetic
stars, in which the toroidal component is generally quite
weak (Oksala et alll2018; [Kochukhov et all|2019).

6 CONCLUSIONS

By combining both published and unpublished radio obser-
vations, published rotational and magnetic data, and new
determinations of magnetic models and rotational periods
via space photometry and previously unpublished high- and
low-resolution spectropolarimetry, we have conducted the
largest analysis of the gyrosynchrotron emission properties
of magnetic early-type stars undertaken to date.

We find that radio-bright stars occur in the same part
of the rotation-magnetic confinement diagram as stars with
Ha emission originating from centrifugal magnetospheres:
that is to say, gyrosynchrotron emission requires rapid ro-
tation as well as a strong magnetic field. This confirms the
central result of [Leto et all (2021). Radio-bright stars are
additionally generally young, with a steep drop in radio lu-
minosity with age consistent with magnetospheric braking
rapidly removing the angular momentum necessary to power
the radio magnetosphere. Furthermore, there is a close cor-
relation between the Ha emission equivalent width and radio
luminosity, which is strongly suggestive of a unifying mech-
anism.

Multivariable regression analysis of radio luminosity
yields a relation of the form Lyaq o< B*R2/P2; = (®/Prot)?,
further confirming the results of Leto et all (2021), although
we add the refinement of an additional dependence on the
geometry of the magnetic dipole such that radio luminosty
declines with increasing tilt angle 3. [Leto et all did not pro-
vide a definitive physical explanation regarding the origin
of the non-thermal electrons, and tentatively suggested a
relation to the electromotive force given that the scaling re-

lationship has units of an EMF. We find this mechanism
suffers from the difficulty that, when the resistivity is added
in order to turn the voltage into a power, the magnetosphere
is likely to ‘short out’. Instead, we have extended the cen-
trifugal breakout model that successfully predicts the Ha
emission properties of stars with centrifugal magnetospheres
(Shultz et alll2020; IOwocki et all2020), deriving a breakout
luminosity Lcpo o (BQRE/P,M)W7 where the first term in
brackets has natural units of luminosity, and the dimension-
less critical rotation parameter W is an order-unity correc-
tion that includes the additional R. and P..x dependence.
The radio luminosity is then Lyaq = €LcBo, where € ~ 1077
is an efficiency factor. Crucially, there is a nearly 1:1 corre-
spondence between L;,q and eLcgo.-

The basic scaling relationship is appropriate for a split
monopole. Generalization to higher-order multipoles is ac-
complished with a correction ncl/p7 where 7. is the centrifugal
magnetic confinement parameter and p is the multipolar or-
der (1 for a monopole, 2 for a dipole, etc.). The small residual
dependence of radio luminosity on bolometric luminosity is
removed by adopting p ~ 1.1, i.e. a nearly monopolar field.
The minimal residual dependence on bolometric luminos-
ity confirms that the radio magnetosphere is nearly inde-
pendent of the mass-loss rate. However, we find that there
is a stronger dependence of the residuals on the obliquity
B of the magnetic axis with respect to the rotation axis,
with Lyaq increasing by about a factor of 4 from 8 = 90°
to 0°. This is consistent with expectations from the rigidly
rotating magnetosphere model that the amount of plasma
trapped in a centrifugal magnetosphere is a strong function
of 8 (Townsend & Owocki [2005), since with less plasma in
the CM, there will be fewer electrons available to populate
the radio magnetosphere.

While radio emission and Ha emission are explained by
a unifying mechanism, they probe different parts of the mag-
netosphere as well as different parts of the centrifugal break-
out process. Ha emission probes the cool plasma trapped in
the CM, which has not yet been removed by breakout. Dur-
ing a breakout event, some of the energy released by mag-
netic reconnection accelerates electrons to relativistic veloci-
ties, which then return to the star, emitting gyrosynchrotron
radiation as they spiral around magnetic field lines. Follow-
ing the result reported in this paper, we explain the radiation
belt model proposed by [Leto et al! to be the magnetic shell
connected to the centrifugal breakout region close to the
magnetic equator. This largely preserves the [Trigilio et al.
(2004) model, with the primary difference being the mecha-
nism of electron acceleration.

Overall, the results here provide a revised foundation
on which to build a detailed theoretical model for how
centrifugal-breakout reconnection leads to acceleration of
electrons and the associated radio gyrosynchrotron emission.
In particular, we might be able to quantify the level of re-
connection heating through MHD simulations, and how it
scales with W, 7., etc., as has been done for other scalings
like spindown.

Future theoretical work should focus on the details of
the acceleration of the electrons through reconnection, and
their subsequent gyrosynchrotron emission of polarized ra-
dio emission (and perhaps other observable spectral bands
like X-rays), with the specific aim to understand, and quan-
titatively reproduce, the inferred emission efficiencies e.
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There is a pressing need for more radio observations to
be acquired. SEDs have been measured for only a small num-
ber of stars, and it is not known how these vary with fun-
damental, magnetic, or rotational parameters. Rotational
phase coverage is likewise available in only a small number
of cases; the geometrical dependence found here for the radio
luminosity suggests that comparable effects might be seen
in phase curves, which may be important in reconstructing
plasma distributions out of the magnetic-equatorial plane
probed by visible data. More sensitive observations might
seek to discover if gyrosynchrotron emission disappears en-
tirely in stars without centrifugal magnetospheres, or if
slowly rotating stars in fact emit ultra-weak radio driven
by the classical middle magnetosphere current sheet mech-
anism. Indeed, while gyrosynchroton emission has not yet
been detected from slow rotators, there are very few stars
in the dynamical magnetosphere regime with radio data. Fi-
nally, as pointed out by [Leto et all (2021), the close corre-
lation between radio luminosity and magnetic field strength
suggests that radio data might become an important form of
indirect magnetometry for stars that are too dim for their
surface magnetic fields to be measured using Zeeman ef-
fect spectropolarimetry, but for which rotational periods are
known via e.g. TESS space photometry.
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Table A1l. Stellar parameters, rotational periods, dipolar magnetic field strengths, and radio luminosities for the sample. Stars with
superscripts are listed in Appendix B if they have new radio (f)lux density observations, and are discussed in Appendix C if new (m)agnetic
data or (r)otational periods are available. Superscipt numbers in square brackets in other columns correspond to the reference key at the
end of the table.

Star log LLbGOI 71}1? % % % d%g klié log Lﬁ;d
ALS8988" 4.05+£0.27  27.3+ 1400201 106+ 0.6 23010 - - >1.5140] <-4.31[84]
ALS9522 3.65+£0.12  22.4+ 1117 6.0+ 0.1 10511171 1.091(117] 78t 1t -5.31:£0.0634]
CPD-271791  3.69+£0.09  23.8+ 1.6[126] 8.8+ 0.4 37188] 2.64188] - >3.9188] <-4.8100]
HD3360 3.8240.06  20.84 0.2[193] 8.6+ 0.1 19192] 5.370(27] 8271 0.1570-J2[106] <-7.74[84]
HD5737 3.3340.16  13.9+ 0.4[41 5.0+ 0.4 171108 97.7125] 735 1.810204,10,21,126] <-6.436]
HD11503/ 1.5240.03  10.1#+ 0.21101  2.354+0.03 541101 16101102 g4Ts, 237370102 -7.854:0.06[14,120]
HD12447 1.73£0.06  10.0+ 0.2(101 249+ 0.05 70M0U  1.491[102] 87ty 1.7FQ5[102,126] -7.41+0.06134
HD12767 2.43+£0.15  13.0+ 0.314Y 4.0+ 0.1 40032 1.892(29] 8979 2.0%]5[9,112,126] <-6.741124]
HD19832 2.0840.16  12.44 04141 3.3+ 0.1 1600981 0.728[110] 8919 2.710-G1110] -6.67+0.06134
HD21699™"  2.7840.04 16.0¢ 0.1 4.7+ 0.2 3501051 2.492[25,126] 782 2.815-5(5,120] <-6.4616]
HD22470 2.43£0.13  13.8+ 0.3 3.8+ 0.2 6232 1.929(110] 87ty 7512010l <-6.9810]
HD22920™"  2.644+0.12  13.6% 0.266] 4.2+ 0.1 34032 3.947122,126] 28%8 1.6ty 4120l <-6.86[124]
HD25267 2.3240.03  12.6£ 0.2115] 3.5+ 0.2 2001011 3.823[115] 17v% 1.075 018] <-7.130124]
HD27309 1.88+0.02 11.2+ 0.31101 2814+ 0.04 561101 1.569102 33 1.972-60102) -7.204:0.06134]
HD28843™"  2.5140.07 14.84 0.2 4.20+ 0.06 91[126]  1.374[25,126] 87T 0.93T-3914.126] <-6.786]
HD32633 1.9440.12 12,5+ 0.51800 350+ 0.09 25099 6.43020] 7675 17+ [56.72] <-6.71014
HD34452 2.4540.27 13.8+ 0.8M41 4.2+ 0.1 5395] 2.469(2%] 35713 3.67),[315:120] -6.70+0.06(6:14]
HD35298 2.40£0.14  15.8+ 0.811%31 4.3+ 0.2 60092] 18551921 772 10T500s] -5.320.06114,31,34]
HD35456 2.88+0.29 13.5+ 1401200 41+ 05 22076 4.951176] 1519, 2.270-2176.126] <-6.200124)
HD35502f 2.9540.12  18.4+ 0.61103] 5.8+ 0.2 78[92] 0.854[77) 7071 7.370-30100] -5.054:0.06[34,12]
HD35575" 3.1140.09  16.7+ 1.311261 5.8+ 0.3 1501981 0.984[126] - <1.3198,126] <-7.09117]
HD36313" 2.0440.19  13.0£ 0.5113] 3.4+ 0.2 16001131 0.589[113,126] 88T 9.0718[113,126] -6.110.06134
HD36429™"  2.4240.02 13.8+ 0.1[126] 387+ 0.03 7701261 15.6[126] - <0.20(28,126] <-6.180124]
HD36485 3.10£0.20  20.0+ 2.0103 63+ 0.2 33192 1.47846] 3+l 8.870-2[106] -5.45:£0.06(0:14:31.71]
HD36526f 2.30£0.24  15.0+ 2.0103] 4.3+ 0.2 59[92] 1.542092] 5675 1175[106] <-6.42[14,126]
HD36540™"  2.73+0.15 14.94 0.7186] 454+ 0.09 8032 2.1731126] 9726 1.4732(82,126] <-6.08[124]
HD36668™"  2.40+0.19  13.5+ 0.2[113]  3.81+ 0.05 60113  2.119[113,126] 8072  4.572:3[113,126] <-5.970124]
HD36916™"  2.1040.20 14.74 0.2(82] 4.2+ 0.1 781821 1.565(82,126] 3018, 3.4753[46582,90,107.126] g g5[14,17]
HD37017 3.4240.25  21.04 2.011931 8.4+ 0.5 134092 0.90109% 5672 6.07)8[100] -5.10-£0.06[6:14,18,31, 71
HD37058 2.9040.11  18.6+ 0.6/13] 5.8+ 0.2 11092] 14.6[92] 55715 2.6725[100] <-5.98014]
HD37061/ 3.30£0.30  22.0+ 1.001931 7.7+ 0.4 1001921 1.095[100] 5975 9.2%0-5[100] -5.6940.06[81,126]
HD37140™"  2.1240.09  13.5+ 02131 346+ 0.05 250126]  2.761[113,126] 8013 3.9%) 7 [113.126] <-6.120124]
HD37151 2.08+0.08 13.5+ 091120 34+ 02 - - 8711,  La4f}il14126] <-6.420124]
HD37210™"  2.51+0.05 13.5+ 0.6/'26] 3,92+ 0.09 200114 11.0[22126] 78%7  1.87)[64,114,126] <-5.73124]
HD37479 3.51+£0.21  23.04 2.001931 7.9+ 0.2 145092 1.191049] 3777, 1075l -4.73+0.0616,14,18,31,71]
HD37642™"  2.4240.10  16.04 0.5['14 4.3+ 0.1 85114l 1.079[114,126] 7473 18T 1[114,126] -5.71£0.06[34
HD37752 2.63£0.14  15.0£ 0.7MU 45+ 0.2 35032] 1.305(86] - <2.4[28] <-7.00017]
HD37776/  3.30+£0.15 22.0+ 1.0'03 8.3+ 0.3 1010921 1.539180] 478 5.8705[52,106] <-6.32[6,126]
HD37808™"  2.2840.10 14.5+ 0.2 3.90+ 0.08  30[°% 1.099[108,114,126]  45+20 3 oF1.0[114,126] -6.154:0.06[17-31]
HD40312 2.33£0.01  10.2+ 0.10191 3114+ 0.06 559! 3.6191102] 68713 1.370-3096] -7.6640.0614
HD43819 2.1540.20  10.9+ 0.4138 3.1+ 0.2 10138 15.0[38] 47118 2,675,738 <-6.78017]
HD45583 2.07£0.12  13.3+ 0.31421 335+ 0.09 701! 1.177(110] 6972 9.17J3[110] -6.2440.06[34,123]
HD46328 4.49+0.11  27.0+ 1.0'03 1444+ 0.8 8% 30.0 (yr)l87:941191 g9t 1.2%2-[106] <-7.03[84
HDAT777 3.4240.15  22.0+ 1.0(1931 7.9+ 0.4 6092 2.64015] 8273 3.270:5100] <-6.33184
HD49333 2.7340.04 15.8+ 0.141 4.8+ 0.3 65[32] 2.180(25] 8573, 3.67}9[15,120] <-6.61014

[ [

HD49606™"  2.59+0.06 13.5+ 0.141  4.08+ 0.06 1993 8.546122] - <0.040[126] <-6.30[124]
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Star log LLLSI % I\A/II;) % % dicg f—é log LL’—gd
HD51418™"  1.80+0.04 9.5+ 0.8[% 2.48+ 0.09  28(83] 5.4310112.126]  ggt0 g 5+]-9(83,126] <-6.740124]
HD58260 3.2240.26  19.3+ 1.31103] 6.2+ 0.5 3002 - - >8.8[106] <-6.84[6:84]
HD60344" 3.584£0.09 21.0+ 0.3 7.9+ 0.2 550105 - >1.2(88,126] <-4.83(0]
HD61556f 3.12+£0.24  18.5+ 0.8[69 6.1+ 0.3 58169 1.909169] 5878 2.810-3[100] -5.99-£0.06[116:126]
HD64740f 3.81+£0.15  24.5+ 101103 101+ 0.5 13509 1.330192 7173 3.07152[106] -7.16£0.06[126]
HD65339 1.4540.02 8.5+ 0.10191 2,09+ 0.02 13099 8.0271102] 8919 15+2[30] <-7.49(6:14]
HD66665 4.6940.23  28.5+ 1.0(193] 159+ 1.1  gl92 24.5092] 7575 0.58T059(106] <-4.53184]
HD66765/ 3.4440.24  20.0+ 2.00611 7.2+ 0.6 5892 1.608(°2 7375 2.815-5[106] <-6.16[126]
HD79158 2.614£0.06  13.3+ 0.1 4.3+ 0.1 49199] 3.835[91] g7ty 3.1t -6.5440.06(6-34
HD90044 1.66£0.10  10.0+ 0.2186] 2.8+ 0.3 230101 4.379(25] 8970 4.47]-2[15,:24,126] <-7.75017]
HD105382 3.04£0.16  18.0+ 0.5281 5.8+ 0.2 74192] 1.295(26] 5177 2.61510108] -6.0620.06[116]
HD112413 1.9740.02  11.34 0.2 2,93+ 0.03  15[% 5.4691102] 88TL  3.5705[62,63] -8.154:0.06(6-34]
HD118022 1.53+0.04  9.44 0.11'01 226+ 0.02 120101 3.722[102) 65755 327800102 -7.4240.06(120]
HD122532 2.37£0.12  11.9+ 0.51861 2,99+ 0.04 - 3.681012 8919 3.07Q 77 13,15112,126] g gg[14]
HD124224 1.9340.01  12.34 020191 3,024 0.01 1691104 0.521[80] 872, 4.079360] -6.2440.06[17:18,31,34,116,121]
HD125248 1.3940.23  9.74 0.3141] 2.424 0.07 119 9.300139] 8979 9.0t 5™ <-7.170124]
HD125823 3.1640.20  19.0+ 2.0(19 5.9+ 0.2 16192] 8.817192] 7575 1.8715-2[106] <-6.5916]
HD126515 1.36+£0.16 8.9+ 0.21'261 2,654+ 0.07  16['26] 129,923 8471, 13t)[23 <-7.13014]
HD131120™"  3.15+0.09  19.4%+ 1.51126] 6.3+ 0.3 57(32] 1.569(53,126] <0.17164] <-6.95014
HD133029™"  1.98+0.08 11.8+ 0.9 2.8+ 0.1 3032 2.888[43,126] 19t 90f50(3.120] <-6.84114]
HD133652 2.0240.10  12.84 05861  3.27+ 0.09 4819 2.304[2%] 6575, 7.679:3015.126] -7.1340.06[34
HD133880 1.73+£0.06  10.74 0.1[*11  3.084+ 0.08 1033  0.87717 831 12710[79] -5.4440.06[71:34]
HD135679™"  2.46+0.19  15.1+ 2.8126] 2,86+ 0.06  1[83] 5.321[126] 1476 4.475:3183,90,126) <-7.03017]
HD137193™"  1.9140.13 10.6+ 0.7%61 35+ 02 - 4.8671126] 0135 35135 3120] <-6.42014
HD137909 1.4640.01 7.5+ 0.1(101 198+ 0.03 309! 18.5[102] 8919 5277} [102,126] <-7.860]
HD138764 2.62£0.17  15.7+ 2701261 434 0.4 191321 1.259(86] - <0.049144] <-7.60117]
HD142184 2.85+0.13  18.5+ 0.51103] 5.7+ 0.1 2880921 0.508[54 §*3 8.9+2:91106] -4.2540.06[93,116]
HD142301 2.56+0.07  15.94 0.2[41 446+ 0.05 78132 1.459[110] 479, 1275010] -5.6240.06[14:17:18,31]
HD142884™"  2.1740.12  14.3£ 0.5861 3.7+ 0.1 1300321 0.803[108] - <0.754:126] <-6.93014]
HD142990 2.93+0.13  18.0+ 0.511%31 5.6+ 0.2 12221 0.979[104] 8372 4.67]3[100] -5.76£0.06114:17:18,31,97]
HD143473 1.874£0.10 12.44+ 1.00%6]  2.254 0.08 25032 2.843[2%] 1875 1872013,15,126] -6.5620.06[34
HD143699™"  2.6540.12  15.5+ 0.441 4.6+ 0.2 11501261 1.323[126] - <0.60[4,37,126] -7.09+£0.06114:124]
HD144334 2.34+0.12  14.84+ 0441 4.0+ 0.1 821321 1.495[110] 5500 3.6t0 010 -6.62£0.06[14:17:31]
HD145102 2.0240.12  10.8+ 0.58¢1 3.0+ 0.1 84052] 1418159 - <0.98[] <-6.940124]
HD145482"  3.5940.17  24.2+ 4.30'26] 8.1+ 0.8 1660321 5.804[126] - <0.38¢] <-7.05014]
HD145501C  2.4640.15 14.5+ 0.51861 4.0+ 0.2 70(32] 1.0261110] 8979 5873110l -6.08£0.06114:17:123]
HD146001™"  2.384+0.14 13.8% 0.3 3.61+£ 0.06  90[32 0.586(59] - <0.50(4:120] -6.70+0.06114
HD147010 1.65+0.08  12.54 0.61%6]  2.45+0.09  15[%] 3.921058] 10t 19F19,112,126] <-7.06!14]
HD147890 2.43+0.12  11.3£ 0.51861 3.7+ 0.2 65[32] 4.336155] - <0.90[%] <-6.240124]
HD147932 2.504£0.20  17.0+ 1.0019 4.8+ 0.3 1400501 0.864[89] 0*8 7.675-81110,125] -5.13+0.061111]
HD147933 3.30+£0.17  20.84 0.511091 7.3+ 0.2 20001091 0.747(109] 7579, 47105 (109,125] -5.53+0.06110]
HD148112 1.8540.02  9.24 0.1°1 2,524 0.01  44[38] 3.0441102] 09 0.7610-1][102,126] <-7.156]
HD148199 1.88+0.12 1174+ 0.786 2.5+ 0.1 15032] 7.726(25] 6377, 5.07058:15.126] <-6.54114]
HD149438 4.4740.13  32.0+ 1.00193] 175+ 0.9 7092 41.0139] 7510 03150917 <-7.93[84]
HD149822™"  1.8540.18 10.84+ 0.3 2.7+ 0.2 600321 1.966(126] 8772 4.0731[16,36,64,126] <-7.38017]




28 M. E. Shultz et al.

Table A1l — continued

Star log LLLSI % I\A/II;) % % dicg f—é log LL’—gd
HD151346 2.4440.17  13.7+£ 1186 3.8+ 0.2 461321 2.180(86) - <1714 <-6.64014]
HD152107 1.474£0.01 8.8+ 0.10191 215+ 0.01 21000 3.8570102] 1972 4.218-50102,126] <-7.98[6:14]
HD156424 3.0040.40  18.0+ 3.01118] 4.6+ 0.3 7192] 0.524[118] 39738 8.0T30M18 -4.8340.06184]
HD163472 3.8140.10  25.24 1.11931 103+ 0.5 62092 3.639(29] 46713 117 30106] <-6.63084]
HD164429™"  1.854+0.04 12.0+ 0.5/'26] 2,99+ 0.06  90[32] 1.0821126] 881,  3.070-7[15,120] -6.91+0.06117:34]
HD165474  2.06£0.26 13.24 3.411280 1824 0.08 1862 9.0 (yr)l™ 8910 3,0F749078.126] <-7.051124]
HD168785"  3.48+0.08 23.0+ 1.2126] 8.1+ 0.4 140081 - >4.0[88] <-5.26[124]
HD168856™"  2.1040.09 11.9+ 1.2126]  3.04 0.1 731751 2.428(108] 55018 3513 Ll7583,33.026] g g7(124]
HD170000 2.3640.01  11.6+ 0.001) 347+ 0.02 83101 1.716[102 70719 1.8%50002] -7.1140.06134]
HD170973™"  2.3240.13  10.8+ 0.2 3.394+0.06 419 18.1[126] 8372 4.87}2015,13,126] <-6.65[124]
HD171247™"  2.7940.16  12.2+ 0.3 4.0+ 0.2 68195] 3.910[126] 8513, 4173120 -5.17+0.06117:31]
HD175132" 2.7840.04  13.24 0.51126] 4.0+ 0.2 401321 8.030[126] - >3.5028] <-6.7107:124]
HD175362 2.64+0.12  17.6+ 0.40103] 534 0.2 34092 3.674192] 685 1715006] -6.7340.06[14:17,18]
HD176582 2.9040.15  17.0+ 1.01103] 5.6+ 0.2 103092 1582051 8919 5.4701[100] -6.08+0.06134
HD177003 3.05+£0.10  17.74 0.71861 5.7+ 0.2 12032] 1.800(86] - <0.81[28] <-7.1007]
HD177410 2.30£0.10  13.4+ 0.5861 3.7+ 0.1 21101051 1.123(86] - <1.4[15,67] <-7.18017
HD179527 2.63+0.16  10.4+ 0.3138]  3.39+ 0.05 3338 7.098(38] 88tl, 0.527071[38 <-6.470124]
HD182180/  3.0940.18 19.8+ 1.40'031 6.5+ 0.2 3060921 0.52104847  g1%  9.6705[106] -4.65£0.06185:126]
HD183056 2.69+0.11 1174 0.408 4.0+ 0.2 35099 2.992(38] 8278 1675408 <-7.12017)
HD183339" 2.70+£0.05  14.04 0.6['26] 4.3+ 0.1 41[32] 4.204[126] >4.5[28] <-6.340124]
HD184927 3.5940.16  22.0+ 1.0(193] 8.4+ 0.5 g2l 9.531(68] 6773 8.8T al6s] <-6.05[17:124]
HD186205 3.8440.25  19.6+ 0.81193] 8.3+ 0.6 6092 37.292] 73 2.97¢-0[106] <-4.78124]
HD187474 1.76£0.03 9.9+ 0.1101 2524 0.02 019 6.4 (yr)l102  89t9  7.072 10102 <-7.18[124]
HD188041™"  1.40+0.01 8.5+ 0.11101 2,07+ 0.04 409 224.0[102] 072%  4.17]6,601102,126] <-7.570124]
HD192678 1.65£0.27  9.04 0.1141] 2.5+ 0.2 6l120] 12.9[23] 25113 5515 123:126) <-6.740124]
HD196178™"  2.1540.10  13.1+ 0.51801 4.2+ 0.2 50[32] 1.101[126] 4*T 3.970-203,120] -5.97+0.06134
HD196502 2.0140.39 8.9+ 0.4[41] 2.554 0.05 9% 20.3[291 881,  L7TO3[L211,112,126] g 47(0]
HD202671 2.70£0.07  13.24 0.1#1 4.0+ 0.2 20195] 1.992186] - <0.056[4%) <-6.940124]
HD205021 4.2640.11  25.04 1.01193] 1194 1.1 34092 12.0[57] 8672 0.277003[106] <-7.43[84]
HD208057/  3.01+£0.11  16.54+ 1.21'%3 53+ 0.3 1051921 1368092 8970 0.557012[106] <-7.38[126]
HD215441 2.3140.09  14.5+ 0.4141 394 0.1 5(93] 9.490(23] 377 627523 -5.144-0.06(6,14,18,31,71]
HD224801 2.1940.10  11.9£ 0.58¢1 3.2+ 0.1 30032] 3.740[22 - >4.6[1] <-6.680124]
HD260858"  3.5240.27 18.0+ 1.0#U 6.7+ 0.4 471105] - >1.8090) <-4.84[0]
HD335238 1.6240.23 9.4+ 0.5[36] 2.254+ 0.04 — 48.7178] 8574,  5.972:0[78,107,126] <-6.24[124]
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Table A1l — continued

Table A1l — continued
Reference key
1,@ 2m 3,Borra & Landstreet| (1980 4@@ 5@] IMI
(1987); 7, Bohlende ->s@>9 : A (1984 )11,
( 12 Ma 13 - 14, Linsky et all d@) 15, [Bnlﬂﬂndmﬁjl] 34); 16, Bohlender et all (19931
17, m (M) 18, m 1996) 19 [Mathys & Hubr Q(Lem_d 20, [Adel @ﬂ ); 21, Mathys & Hubri g,m);
22, [Catalano & Renson (1998); 23, mmmm_&_mm (2000); 24, [Leone & Catanzard (2001); 25, Renson & Cataland @@); 26,
); 27, [Neiner et all (20034); 28, Bxghkgm g;a] 29 Nglngr et @] 2 ; 30, [Kochukhov et all (2004); 31,
~32[G1§.MkL&&n.a&mski u ; 35, [Donati et all (2006); 36,
); 37, — A ricre e ) 39 m ); 40, [Alecian éiémé@]);
m ); 42, ) 43 ); 46,
W)M_ ; 48, [Oksala et all Makaganiuk et al )50@;51,
[BthﬂIldQL&LMQIuﬂ@),SQ, (IzTul ,53, ); 55, - 56,
Silvester et all )57) 58, [Bailey & L @ds;ggﬂ(@)) 59, [Fossati ot all )60 );
61, all (2014); 62, [Silvester et all : 63, S]]yﬁs];gx ot a]] 64, lBagnuluulJ ; 65, lBagnubﬁ_aJJ

71, [Chandra ot all (2018); 72, Silvester ot all (2018); 73, Kochukhoy & Wadd 75

66, Khalag & LeBland (@ 67, m ) 68, Y kunin e ) 69 m % 70, [Oksala et a ]g2%1%
. c

20161); 76, Romanyuk ct al| MA) 77, [Sikora ctal| (2016); 78, Mathyd (2017 79 — 2017); 80, Mikuldsek et all

(2017); 81,@] 8 . 84, [Iﬁmm.a&lﬂ_aﬂ . 85, M
(2017); 86, Netopil et all )87(@) SS_r Jarvinen et all (@) 89 90

91, .@ 92, [Shultz et all (2018H); 93, [Leto et all (2018 94[Shultzﬁ_al] 8¢ 95[Gha2@manﬂ_al] )96
2019); 97, Das et all (2019H); 98, Romanyuk et al ; 99, ﬁ : 100, [Shultz et all (2019d); 101,

[Sllmra.ﬂ.al](lZ_QlQA) 102, [Sikora_et_all (2019H); 03 Shultz et all (2019H); 104 (Shultz et all (20194); 105 [Ghazaryan et all (2019); 106,
[Shultz et all (2019d); 107, [Romanyuk et all : 108, _) 109, [Leto et. all (lmm 110, [Shultz et all (2020); 111,
[Leto et all (20208); 112 MMU(IM) 113 [BQm.ammkﬂ_alJmld 114 [Bamammkat_aﬂ(lZQZlH) 115, [Woodcock et all (2021);
116, &n hard et all (2021); 117, [Shultz et all .29215); 118, [Shultz et all 429215); 119, [Erba et all (@); 120, (2021); 121,

M); 122, [Kochukhov et all M), 123, Das et al., submitted; 124, Drake (priv. comm.); 125, Shultz et al., in prep.;
126, This Work .
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APPENDIX B: NEW RADIO OBSERVATIONS
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Table B1. New radio observations acquired with the uGMRT. HJD stands for Heliocentric Julian Date. ‘Eff. band’ is the effective
frequency range of observation after the edges of the original frequency band were removed due to low gain. For the stars that were not
detected, we report the 30 upper limit. For the detected stars (in bold), the quoted uncertainty includes the fitting error, the map rms,
and the uncertainty associated with the absolute flux density calibration (assumed to be 10% of the flux density).

Star HJD range Eff. band  Flux calibrator  Phase calibrator Flux density

—2450000 (MHz) (mJy)
HD 11503 8439.26+0.18 570-804  3C48, 3C147 J0204+152 0.25 +0.01
HD 35502 8595.03£0.06 570-716  3C147, 3C286 J0607-085 0.64 +0.16
HD 36526 8231.00+0.04, 8242.86+0.05 560-726  3C48, 3C147 J0503+4-020, JO607-085 < 0.1
HD 37061 8608.90+0.10 570-804  3C48, 3C147 J0607-085 0.54 +0.14
HD 37776 8711.65+0.16 570-804  3C48, 3C286 J0607-085 < 0.1
HD 61556 8273.92+0.06 570-726  3C48 JO735-175 1.2140.18
HD 64740 8602.02+0.07 570-794  3C48, 3C286 J0828-375 0.06 + 0.01
HD 66765 8342.74+0.05, 8391.63+0.01 560-726 ~ 3C48, 3C286 J0828-375 <0.1
HD 182180 8348.30+0.02 560-726  3C48 J1924-292 4.17+0.07

HD 208057 8239.47+0.04 560-726 3C286 J2202+422 < 0.05
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APPENDIX C: STARS WITH NEW
ROTATIONAL AND MAGNETIC
CONSTRAINTS

C1 Least-squares deconvolution

In order to maximize the signal-to-noise (S/N) of the Stokes
V' spectrum from the ESPaDOnS and Narval observations
we used the standard multiline analyis technique least-
squares deconvolution (LSD;[Donati et alll1997), specifically
the 1ILSD package (Kochukhov et al! 2010). LSD applies
a line mask composed of the rest wavelengths of spectral
lines expected for a given Tex and log g, their line depths,
and their Landé factors, to the observed spectrum in or-
der to extract a mean line profile. The line masks were
obtained from the Vienna Atomic Line Database (VALDS3;
Piskunov et al![1995; [Ryabchikova et all[1997; [Kupka et al.
1999, 2000; [Ryabchikova, et all 2015) using ‘extract stellar’
requests over the wavelength interval 370 nm to 1050 nm,
for solar metallicity, effective temperatures from 10 kK to 25
kK in 1 kK intervals (with the closest Teg to the measured
value used for a given star), and logg = 4. Since LSD re-
lies on the assumption that all lines can be reproduced with
a common line profile, the line masks were cleaned by re-
moving H lines, strong He lines, metallic lines formed in the
wings of these lines, as well as regions contaminated by tel-
luric bands, interstellar lines as appropriate for a given star,
and parts of the spectrum affected by instrumental ripples.
The line masks were then ‘tweaked’ by hand such that the
depths matched the observed depths of each star.

The results of the LSD profile analysis are summa-
rized for each star in Table Observations were classified
as magnetic definite detections (DD), marginal detections
(ND), or non-detections (ND) based upon the false alarm
probabilities (FAPs) in Stokes V inside the line profile ac-
cording to the usual criteria, i.e. an ND if FAP> 103, MD if
< 107° FAP < 107%, and a DD if FAP < 10~° (Donati et al.
1992, [1997). These are summarized in Table Out of the
20 stars analyzed, 5 yielded at least 1 DD, 1 yielded 2 MDs,
and the remainder were NDs. All null N profiles yielded
NDs, verifying normal instrument performance.

To quantify the strength of the magnetic field the
line-of-sight magnetic field averaged over the stellar disk
(B.) was measured using the moment method (Mathys
1989). The same measurement was performed on the N pro-
files. Table[CT] gives the root-mean-square of (B.) and (N.),
the mean (B.) error bar, and the maximum (B;) value mea-
sured. Note that for stars for which only one observation
was obtained, there is no distinction between the root-mean-
square and maximum (B.).

C2 Oblique rotator models

In order to determine the surface strength and geometry of
the surface magnetic field, (B.) measurements were folded
with the rotation periods determined using photometric or
magnetic data, and harmonic functions in the same method
as that described by [Shultz et all (2018b). For this purpose
(B:) measurements found in the literature, DAO (B.) mea-
surements, and the LSD measurements described above were
utilized as available. DAO measurements are summarized in
Table The fitting parameters By, Bi, and ®1, corre-
sponding to the mean value of (B.), the amplitude of the

(B:) sine wave, and the phase offset, are given in Table
In all but one case a pure sine wave gives an adequate
description of (B.), as evaluated by the reduced x?; the ex-
ception being HD 21699, which requires two additional har-
monics. Table also gives the rotational periods P.ot and
zero points Ty for the rotatational ephemerides, where the
last number in brackets gives the uncertainty in the last
significant digit. In most cases Ty corresponds to magnetic
maximum; when an insufficient number of (B.) measure-
ments were available to constrain this, maximum light was
used instead.

The (B.) fitting parameters were then used to deter-
mine the obliquity 8 and surface strength of the magnetic
dipole Bq from the geometric relations developed by [Preston
(1967), following the same procedure as that described by
Shultz et all (2019d). In a few cases there were not enough
(BZ> measurements to constrain a fit; in those cases By and
B were approximated by the mean and standard deviation
of (B.).

C3 Notes on individual stars

In the following, the characteristics of the individual
datasets for each star, and the particular considerations af-
fecting its analysis, are briefly described.

ALS 8988: This is a magnetic Herbig Be star, with 4
(B:) measurements published by |Alecian et al! (2008), all
negative and of approximately the same magnitude. The star
is in a crowded field, and the TESS light curve (obtained in
cycles 6 and 33) is certainly contaminated by multiple ob-
jects. The light curves in the two cycles do not resemble one
another, and yield different sets of significant periods: in or-
der of decreasing signal-to-noise, about 33 d, 3 d, and 8 d in
the cycle 6 light curve, and 12.5 d, 6.3 d, 27.8 d, 4.3 d, ad
3.2 d in the cycle 33 light curve. The longer periods likely
reflect systematics, while th shorter periods are not harmon-
ically related. The rotation period cannot be determined.
HD 21699: This star is listed in the [Renson & Manfroid
(2009) catalogue as a B8 He-weak Si star. [Bernhard et all
(2020) give a photometric period of 2.4928(2) d. There
is a large ESPaDOnS dataset, with 26xDD (Fig. [CI).
The period from [Bernhard et all (2020) coherently phases
the ESPaDOnS measurements, but not the full magnetic
dataset. Period analysis of ESPaDOnS (B.) measurments
yields 2.49187(7) d, however this period does not coherently
phase the ESPaDOnS measurements with the (B.) mea-
surements published by Brown et al! (1985), from which a
period of 2.4928(9) d is obtained. A period search for the
full magnetic dataset can approximately phase the data,
but the phasing of the ESPaDOnS measurements is no-
ticeably worse. The Hipparcos and TESS light curves re-
spectively yield 2.493(4) d and 2.487(3) d; combining them
gives 2.49208(2) d, however this considerably degrades the
phasing of the ESPaDOnS data. We therefore revert to the
ESPaDOnS period in Fig. It is possible that the rota-
tional period of this star may be variable. The ESPaDOnS
(B:) curve, which is much more precise that theBrown et all
(1985) measurements, is anharmonic, indicating that the
surface field of this star is not a pure dipole.

HD 22920: This star is listed in the [Renson & Manfroid
(2009) catalogue as a B8 Si star. 3.95 d rotation period from
Catalano & Renson (1998). [Bernhard et all (2020) provide
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Table C1. Summary of Least-squares deconvolution analysis. The columns give the stellar designation, the number Nggp of ESPaDOnS
observations, Nnar of Narval observations, the T,g of the line mask, the number Njj,es of lines in the mask used for analysis as a fraction

of the total number of lines, the number of definite, marginal, and non-detections, the root-mean-square longitudinal magnetic field Brms,
the root-mean-square null field Nyms, the mean uncertainty < op >, and the maximum longitudinal magnetic field (B )max-

Star NESP NnNar Teﬁ Nlines DD/MD/ND Brms Nrms <op > (Bz>max
(kK) () N(E)) (&) (@)
HD 21699 26 16 946,/1203 26/0/0 431 11 19 697 £ 33
HD 22920 4 14 1284/2059 8/0/0 354 16 16 487 £ 23
HD 23408 2 13 1499/2379 0/0/3 5 12 13 —-13+17
HD 28843 - 11 15 1099/1799 0/2/9 162 77 95 —264 +119
HD 36429 1 - 14 309/561 0/0/1 120 59 67 120 + 67
HD 36540 1 - 13 1498/2328 1/0/0 430 —94 59 430 £ 59
HD 36629 2 - 22 302/502 0/0/2 4 3 4 —6+4
HD 36960 1 - 28 313/558 0/0/1 5 4 10 —5+10
HD 37140 1 - 14 1315/2059 1/0/0 186 17 22 —186 £ 22
HD 49606 2 - 13 1513/2328 0/0/2 0 9 7 0+7
HD 89822 4 1 10 616/1138 0/0/5 2 1 2 2+3
HD 131120 1 - 19 247/389 0/0/1 77 19 54 77 £ 54
HD 142884 - 1 14 330/461 0/0/1 295 137 147 295 + 147
HD 143699 1 - 18 250/462 0/0/1 78 57 7 7877
HD 144844 1 - 15 1288/1799 0/0/1 3 9 9 —-3+9
HD 146001 2 - 14 1287/2059 0/0/2 67 76 66 97 £+ 66
HD 147084 2 - 10 623/1138 0/0/2 2 1 2 —2+1
HD 162374 1 - 16 1014/1504 0/0/1 12 25 27 12+ 27
HD 170973 3 - 10 623/1138 3/0/0 297 2 7 —431+7
HD 207840 2 - 13 1663/2328 0/0/2 2 5 4 —-3+£5
Table C2. Summary of DAO (B.) measurements HD 28843: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B9 He-weak Si star. [Bychkov et all
(2009) inferred the (B.) curve from only 5 measurements
Star N B{g; < UEEG>) {Bz)max from |Borra et all (1983), using the 1.37 d period from
Mathys et all (1986). There are 11 Narval observations (Fig.
HD 21699 29 453 157 —955 + 106 [CT), two yielding marginal detections and the remainder
HD 36668 71726 538 3363 4+ 1048 non-detections, with a mean error bar of 95 G. The 1.37 d
HD 37642 13 2782 595 —5162 £ 307 periodicity is absolutely unambiguous in the Hipparcos light
HD 51418 2 350 125 —5650 £ 157 curve, and the (B.) measurements phase coherently with
HD 133029 25 2302 178 4056 + 311 this period. The same is true of the TESS light curve, al-
HD 135679 22 792 190 1546 £ 262 ’ L. . . ’
HD 164429 24 614 288  —1467 + 409 though ther'e are large-scale variations in the amph.tude of
HD 170973 15 412 115 768 4+ 126 the TESS hght curve (See the bottom panel of Flg m)
HD 171247 25 348 260 1179 4+ 188 which appear to be real and require further analysis to de-
HD 184961 18 646 175 1212 + 375 termine their origin. The evidence suggests either that this
HD 188041 11 793 71 1292 + 27 is a rapidly rotating star with a weak magnetic field, or that
HD 196178 31 920 182 —1470 4 422 the period is related to pulsation.

a photometric period of 3.9489(3) d. The TESS light curve
gives a 3.956(3) d period; combining it with Hipparcos yields
3.94724(1) d. All 8 ESPaDOnS observations are definite de-
tections (Fig. [CI)). This period gives a good phasing of the
ESPaDOnS and Narval data; while it does not quite phase
the modern measurements with the measurements published
by [Borra et al! (1983), the latter have large uncertainties.
The photometric and magnetic data are shown in Fig.

HD 23408: This star is listed in the [Renson & Manfroid
(2009) catalogue as a B7 He-weak Mn star. No magnetic field
was detected in the FORS observation by [Bagnulo et al.
(20154), with a 64 G error bar. There are 3 ESPaDOnS
measurements, all non-detections, with the smallest error
bar of 5 G (Fig. [CI)). There are no obviously significant pe-
riodicities in the Hipparcos or K2 light curves. This is not a
magnetic star.

HD 35575: This star is listed in the [Renson & Manfroid
(2009) catalogue as a B3 He-weak star. The TESS light
curve was obtained in sector 6. Despite some systematics,
there is clear rotational modulation at 0.9841(2) d, with
several harmonics of the rotational frequency present. The
light curve is shown folded with the rotation period in
Fig. This is consistent with the star’s large vsini =
150 kms™! (Romanyuk et all 2019). Four magnetic mea-
surements were reported by [Romanyuk et all (2019), all
non-detections, however as can be seen in Fig. [C5]they were
all acquired at a similar rotation phase; it is possible that
observation at other phases may successfully detect the field.
HD 36313: |[Romanyuk et al! (2021d) obtained several
(Bz) measurements from this SB2 star, and determined a
rotation period of 0.58913 d from the TESS light curve.
They noted that the magnetic field could only be detected
in H lines, due to contamination of the low-resolution spec-
tra by the non-magnetic secondary. The TESS period does
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Figure C1. LSD profiles extracted from ESPaDOnS and Narval observations. Each panel shows Stokes I (black, bottom), N (blue,
middle), Stokes V' (red, top). Blue and green shaded regions show the mean error bars for N and Stokes V, respectively. Box gives the

amplification factor for N and Stokes V.

not phase the (B;) measurements. Romanyuk et al| (2021a)
noted the presence of other periods in the light curve, which
they attributed to the rotation period of the cooler sec-
ondary; this periodicity appears to be only marginally sig-
nificant. The light curve contains 11 harmonics of the rota-
tional frequency; simultaneous fitting of the rotational fre-
quency and all harmonics yields 0.58921(1) d, which still
does not provide a coherent phasing of (B.). The closest
period that provides an acceptable phasing is 0.58884(2) d,

which is used to phase the [Romanyuk et all (2021a) and
DAO (B.) measurements in Fig. While this period is
well outside the formal uncertainties from period analysis
of the TESS data, it provides an almost equivalently good
phasing of the photometry as determined by eye. This start
should certainly be followed up with high-resolution spec-
tropolarimetry in order to evaluate the accuracy of the ex-
isting magnetic data in light of the star’s binarity.

HD 36429: This star is listed in the |Renson & Manfroid
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Table C3. New and revised rotation periods and (B;) fitting parameters. Periods with an asterisk may not be related to rotation.
Superscripts b and p respectively indicate that Ty is defined by (B:)max and maximum light.

Star Prot To Bo B1 [oF]

(d) —2400000 (kG) (kG) (rad)
HD 21699 2.49187(7) 55170.8(1)17 0.158 = 0.005 0.614 +0.006 1.91+£0.01
HD 22920 3.9472(1) 56556.7(1)?  0.312 £ 0.009 0.194+0.01 1.47+£0.06
HD 28843 1.37382(6) 47908.54(4)l7 0.01 £0.04 0.19 +£0.06 2.0+0.3
HD 35575 0.9841(2) 58467.55(1)P 0.08 £ 0.08 0.154+0.06 0.23+£0.21
HD 36313 0.58884(2)  58468.608(2)P —0.1+04 1.7+ 0.6 1.5£0.3
HD 36429 15.6(7)* 58471.2(4)P - - -
HD 36540 2.1732(1)  58469.833(2)P 0.09 £ 0.07 —0.3+0.1 1.6 £0.4
HD 36668 2.1192(2) 58466.50(2)P 0.0+0.1 1.2+0.1 1.7£0.2
HD 36916 1.56548(8)  58467.186(7)P —0.53 £0.09 —0.49 £0.04 1.5£0.3
HD 37140 2.7606(9) 55557.1(2)b —0.18 + 0.05 —0.8+0.1 1.52+£0.06
HD 37210 11.043(8) 52682.8(7)b 0.07 £0.02 0.454+0.04 1.55+0.06
HD 37642 1.07876(1) 55582.75(7)P —1.2+0.1 —-3.9+0.2 1.58+£0.06
HD 37808 1.098535(5)  58469.585(9)P 1.2+£0.1 0.6 +£0.2 2.940.1
HD 51418 5.431(3) 58843.62(2)P —0.01 £0.03 —0.56 £0.03 1.53 £0.07
HD 89897 1.11037(5)  58545.434(3)P - - -
HD 131120 1.56873(1)  58598.552(4)P 0.06 £ 0.03 0.04 +0.05 3+1
HD 133029 2.88767(5) 54480.9(7)b 2.23 £ 0.05 0.48 £0.07 1.26£0.14
HD 135679 5.321(1) 55259(1)b 0.78 £0.04 0.554+0.05 1.72+£0.09
HD 137193 4.867(3) 59330(3)P 0.6 +£0.2 0.24+0.4 04+1.2
HD 143699  0.89421(5)*  58627.368(5)P - - -
HD 145482 5.804(2) 58628.09(1)P - - -
HD 149822 1.9661(1) 8982.72(8)P —0.09 £ 0.06 —0.69 £0.07 1.6 £0.1
HD 157779 3.2566(8) 58981.29(3)P - - -
HD 164429  1.081751(1) 54714.5(1)b —0.06 £ 0.06 —0.84 £0.07 1.5£0.1
HD 168856 2.4277(1) 47992.2(5)b —0.30 £ 0.05 0.75 +£0.09 0.8+0.1
HD 170973 18.064(5) 46547(2)b 0.22 £ 0.02 0.66 £0.02 1.62+£0.03
HD 171247 3.9098(8) 55077(1)P 0.11 £0.08 0.3+0.1 1.7£0.3
HD 175132 8.0295(2) 58106.5(2)P - - -
HD 183339 4.2040(5)* 58682.10(6)P - - -
HD 184961 6.335(5) 55720(1)b 0.65 £ 0.03 0.24 +0.05 1.4+0.12
HD 188041 224.0(2) 46319.5(5)b 0.82 £ 0.01 0.51 £0.02 1.68 £0.04
HD 196178 1.10111(1) 42592.6(2)b —0.94 £0.04 —0.20 £ 0.05 1.6 £0.3

(2009) catalogue as a B6 He-weak star. No magnetic field
was detected by [Borra (1981). There is one ESPaDOnS mea-
surement, a non-detection with a 67 G error bar. The LSD
Stokes I profile may be consistent with binarity (see Fig.
[CT). The TESS light curve is dominated by a 15.6(7) d pe-
riod, which could be rotational but is clearly inconsistent
with the large vsini (77 km s~ ! Fig. [CT) and is therefore
related either to orbital motion or instrumental systematics.
The light curve also demonstrates numerous high-frequency
signals likely related to pulsation. This is probably not a
magnetic chemically peculiar star.

HD 36540: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B7 He-weak star. The largest set of
magnetic measurements were published by [Romanyuk et al.
(2017H). The magnetic field was also detected by
Bagnulo et all (2015a). There is 1 ESPaDOnS observation,
which yields a definite detection in the LSD Stokes V' pro-
file (see Fig. [CI)). By combining all available magnetic data
together with the Hipparcos photometry, we get a period
of 2.1725(4) d, consistent with the Hipparcos period deter-
mined by [Dubath et al! (2011). The TESS light curve gives
a period of 2.1723(1) d, formally consistent with the Hip-
parcos period, which is used to phase the data in Fig.

HD 36629: This star was included in the [Bychkov et al.

(2005) catalogue due to an old measurement by |Conti
(1970). However, its magnetic field was not detected by
Bagnulo et all (2015d) or by |[Romanyuk et all (2017h).
There are 2 ESPaDOnS observations, both of which are
non-detections with 4 G error bars (Fig.[CT]). The rotational
period given by [Bychkov et al! (2004), based on (B.) mea-
surements, is therefore certainly spurious and this star was
dropped from the analysis.

HD 36668: Romanyuk et all (2021a) determined a period
of 2.1204 d using the TESS light curve, however this utterly
fails to phase either the SAO or DAO (B.) measurements,
whether the datasets are treated individually or combined.
Reanalysis of the TESS light curve yields 2.1192(2) d. Fig.
shows (B.) and the TESS data phased with the nearest
period to the TESS period providing a reasonably co-
herent variation of both (B.) and TESS data, although
there is considerable scatter. Additional magnetic observa-
tions, preferably at high resolution, are necessary in order
to constrain both the magnetic and rotational properties.

HD 36916: The Hipparcos light curve yields a period of
1.5652(2) d (Romanyuk et all[20174). There are (B.) mea-
surements available from [Borra et all (1983), Bagnulo et all
(2015b), and [Romanyuk et all (20174, [2018, [2020). The
TESS period is 1.5652(1), identical to the Hipparcos period
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Figure C2. Top: (B,) measurements for HD 21699, obtained
from ), DAO, and ESPaDOnS data, folded
with the rotation period. Solid/dashed curves show third-order
harmonic fit and uncertainty. Bottom: TESS and Hipparcos light
curves folded with the rotation period.

HD 22920

0.6 T T

<B,> (kG)

s Nar « ESP ©BB83
-0.2 L L L L L L
—40( T T T T T T
[ eTESS mHip
-20 I ™

phot (mmag)
o

20

40

0.0 0.2 0.4 0.6 0.8 1.
Phase, P = 3.9472(1) d

Figure C3. Top: (B.) measurements for HD 22920, obtained
from Borra et all ), ESPaDOnS, and Narval, folded with the
rotation period. Solid/dashed curves show first-order harmonic fit
and uncertainty. Bottom: Hipparcos and TESS light curves folded
with the rotation period.

but slightly more precise. The photometric periods do not
quite provide a coherent phasing of the magnetic data; the
closest period which does is 1.56548(8) d, which still pro-
vides a reasonable phasing of the photometry (Fig. [C9).

HD 36960: This star is listed in the [Renson & Manfroid
(@) catalogue as a B0 Si star. No magnetic field has been
detected either in FORS observations (Bagnulo et al![20154)
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Figure C4. Top: (B.) measurements for HD 28843, obtained
from ) and Narval, folded with the rotation pe-
riod. Solid/dashed curves show first-order harmonic fit and un-
certainty. Bottom: Hipparcos and TESS light curves folded with
the rotation period.

HD 35575

= SAO

|
<)
=)
—a—

phot (mmag)
o
P
sl

0.0 0.2 0.4 0.6 0.8 1.0
Phase, P = 0.9841(2) d

Figure C5. SAO (B.) measurements (top) and TESS photome-
try (bottom) of HD 35575 phased with the rotation period.

or with ESPaDOnS (10 G error bar, Fig. [CT)). Furthermore,
a rotation period cannot be determined as there is no in-
dication of regular variation in the TESS light curve. This
star is probably not magnetic.

HD 37041: This star was included in the [Bychkov et al

M) catalogue, however the rotation period was deter-

mined using old (B.) measurements (Kemp & Wolstencroft
; ), which have been superseded by modern

low-resolution spectropolarimetry dngmllwqﬂJ lZQle)
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Figure C6. Top: SAO and DAO (B.) measurements from

Romanyuk et all (2!!215) phased with the rotation period. Bot-

tom: TESS photometry phased with the rotation period.
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Figure C7. Top: (B.) measurements for HD 36540, obtained
from [Romanyuk et all (2017H), [Bagnulo et all (20154), and ES-
PaDOnS, folded with the rotation period. Solid/dashed curves
show first-order harmonic fit and uncertainty. Bottom: Hipparcos
and TESS light curves folded with the rotation period. Larger
points indicate phase-binned data.

and by high-resolution MiMeS data (Grunhut et al] mﬂ),
all non-detections. (M) established an upper
limit of 193 G on Bq. This star is therefore not magnetic,
the period is clearly spurious, and it was dropped from the
analysis.
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Figure C8. Top DAO and SAO (B.) measurements phased with
the rotation period. Bottom: TESS light curve phased with the
rotation period. Larger points indicate phase-binned data.
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Figure C9. Top: (B.) measurements phased with the rotation
period. Bottom: Hipparcos and TESS photometry phased with
the rotation period. Larger points indicate phase-binned data.

significant periods in the TESS light curve, which do not
resemble rotation and are therefore likely pulsations.

HD 37140: This star is listed in the [Renson & Manfroid
(M) catalogue as a B8 SiSr star. It is included in the
Bychkov et al J dma ) catalogue, where the 2.7 d period from
- ) was used to phase available (B.) measure-
ments. More recent magnetic data have been provided by

HD 37129: This star is listed in the [Renson & Manfroid
(@) catalogue as a B3 He-weak star. No magnetic field
has been detected @) There are numerous

Romanyuk et all (2017, 2020). There is one available ES-

PaDOnS observation, yielding a definite detection (—186 +

22 G; Fig. [CT). [Romanyuk et all (2021d) used the TESS
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Figure C10. Top: SAO and ESPaDOnS (B.) measurements for
HD 37140. Bottom: TESS light curve folded with the rotation
period. Larger points indicate phase-binned data.
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Figure C11. SAO and FORS (B.) measurements for HD 37210.

light curve to refine the period to 2.70418(1) d. However,
this does not coeherently phase the combined SAO and ES-
PaDOnS dataset. Our own analysis of the TESS data gives
2.702(2) d, which also fails to phase the magnetic data. The
closest period to the TESS period resulting in a smooth vari-
ation is 2.7606(9) d (Fig. [CI0). The TESS data are severely
affected by systematics (or other sources of variability be-
yond rotation) that may affect the accuracy of the photo-
metric period; only one rotational cycle of TESS data are
shown in Fig.

HD 37150: ThlS B31III star is not listed in the
Renson & Manfﬁﬁm catalogue, and no magnetic field
was detected by (IE%‘ The TESS light curve has two
closely spaced peaks at around 0.7 and 0.8 d, which are too
short to be associated with rotation in the absence of other
compelling evidence that the star is magnetic.

HD 37210: The 11.0494(1) d photometric period
dﬁhtmu&&_Bmsgﬂ ll_&9_8 does mnot quite phase the
available (B.) measurements from FORS (m
) and the SAO (Romanyuk et all !!2ld . The TESS

light curve is heavily affected by systematics and cannot
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Figure C12. Top: DAO and SAO (B.) measurements for
HD 37642, phased with the TESS rotation period. Bottom: TESS
photometry phased with the rotation period.

be used to determine the period. The closest period that

coherently phases the data is 11.043(8) d (Fig. [C1]]).

HD 37321: This star is listed in the

(@) catalogue as a B5 He-weak star. No magnetic mea-

surements are available. The TESS light curve, acquired in

sector 6, is dominated by high-frequencies (more than 2 ¢/d)

that must be pulsation; there is no obvious rotational mod-

ulation in the time series.

HD 37642: This star is listed in the Renson & Manfroid

(M) catalogue as a B9 He-weak Si star. The period deter-

mined from the TESS data is 1.07876(1) d. (B.) measure-

ments from DAO and SAO are phased with this period in

Fig.

HD 37808: This star is listed in the Renson & Manfroid
) catalogue as a B9 Si star. Clear rotational modula-

tion is present in the Hipparcos light curve at 1.0989(1) d

dmmt;ﬂ&u 12QL1|)7 reanalysis of the Hipparcos data con-
firms this period. Bernhard et all (2020) found a period
of 1.09852(2) by combining KELT, ASAS-3, and MAS-
CARA data. The TESS light curve gives a period of
1.09851(8) d, consistent with previous results. Combining
TESS and Hipparcos yields a coherent phasing with a pe-
riod of 1.098535(1) d, which is used to phase the data in
Fig. Five magnetic measurements were published by
[Romanyuk et. al! (2021H). This star is detected in radio, and
is an obvious candidate for spectropolarimetric follow-up
given the sparse magnetic coverage.

HD 45105: This star is listed in the [Renson & Manfroid
(M) catalogue as a B9 Si star. There are no magnetic data.
There is no indication in the TESS light curve of rotational
modulation. There is one peak in the periodogram at about
2.6 d, however it is exceedingly weak (0.015 mmag) and
probably not associated with rotation.

HD 49606: [Bychkov et all GM) found a 1.1 d period
using (B.) measurements collected from |[Bohlender et al

and [Bychkov et all (1997). It is listed in the
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Figure C13. Top: DAO and SAO (B.) measurements for
HD 37808, phased with the TESS rotation period. Bottom: Hip-
parcos and TESS photometry phased with the rotation period.

|Renson & Manfroid (2009) catalogue as a B8 HgMn

star, a class generally known to be non-magnetic
(Makaganiuk et al![2011)). There are two ESPaDOnS obser-
vations, both non-detections with 7 G error bars (Fig. [CT)).
The period determined from (B.) measurements is there-
fore certainly spurious. The TESS light curve give a period
of 8.546(1) d (Kochukhov et all[2021).

HD 50204: This star is listed in the [Renson & Manfroid
(@) catalogue as a B9 Si star. There are no magnetic data.
There is no suggestion in the TESS light curve of rotational
modulation. While there is a single peak in the periodogram
at about 2.3 d, it is very weak (0.04 mmag) and therefore
unlikely to be associated with rotation.

HD 51418: Bychkov et _all (2020) found a rotation period of
2.2908 d from the [Romanyuk et all (2017h) SAO magnetic
measurements, in disagreement with the 5.4379 d photo-
metric period from [Renson & Cataland (2001). The TESS
light curve shows clear rotational modulation with a period
of 5.431(3) d (Fig. [CT4). Combining the SAO (B.) mea-
surements with DAO (B.) measurements yields a period of
2.3357(4) d, with no power in the periodogram at higher
periods. As can be seen in Fig. the magnetic and pho-
tometric periods are completely incompatible assuming a
single-wave variation in (B.). We adopt the photometric
period, and rather than sinusoidal fitting parameters for
(B:) use the mean and standard deviation of (B.) to ap-
proximate By and Bj.
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Figure C14. Top: DAO and SAO (B.) measurements for
HD 51418, phased with the TESS rotation period. Bottom: TESS
photometry phased with the rotation period.

HD 60344: This star is listed in the Renson & Manfroid
) catalogue as a B3 He star. A magnetic field was de-
tected by lJArvinen et all (2018). TESS observations were
acquired in sectors 7 and 34. As the star is in a crowded
region, contamination by other sources is highly likely. The
sector 34 light curve is heavily affected by systematics. The
sector 7 light curve is affected by a long-term trend, likely
systematic; while there is real variability on top of this, with
an apparent period of about 9 days, it is irregular in ampli-
tude and there is no reason to think it is related to the star’s
rotation.
HD 78556A: This star is listed in the [Renson & Manfroid
(M) catalogue as a B9 Si star. There are no magnetic data.
There is no indication in the TESS light curve of rotational
modulation.
HD 89822: [Bychkov et all (2005) phased the avail-
able (B.) measurements dB_ameH [1958; |Conti 11970;
Borr Landstree m; Bohlender et al] ﬂ&%ﬁ;
Plachinda et al M) with a 7.6 d period determined
photometrically by |Catalano & Leond (ll_&&]]) The star is
listed in the [Renson & Manfroid (2009) catalogue as an
A0 HgSiSr star. The 7.6 d period cannot be confirmed via
Hipparcos photometry. Furthermore, all 5 of the available
ESPaDOnS observations are non-detections, with 2 G error
bars (Fig. [CT). The rotation period is therefore spurious,
and the star is not magnetic. The system is an SB2, with a
HgMn primary and an Am secondary in an 11.579 d orbit

HD 57219: This star is listed in the [Renson & Manfroid
(@) catalogue as a B3 He-variable star. There are no
magnetic data. There is possible rotational modulation in
the TESS light curve with a period of about 1.4 d, however
the 0.4 mmag amplitude is much lower than is usually as-
sociated with chemical spots (Sikora. et al![2019d), there are
several other closely spaced peaks, and the peaks are fairly
broad, all of which suggest that this is pulsation rather than
rotation.

(Adelman [1994; [Pourbaix et all [2004); [Kochukhov et all
M) found an 11.581 d periodicity in the TESS light
curve, which they attributed to heartbeat variability.

HD 89897: This star is listed as a B9 SiCr star by
Renson & Manfroid (2009). No magnetic data are available.
The TESS light curve yields a clear 1.11037(5) d periodic-
ity (see Fig. [C15). Despite the rapid rotation, the star is
radio-dim, suggesting that its magnetic field must be weak
if present.
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Figure C15. TESS light curve of HD 89897 folded with the ro-
tation period.
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Figure C16. Top: (B.) measurements phased with the rotation
period determined from photometric and magnetic data. Bottom:
TESS photometry phased with the rotation period

HD 120709: This star is listed in the Renson & Manfroid
(@) catalogue as a B5 He-weak star. The TESS light curve
is dominated by a 0.27 d period and its 1st harmomic, almost
certainly pulsation as this is much too fast to be rotation.
Furthermore, all magnetic measurements are non-detections
(Borra et aljm; Bagnulo et al 21!155).
HD 131120: This star is listed in the

(@) catalogue as a B6 He-weak star. Hipparcos photom-
etry yields a 1.5690(3) d period (Dubath et al! 2011). The
TESS light curve gives a period of 1.5686(1) d, formally com-
patible with the Hipparcos period. The TESS data shows
some evidence of variability between cycles, which may in-
dicate that the period is due to pulsation rather than ro-
tation, or that it is also affected by pulsation (Fig. [CI6).
Combining the TESS and Hipparcos data yields a coherent
phasing with a period of 1.56873(1) d. No magnetic field
was detected in 5 FORS2 observations, with error bars of
50-100 G (Bagnulo et all[2015a). There is 1 ESPaDOnS ob-
servation, also a non-detection with a 50 G error bar (Fig.
[CT). Asymmetry in the LSD profile is indicative of binarity.
Under the assumption that the ~1.5 d period is in fact rota-
tional, the available (B.) measurements are phased with the
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Figure C17. Top: (B.) measurements phased with the rotation
period determined from photometric and magnetic data. Bottom:
TESS photometry phased with the rotation period

TESS period in Fig. Since the magnetic field was not
detected, Bo and B; were approximated using the mean and
standard deviation of (B.). As can be seen, while no magntic
field is detected there is a tendency for (B.) to be system-
atically positive, which may be indicative that the star is
indeed magnetic, even though no individual measurement is
formally consistent with a detection.
HD 133029: The 2.8804(3) d TESS period provides a
poor phasing of the (B.) measurements. The period from
) is similar (2.88756 d), but more precise, and
while it does phase the individual (B.) datasets this period
does not phase the combined DAO and [Borra & Landstreet
) magnetic datasets. The nearest period which ap-
proximately phases (B.) is 2.88767(6) d, which also gives
a coherent phasing of the TESS and Hipparcos photom-
etry, although this does not result in a perfect match in
(B.)(see Fig. [CTT). Tt is possible the period may not be
constant. There are systematic differences between the two
(B:) datasets; as the DAO dataset is larger and exhibits less
scatter, it was used to fit (B.).
HD 135679: The period derived from the TESS light curve
is 5.314(1) d, but this doesn’t quite phase the (B.) mea-
surements. Combining the DAO and SAO data, the near-
est period that approximately phases the magnetic data is
5.321(1) d, which also provides acceptable phasing of the
TESS data (Fig. [CIR]). While Hipparcos data are available,
the amplitude of the photometric variation is smaller than
the mean error bar of those measurements, which therefore
cannot be used to improve the period.
HD 137193: This star is listed in the Renson & Manfroid
(@) catalogue as a B9 Si star. The Hipparcos light curve
gives a period of 16.3 d. However, the TESS light curve gives
a clear period of 4.867(3) d, which also phases the Hipparcos
data coherently. Since the amplitude of the modulation in
the TESS light curve is comparable to the uncertainty in
the Hipparcos data, it is probable that the Hipparcos result
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Figure C18. Top: (B.) measurements phased with the rotation
period determined from photometric and magnetic data. Bottom:
TESS photometry phased with the rotation period.
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Figure C19. Top: (B.) measurements for HD 137193, obtained
from W“ (@), folded with the rotation period.
Solid curve shows first-order harmonic fit; fit uncertainty is larger
than the y-axis. Bottom: Hipparcos and TESS light curves folded
with the rotation period.

is spurious. Four magnetic measurements were published by

(Thompson et al! [1987), shown phased with the TESS pe-
riod in Fig.
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Figure C20. TESS light curve for HD 143699, folded with the
rotation period. The data have been pre-whitened with the prob-
able pulsation frequency at 1.12 c¢/d.

which may be associated with rotation, however this could
easily be g-mode pulsation.
HD 142884: This star is listed in the [Renson & Manfroid

(@) catalogue as a B9 Si star. Netopil QL al J 21)15; give a

period of 0.8 d, as confirmed from K2 data by
(2018), and by Bernhard et all (2020) from ASAS-3, KELT,
and MASCARA photometry. No magnetic field was detected
bym (@) There is 1 Narval observation, a non-
detection with a 150 G error bar (Fig. [CT)). The broad spec-
tral lines (vsini = 130 kms™") are consistent with an 0.8 d
rotation period.
HD 143699: This star is listed in the Renson & Manfroid
) catalogue as a B6 He-weak star. The strongest fre-
quency in the TESS light curve corresponds to a period
of 0.89421(6) d, which is used to phase the light curve
in Fig. however, there is also an unrelated peak in
the periodogram corresponding to a possible rotational pe-
riod of 1.3188(5) d, with the first harmonic of this fre-
quency also present. No magnetic field was detected by
Borra et all (1983). There is one ESPaDOnS observation, a
non-detection with a 76 G error bar. The LSD Stokes I pro-
file is highly asymmetric, possibly indicating binarity (Fig.
[CT). The broad lines (vsini ~ 115 kms™!) are consistent
with a short rotation period, however, the extremely low
amplitude of the variation (below 1 mmag), and the pres-
ence of multiple unrelated frequencies, suggests star may
also display g-mode pulsations, which may be related to one
or all of the frequencies. However, it is a radio-bright star,
indicating that it is probably magnetic.
HD 144844: This star is listed in the [Renson & Manfroid
M) catalogue as a B9 MnPGa star, a higher-mass ana-
logue to HgMn stars in which magnetic fields have not been
detected (Shultz et all [2018a). [Netopil et all (2017) give a
photometric period of 2.69 d. No magnetic field was detected
by Borra. et. all (IE) There is one ESPaDOnS observation,
a ND with a 9 G error bar. The LSD profiles indicate the
star is an SB2 (Fig. [CT)).
HD 145482: This star is not listed in the
[Renson & Manfroid (IZMQ) catalogue. The 2 published mag-

netic measurements are non-detections ompson et a

HD142250: This star is listed in the [Renson & Manfroid
(@) catalogue as a B6 He-weak star. No magnetic field
was detected by Thompson et all (1987). The TESS light
curve is clearly dominated by pulsation, with several peaks
around 0.4 d with similar amplitudes (0.3-0.5 mmag). There
is one low-amplitude (0.14 mmag) peak at around 3.1 d

lL%_ﬂ) However, there is clear modulation in the TESS light
curve at 5.804(1) d, together with numerous low-amplitude,
high-frequency (above about 3 c¢/d) signals, as can be seen
superimposed on the probable rotational modulation in
Fig.

HD 146001: This star is listed in the Renson & Manfroid
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Figure C21. Top (B.) measurements phased with the rotation
period. Bottom: TESS light curve for HD 145482, folded with the
rotation period. The light-curve also exhibits high-frequency pul-
sations.

(2009) catalogue as a B8 He-weak star. Wraight. et. al! (2012)

give two photometric periods, 3.6 d and 0.58612 d. There
are 2 ESPaDOnS observations. The LSD profiles are both
non-detections with 65 G error bars (Fig. [CI]). The broad
lines (vsini ~ 90 kms™') are inconsistent with the longer
Wraight et all (2012) period, but are consistent with the
short period. The LSD profiles exhibit line profile variability,
which could be consistent with spots, binarity, or pulsations.
There is no indication of a 0.58 d period in the Hipparcos
light curve, and the lowest FAP in the periodogram is 0.57.
However, despite the lack of clear rotational modulation in
the Hipparcos data and the lack of a magnetic detection, this
star is radio-bright.
HD 147084: This star is not listed in the
[Renson & Manfroid (2009) catalogue. The published
magnetic data are non-detections (Thompson et al] m;
IBagnulo et all [2015a). There are 2 ESPaDOnS measure-
ments, both NDs with 2 G error bars (Fig. [CI). The
Hipparcos period is 1.8611(2) d, although as the FAP is
0.04 this signal is probably spurious. This is probably not a
magnetic star.
HD 149822: This star is listed in the Renson & Manfroid
) catalogue as a B9 SiCr star. There are several low-
resolution magnetic measurements (Bohlender et all [19934;
Kudryavtsev et all [2006; Bagnulo et all 2015a). The TESS
light curve gives a period of 1.9663(3) d; a period of
1.9661(1) d coherently phases the TESS and Hipparcos data,
which provides a reasonable phasing of the sparse magnetic
data (Fig. [C22).
HD 157779: This star is listed in the [Renson & Manfroid
(@) catalogue as a B9 Si star. There are no magnetic
data. The TESS light curve shows probable rotational mod-
ulation on a 3.2566(8) d period (see Fig. [C23)); the multiple
harmonics of the rotational period are difficult to reconcile
with other mechanisms such as pulsation.

HD 149822
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Figure C22. Top: (B.) measurements for HD 149822, obtained
from [Bohlender et all (]LMA), Kudryavtsev et all )7 and
[Bagnulo et all dﬂllﬁd), folded with the rotation period. Solid

curve shows first-order harmonic fit. Bottom: Hipparcos and TESS
light curves folded with the rotation period.

HD 157779

phot (mmag)

0.0 0.2 0.4 0.6 0.8
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Figure C23. TESS light curve of HD 157779 folded with the
rotational period.

HD 162374: This star is listed in the [Renson & Manfroid
m) catalogue as a B7 He-weak star. [Catalano & Rensorl
@) give a photometric period of 1.66 d. Its magnetic
field was not detected by Borra et all (1983). There is one
available ESPaDOnS measurement, a ND with a 27 G er-
ror bar. Hipparcos photometry does not confirm the 1.66 d
period; the maximum amplitude is at 1.15 d, with a FAP
of 0.09. Given the non-detection of the magnetic field and
the low significance of the photometric period, the period is
probably not a rotational period, and this is probably not
a magnetic star. Asymmetry in the LSD Stokes I profile is
consistent with binarity (Fig. [CT)).

HD 164429: This star is listed in the [Renson & Manfroid
M) catalogue as a B9 SiCrSr star. There is only
one published magnetic measurement, a non-detection
(Bohlender et al] Mj), however the magnetic field is
clearly detected in the much larger DAO dataset. The Hip-
parcos light-curve gives a period of 1.0817(1) d, although as
the FAP is 0.43 this period could not be confirmed. How-
ever, the photmetric variation is clearly seen in the TESS
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Figure C24. Top: (B.) measurements for HD 164429, phased
with the period determined from TESS data. Bottom: TESS light
curve folded with the rotation period.

light curve, which yields a period of 1.08175(1) d, almost
identical to the period recovered from the Hipparcos data.
The DAO (B.) measurements are shown phased with this
period in (Fig. [C24]).

HD 166182: This is a chemically normal B2IV star. No
magnetic field was detected by [Landstreet (1982). The TESS
light curve has two low-amplitude (0.06-0.1 mmag) period-
icities at around 4 d, which are probably associated with
pulsation.

HD 168785: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B3 He star. A magnetic field was de-
tected by [Jarvinen et all (2018). It is in a crowded field, and
the TESS light curve is probably contaminated by other
stars; there is furthermore an artifact at the beginning of
the time series, for which reason the first day was discarded.
The light curve is dominated by a long-term trend, likely
systematic. There are significant periods at 11.47 d, 4.98 d,
and 6.43 d, which do not appear to be harmonically related
and therefore likely do not reflect the star’s rotation.

HD 168856: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B9 Si star. A magnetic detection was
reported by [Romanyuk et all (2017h). The photometric pe-
riod of 2.4277(1) d was reported by [Bernhard et all (2020),
based on ASAS-3, KELT, and MASCARA data. Available
(B:) and the Hipparcos light curve are shown folded with
this period in Fig.

HD 170973: This star is listed in the [Renson & Manfroid
(2009) catalogue as an A0 SiCrSr star. [Bychkov et all (2005)
gave a period of 18.52 d based on sparse (B.) measure-
ments (Mathys 1991b; [Bohlender et all 119934). Hipparcos
photometry gives a period of 18.09(3) d, with a FAP of 0.02.
There are 3 available ESPaDOnS measurements, all DDs
(Fig. [CT)). The Hipparcos period does not phase the avail-
able (B.) measurements coherently; by combining them, a
period of 18.064(5) d is obtained (see Fig. [C26)).

HD 171247: This star is listed in the |Renson & Manfroid
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Figure C25. Top: (B.) measurements for HD 168856, obtained
from |Romanyuk et all (2016b), [Romanyuk et all (2017h), and
Hubrig et al! (2006), folded with the rotation period. Bottom:
Hipparcos light curve phased with the rotation period.
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Figure C26. Top: (B.) measurements for HD 170973, obtained
from [Mathys (19911), [Bohlender et al! (19934d), and ESPaDOnS,
folded with the rotation period. Solid curve shows first-order har-
monic fit. Bottom: Hipparcos light curve folded with the rotation
period.

(2009) catalogue as a B8 Si star. The star is notable for being
one of the only radio-bright stars apparently in the second
half of the main sequence, which is difficult to explain given
that magnetospheric braking should have long ago spun the
star down to the point where its radio emission should have
disappeared, whereas to the contrary its radio luminosity is
relatively high. There is clear rotational modulation in the
Hipparcos light curve at 3.9124(8) d, with a FAP of 10715,
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Figure C27. DAO (B.) measurements (top) and Hipparcos light
curve (bottom) of HD 171247 folded with the photometric period.
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Figure C28. Hipparcos and K2 light curves of HD 175132 folded
with the rotation period.

This period does not provide a coherent phasing of (B.),
period analysis of which yields 1.14482(6) d, with a FAP
of 0.009; however, this period fails to phase the photome-
try. The closest period that can approximately phase both
datasets is 3.9098(9) d (see Fig. [C2T), a 30 difference from
the best photometric period.

HD 175132: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B9 Si star. The magnetic field was
reported by [Bychkov et all (2003), although only the root-
mean-square (B.) was published, not the individual mea-
surements. Hipparcos photometry gives a period of 8.031(6)
d, with a FAP of 107°. [Hiimmerich et all (2018) reported
that a period could not be determined from the K2 light
curve, however, examination of these data yields a clear pe-
riodicity of 8.033(5) d, approximately consistent with the
period inferred from Hipparcos. Combining the two gives a
period of 8.0295(2) d, which is used in Fig.

HD 183339: This star is listed as a B8 He-weak star by
Renson & Manfroid (2009). Bychkov et all (2003) reported
Bims = 1300+ 465 G based upon 8 measurements, although
these were not individually published, and [Bychkov et all
(2020) phased the available magnetic data with a 2.42 d pe-
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Figure C29. Phase-binned TFESS light curve of HD 183339,
folded with the strongest period.
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Figure C30. DAO (B.) measurements (top) and phase-binned
TESS light curve (bottom) phased with the period determined
from the magnetic data.

riod. The star was observed in 7 TESS sectors. There is no
indication of the 2.42 d periodicity in the light curve. The
strongest peak in the periodogram is at 4.2040(5) d. The
phase-binned light curve is shown folded with this period
in Fig. The amplitude of the variation is extremely
low (less than 0.1 mmag), and it is likely that this reflects
g—mode pulsation rather than rotational modulation. Eval-
uating the (B.) curve published by [Bychkov et all (2020),
the uncertainties in the (B.) measurements used to obtain
the magnetic model are very large (about 500 G). This star’s
magnetic field should be re-evaluated using modern instru-
ments.

HD 184961: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B9 CrSiEu star. The Hipparcos light
curve yields a 6.016(3) d period, although the FAP of 0.95
indicates this is probably not significant. The TESS light
curve yields a period of 6.35(1) d, although this is uncertain
due to the presence of multiple flares which may indicate
contamination by a late-type star. DAO (B.) measurements
yield a period of 6.692(6) d, which is similar to albeit for-
mally different from the TESS period. The nearest period
to the TESS period that provides a good phasing of (B.) is
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Figure C31. (B.) measurements of HD 188041 phased with the
period determined from the same measurements.

HD 196178

= DAO A BL80

<B,> (kG)

H, (mag)
-1
—a
——
e )
e
— .
—a—
| TR
="
——
-1
e e )

5.76E . . . . . .
0.0 0.2 04 0.6 0.8 1.0
Phase, P = 1.10111(1) d

Figure C32. (B.) measurements of HD 196178 (top) and Hip-
parcos light curve (bottom) phased with the period determined
from the magnetic data.

6.335(5) d, which is consistent within uncertainty with the
TESS period. The DAO (B.) measurements and TESS pho-
tometry are shown phased with this period in Fig.
HD 188041: ESPaDOnS and MuSiCoS (B.) measurements
were published by |Sikora et all (2019b), but did not cover
the entire rotation cycle. Fig.[C31lshows these measurements
together with new DAO measurements, phased with the ro-
tation period adopted by ISikora et all (2019b), with which
we have re-determined the star’s ORM parameters.

HD 196178: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B8 Si star. A photometric period of
1.92 d was given by [Watson et all (2006), however this can-
not be confirmed with the Hipparcos photometry, and does
not phase the magnetic dataset. No secure period can be
obtained from the Hippacos light curve. From the combined
(B.) measurements, obtained at the DAO and published by
Borra & Landstreet (1980), we find a period of 1.10111(1) d
with a FAP of 0.007 (Fig. [C32)).

HD 207840: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B8 Si star. It was claimed to be mag-

netic by|Gollnow (1971), however the 2 available ESPaDOnS
observations are non-detections with 4 G error bars (Fig.
[CT). No rotational period is known. This is probably not a
magnetic star.

HD 209339: This star is listed in the [Renson & Manfroid
(2009) catalogue as a BO He star. |Bychkov et al! (2003) re-
ported Byms = 493 + 545 G based on 3 measurements, i.e.
it is a magnetic non-detection. The star was observed by
TESS in sectors 16, 17, and 24. The light curve exhibits
numerous significant periods, but these are stochastic and
likely related to pulsation rather than rotation.

HD 224128: This star is listed as a B3 He star by
Renson & Manfroid (2009). No magnetic data are available.
The TESS light curve yields several low-amplitude, closely
spaced peaks near 0.5 c/d, which are likely due to g-mode
pulsations rather than rotation.

HD 260858: This star is listed in the |Renson & Manfroid
(2009) catalogue as a B6 He star. A magnetic field was de-
tected by Romanyuk et all (2018). The star was observed by
TESS in sector 6. The light curve is strongly contaminated
by brighter nearby sources. It is dominated by a monotonic
long-term trend, with two significant periods at 13.59 d and
5.96 d, neither of which resemble rotation.

HD 264111: This star is listed in the [Renson & Manfroid
(2009) catalogue as a B2 He star. No magnetic field was de-
tected by [Romanyuk et all (2018). The star was observed by
TESS in sector 6. There are several significant periods, none
of which have any obvious harmonic relationship, suggesting
that they are related to pulsation rather than rotation.
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APPENDIX D: MEASURED RADIO FLUX
DENSITIES
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Table D1. Measured radio flux density (in mJy) at various wavelengths. Subscripts indicate the wavelength in cm. The supcrscrlpts

beside each star indicate the works from which the fluxes were obtained according to the following key a, i.- b,
Hc g, \Chandra et al!

m ): c:[Leone et all (1994): dm emdm fm

(@)

q, i, Das et al. (subrmttcd), s, Drake (prlv

n, Lcto et al J (]m o, Prltchard et al J p,m
comm.); ¢, This Work.

Star Fo3 Py Iy F3 Fs I3 Fyo Fso
HD108¢ - < 0.04 - < 0.02 - - - -
HD886* - - - < 0.21 - - - -
HD3360? - < 0.04 - < 0.02 - < 0.03 - -
HD5737% - - <0.27 - -
HD11502° - - - - <0.18 - - -
HD11503% - - - - <0.18 — —  0.2540.03
HD12447f - - - 0.37£0.09 - - - 1.00£0.10
HD12767% - - - < 0.47 - - -

HD19832f - - —  0.45+0.12 - - - -
HD20629% - - - < 0.28 - - - -
HD21699¢ - - - < 0.42 - - -
HD22470% - - - - < 0.36 - - -
HD22920° - - - < 0.27 - - - -
HD23408% - - - - < 0.19 - - -
HD25267°% - - - < 0.26 - - -
HD27309f - —  0.384£0.02 0.33+0.02 - - - -
HD28843% - - - < 0.25 - - -
HD32633° - - - - < 0.18 - - -
HD344522b - - - —  0.48+0.10 - - -
HD35298b¢f 1.61 +0.43 - — 0.29+0.07 0.28+0.28 - - -
HD35456% - - < 0.20 - - -
HD35502f% - - —  2.97+0.10 - - —  0.64+0.16
HD35575¢ - - - - < 0.02 - -

HD36313f - - —  0.49+0.06 - - - -
HD36429°% - - - < 0.20 - - - -
HD36485%beg < 0.79 - < 0.70 0.95 + 0.10 — 1.20£0.10 0.5940.32
HD36526%* - - <0.18 - < 0.10
HD36540°% - - - <0.21 - - -

HD36629° - - - - < 0.35 - - -
HD36668° - - - 0.21 - - - -
HD36916°¢ - - - - < 0.07 - - -
HD36960¢ - - - - < 0.12 - - -
HD370172bdeghr <0.28 3104040 2.10£0.20 —  2.60+0.06 — 240+0.12 0.4440.08
HD370229 - - - < 4.95

HD37041¢ - - - - < 0.30 - -
HD37043% - - - - <0.24 - - -
HD37058% - - - - < 0.31 - - -
HD37061"t - - - - 0.68+0.07 - - 0.54+0.14
HD37129% - - - - < 0.20 - -

HD37140°% - - - < 0.20 - - -
HD37150f - - —  0.51+0.07 - - - -
HD37151¢% - - - < 0.21 - - - -
HD37210° - - - < 0.26 - - - -
HD37321° - - - - < 0.27 - - -
HD374792bdeg <1.03 4904040 3.70=+0.30 —  3.90£0.10 ~ 3.20£0.11 1.254+0.28
HD37642f - ~  0.60£0.07 -

HD37742¢ —  2.77+0.05 - 1.10+0.01 —  0.49+0.03 - -
HD37752¢ - - < 0.08 - -
HD37776% - - - - < 0.25 - - < 0.10
HD37808¢¢ < 0.36 - - - 0.97+0.26 - - -
HD40312°0 - < 0.46 — 0.31+0.31 - - -
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Table D1 — continued

Star Fo.3 P s F3 Fs Fy3 Fxo Fso
HD41269¢ - - - - < 0.08 - - -
HD42509¢ - - - - < 0.06 - - -
HD43819°¢ - - - - < 0.06 - - —
HD45105¢ - - - - < 0.06 - - -
HD455837" - - —  0.27£0.05 - - —  0.22+0.04
HD46328" - < 0.05 - < 0.02 — < 45.00 - -
HD47129° —  0.39+0.04 — 0.21£0.01 - <0.03 - -
HDA47777¢ - < 0.03 - < 0.04 - - - -
HD49333° - - - - < 0.22 - - -
HD49606° - - - < 0.20 - - - -
HD50204°¢ - - - - < 0.06 - - -
HD51418% - - - <0.21 - - - -
HD52589¢ - - - <0.17 — - - -
HD57219% - - - - < 0.33 - - -
HD576829% - < 0.03 - < 0.03 - <0.02 < 0.16 -
HD58260% - < 0.08 - < 0.04 <0.18 < 0.03 - -
HD60344% - - - - < 0.20 - - -
HD61556° - - - - - -~ 286+081 1.2140.18
HD64740t - - - - - - —  0.06+0.01
HD6533970 - - - - <0.18 - - -
HD66665° - < 0.03 - < 0.02 — <42.00 - -
HD66765! - - - - - - - < 0.10
HD77653° - - - - - - 6871160 6.87+1.60
HD78556A¢ - - - - < 0.06 - - -
HD79158%f - - —  0.45+0.05 < 0.62 - - —
HD&9822¢ - - - - < 0.48 - - -
HD89897¢ - - - - < 0.06 - - —
HD90044¢ - - - - < 0.05 - - -
HD97441A¢ - - - - < 0.12 - - —
HD98664¢ - - - - < 0.10 - - -
HD100340% - - - - < 0.43 - - —
HD105382° - - - - - -~ 2204063 2.2040.63
HD109387% - - - - <0.18 - - —
HD1124132f - - ~ 0.29+0.03 < 0.46 - - -
HD115735¢ - - - - < 0.07 - - —
HD118022P - - —  0.50£0.25 - - - -
HD120709° - - - - <0.24 - - -
HD120710° - - - - <0.21 - - -
HD122532° - - - - <0.18 - - -
HD124224¢defos 1324+0.31 4.30+0.10 4.60+0.10 4.07+0.14 3.80+ 0.07 - ~  219+0.24
HD125248% - - - < 0.22 - - - -
HD125823% - - - - < 0.55 - - -
HD126515° - - - - <0.18 - - -
HD130557¢ - - - - <0.18 - - -
HD131120° - - - - <0.21 - - -
HD133029° - - - - < 0.22 - - -
HD133652f - - —  0.2440.07 - - - -
HD13388079 - - —  4.08+0.16 - — 14454011 2.0440.17
HD135679°¢ - - - - < 0.05 - - -
HD137193° - - - - <0.21 - - —
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Star Fo.3 Fy s F3 Fs Fi3 Fyo Fso
HD137909% - - - - < 0.44 - - -
HD138764¢ - - - - < 0.06 - - -
HD142184k0 —  160.00 £20.00 143.00 +2.00 121.00 + 2.00 - - 7644175 T7.64+1.75
HD142250% - - - <0.21 - - - -
HD142301b¢de < 1.28 < 0.56 1.50 + 0.30 2.76 £2.76  4.90+0.08 - 1.81+1.81 -
HD142884° - - - - <0.18 - - -
HD142990°¢del < 0.54 < 0.52 < 0.42 1.98+1.98  2.2740.07 - <3.30 1.10+0.20
HD143473f - - - 0.50 4 0.07 - - - -
HD143699%% — - - <021 0214021 - - -
HD144217° - - - - < 0.21 - - -
HD144218° — - - - <0.21 - - -
HD144334bce < 0.92 - - - 0.42+0.42 - < 0.80 -
HD144661° - - - - <0.18 - - -
HD144844bs - - - < 0.20 < 0.19 - < 0.49 -
HD145102° - - - <0.15 — - - -
HD145482° - - - - <0.18 - - -
HD145501Cbc" - - - 1.67+0.06  2.06 +0.07 — 1574018 1.2440.12
HD145501D" - - - 0.60+0.60  0.42+0.42 - < 0.54 -
HD145502° - - - < 0.38 < 0.36 - - -
HD146001° - - - < 0.22 0.32 £0.32 - < 0.84 -
HD147010° - - - - < 0.20 - - -
HD147084% - - - <0.17 - - - -
HD147550¢ — - - - <0.17 - - -
HD147890% - - - < 0.20 - - - -
HD147932" - — 20.00+2.00 20.00+£200 20.00+2.00 15.00+2.00 10.00+ 2.00 -
HD147933™ - 11.00£0.10  11.00+0.10  12.004+0.10  12.00 £ 0.10 - - -
HD148112% - - - - <047 - - -
HD148199° - - - - < 0.45 - - -
HD149438" - < 0.04 - < 0.02 - < 36.00 - -
HD149822¢ - - - - < 0.07 - - -
HD151346° - - - - <0.18 - - -
HD1521079b - - - <0.15 < 0.40 - - -
HD156424¢ - 0.49 £+ 0.03 - 0.38 +0.01 - - — -
HD157779¢ - - - - < 0.07 - - -
HD159376¢ - - - - < 0.06 - - -
HD162374% - - - <0.33 - - - -
HD163472¢ - < 0.03 - < 0.02 - < 0.03 - -
HD164429¢f - - - 0.304+0.05  0.30 4+ 0.06 - - -
HD1654745 - - - <0.14 - - - -
HD166182° - - - <0.21 - - - -
HD168785% - - - <0.27 - - - -
HD168814¢ - - - - < 0.08 - - -
HD168856° - - - < 0.20 - - - -
HD170000f - - - 0.45 4+ 0.05 - - - -
HD170973% - - - < 0.16 - - - -
HD171247¢¢ < 0.03 - - ~  3.04+0.09 - - -
HD174638¢ - -~ - ~  3.55+0.06 - - -
HD175132¢3 - - - <0.14 < 0.07 - - -
HD175156° - - - - <0.18 - - -
HD175362b¢4 - - - <0.21 0.38 £0.38 - < 0.60 -
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Table D1 — continued

Star Fo.3 Fy Fy F3 Fs Fi3 Fyo Fso
HD175744¢8 - - - <0.17 < 0.02 - - -
HD176582f - - - 0.46+0.05 - - - -
HD177003¢ - - - - < 0.07 - - -
HD177410¢ - - - - < 0.07 - - -
HD179527% - - - < 0.16 - - - -
HD1821807* — 18.00+0.10 20.00+0.10 20.00 +0.10 - - —  4.17+0.42
HD183056¢ - - - - < 0.06 - - -
HD183339° - - - <0.17 - - - -
HD184927¢5 - - - <0.17 < 0.07 - - -
HD184961% - - - < 0.22 - - - -
HD186205° - - - <0.21 - - - -
HD1874745 - - - <0.23 - - - -
HD188041° - - - <0.21 - - - -
HD191612° - < 0.03 - < 0.02 - < 0.04 - -
HD192678° - - - <0.17 - - - -
HD196178f - - - 3.00+0.07 - - - -
HD196502¢ - - - - < 0.80 - - -
HD202671% - - - <0.15 - - - -
HD205021° - < 0.03 - < 0.03 - <0.03 - -
HD207538% - - - - <0.35 - - -
HD207840° - - - <0.21 - - - -
HD208057* - - - - - - - < 0.05
HD208266° - - - < 0.36 - - - -
HD209339¢ - - - - <0.29 - - -
HD214993% - - - < 0.26 - - - -
HD2154419bdeg < (.34 <0.16  0.60+0.10 - 1.1040.10 - 1.49+0.10 0.984+0.10
HD216916° - - - <0.21 - - - -
HD223128° - - - <0.24 - - - -
HD224801° - - - <0.23 - - - -
HD224926% - - - - <0.20 - - -
HD260858% - - - - <0.18 - - -
HD264111¢ - - - - <0.18 - - -
HD335238° - - - < 0.16 - - - -
ALS8988! - < 0.04 - < 0.02 - < 30.00 - -
ALS9522¢ - < 0.03 - 0.08+0.01 - <0.03 - -
CPD-271791% - - - - <0.18 - - -
CPD282561¢ - - - < 0.02 - <0.03 - -
NGC1624-29¢ - < 0.04 - < 0.02 - < 0.02 < 0.21 -
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