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ABSTRACT
We use the magnetic field components measured by Zeeman Doppler imaging (ZDI) to calculate the stellar surface force and
torque due to magnetic stresses for the fast rotators o Ori E, 36 Lyn, and CU Vir, and the slow rotator 7 Sco. If we assume the
stars have spherical photospheres, the estimated torques give spin-down time-scales no larger than 7 x 10° yr. For o Ori E, the
predicted spin-down time-scale, ~ 6000 yr, is much less than the observationally measured time-scale of ~ 10° yr. However,
for CU Vir, we find that the spin-down time-scale from its ZDI map is 7 x 10° yr in good agreement with its average rate of
spin-down from 1960 to 2010.

With the exception of t Sco, the net force due to magnetic stresses at the stellar surface are large compared to the surface-
integrated pressure. We discuss possible reasons for the large values of the forces (and torques), and suggest that the likely

explanation is that rotation and the magnetic stresses create significant departures from spherical symmetry.
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1 INTRODUCTION

Spectroscopic measurements show that most massive main sequence
stars are fast rotators, whereas low-mass main sequence stars of
spectral type later than F5 rotate slowly (Slettebak 1955). Rotation
period measurements with the Kepler satellite show that the transition
from fast to slow rotation occurs in the spectral type range F2-
F5 (Nielsen et al. 2013). Schatzman (1962) proposed the widely
accepted explanation that this dichotomy is due to the low-mass
stars having dynamo-generated magnetic fields that force their stellar
winds to corotate out to a critical Alfvén radius, which results
in angular momentum loss rates that lead to slow rotation. In
contrast, even though they have powerful winds, most massive stars
do not have magnetic fields strong enough for significant angular
momentum loss during their short lifetimes. However, a few per cent
of massive stars do have strong surface magnetic fields (Donati &
Landstreet 2009; Grunhut et al. 2017), detected by Zeeman splitting
and spectropolarimetric observations.

Consistent with the expectation that a magnetically trapped
wind should rapidly reduce angular momentum, magnetic hot stars
have systematically lower projected rotational velocities than non-
magnetic stars with similar spectral types (Abt & Morrell 1995;
Donati & Landstreet 2009; Shultz et al. 2018). Furthermore, the
rotational periods of magnetic stars increase over time (Shultz et al.
2019c), with young stars having rotational periods as short as 0.5d
(e.g. Grunhut et al. 2012; Rivinius et al. 2013), whereas older stars
can have rotational periods of decades (e.g. Shultz et al. 2017; Erba
et al. 2021). In a small number of cases, rotational period change has
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been directly measured. The results of such studies have been mixed.
The canonical magnetic star o Ori E slows down at approximately the
rate predicted due to wind magnetic braking (Townsend et al. 2010,
Petit et al., in preparation). However, other stars have been observed
to exhibit spin-up (Shultz et al. 2019b), or even complex cycles of
spin-up and spin-down (e.g. MikuldSek et al. 2008, 2011, 2017).

Because the torque predicted from the standard magnetic braking
of a stellar wind model gives rise to a steady loss of angular
momentum that is inconsistent with rotation period decreases over
short time-scales, in this paper we investigate constraints on the
torque due to magnetic stresses acting at the stellar surface obtained
by direct integration of ZDI magnetic field maps. In the further
section, we briefly review the theory of angular loss due to magnetic
braking of stellar winds. In Section 3, we derive integral expressions
for the force and torque on the star due to the magnetic stresses
at the stellar surface, and in Section 4 we evaluate these integral
expressions for the components of the force and torque by using the
field components from ZDI maps of o Ori E, CU Vir, t Sco, and 36
Lyn, assuming that the stellar surface is spherical. Discussion and
conclusions are given in Sections 5 and 6, respectively.

2 THE SPIN-DOWN TORQUE

The theory of angular momentum loss due to magnetically braked
stellar winds has been developed in a number of papers (e.g. Weber &
Davis 1967; Mestel 1968; Belcher & MacGregor 1976; Mestel 1984;
Sakurai 1985; Mestel & Spruit 1987; Kawaler 1988; Matt & Pudritz
2008; ud-Doula, Owocki & Townsend 2009; Matt et al. 2012;
Reiners & Mohanty 2012; Réville et al. 2015). In addition to the
stellar angular velocity and mass-loss rate, the angular momentum
loss rate depends on the strength and topology of the magnetic field.
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Regions in which the flow speed, v, is less than the Alfvén speed, vg4,
are forced to co-rotate with the star. In the simple case of a monopole
field, for a slow rotator the angular momentum loss rate is

2.,

J= §M RA°%2, (@)
where M is the mass-loss rate, 2 is the stellar angular velocity,
and R, is the radius of the spherical Alfvén surface that bounds the
corotating wind region. From mass conservation for a steady wind
and flux conservation for a magnetic monopole, it is straightforward
to show that

.2 R.AB2

A = W’ (2)

where the asterisk () denotes quantities at the stellar surface and v
is the wind speed at the Alfvén surface.

A number of works use equation (1) for the angular momentum
loss rate by modifying the expression for R4 to account for differences
in the field geometry and wind driving mechanism (see e.g. ud-Doula
et al. (2009), Réville et al. (2015)). Essentially R4 is replaced by
(R4?), its mass-loss weighted average over the Alfvén surface as
described by Washimi & Shibata (1993).

From comparison with the results of their MHD calculations (ud-
Doula et al. 2008), ud-Doula et al. (2009) find for radiatively driven
winds in an aligned rotator, the angular momentum loss rate due to
a magnetically braked wind is

. 2 . 2 .

Foow = §MQ<RA2> = gMQR*Z (0.29+ (. + 02541, (3)

where the wind magnetic confinement parameter is defined by (ud-

Doula & Owocki 2002)
_ B,’R/

e

n “)
Here, B, is the surface dipole equatorial field strength and v is the
terminal flow speed.

From their MHD models for a thermally driven wind, Réville et al.

(2015) find

R T

s ®

where

T = quzR*z (6)
1] ..

is the magnetization parameter (Matt & Pudritz 2008) and f'is the
ratio between the star’s equatorial surface rotation rate and Keplerian
speed

QR*a/z
(GM)'*

For a dipole field, Réville et al. (2015) find K; = 2.0 £ 0.1, K, =
0.2 +0.1, m =0.235 = 0.007.

For the rest of the paper, we concentrate on radiatively driven
winds. Comparison of the theoretical wind torque, given by equation
(3) and the relevant expression for R4, with observed spin-down rates
requires that the mass-loss rate and other quantities are known. Also
the derivations of these expressions are based on the assumption
that the magnetic and rotation axes are aligned, which may not be
the case. Indeed, Shultz et al. (2019¢) find from their analysis of
a sample of magnetic early-B-type stars that the obliquity angle is
statistically consistent with a random distribution. Petit et al. (2013)

f= (N
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provide a detailed discussion of the correlated errors in determining
the angular momentum loss rate from equation (3). As yet there has
been no modification to equation (3) to take into account the effect
of non-zero obliquity but Subramanian et al. (2022) have performed
3D MHD calculations for a few cases of an oblique rotator, which
indicate that the variation in angular momentum loss rate is of order
10-20 per cent.

Because of these limitations, we explore an alternative approach in
which the magnetic torque is evaluated from the observed magnetic
field components. In the next section, we derive expressions for the
net force and torque in terms of integrals of the magnetic stresses
over the stellar surface.

3 FORCE AND TORQUE FROM MAGNETIC
STRESSES

The force on the star from magnetic stresses is given by

F = ! B’ n— (n-B)BdS ®)
T 4x; 2 ’
S

The torque on the star resulting from just the magnetic stresses is
then
1 B?
T=—— [ —(@xn—(rxB)(n-B)dS. )
4m 2
s
In the particular case of a spherical star, the force and torque
expressions simplify to

R.? B?
F=- / —1f — B,B | sinfd6d¢. (10)
4 2
S
and
R 3
T=— /(f x B) B, sin0d6d¢. (11)
4
S

Taking the rotation axis as the z-axis, the components of the force
and torque on a spherical star are

R.?
F, = — R / [(Be® + By> — B,?) sinf cos ¢ — 2B, By cos 0 cos
T
S
+2B, By sin @] sin0dod¢,
R,
Fy=-2 / [(Bo” + By” — B.?) sinf sin¢ — 2B, By cos 6 sin ¢
T
N
—2B, By cos ¢| sinfd0dg,
R’
F, = — o / [(Bo* + By> — B,?) cos 0 + 2B, By sin 0] sin0dod¢p.
T
S
(12)
and
R 3
T, = — 4* / (Bg sing + By sin6 cos ¢) B, sin0d0d¢,
T
N
R 3
T, = 4* / (Bs cos¢ — By sin@ sing) B, sin0dfd¢.
. T
N
RS [ .,
T, = ——— [ sin*0 B, Byd0dé. (13)
4r

N
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Table 1. Components of the force and torque calculated from ZDI maps of o Ori E, CU Vir, T Sco, and 36 Lyn, assuming spherical

stars.
Star F, Fy F, Ty Ty T, tzDI1
(dyn) (dyn) (dyn) (dyn cm) (dyn cm) (dyn cm) (103 yr)
o OriE 120 x 10¥  7.88 x 1028 8.52 x 1027 —6.08 x 10% 191 x 10 —329 x 10% 5.9
CU Vir —4.80 x 10 453 x 10% 1.02 x 108 6.29 x 10% 480 x 10¥  —59 x 10%7 710
7 Sco —1.76 x 107 —1.13 x 107 —129 x 10 256 x 10® —595 x 10® —3.87 x 10° 66
36 Lyn —4.70 x 102 195 x 108 216 x 102 —6.16 x 10 —132 x 10 —147 x 10%* 12
Table 2. Torque and spin-down time-scale from equation (3) for o Ori E, CU Vir, t Sco, and 36 Lyn.
Star Mass Radius Rotational inertia Beq M Voo Tmbw tmbw
(M) Ro) (10% gem?) (kG) Mg yr™h (kms~')  (dyncm) (10%yr)
o OriE 8.1 3.70 11.5 4.1 1.2 x 10710 1200 —24 x 107 88 x 10°
CU Vir 3.1 2.06 0.96 1.3 1.2 x 10712 630 —2.66 x 10%¥ 1.6 x 10°
7 Sco 17.0 5.44 48 0.16 9.9 x 107? 2800 —559 x 10% 48 x 10*
36 Lyn 4.0 3.5 3.0 13 1.04 x 1071 860 —633 x 10¥ 28 x 10*

A more general expression for the total torque on a non-spherical
rotating magnetic star that includes the contribution from the stellar
wind and thermal pressure has been derived by Mestel & Selley
(1970). Vidotto et al. (2014) used this result to determine the angular
momentum evolution of early-M-dwarf stars using 3D numerical
simulations of the stellar wind which apply the surface field geometry
from ZDI maps as an interior boundary condition.

In the limit that the stellar radius is much smaller than the Alfvén
radius, Weber & Davis (1967) show that in their equatorial plane
analysis in which the poloidal field is described by a pure monopole,
the radial, and toroidal components of the field at the stellar surface
are related by

QR,
By=——"B,. (14)

Uq

where u, is the Alfvén speed at the Alfvén radius. Parker (1969) has

used a generalization of this result to the whole stellar surface to find

an expression for the torque

2 QR,
—R

. B2, (15)

Tmono = u
a

where B, is the strength of the monopolar radial field at the stellar
surface.

In this simple monopole model, the toroidal magnetic field always
points in the direction that leads to a torque that reduces the angular
momentum of the star. As we will find from analysis of the ZDI maps
for stars with more complicated field topologies, the toroidal field can
locally be in the opposite direction and give a positive contribution
to the magnetic torque surface integral.

4 OBSERVATIONALLY MEASURED FORCES
AND TORQUES

‘We have used the ZDI maps (shown in the Appendix) of the magnetic
fields of o Ori E (Oksalaetal. 2015), CU Vir (Kochukhov et al. 2014),
T Sco (Kochukhov & Wade 2016), and 36 Lyn (Oksala et al. 2018)
to estimate the forces and torques acting on the stars from magnetic
stresses. The integrals in equations (12) and (13) are approximated
by sums of form, for example

/ (B, By sinf) sin0dfd¢ ~ Z (B, By sin6), sin6d6rd gy, (16)
S k
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Table 3. Comparison of theoretical and measured spin-down time-scales for
o Ori E, CU Vir, T Sco, and 36 Lyn.

Star Iz7di Imbw Tobs Tobs
(103 yr) (103 yr) (103 yr) (dyn cm)

o OriE 5.9 8.8 x 10° 1.34 x 103 —1.6 x 1038

CU Vir 710 1.6 x 103 560 —7.1 x 10%7

7 Sco 66 48 x 10* - -

36 Lyn 12 2.8 x 10* - -

where d¢, and df, are determined from the grid spacing. The
number of points in the map is 1176 for ¢ Ori E and t Sco or
1876 for 36 Lyn and CU Vir. We test the accuracy of the integral
approximation by using much higher resolution maps for CU Vir
created from the spherical harmonic series expansions for the field
components given in Kochukhov et al. (2014). We find that the errors
from using the low-resolution map are small with the maximum
difference in any of the force and torque components of 4 x 10 dyn
and 2 x 10°® dyncm, respectively. The relative errors in the mag-
nitudes of the force and torque are 0.4 percent and 0.07 per cent,
respectively.

We have also down scaled to 1176 grid points to estimate numerical
errors for o Ori E and t Sco. The maximum difference in any
of the force and torque components is now 9 x 10 dyn and
3 x 10°® dyn cm, respectively. The relative errors in the magnitudes
of the force and torque are 0.6 per cent and 0.1 per cent, respectively.

Our results from integration of the low-resolution maps are
summarized in Table 1. The final column gives the predicted spin-
down time-scale, fzp;, assuming that the star rotates like a solid
body.

For comparison purposes, we give in Table 2 the torque (7 by ) and
rigid body spin-down time-scale () estimated by using equation
(3). Our adopted stellar parameters are given in columns (2)—(6).

In Table 3, we compare the spin-down time-scales, 5, =
T/ Jyp, With J,, estimated from equation (3) and, tzp, from
T, given in equation (13) with #,, the spin-down time-scale from
observed period changes. We also give 7, the torque required to
give the spin-down time-scale from the observed period changes

d] _ 2xIP

L _ -t 17
dt P2 an

Tobs =
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41 o OriE

o Ori E (HD 37479) is magnetic helium-strong variable star that
rotates rapidly with period P = 1.19d (Groote & Hunger 1982) and
has a magnetic obliquity of 47°-59° (Oksala et al. 2015). From U-
band photometric monitoring over the period 2004-2009, Townsend
et al. (2010) find evidence for an increasing rotation period on a
time-scale of P/P =1.34 Myr. Townsend et al. (2013) estimate that
o Ori E has radius 3.77 R and effective temperature 22 500 K. More
recently, Song et al. (2022) have determined the stellar properties
to be log T = 4.352 £ 0.012 and log L/Ly = 3.50 £ 0.19.
By computing stellar models that include the effects of radially
differential rotation, they conclude that ¢ Ori E is a very young
star of age less than 1 Myr and initial mass near 9 M. Using the
DEUCES code (Lawlor & MacDonald 2023), assuming a non-
rotating and non-magnetic main sequence star, we find using the
Song et al. stellar parameters that M, = 8.1 = 0.5Mg, the age
is 4 x 102 x 107 yr, and the solid-body rotational inertia I =
0.078 — 0.093MR? = 0.8 — 1.5 x 10°® g cm?. For solid-body rotation,
the observed spin-down rate would require a total external torque of
T~ —1.4 x 10®¥ dyncm.

The Song et al. stellar parameters can also be matched by models of
the star in its pre-main-sequence phase. We find from our DEUCES
models that the mass lies in the range 7.4-9.1 Mg, and the age is less
than 300 000 yr. These non-rotating pre-main-sequence models can
be ruled out because they predict spin-up due to stellar contraction
on a time-scale of ~ 10° yr.

None of these age estimates are consistent with the age of 2-3 Myr
found by Sherry et al. (2008) from main sequence fitting, which may
indicate that o Ori E is the product of a stellar merger, which has
been proposed as the origin mechanism for magnetic massive stars
(Schneider et al. 2019). However, we stress that the details of the
stellar models do not significantly influence our conclusion that the
torque estimated from the magnetically braked wind angular mass-
loss formula, Ty, is many orders of magnitude less than that from
integration of the ZDI map.

To compare with the torque predicted by equation (3), we need
the wind mass-loss rate and terminal velocity, v. Using the Vink,
de Koter & Lamers (1999, 2000, 2001) prescription, the mass-loss
rate for the stellar parameters found above is 1.2 x 10719 Mg yr~!
and v, = 1200kms~'. However, the effective temperature is
near the lower temperature bistability transition temperature, and
if the effective temperature were 500K lower, the mass-loss
would be an order-of-magnitude higher and v., would be 630
kms~!.

From the ZDI data, we find that < Bezq >2 16.7kG?. The wind
confinement parameter is then 2.4 x 103 — 1.3 x 10° and the torque
from equation (3) is 0.24 — 1.1 x 10°® dyncm. Hence the torque
calculated using the larger mass-loss rate is consistent with that
deduced from the spin-down rate, as predicted by ud-Doula et al.
(2009). Petit et al. (2013) adopted the lower mass-loss rate and found
tmbw = 4.6 Myr, a factor of 3 larger than that observed by Townsend
etal. (2010). In contrast, Parker’s result in equation (15) gives a spin-
down torque of magnitude 3 x 10*' dyncm, which is 2000 times
larger than that required by the estimate from the solid-body rotation
spin-down rate.

The torque calculated from the ZDI data by performing numer-
ically the integral in equation (13) is 3.3 x 10*’ dyncm. Although
lower than found using Parker’s equation, this torque is still 200 times
larger than estimated from the solid-body rotation spin-down rate.
For a rotation period of 1.19 d, our measured magnetic torque leads
to a solid-body rotation spin-down time-scale of 5.9 x 10% yr.
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Figure 1. Colour plotof I' = —sin 2GB,B¢ for o Ori E. B, and By are both
in units of kG. Left and top plot show the integral of I" with respect to ¢ and
0, respectively.

In the central panel of Fig. 1, we show a surface plot of torque
density, I' = —sin 20B,B,. We see that there is a region of the stellar
surface centered near ¢ = 312°, & = 100° where the contribution to
the torque integral is large and negative.

Even though Fig. 1 shows that the magnetic torque integrand is not
axisymmetric, the left panel shows that when I is integrated over ¢,
the contributions to the magnetic torque integral are symmetric about
the rotational equator. This symmetry is likely a result of the near-
dipole nature of the magnetic field as can be seen from Appendix
Fig. Al.

4.2 CU Vir

CU Vir (HD124224) is a rapidly rotating (P = 0.5207 d) chemically
peculiar star that may have discrete and possibly non-monotonic
period variations (Pyper et al. 1998; Mikuldsek et al. 2011; Pyper,
Stevens & Adelman 2013; Krticka et al. 2019; Pyper & Adelman
2020), rather than the smoothly increasing period predicted by
magnetic spin-down models (ud-Doula et al. 2009). From high-
resolution spectropolarimetric observations covering an entire ro-
tational period, Kochukhov et al. (2014) find CU Vir’s magnetic
field topology deviates significantly from the commonly assumed
axisymmetric dipolar configuration. The field is dipolar-like but
clearly non-axisymmetric, showing a large difference in the field
strength between the regions of opposite polarity.

Kochukhov et al. (2014) adopted Tz = 12750 £ 250K based
on the SED-fitting results of Shulyak et al. (2004) and Lipski &
Stepieni (2008) and model atmosphere analysis of spectroscopic data
by Kuschnig et al. (1999). Using the T.s value with the observed V
magnitude, the Hipparcos trigonometric parallax 12.63 £ 0.21 mas
(van Leeuwen 2007), and an empirical bolometric correction BC = —
0.79 £ 0.1 (Lipski & Stepiert 2008), Kochukhov et al. found a stellar
luminosity L = 100 £ 11 Ly and radius R = 2.06 + 0.14 R,

Assuming a main sequence star, we find using our DEUCES
models that these stellar parameters are consistent with M, =
312 + 0.06Mg, age 1.4 — 11.2 x 107 yr, mass-loss rate
1.2 x 1072 Mg yr™!, v =990 km s~! and solid-body rotational
inertia I ~ 0.075 MR?> ~ 9.6 x 10°* gcm?.

We have estimated the spin torque due to surface magnetic
stresses by using the field components from the ZDI measurements
(Kochukhov et al. 2014). We find from the ZDI map that < qu >
= 1.20 kG?, and SO Typw = 2.7 x 10% dyn cm, which is two
orders of magnitude less than found from direct integration of the
ZDI map (see Table 1). However, the spin-down time-scale based on
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Figure 2. Values for the rotation period of CU Vir taken from the literature.
The horizontal lines with symbols at the ends indicate the time span of
the observations over which the rotation period was determined. The solid
smoothed curve shows the general spin-down trend over a span of 50 yr.
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Figure 3. Colour plot of I' for CU Vir. B, and By are both in units of kG.

the torque from integration of the ZDI map is in good agreement
with the observed spin-down time-scale (up to 2010) of 7, =
6 x 10° yr (Mikul4ek et al. 2011). From rotation periods reported in
the literature (Blanco & Catalano 1971; Pyper et al. 1998; Pyper et al.
2013; Krticka et al. 2019), which we show in Fig. 2, we estimate a
long-term average P = 2.6 x 107, corresponding to a similar spin-
down time-scale of fys = 5.4 x 107 yr.

Fig. 3 is the same as Fig. 1 except for CU Vir. Again, we see that
there is a region of the stellar surface where the contribution to the
torque integral is large and negative. However, inspection of the left
panel of Fig. 2 shows that, unlike in the case of ¢ Ori E, contributions
to the magnetic torque integral are not symmetric with respect to the
rotational equator. Also, there is a longitudinal band in which the
contribution to the net torque is positive, in addition to a band that
gives a more dominant negative contribution to the net torque.

4.3 7 Sco

T Sco (HD149438) of spectral type B0.2V is a relatively slow rotator
with P = 41.03d (Donati et al. 2006). It has a complex surface
magnetic field topology (Donati et al. 2006; Donati & Landstreet
2009; Shultz et al. 2019a, c) that deviates significantly from a simple
dipole field. Kochukhov & Wade (2016) have inverted the circular
(Stokes V) spectropolarimetic data to construct possible magnetic
field maps. Further linear polarization measurements are needed

MNRAS 530, 2840-2851 (2024)

to produce a unique field map. In our analysis of the magnetic
stresses, we use the ZDI map corresponding to the inversion using
general harmonic field parametrization (model 2) in Kochukhov &
Wade (2016). This magnetic field structure is in agreement with the
magnetic map of v Sco obtained by Donati et al. (2006) from a
smaller data set.

By fitting theoretical isochrones to luminosity and temperature
determined from V mag and B-V colour, Tetzlaff, Neuhduser &
Hohle (2011) found 7 Sco to have mass 15.0 & 0.1 My and age
5.7 £ 1.0Myr. Based on Stromgren photometry and Hipparcos
parallax, Pecaut, Mamajek & Bubar (2012) determine log T =
4.475 £ 0.073 and log L/Ls = 4.31 £ 0.16. They then determine
the mass and age from theoretical isochrones to be 14.5Mg and
5 Myr. More recently, by using CMFGEN modelling of the spec-
trum covering wavelength range 380—-680 nm (Martins et al. 2012),
Keszthelyi et al. (2021) determine 7,y = 31500 £ 1000K, log g =
4.2 4+ 0.1cms™2. From stellar modelling that includes rotational
mixing effects and an angular momentum loss rate from equation
(3), Keszthelyi et al. (2021) determine from matching 7 and log g
that T Sco has age less than 6 Myr, but matching the rotation period
and nitrogen abundance requires a much larger age, close to that
of the terminal age main sequence. To reconcile the observed 41d
rotation period with the predicted rate of spin-down it is found that
either the magnetic braking efficiency needs to be larger by a factor
of 10 or the initial field was much stronger (30 kG) than the current
field. Even then, the observed nitrogen excess requires that rotational
mixing be more efficient by at least a factor of 3. From the T.¢—log
g diagram, the mass is found to be in the range 16-18 Mg,

Based on the Keszthelyi et al. error ellipse in the Tei—log g plane,
we find from our DEUCES models that fits can be found for masses
between 14.5 and 17.2 M. The maximum age is 4.4 Myr.

There have been a number of age determinations for the Upper
Sco association (USco). The general trend is that ages determined
from the more massive members are larger by a factor of about 2
than ages from the lower mass stars (see MacDonald & Mullan 2017
for discussion and a possible resolution of the discrepancy). Since
T Sco is a B star, here we focus on the USco age determinations
based on observations of massive stars. From isochronal ages for the
USco B, A, and G stars, as well as the M supergiant Antares, Pecaut
et al. (2012) determined a mean age of 11 + 3 Myr. (Rizzuto et al.
2016) determined the age and component masses for seven G- to
M-type binary systems in USco using the orbital solutions and HST
multiband photometry. They find that their G-type binaries have ages
of 11.5 Myr, consistent with the age estimate of Pecaut et al. (2012).

Based on its position in the Hertzsprung—Russell diagram, Nieva &
Przybilla (2014) concluded that T Sco is a blue straggler star much
younger than its stellar association, which suggests that it formed by
stellar merger, a scenario consistent with the suggestion by Ferrario
et al. (2009) that fossil magnetic fields originate in stellar merger
events, and explored for the specific case of T Sco by Schneider
et al. (2019). The blue straggler interpretation of the v Sco data is
consistent with the Keszthelyi et al. age determination.

Using the Keszthelyi et al. stellar parameters, we find the mass-loss
rate is 9.9 x 107 Mg yr™!, vo = 2800kms~! and the solid-body
rotational inertia is / = 0.10 MR? = 4.8 x 106 gcm?.

The ZDI data give < B, > =0.0194kG>. The spin-down torque,
Tmbw, 18 then 5.6 x 10% dyn cm, which is three orders of magnitude
less than found from integration of the ZDI map (see Table 1).

Rotational period changes have not been observed for t Sco.
However, since it is currently a slow rotator, the spin-down time-
scale is likely to be less than its age, which leads to tension with the
spin-down time-scale of #,,w = 4.8 x 107 yr. Alternatively, the spin-
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Figure 4. Colour plot of I for T Sco. B, and By are both in units of kG.

down time-scale obtained from the ZDI map, fzp; = 6.6 X 10* VI,
is roughly consistent with the current period provided the torque
remains roughly constant.

Fig. 4 is the same as Fig. 1 except now for t Sco. Even though
the central panel shows a more complicated structure than found
for o Ori E, the left panel shows that there are nearly symmetric
contributions to the total torque from the Northern and Southern
Hemispheres. Unlike o Ori E, there are longitudinal bands in which
the contributions to the net torque are positive, in addition to an
equatorial band that gives the dominant negative contribution to the
net torque.

4.4 36 Lyn

36 Lyncis (HD79158) is a helium-weak magnetic Bp star of spectral
type B8 III that rotates with period 3.835 d (Wade et al. 2006). The
field geometry is simpler than that of CU Vir being mainly dipolar but
with a strong toroidal component (Oksala et al. 2018). From fitting
optical and UV spectrophotometry, Wade et al. determine luminosity
and temperature log L/Lo = 2.54 & 0.16, T,;y = 13300 = 300K.
Based on the solar composition evolutionary calculations of Schaller
etal. (1992), Wade et al. determine the stellar mass M =4.0 £ 0.2 Mg
and age t = 79-110Myr. From our solar composition DEUCES
models, if the star is on the main sequence, we find M = 4.0 0.3 Mg
and age t = 110-130 Myr. The mass-loss rate is 1.4 x 107! Mg yr~!,
and the wind terminal velocity is v, = 860 km s~!. The solid-
body rotational inertia is I = 0.059 MR?> = 2.9 x 10% gem?. If it
has evolved just beyond the end of the main sequence, then M =
39 + 0.1 Mg and age t = 144-164 Myr, the mass-loss rate is =~
2 x 107" Mg yr~!, v =790kms~! and the solid-body rotational
inertia is 7 ~ 0.05 MR?> = 3.0 x 10% gcm?.

The ZDI data give < B}, > = 1.191 kG*. The spin-down torque
Tmbws is then between 6.3 x 10 dyncm and 1, .3 x 10 dyncm,
which is three orders of magnitude less than found from integration
of the ZDI map (see Table 1).

Fig. 5 is the same as Fig. 1 except now for 36 Lyn. The central
panel shows that different faces of 36 Lyn are dominated by positive
and negative contributions to the torque integral. Nevertheless, the
left panel reveals symmetry along the rotational equator.

5 DISCUSSION

For the fast rotators o Ori E and CU Vir, we find that our estimates
of the torque on the stellar surface from ZDI measurements are many
orders of magnitude larger than estimated from observed period
changes. We stress here that the ZDI measurements only provide the
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Figure 5. Colour plot of I' for 36 Lyn. B, and By are both in units of kG.

magnetic contribution to the total torque. Since these stars are rapidly
rotating and have strong surface magnetic fields, deviations from
spherical symmetry are likely significant, and as a a consequence the
torque due to external pressure (whether thermal or magnetic) acting
on the surface will not necessarily be zero. If the pressure tensor is
isotropic, equation (9) becomes

2
T = —/ (p-}—B—) (rxn)dS—}—L/(pr)(n-B)dS. (18)
8w 4r
s s

If there are no surface flows, then the total pressure will be constant
over the surface and the first term on the right hand side of equation
(18) will be zero. We can estimate an upper limit on this term
by considering the turbulent velocity derived from spectroscopic
measurements. Shultz et al. (2018) find for o Ori E, a macrotur-
bulence velocity vpm,e = 13 £ 16km s~! across 7 different lines.
Most of the lines are consistent with zero turbulent broadening; the
13 km s~! value is the result of a couple of lines giving higher values,
which probably are outliers. If we conservatively adopt an upper
limit of 30kms~! for the velocity of any surface flows, using the
photospheric density from our stellar model, p = 1.3 x 107 gcm™3,
we find an upper limit of 10* dyn cm for the first term on the right
hand side of equation (18), which is small compared to the magnitude
of the torque, 7 x 10*° dyn cm, derived from magnetic stresses. Also
o Ori E, 36 Lyn, and CU Vir have prominent, high-contrast chemical
abundance spots on their surfaces. These spots are stable, as can be
judged from the lack of changes in the light-curve shapes (Townsend
et al. 2013). The existence of these spots is likely incompatible with
significant surface flows.

Our models indicate that the thermal pressure at the photosphere
of o Ori E, 5 x 10> dyn cm™2, is negligible compared to the magnetic
pressure, 2 x 107 dyncm™2. Indeed all of the stars considered here
have magnetically dominated photospheres, with 8 in the range
2 x 107 for o Ori E up to order unity for T Sco.

Since it has been found for cool stars that ZDI mapping is
insensitive to small-scale magnetic fields (Johnstone, Jardine &
Mackay 2010), they may also play a role in determining the magnetic
force and torque. However, in the case of magnetic CP stars, the
notion of the dichotomy between large/small-scale fields and ZDI/MI
modelling methodologies is known to be not applicable. For mCP
stars, the treatment of Zeeman broadening/intensification has always
been an integral part of ZDI, particularly when individual lines
were modelled (Kochukhov et al. 2015; Rusomarov, Kochukhov &
Lundin 2018). Even before ZDI, global field models were capable
of fitting phase curves of longitudinal field and mean-field modulus
with ‘pure’ large-scale field geometries without the need of invoking
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hidden small-scale field (e.g. Landstreet & Mathys 2000; Bagnulo
et al. 2002). These studies, and direct observations of well-resolved
Zeeman split lines (e.g. Mathys et al. 1997; Mathys 2017), indicate
that magnetic CP stars possess no small-scale fields of the type
existing in cool stars. We have analysed how fields at different scales
contribute to the spin-down torque (see Appendix Figs A5S-AS, and
the associated text) and found that the resulting torques were mainly
determined by large and medium scale fields.

Re-accretion of wind material that gets trapped by the magnetic
field could provide a torque in the direction of increasing the rotation
rate of the star, that is, in the opposite sense found here from the ZDI
maps. However, the fast rotators are in the centrifugally dominated
regime (Petit et al. 2013) and material that breaks free from the
magnetic field will mainly be ejected and not accreted (Owocki
et al. 2020). A centrifugal breakout episode may have been recently
observed for CU Vir (Das & Chandra 2021).

Due to the large non-uniform magnetic pressure and the insignifi-
cance of thermal and turbulence pressure, it seems unavoidable that
the stellar surface will deviate from the spherical symmetry assumed
in our force and torque calculations. Indeed for the fastest rotator,
CU Vir, we estimate by assuming the photosphere is an equipotential
surface, that centrifugal effects lead to an equatorial to polar radius
ratio of 1.07. The possibility arises that asphericity is responsible for
our finding that in some cases the torques calculated from integration
of the Maxwell stresses over the stellar surface are significantly larger
than found from the magnetically braked wind analysis.

6 CONCLUSIONS

We have used the distributions of the surface magnetic field compo-
nents determined from ZDI measurements to calculate the net force
and torque resulting from magnetic stresses for 3 rapidly rotating
magnetic chemically peculiar stars, CU Vir, 36 Lyn, and o Ori E,
and the slowly rotating early-B-type star T Sco. We find that if
we assume solid-body rotation, the spin-down times are up to four
orders of magnitude shorter than the stellar age. If the magnetic fields
are truly fossil in nature, then they are frozen in, and are expected
to be tied to the surface radius such that the surface field strength
decreases as 1/R?. As the torque is proportional to R*B?, this means
that throughout the stellar evolution, the torques would vary as 1/R
(getting smaller with time). However, the change in radius is not
expected to be significant until, for example the end of the main
sequence. Therefore an assumption of constant torque is a good one.
If anything, it would mean that, from a stellar evolution point of view,
the torque was slightly larger in the past, whereas we would need the
torque to be significantly smaller in the past to reconcile the large
current spin-down rates obtained by our method and the presumed
stellar ages.

We have considered a number of ways that this dilemma might
be avoided and conclude that the mostly likely resolution is that our
assumption of exact spherically symmetry is violated. Furthermore
in all cases, the photospheres are magnetically dominated and the
deviations from spherical symmetry will arise from the non-uniform
magnetic stresses. For the slowest rotator in the sample, T Sco,
centrifugal distortion of the photosphere is negligible, and any
deviations from sphericity must result from the magnetic stresses.
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APPENDIX A: THE MAGNETIC FIELD
COMPONENTS

Figs Al, A2, A3 and A4 show the strength of the magnetic field
components for o Ori E, CU Vir, T Sco, and 36 Lyn, respectively.
Figs A5-A8 show heat-maps of the «, B, and y harmonic
coefficients in equations (1)-(3) from Kochukhov et al. (2014)
and the cumulative torque (equation (13)) histogram of the surface
magnetic field for o Ori E, CU Vir, T Sco, and 36 Lyn, respectively.
For each figure, corresponding to each star, the bottom panel shows a
cumulative histogram of the torque computed by reconstructing the
ZDI map using only the £-th harmonics. The horizontal dashed line
shows the torque computed from the map reconstructed from all of
the harmonics, which is of course the convergence point of the cumu-
lative histogram. To make the figures more compact, the histogram
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Figure Al. Colour plots of the strengths of the magnetic field components
for o Ori E.

bars are coloured according to their sign, with positive/negative in
red/blue.

In a case where the total torque would be reached within a few
harmonics only, it could either mean that (i) the small-scale structures
are not contributing significantly to the torque or (ii) the field does
not have significant small-scale structures to start with.

For o Ori E (Fig. AS), high mode amplitude values are clustered
around low ¢ coefficients indicating that these terms have the highest
impact on the overall topography of the surface magnetic field. This
is echoed in the cumulative torque histogram which converges to the
total torque from the field very quickly (¢ < 2).

For CU Vir (Fig. A6), high mode amplitude values are found from
low-£ to mid-¢ values (out of the total 10) indicating that the overall
topography of the surface magnetic field is dominated equally by
large and medium-scale structures. This can be seen in the cumulative
torque histogram below which converges around ¢ < 4.

For 7 Sco (Fig. A7), high mode amplitude values are mostly
constrained to low ¢ values but extend to higher ¢ values for the o
terms. This shows that the overall topography of the surface magnetic
field is dominated by large and medium-scale structures. This can
be seen in the cumulative torque histogram below which converges
around £ < 7.

For 36 Lyn (Fig. A8), high mode amplitude values are found
mostly around low values indicating that the overall topography of the
surface magnetic field can be described primarily by large structures.
This can be seen in the cumulative torque histogram below which
converges around £ < 4.
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Figure A2. Colour plots of the strengths of the magnetic field components
for CU Vir.
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Figure A3. Colour plots of the strengths of the magnetic field components
for  Sco.
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Figure A4. Colour plots of the strengths of the magnetic field components

for 36 Lyn.
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Figure A7. Heat-map of the «, 8, and y harmonic coefficients (top) and the
Figure A6. Heat-map of the «, 8, and y harmonic coefficients (top) and the cumulative torque histogram of  Sco.

cumulative torque histogram of CU Vir.
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