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ABSTRACT
TESS photometry of the extremely helium-rich hot subdwarfs BD+37◦442 and
BD+37◦1977 demonstrates multi-periodic low-amplitude variability with principal
periods of 0.56 and 1.14 d, respectively, and with both first and second harmonics
present. The lightcurves are not perfectly regular, implying additional periodic and/or
non-periodic content. Possible causes are examined, including the binary hypothesis
originally introduced to explain X-ray observations, differentially rotating surface in-
homogeneities, and pulsations. If the principal photometric periods correspond to the
rotation periods, the stars are rotating at approximately 0.7 and 0.3 × breakup, re-
spectively. Surface Rossby waves (r modes) therefore provide the most likely solution.

Key words: stars: chemically peculiar, stars: early-type, stars: subdwarfs, stars:
pulsation, stars: individual: BD+37◦442, stars: individual: BD+37◦1977

1 INTRODUCTION

Extreme helium (EHe) stars are rare early-type stars with
high luminosity-to-mass ratios (logL/M ≈ 3−4) and atmo-
spheres virtually devoid of hydrogen (Jeffery et al. 2011).
Helium-rich hot subdwarfs (HesdO) have atmospheres sim-
ilarly devoid of hydrogen and fall into two principal groups:
a) stars on or close to the junction of the extended horizontal
branch and helium main sequence (logL/M ≈ 2 − 3), and
b) more luminous stars with similarities to the central stars
of planetary nebulae (logL/M ≈ 3− 4) (Heber 2016). Both
EHes and luminous HesdOs are considered to be evolving
from an asymptotic-giant branch or other helium-shell burn-
ing giant configuration to the white dwarf phase (Webbink
1984; Saio & Jeffery 2002; Zhang et al. 2014). Connections
between these and other classes of hydrogen-deficient and
carbon-rich stars have been explored (Reindl et al. 2014).

Critical tools in the exploration of these connections
have been studies of stellar surface chemistries (Jeffery
et al. 2011), duplicity (Jeffery et al. 1987), winds (Jeffery
& Hamann 2010) and pulsations (Saio & Jeffery 1988; Jef-
fery & Saio 2016). A large fraction of EHes are photometric
variables (Jeffery 2008); two show regular pulsations with
periods ≈ 0.1 d (Landolt 1975; Kilkenny & Koen 1995).
The remainder have irregular light curves, as clearly demon-
strated by recent observations of PV Tel and V821 Cen (Jef-
fery et al. 2020). Such variability extends from cool R CrB
stars with effective temperatures ≈ 7 000 K (Alexander et al.
1972; Jones et al. 1989) through to the hottest bona fide
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EHe star V2076 Oph (Lynas-Gray et al. 1984; Wright et al.
2006). Learning the boundaries of this type of variability is
only limited by the scarcity of EHe stars in the Galaxy.

Two HesdO stars BD+37◦442 (Rebeirot 1966) and
BD+37◦1977 (Wolff et al. 1974) are frequently included in
lists of EHe stars (Drilling & Hill 1986; Drilling 1996). Their
pulsation characteristics have not yet been realised, but have
proved interesting stars for other reasons. X-rays have been
discovered in both cases (La Palombara et al. 2012, 2015),
prompting speculation that the subdwarf wind collides with
a compact companion, as in the hot-subdwarf plus neutron-
star binary HD 49798 (Mereghetti et al. 2016).

This paper examines the high-precision photometric be-
haviour of both stars over a timescale of 30 days, demon-
strates milli-magnitude periodic variations, and discusses
implications of the latter.

2 OBSERVATIONS

With a primary mission to survey the whole sky for plan-
etary transits, the Transiting Exoplanet Survey Satellite
(TESS) also provides superlative photometry for all manner
of variable phenomena. Targeted observations were made
with TESS in 120 s cadence of BD+37◦442 (mV = 9.92:
TIC 067519898) during Sector 18, commencing 2019 Novem-
ber 3, and of BD+37◦1977 (mV = 10.15: TIC 372681399)
during Sector 21, commencing 2020 January 21. Standard
data products include noise-corrected light curves which are
available from the Mikulski Archive for Space Telescopes
(MAST).
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Figure 1. TESS light-curves spectra for BD+37◦442 and BD+37◦1977. Errors for each point in the light curves are shown in light grey.

Table 1. Principal frequencies, periods and amplitudes in the TESS light curves.

BD+37◦442 BD+37◦1977
n ν/d−1 P/d a% ν/d−1 P/d a%

1 1.78322± 0.01249 0.5601 0.15± 0.07 0.87440± 0.00994 1.1436 0.13± 0.06
2 3.55081± 0.01878 0.2816 0.09± 0.07 1.73336± 0.01200 0.5769 0.10± 0.06

3 5.33314± 0.04593 0.1875 0.04± 0.07 2.60975± 0.03273 0.3832 0.03± 0.06

3 RESULTS

Figure 1 shows the TESS light-curves of BD+37◦442 and
BD+37◦1977 normalized to their mean flux. Both show
variability and appear periodic. A part of the Fourier trans-
forms (FT) of both light curves, in the form of amplitude
spectra in the frequency range 0 − 5 d−1, is also shown
the same figure. Assuming a 4σ detection threshold, only
two peaks are significant in the amplitude spectra of each
star, and all but one of these would normally be marginal.
However, in both cases, the higher frequency peak is at
roughly twice the frequency of the first.

BD+37◦442 shows variability with a full amplitude of ≈ 1%
and two principal peaks in the amplitude spectra corre-
sponding to frequencies of 1.783 and 3.551 d−1 (Table 1);
the ratio of the second frequency to the first is 1.992. The
amplitude spectrum shows a third peak at a frequency of
5.333 d−1; it is interesting only because it corresponds to
2.991 times the principal frequency.

BD+37◦1977 also shows variability with a full amplitude of
≈ 1%. The amplitude spectrum contains more structure, but
also shows two principal peaks at frequencies of 0.8744 and

1.7334 d−1 (Table 1); the ratio is 1.982. Again, a third peak
a 2.985 times the principal frequency is detectable, but not
strong. In addition, there are several peaks with frequencies
between 0 and 2 d−1 but with amplitudes well below the 4σ
significance threshold.

A second significance test is to divide the data into
two roughly equal segments and to calculate the ampli-
tude spectrum for each segment (Fig.2: right-hand pan-
els). For BD+37◦442, both principal peaks persist although
a reduced significance is inevitable. For BD+37◦1977, the
strongest peak (0.8744 d−1) is only strong in the first seg-
ment; the 1.7334 d−1 is persistent, as is a low frequency peak
at 0.1758 d−1.

BD+37◦442 was reported variable on timescales of min-
utes with an amplitude of ≈ 3%, and months with an ampli-
tude of ≈ 8% (Bartolini et al. 1982). Both BD+37◦442 (=
HIP 9221) and BD+37◦1977 (= HIP 46131) were classified
‘C’ (Field H52: ‘variability not detected’) in the Hipparcos
catalogue (ESA 1997). The scatter in Hipparcos magnitudes
(together with the number of observations) was 0.026 (86)
and 0.025 (64) mag. respectively. X-ray variability with a
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Figure 2. Left: frequency-amplitude spectra derived from the TESS light curves for BD+37◦442 and BD+37◦1977. The spectral window

function is inset for both stars. The spectra are essentially flat for frequencies > 2 d−1. The smooth curve (red online) shows the 4σ
significance criterion. Right: as above but for the TESS data split into two parts, the transform for each part being shown as red and

blue, respectively. The window function (inset) represents the first (red) segment in each case.

period of 19 seconds was reported by La Palombara et al.
(2012), but not confirmed by Mereghetti et al. (2017).

4 INTERPRETATION

TESS observations provide convincing evidence for and
characterisation of optical variability in both BD+37◦442
and BD+37◦1977. The problem is to identify the cause. The
presence of a harmonic sequence argues for a non-sinusoidal
but singly periodic mechanism and suggests either distor-
tion by (or of) a binary companion, by inhomogeneity on
the stellar surface (spots) or by a dominant pulsation. These
are discussed below; additional context is provided by fun-
damental data for both stars given in Table 2.

4.1 Double trouble?

The binary hypothesis resonates with the La Palombara
et al. (2012) proposal of a compact companion to explain
short-period X-ray flickering in BD+37◦442. Heber et al.
(2014) effectively ruled this out from radial-velocity mea-
surements; the absence of X-ray flickering in follow-up ob-
servations weakens the proposal further (Mereghetti et al.
2017). Heber et al. (2014) did find evidence for a high pro-
jected rotation velocity veq sin i ≈ 60 km s−1 indicating a
rotation period ≈ 1 d.

We have carried out a similar experiment for
BD+37◦1977 using six high-resolution spectrograms ob-
tained with the International Ultraviolet Explorer (IUE)
and the Orbiting Retrievable Far and Extreme Ultravi-
olet Spectrometers (ORFEUS) spacecraft, and previously
used by (Jeffery & Hamann 2010) to investigate the stellar
wind. Spectrograms listed in Table 3 were merged and rec-
tified. A mean (template) spectrum was constructed from
the ORFEUS data. Interstellar lines were identified and re-
moved from the template spectrum where possible. Lines
formed in the stellar wind (Jeffery & Hamann 2010) were
also avoided. Individual spectra were cross-correlated with
the template spectrum in four different spectral windows
(λλ1150 − 1210, 1250 − 1300, 1300 − 1400 and 1150 − 1400
Å). In this experiment, the cross-correlation function (ccf)
generally comprises a narrow spike on top of a broad feature
on top of a very broad pedestal (cf. υ Sgr: Dudley & Jeffery
1990). Where present, the narrow spike is due to residual
interstellar lines in the template spectrum and provides a
check on the reference frame. The broad pedestal is due to
large-scale errors in continuum placement and rectification,
which only needs to be crude for this experiment. The fea-
ture between corresponds to the stellar photospheric spec-
trum, with its center of gravity reflecting the relative veloc-
ity relative to that of the template spectrum. The positions
of all three components were obtained by fitting a multi-
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Table 2. Fundamental data

BD+37◦442 BD+37◦1977

Teff/K 48 000 48 000

log Ṁ/M�yr−1 −8.5 −8.2
Jeffery & Hamann (2010)

log g/cm s−2 4.0 4.0

logL/L� 4.4 4.4
Darius et al. (1979); Giddings (1981)

Bauer & Husfeld (1995)

Teff/K 56 300 –

log g/cm s−2 4.1 –
vrot,eq sin i/km s−1 60 –

Heber et al. (2014)

logL/M/( L�/M�)a 4.12± 0.26 4.12± 0.26

log ρ̄/ρ� b −0.56± 0.38 −0.56± 0.38

PF/d
b,c 0.08± 0.03 0.08± 0.03

by identity

mG 10.13 9.95

π/mas 0.77± 0.16 0.79± 0.11

Gaia Collaboration (2018)

d/kpc 1.55+0.33
−0.56 1.36+0.18

−0.24

logL/L� 4.06+0.13
−0.33 3.83+0.09

−0.15

R/R� 1.55+0.24
−0.59 1.18+0.12

−0.20

M/M� 0.88+0.73
−0.77 0.51+0.33

−0.26

Martin & Jeffery (in prep.)

Prot/dd 0.47− 0.56 0.96− 1.15
vrot,eq/km s−1e 140− 170 52− 62

Pmin/d
e 0.40 0.35

a: assuming errors ±10% in Teff and ±0.25 in log g.

b: assuming mass M = 0.8 M�.

c: assuming PF

√
ρ̄
ρ�
≈ 0.04 d.

d: from § 4.3.

e: note large errors in R,M .

Table 3. Relative radial velocities for BD+37◦1977 from high-
resolution ultraviolet spectroscopy.

Image Start Time 〈∆v〉 〈δv〉 σ

km s−1

swp06766 1979-10-05 14:46:59 +3.4 ±1.7 4.3
swp07248 1979-11-28 09:22:12 −3.2 ±3.5 10.6

tues5247 5 1996-11-28 21:43:05 −6.0 ±2.6 7.0

tues5247 7 1996-11-29 01:55:13 −1.6 ±3.1 8.9

tues5247 8 1996-12-02 17:11:03 +3.8 ±2.4 5.8
tues5247 9 1996-12-02 18:41:19 +4.0 ±2.6 3.5

component gaussian to the ccf; each fit was checked visu-
ally and the interstellar and stellar velocities were recorded.
Results from all four spectral windows were compared for
consistency and combined. The interstellar lines are stable
to better than ±2 km s−1. Table 3 shows the mean photo-
spheric velocity shift of each spectrum relative to the tem-
plate (∆v) calculated as the mean obtained from all four
spectral windows, the mean error 〈δv〉 on ∆v, and the stan-
dard deviation σ. The standard deviation and mean error of
∆v are 4.2 km s−1 and ±2.6 km s−1 respectively. These mea-
surements are separated by time intervals of 90 m, 32 h, 5.5

Figure 3. TESS light curves for BD+37◦442 and BD+37◦1977

folded on their principal periods. The 120 s cadence data (faint

dots) are combined into phase bins of 0.02 cycles (dark / red dots
with standard deviations).

d, 50 d, and 17 y, with no evidence of variability above a
few km s−1.

The harmonic sequences present in both lightcurves
could still argue toward light from a distorted primary or
reflected from a secondary in a close binary. These would re-
quire the harmonics to be exact and for the lightcurve to be
symmetric. Although ν2 and ν3 are harmonics of ν1 within
formal errors (Table 1) folding the lightcurve on the principal
period is unsatisfactory in both cases (Fig. 3). Rather than
a symmetric or regular light curve with harmonic compo-
nents, considerable scatter survives after folding, suggesting
that other frequencies are important and/or that the har-
monics are not exact integer multiples.

Hence the evidence for a close binary companion that
could give rise to the optical variations is not compelling.

4.2 All in a spin?

Periodic variability can also arise from surface inhomo-
geneities such as chemical or magnetic spots. If distributed
over the surface of a uniformly rotating star, the light curve
should be dominated by a single period, but with harmon-
ics. This does not explain the residual variability about the
mean (Fig. 3), or the variation of the amplitude spectrum
during an observing run. With contraction on a timescale
of 103 − 104 y, uniform rotation cannot be assumed (Gour-
gouliatos & Jeffery 2006). If surface inhomogeneities mi-
grate in latitude on short time scales, strict and persis-
tent harmonic sequences might not be expected, as different
spot patterns acquire different spin periods. Howarth & van
Leeuwen (2019) find that qualitatively similar behaviour in
the rapidly rotating bright O4 I(n)fp star ζ Pup (Howarth &
Stevens (2014))“would require an ad hoc mechanism of dif-
ferential rotation coupled to latitudinally mobile hotspots”
and that this argument, also, is not compelling.

It is interesting to compare photometric periods with
the minimum possible stellar rotation period for a positive
equatorial effective gravity Pmin = 3π

√
Req/gp = 0.39 d for

both stars (Table 2). Here we assume the equatorial radius
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Req =
√

1.5R and the polar gravity gp = g. In other words,
if P1 ≈ Prot, both stars are rotating rapidly. This is relevant
in § 4.3, but also places a strong constraint on the surface
gravities log g/cm s−2 ≥ 3.8 and 3.4 for BD+37◦442 and
BD+37◦1977 respectively. Published measurements com-
fortably exceed these limits (Table 2).

4.3 Riding the wave?

For a star of given dimensions, the mean density provides
an approximate value for the period of the fundamental ra-
dial mode (PF: Eddington 1918). Corresponding values for
both programme stars are ≈ 0.08 d, subject to assumptions
given in Table 2. The periods corresponding to principal fre-
quencies observed in both light curves (Table 1) are approxi-
mately 18 and 9 times longer than PF, respectively. Conven-
tional non-radial pulsations at these frequencies would have
to be g modes. However, the absence of equal period inter-
vals, the period length relative to PF, and evidence for har-
monic sequences (ν1, 2ν1, 3ν1) for both stars argue against g
modes.

An alternative is that Rossby waves, otherwise known as
r modes, account for the observations (Saio 1982; Townsend
2003). These are retrograde surface waves excited in gaseous
surface layers of rotating objects (including both stars and
planets) and are increasingly being discovered in rapidly-
rotating early-type stars (Van Reeth et al. 2016; Saio et al.
2018). Depending on the inclination, r modes are predicted
to be visible in frequency groups close to harmonics of the
rotation frequency, with the harmonic corresponding to the
azimuthal wave number of the non-radial mode m.

Considering the most visible modes symmetric about
the equator (i.e. k = −2, where k is a parameter used to
order eigenfunctions of the Laplace tidal equation (Lee &
Saio 1997; Townsend 2003)), the expected observational fre-
quency range of r modes (νr) is given by

mfrot[1− 2/[(m+ 1)(m+ 2)]] < νr < mfrot,

where the sectoral wavenumber m > 0 for retrograde modes
such as r modes (Saio 2018) and frot is the rotation fre-
quency. If the two principal frequencies observed in each
star correspond to r modes with m = 1 and 2, rotational
frequencies are then given by

νr,m=1 < frot <
3

2
νr,m=1

and

1

2
νr,m=2 < frot <

3

5
νr,m=2,

and are consistent with r modes if the rotation periods Prot

of the two stars lie in the ranges 0.47 – 0.56 d (BD+37◦442)
and 0.96 – 1.15 d (BD+37◦1977). For BD+37◦442, this im-
plies an equatorial velocity in the range 140 – 170 km s−1,
consistent with the Heber et al. (2014) measurement with
inclination i ≈ 30◦.

5 CONCLUSION

We have presented TESS light curves for two extreme he-
lium hot subdwarfs. Both are interesting as sources of X-rays
generated in a stellar wind, and as putative descendants of

other extremely helium-rich stars. The TESS data provide
the first unequivocal evidence for light variability in either
star, variability which is clearly periodic. Discerning the pe-
riod driver is more difficult, but it is noted that the principal
photometric periods are relatively large fractions of the the-
oretical minimum rotation periods for breakup. An absence
of variations in radial velocity argues against either star be-
ing a member of a short-period binary. Apparent harmonics
in the frequency spectra are not exact, but this could be
due to the limited length of the TESS light curves. Folding
the light curves on the principle periods provides scant help;
the average shape is asymmetric and the residuals remain
substantial. The most satisfactory explanation is that the
principal periods and their harmonics correspond to Rossby
waves excited on the surface of two quite rapidly rotating
hot subdwarfs. TESS observations of other hot subdwarfs
expected to be rotating rapidly should be inspected for the
presence of r modes.
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