
1
Draft version August 1, 2022
Typeset using LATEX twocolumn style in AASTeX631

TIC 5724661: A Long-Period Binary with a Pulsating sdB Star and δ Scuti Variable

Rahul Jayaraman ,1 Saul A. Rappaport,1 Lorne Nelson ,2 Donald W. Kurtz ,3, 4 George Dufresne,22

Gerald Handler ,5 Abdel Senhadji ,2, 6 David W. Latham ,7 George Zhou,7 Allyson Bieryla ,7 and3

George R. Ricker1
4

1MIT Department of Physics and MIT Kavli Institute for Astrophysics and Space Research, Cambridge, MA 02139, USA5

2Department of Physics and Astronomy, Bishop’s University, 2600 College St., Sherbrooke, QC J1M 1Z7, Canada6

3Centre for Space Research, Physics Department, North-West University, Mahikeng 2745, South Africa7

4Jeremiah Horrocks Institute, University of Central Lancashire, Preston PR1 2HE, United Kingdom8

5Nicolaus Copernicus Astronomical Center of the Polish Academy of Sciences, Bartycka 18, 00-716 Warsaw, Poland9

6Department of Physics, University of New South Wales Canberra, Northcott Dr., Campbell, ACT 2600, Australia10

7Center for Astrophysics — Harvard & Smithsonian, 60 Garden St., Cambridge, MA 02138, USA11

(Received November 12, 2021; Revised August 1, 2022)12

ABSTRACT13

Using TESS 20-sec cadence data, we have discovered an unusual combination of pulsating stars in14

what we infer to be a binary system. The binary consists of a standard δ Scuti star with pulsations15

over the range 32-41 d−1; this is in a likely wide orbit with a hot subdwarf B (sdB) star, which itself16

has a large-amplitude p-mode pulsation at 524 d−1. We establish constraints on the period of the17

putative binary by using radial velocity measurements of the δ Scuti star and show that any sdB18

companion star must orbit with a period greater than a few tens of days. Our identification of this sdB19

binary serves as an important addition to the relatively small number of sdB binaries known to have20

orbital periods longer than a few days. We model such a binary using MESA and find that this system21

could be formed through stable, nonconservative mass transfer from either a low- or intermediate-mass22

progenitor, without undergoing a common envelope phase.23

Keywords: binaries: sdB-main sequence – binaries: wide – stars: individual: (TIC 5724661)24

1. INTRODUCTION25

1.1. Observational properties of hot subdwarfs26

Hot subdwarf-B stars (sdBs) are core helium-burning27

stars with thin hydrogen envelopes (. 0.01 M�) that ex-28

hibit significant chemical peculiarities. Hot subdwarf-O29

stars (sdOs) are even more chemically evolved, with he-30

lium burning occurring in a shell around an inert carbon-31

oxygen (CO) core. Such stars, which are thought to rep-32

resent late stages of stellar evolution, are likely derived33

from the stripped cores of red giants. They usually lie on34

the blue end of the Extreme Horizontal Branch (EHB) of35

the Hertzsprung-Russell Diagram (HRD; see, e.g., Heber36

1986; Saffer et al. 1994; Heber 2016). sdB and sdO stars37

Corresponding author: Rahul Jayaraman

rjayaram@mit.edu

have surface temperatures of 20, 000 . Teff . 60, 000 K,38

with 5 . log g . 6.5, and masses of ∼ 0.47 M�.39

We have adopted the following working definitions re-40

garding subdwarfs and their key properties:41

1. sdB stars burn helium (He) in their cores and42

may also undergo α-channel burning of the newly-43

created carbon in the core (leading to the creation44

of oxygen). This phase persists for tens of Myr,45

during which the radius stays roughly constant.46

2. sdO stars have a well-defined CO core, with he-47

lium burning occurring in a shell around this core,48

which has completed carbon burning and become49

inert. Simultaneous hydrogen burning occurs in50

a thin layer near the surface. This phase is typ-51

ically shorter than the sdB phase (by a factor of52

approximately 2 to 3), and the radius also remains53

roughly constant during this phase.54
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3. sdA (subdwarf A) stars, a newly discovered class55

of subdwarfs, have poorly constrained properties.56

Their true nature remains uncertain because there57

may be a variety of processes leading to their for-58

mation (see, e.g., Yu et al. 2019). While the prove-59

nance of these stars remains an important open60

question, they are not of importance for this work.61

1.2. Pulsating subdwarfs62

The first pulsating sdB (sdBV) star, EC 14026-2647,63

was discovered by Kilkenny et al. (1997), who found a64

pulsation with a period of 144 s. Since then, over 10065

such pulsating stars have been discovered, many of them66

through space-based missions such as Kepler (including67

K2) and TESS (see, e.g., Holdsworth et al. 2017; Reed68

et al. 2021). These stars fall into three categories – rapid69

(sdBVr) pulsators, with p mode oscillations on the order70

of a few minutes; slow (sdBVs) pulsators, with g mode71

oscillations on the order of a few hours, and hybrid pul-72

sators, which exhibit both p and g mode oscillations.73

1.3. Formation of sdB stars74

While the different classes of sdBV stars are fairly75

well-defined, the formation of these objects remains76

somewhat of a mystery. There have been extensive stud-77

ies of the mechanisms via which sdB stars form; see, for78

instance, Mengel et al. (1976), Castellani & Castellani79

(1993), Dorman & Rood (1993), Han et al. (2002, 2003),80

Justham et al. (2011), Schindler et al. (2015), Vos et al.81

(2019), Senhadji (2019), and Vos et al. (2020).82

Han et al. (2002) specifically compared various forma-83

tion channels leading to the creation of sdB stars. They84

concluded that sdBs in tight binaries (Porb . 10 d) were85

likely formed as a result of common envelope (CE) evo-86

lution. On the other hand, they showed that wide sys-87

tems composed of sdBs + WDs (Porb & 400 d) could,88

in principle, be formed as the result of stable, yet com-89

pletely non-conservative Roche lobe overflow (RLOF).90

Finally, they demonstrated the conditions under which91

the merger of He WDs (the double helium-WD channel)92

could lead to the ignition of helium, thereby producing93

sdBs.94

For common envelope evolution to produce a short-95

period sdB, a red giant whose mass is at least 2 to 396

times greater than that of its companion must overflow97

its Roche lobe and achieve a sufficiently high mass trans-98

fer rate onto its companion (Mengel et al. 1976). Such99

a high accretion rate precludes the companion star from100

accreting all of the deposited matter, leading to the for-101

mation of a common envelope (see, e.g., Kuiper 1941).102

The rapid shrinking of the giant’s Roche lobe as it loses103

mass causes dynamically unstable mass transfer, forcing104

the accreting companion to begin to spiral inside the gi-105

ant’s envelope (see, e.g., Webbink 1976). If the change106

in the orbital energy is sufficient to unbind the envelope,107

then the giant’s envelope can be expelled from the bi-108

nary system on the order of hundreds of years (Xiong109

et al. 2017). If a merger can be avoided, the compan-110

ion emerges in a tight, circular orbit (periods of hours111

to days) around the stripped core of the red giant. This112

stripped core can then evolve onto the EHB and become113

an sdB (and/or sdO). The relatively high proportion114

of sdB stars observed in short-period binaries suggests115

that this evolutionary scenario is the most common (Han116

et al. 2003), but there exists an observational bias that117

favors the discovery of such systems.118

Models of longer-period binaries containing sdBs can119

also be produced by assuming that the primordial bi-120

nary, consisting of two main sequence (MS) stars un-121

dergoes stable, but (partially) non-conservative, mass122

transfer, in which both mass and angular momentum123

leave the system. Using a binary population synthe-124

sis code, Han et al. (2003) concluded that it is possible125

to produce sdBs in binaries with Porb ≈ 100 d under126

these assumptions. They refer to this as the “first sta-127

ble RLOF channel.” It should be noted, however, that128

the evolution of the accretor does not seem to have been129

computed contemporaneously with that of the donor.130

This could possibly result in the accretor filling its Roche131

lobe before the donor has had a chance to evolve to (or132

completely through) the sdB phase. Han et al. (2003)133

also considered the formation of wide sdB+WD binaries134

with periods on the order of 1000 d (“second CE ejection135

channel”), but their simulations failed to produce any,136

due to the need for massive WDs in such systems.137

Very recently, Vos et al. (2020) showed that the ob-138

served population of wide sdB binaries (Porb & 1000 d)139

could be robustly reproduced under the assumption that140

the low-mass primordial primary star (donor) is close to141

the tip of the red giant branch (helium flash) when rapid,142

yet stable, non-conservative mass loss occurs as a result143

of Roche lobe overflow. This can result in the forma-144

tion of wide binaries containing sdBs. Using population145

synthesis techniques, they also investigated the effects146

of metallicity. For solar metallicities, they found Porb &147

1000 d; for lower metallicity stars they showed that sdB148

binaries were likely to have Porb ≈ 1000 d.149

It is also possible to form sdB/O binary stars via sta-150

ble, (partially) non-conservative mass transfer in pro-151

genitor binaries composed of intermediate-mass, main-152

sequence stars. While we know that mass transfer can be153

partially non-conservative based on an analysis of Algol-154

related binaries (Eggleton 2000), we do not have a good155

constraint on systemic mass loss (i.e., the fraction of156
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mass ejected from the binary). An extensive grid of more157

than 3000 progenitor models was calculated by Senhadji158

(2019) of potential progenitors of hot subdwarfs, un-159

der the assumption of partially non-conservative, stable160

mass transfer (and solar metallicity). The primaries of161

the primordial binaries were chosen to have masses be-162

tween 1 and 8 M� (with the secondaries having masses163

of 25%, 50%, 80% and 90% of the primary), and ini-164

tial orbital periods of 1–200 d. Mass transfer was also165

parameterized so as to be arbitrarily non-conservative166

(i.e., ranging from 0 to 100%). That work suggests that167

sdB-containing binaries could have orbital periods in the168

range of 10 d . Porb . 100 d. Thus, they naturally169

bridge the gap in Porb between sdBs formed as a result170

of common envelope evolution and those formed from171

low-mass red giants that undergo rapid mass transfer172

near the tip of the red giant branch.173

1.4. TIC 5724661174

As part of its goal to enable precision asteroseismol-175

ogy, the Transiting Exoplanet Survey Satellite (TESS;176

Ricker et al. 2015) has been observing a subset of stars177

using a novel 20-s cadence since Sector 27, which oc-178

curred during 2020 July. This mode can probe frequen-179

cies up to a Nyquist limit of 2160 d−1, corresponding to180

periods as short as 40 s. TESS short-cadence observa-181

tions are invaluable in the detection and characterization182

of new subdwarfs, especially pulsators (see, e.g., Section183

6 of Lynas-Gray 2021, and references therein).184

TIC 5724661 was chosen to be observed at 20 s cadence185

because it was a known A star in the instability strip on186

the HRD. Observations of this star and our subsequent187

analyses revealed two sets of pulsational frequencies –188

one in the typical δ Scuti frequency range and two other,189

unexpected, peaks at 524 d−1 and 580 d−1. These two190

are in the characteristic pulsational frequency range of191

hot compact stars, like white dwarfs and sdBVr stars.192

In this paper, we first analyze the frequencies of the193

δ Scuti pulsations and discuss the modes they repre-194

sent. Then, we show that the spectrum of TIC 5724661195

does not exhibit the chemical abnormalities of a roAp196

star. Moreover, no significant variations in radial veloc-197

ity are found over a series of unequally-spaced observa-198

tions, suggesting a long-period (& 70 d) orbit. We next199

discuss the strong evidence for a hot compact compan-200

ion suggested by the excess ultraviolet (UV) flux in the201

Spectral Energy Distribution (SED). We then explore202

possible formation pathways for such a system and con-203

textualize our discovery of a novel system. Note, we will204

hereafter refer to the A-star component of the binary as205

the “secondary”, and the sdB component as the “pri-206

Table 1. Properties of TIC 5724661

Parameter Value

RA (J2015.5) (h m s) 23:11:07.84

Dec (J2015.5) (◦ ′ ′′) -17:13:19.424

T a 11.204 ± 0.007

Gb 11.286 ± 0.001

GBP
b 11.353 ± 0.001

GRP
b 11.154 ± 0.001

Ba 11.431 ± 0.129

V a 11.231 ± 0.010

Jc 10.998 ± 0.020

Hc 10.962 ± 0.024

Kc 10.919 ± 0.023

W1d 10.889 ± 0.023

W2d 10.917 ± 0.020

W3d 10.851 ± 0.162

W4d > 8.607

R (R�)e 1.32+0.09
−0.11

L (L�)e 5.737 ± 0.8

Distance (pc)b 611 ± 15

µα (mas yr−1)b −4.5197 ± 0.0375

µδ (mas yr−1)b +4.941 ± 0.0304

Notes. (a)exofop.ipac.caltech.edu/tess/index.php. (b)
Gaia eDR3 (Gaia Collaboration et al. 2016a; Gaia

Collaboration et al. 2016b; Gaia Collaboration et al. 2021).
(c) 2MASS catalog (Skrutskie et al. 2006). (d) WISE point

source catalog (Cutri & et al. 2014). (e) This work; see
Table 4 for details regarding the radius estimate, as well as

Table 2 for RV data.

mary”, for reasons regarding the evolution of the binary207

that will be more thoroughly explained in Section 6.208

2. OBSERVATIONAL DATA209

2.1. TESS Observations of TIC 5724661210

TIC 5724661 was observed by TESS in Sector 29 (from211

2020 August 26 to September 21) and Sector 42 (from212

2021 August 20 to September 16) in both 2 min and213

20 s cadence. The data are available in both SAP (sim-214

ple aperture photometry) and PDCSAP (presearch data215

conditioning SAP) forms. Data processing was done us-216

ing the Science Processing Operations Center (SPOC)217

pipeline at NASA Ames (Jenkins et al. 2016). We used218

the PDCSAP data from both Sectors 29 and 42 for our219

analysis after converting the given flux intensity to mag-220

exofop.ipac.caltech.edu/tess/index.php
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Figure 1. The light curve of TIC 5724661 obtained in 20 s
cadence in TESS Sectors 29 and 42 after processing with the
SPOC pipeline (Jenkins et al. 2016). The pulsations are too
rapid and too low in amplitude to discern visually in this
compressed figure. Its purposes are (i) to show the two gaps
in the data, which affect the spectral window, and (ii) to
show the noise level in the 20-s data points. The ordinate
scale is Barycentric Julian Date – 240 0000.0.

nitudes.1 The Sector 29 data span 24.33 d with a tem-221

poral center point of t0 = BJD 2459100.41122, and com-222

prise 88937 data points (after clipping by SPOC to re-223

move outlier points, e.g., those arising from cosmic ray224

strikes on the detector).2225

Figure 1 shows the SPOC-processed light curves with226

the data gaps between the two orbits making up each227

TESS sector. These arise from the lack of observations228

during data downlink, or saturation of the CCDs due229

to scattered light from the Earth and the Moon. Such230

data gaps affect the spectral window, necessitating ei-231

ther analysis with a Discrete Fourier Transform (DFT;232

see, e.g., Kurtz 1985) or appropriate corrections, such as233

re-binning the data into equally-spaced temporal bins.234

2.2. Spectroscopy235

1 The data from Sector 42 have a large data gap during the first
orbit (see Figure 1) due to saturation of the CCDs arising from
the moon being in the TESS field-of-view, so we rely somewhat
less on this dataset.

2 TESS Sector 29 Data Release Notes: https://archive.stsci.edu/
\missions/tess/doc/tess drn/tess sector 29 drn43 v02.pdf

We obtained spectroscopic observations of236

TIC 5724661 with the Tillinghast Reflector Echelle237

Spectrograph (TRES, Furesz 2008), on the 1.5-m re-238

flector at the Fred Lawrence Whipple Observatory239

(FLWO) in Arizona, USA. TRES is a high-resolution240

fiber-fed echelle spectrograph, with a spectral resolv-241

ing power of R = 44 000 over the wavelength region of242

3900−9100 Å. A total of ten observations were obtained243

for TIC 5724661 during 2020 December, and between244

2021 September and 2021 December, with peak signal-245

to-noise ratios per resolution element of ∼30 in the Mg246

b triplet wavelength region. The spectra were extracted247

and reduced as per Buchhave et al. (2010), with wave-248

length solutions derived from bracketing Th-Ar lamp249

exposures. The observing schedule was designed to be250

sensitive to a companion with Porb . 30 d.251

To derive the spectroscopic broadening profiles and252

radial velocities from each observation, we performed a253

least-squares deconvolution (LSD, Donati et al. 1997)254

of each spectrum against a synthetic non-rotating tem-255

plate; this provided both a value for the radial velocity,256

along with an uncertainty value. We also conducted257

a multi-order velocity analysis of the spectra, and de-258

rived another set of uncertainties for the radial velocity259

values. We observed that the multi-order uncertainties260

were around 50% greater than the LSD uncertainties in261

some cases, and agreed with them in other cases. Values262

from both sets of analyses are presented in Table 2.263

Visual examination of the broadening profiles for a264

set of lines from the sdB companion remained negative,265

but the line profiles did show night-to-night variability266

consistent with typical spectroscopic line variations ex-267

hibited by δ Scuti stars. The broadening profiles were268

fitted with a model kernel accounting for the rotational,269

macroturbulent, and instrumental broadening terms, as270

well as the velocity shift of the spectrum. The compari-271

son to model spectra and further analyses (including the272

use of a rotating template) are described in Section 4.273

The set of eleven measured radial velocities obtained274

with TRES is given in Table 2.275

3. FREQUENCY ANALYSIS276

The TESS data from both Sectors 29 and 42 were an-277

alyzed using a fast Discrete Fourier Transform (Kurtz278

1985) to produce amplitude spectra. The top panel in279

Fig. 2 shows the amplitude spectrum out to about half280

the Nyquist frequency of 2160 d−1, calculated using the281

Sector 29 data. A cluster of peaks in the δ Sct fre-282

quency range is seen between 26 − 46 d−1, and a sin-283

gle, high-frequency peak is clearly detected at 523.99 d−1
284

(6.065 mHz). These are shown at higher frequency reso-285

lution in the two middle panels, with appropriate labels286

https://archive.stsci.edu/\missions/tess/doc/tess_drn/tess_sector_29_drn43_v02.pdf
https://archive.stsci.edu/\missions/tess/doc/tess_drn/tess_sector_29_drn43_v02.pdf
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Table 2. Radial Velocity Measurements of TIC 5724661
from the Tillinghast Reflector Echelle Spectrograph (TRES).

Observation Radial LSD Multi-Order

Date Velocity Error Error

(BJD-2400000) (km s−1) (km s−1) (km s−1)

59190.60806 −39.85 ± 0.17 ± 0.48

59196.58549 −39.54 ± 0.73 ± 0.68

59199.57533 −41.06 ± 0.80 ± 0.75

59200.59383 −40.24 ± 0.66 ± 0.59

59202.58932 −41.05 ± 0.69 ± 1.13

59484.77567 −39.03 ± 0.63 ± 0.65

59487.72156 −38.98 ± 0.38 ± 0.52

59519.69383 −37.51 ± 0.47 ± 0.71

59566.62276 −35.20 ± 0.20 ± 0.65

59567.60356 −35.26 ± 0.21 ± 0.44

59766.95738 −32.19 ± 0.39 ± 0.56

indicating the sector whose light curve was input to the287

DFT. There is an additional peak at 579.85 d−1 that288

increases in prominence in Sector 42, lending further289

credence to our hypothesis of an unseen hot compact290

pulsator in this system.291

3.1. Mode Identification and Asteroseismology292

We fitted the 13 δ Sct frequencies and the most promi-293

nent sdBVr frequency to the Sector 29 data using a294

non-linear least-squares algorithm in order to (a) op-295

timize the frequencies, amplitudes and phases, and (b)296

determine their uncertainties. Those best-fit parame-297

ters are provided in Table 3. The frequency range is298

narrow, and the number of excited modes is relatively299

small for a δ Sct star. The frequency solution for the300

δ Sct modes derived from the sector 42 is consistent to301

within the observational errors with the one listed in Ta-302

ble 3. The bottom panel of Figure 2 shows the amplitude303

spectrum of the residuals after a non-linear least-squares304

fit of the 14 aforementioned peaks was subtracted from305

the data. We believe that the highest-frequency peak,306

at 523.99 d−1 arises from a pulsation mode in an sdBVr307

star, as discussed later.308

A simple zeroth order relation for a pulsator (first de-309

rived using a toy model in Ritter 1879) that relates the310

pulsation period P and mean density ρ̄ is:311

P

√
ρ

ρ�
= Q, (1)312

where Q is a constant for a given pulsation mode, which313

is defined by this equation. This can be rewritten in314

terms of observables as follows:315

logQ = logP +
1

2
log g+

1

10
Mbol +log Teff −6.454, (2)316
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Figure 2. The top panel shows the Fourier amplitude spec-
trum to 1000 d−1 from the Sector 29 light curve; there are
no significant peaks between 1000 d−1 and the Nyquist fre-
quency, 2160 d−1. The second panel zooms into a cluster
of peaks in the δ Sct frequency range between 20 − 55 d−1,
along with a single, high-frequency peak at 523.99 d−1

(6.065 mHz). The third panel shows the δ Scuti and high-
frequency pulsations observed in Sector 42; the peak at
579.85 d−1 (6.711 mHz) increases in prominence between
Sectors 29 and 42. The bottom panel shows the Fourier
spectrum of the residuals after a non-linear least-squares fit
of the 13 highest-amplitude δ Sct peaks and the peak at
523.99 d−1 (from the sdB star) is subtracted from the data.

Here, P is in days and log g is in cgs units. As a first-317

order estimate, we use the TESS input catalog (TIC)318

values of Teff = 8400 K and log g = 4.3 (Stassun et al.319

2019) and estimate Mbol = 1.6 mag from the Gaia par-320

allax and V magnitude. Thus, we can calculate the Q-321

values for the δ Sct frequencies, which enables us to es-322
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timate the radial overtone for these frequencies’ modes323

by comparing them with previously-calculated models,324

such as those in Table 1 of Stellingwerf (1979). Note325

that the putative sdB companion is significantly fainter326

in the TESS and Gaia passbands (i.e., in the optical –327

see Figure 5), so its contribution to the total absolute328

magnitude of the system can be neglected here.329

For the two highest amplitude modes which span330

the frequency range of the δ Sct pulsations, we find331

Q = 0.019 for the 32.0888-d−1 frequency and Q = 0.015332

for the 39.8553-d−1 frequency. Comparing these with333

model 4.4 in Stellingwerf (1979) suggests that modes in334

the δ Sct star range in radial overtone between n ∼ 2−4.335

This is a narrow range of overtones, and the number336

of observed frequencies in the range requires most of337

the associated modes to be nonradial. At first glance,338

TIC 5724661 seems to be a relatively hot δ Sct star,339

and since hotter stars tend to pulsate in higher radial340

overtones (Breger & Bregman 1975), n ∼ 2 − 4 radial341

overtones are not unexpected. However, we are also cog-342

nizant of the fact that the temperature estimate given343

in the TIC may be inflated due to an unresolved sdB344

companion; more details are discussed in Section 5.345

Three of the peaks are nearly equally spaced in fre-346

quency: 34.3520, 35.0681, and 35.7721 d−1. The sepa-347

rations between pairs of these peaks are 0.7161± 0.0025348

and 0.7040 ± 0.0024 d−1; these separations themselves349

differ only by 0.012 ± 0.003 d−1. Despite this small350

difference, the formalism provided in Dziembowski &351

Goode (1992) appears to suggest that this triplet does352

not arise from rotational splitting. However, if we do353

assume rotational splitting, we can crudely estimate354

Prot = 1.4 d (neglecting the Ledoux rotational split-355

ting constant Cn,`). Moreover, because we know that356

the binary contains a δ Scuti star, we can use the il-357

lustrative values log g = 4.3 and M ∼2 M� to derive358

a crude radius estimate of R ∼ 1.6 R�. These values,359

along with the rotational period estimate, predict that360

veq = 60 km s−1. The spectroscopic estimate of v sin i,361

39.9 ± 0.9 km s−1, suggests that the rotational axis of362

the star is tilted ∼40◦ with respect to our line of sight363

(here, we use the convention that 0◦ is parallel to our line364

of sight). We emphasize that these are only first-order365

estimates; further analysis and modeling (discussed in366

Sections 5 and 6) can better constrain these parameters.367

3.2. Possible Sources for the 524 d−1 Signal368

Many TESS light curves are affected by the blending369

of targets close to each other on the night sky, in part due370

to the large size of TESS pixels (see, e.g., Guerrero et al.371

2021). As a result, we sought to ensure that both the372

low and high frequency pulsation signals were coming373

Table 3. A non-linear least squares fit of 13 δ Sct frequencies
and 1 sdBV frequency to S29 data. The zero point for the
phases, t0 = 2459100.41122, is the center in time of the data.

frequency amplitude phase

d−1 mmag radians

±0.024

31.9317 ± 0.0021 0.246 −1.534 ± 0.102

32.0888 ± 0.0010 0.522 −2.884 ± 0.047

32.7019 ± 0.0032 0.160 −1.931 ± 0.151

33.1820 ± 0.0015 0.341 1.555 ± 0.071

34.3520 ± 0.0017 0.300 0.531 ± 0.081

35.0681 ± 0.0019 0.267 −1.539 ± 0.091

35.7721 ± 0.0014 0.362 −0.086 ± 0.067

36.8673 ± 0.0015 0.330 2.064 ± 0.073

37.2562 ± 0.0021 0.243 −1.097 ± 0.100

38.2666 ± 0.0016 0.314 3.071 ± 0.077

39.5224 ± 0.0014 0.356 −2.691 ± 0.068

39.8553 ± 0.0009 0.585 1.304 ± 0.042

40.3589 ± 0.0020 0.258 −1.756 ± 0.094

523.9899 ± 0.0011 0.449 2.917 ± 0.054

from the same target on the sky. We first downloaded374

the target pixel file (TPF) for this target and extracted375

the flux time-series for each pixel. Then, we took the376

Fourier transform of each individual pixel and produced377

an 11×11 array of FTs centered on the target star. Next,378

we convolved this 11×11 array with a 3×3 boxcar kernel379

to enhance the statistics, albeit at the cost of some spa-380

tial resolution. We found that both the 524 d−1 signal381

and the δ Scuti pulsations arose from the same region382

of sky. In particular, they were both strongest when the383

3×3 boxcar kernel contained 8 of the 9 pixels from the384

optimal aperture selected by SPOC to generate the light385

curve shown in Fig. 1—this aperture is shown in the left386

panel of Fig. 3. Outside this region, the amplitude of387

these pulsations rapidly declined. The right panel of388

Figure 3 displays a 4×4 subarray of the smoothed FTs.389

The four panels with the highest amplitude peaks at 524390

d−1 correspond exactly to the four central pixels in the391

optimal aperture (left panel of Fig. 3). The left panel, in392

addition to the optimal aperture, also shows the nearest393

stars in the Gaia catalog, emphasizing that there are no394

potential contaminants that could produce a signal of395

the magnitude we observe.396

We obtained a similar result using the newly-397

developed software tool TESS-Localize (Higgins & Bell398

2022). The likelihood that the 524 d−1 signal was indeed399

coming from TIC 5724661 and no other contaminating400

star was found to be >99%, further corroborating our401

conclusions about the source of the signal.402
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Figure 3. Left : A plot of the optimal aperture for TIC 5724661, marked with shading indicating flux, along with the positions
and Gaia magnitudes of nearby stars in the Gaia catalog. It is evident that none of the nearby stars is bright or hot enough
to produce a pulsational signal at the observed frequencies. Right : A 4×4 subarray of the Fourier transforms of the time
series at the pixel level. The result for each pixel has been obtained by convolution with a 3×3 boxcar filter to enhance the
statistics, at the cost of decreased spatial resolution (see text for details). The four pixels displaying the highest pulsational
signals correspond to exactly the four central pixels of the optimal aperture shown in the left panel. This clearly demonstrates
that both the δ Scuti pulsations and the 524 d−1 pulsation arise from within the optimal aperture and that none of the other
stars in the TPF causes it. The location of the high-frequency pulsation (from the putative sdB star) is marked with an arrow.

After we confirmed that both signals were coming403

from the same point on the sky, we explored various404

possibilities to explain the high-frequency signal. Most405

A stars with veq . 100 km s−1 are either Am or Ap stars,406

meaning they exhibit strong metal lines (the distinction407

arises from the presence of a strong dipole magnetic field408

in Ap stars; see, e.g., Murphy 2014). So, we would ex-409

pect TIC 5724661 to show abundance anomalies when410

examined at high spectral resolution, most probably of411

the Am kind, as nearly half of A stars near this temper-412

ature are Am stars (Smith 1973). However, as discussed413

in Section 4, no abundance anomalies were detectable in414

our spectra; we may need a data set with a higher spec-415

tral resolution to see such anomalies. More evidence416

against the idea that the 523.99 d−1 pulsation arises417

from a roAp star is the fact that this frequency is over418

twice the theoretical acoustic cutoff frequency for such419

a star. None of the observed supercritical roAp pulsa-420

tions have deviated from this cutoff as strongly (see, e.g.,421

Holdsworth et al. 2018, and references therein).422

Another possible explanation for the high-frequency423

pulsation observed at 524 d−1 is a white dwarf. Many424

white dwarfs are known to pulsate in this frequency425

regime, with frequencies associated with g modes, as426

opposed to the p modes in sdBVr stars (Winget & Ke-427

pler 2008). However, as shown in Figure 2, the am-428

plitude of the high-frequency oscillation is 0.394 mmag.429

This is 0.036% of the entire system’s light. Using L =430

4πσR2T 4, and adopting illustrative values of 0.01 R� for431

the white dwarf radius and 20 000 K for the temperature,432

we expect the luminosity ratio of the two bodies to be433

10−3, implying the white dwarf pulsates with an ampli-434

tude that is ∼ 35% of its luminosity. Typical WD pul-435

sation amplitudes are between 1 and 2% (Winget 1998);436

thus, this could not plausibly explain our observations.437

Finally, we evaluate the possibility that there is some438

foreground or background contamination in the TESS439

light curve, due to the large size of its pixels. The Gaia440

eDR3 catalog (Gaia Collaboration et al. 2021) shows441

that TIC 5724661 only has one nearby star within 80′′,442

and this star has mG = 19.5 – too faint to exhibit pulsa-443

tions of the amplitude that we observe. Moreover, this444

nearby star’s Gaia BP−RP value is 1.74, suggesting that445

this is an extremely cool star that should not be able to446

pulsate at all (Andrae et al. 2018). Moreover, the Renor-447

malized Unit Weight Error (RUWE) for TIC 5724661 is448

1.482 – which is significantly greater than the expected449

“typical” value of 1; relatively large RUWE values—450

usually those & 1.4—can often be used as a proxy for451

binarity (see, e.g., Belokurov et al. 2020, and the sample452

selection criteria used in Ziegler et al. 2020). As a result,453

we can safely discount the possibility of contamination454
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by another source and focus on the presence of a hot455

compact companion in the TIC 5724661 system.456

We thus conclude that this high-frequency mode likely457

arises from a p mode sdBVr star. Constraints on its458

mass are discussed in Section 4, its temperature in Sec-459

tion 5, and its evolutionary history in Section 6.460

4. SPECTRAL ANALYSES461

To study the spectra we obtained, we conducted two462

analyses—one to establish constraints on the radial ve-463

locity variations, and hence on the mass of a potential464

unseen sdB companion, and another in which we directly465

searched for spectral signatures to check the chemical466

composition of the A star and identify any peculiarities.467

First, we used the lack of detectable RV variations to468

constrain the mass of a potential companion. We fit469

for the K velocity, orbital phase, and γ velocity of the470

RV curve for each of 106 trial periods evenly spaced in471

logarithmic space between 0.1 and 1000 d, all assuming472

circular orbits. To be conservative when generating our473

constraints, we multiplied the LSD uncertainties (de-474

scribed in Section 2) by 1.6 and input those as the ar-475

gument sigma to the curve fit function in scipy. For476

each trial period, we then calculated an upper limit to477

the value of the mass function using the best-fit K value478

plus twice its derived uncertainty. Finally, we solved for479

the corresponding limit to the mass of a potential com-480

panion by using the upper limit on the value of the mass481

function and an assumed mass for the A star of 2M�.482

This was done for each of three assumed orbital inclina-483

tions of 30◦, 60◦, and 90◦. A plot of the derived upper484

constraints for a potential companion is given in Fig-485

ure 4. The data suggest that any sdB star companion486

is more likely to be in an orbit longer than ∼ 150 d.487

However, there are cases involving low inclination an-488

gles that could harbor either a short- or medium-period489

sdB star (e.g., 35–60 d). There is also the possibility490

the orbit is eccentric, which may lead to inauspicious491

locations along the orbit when the radial velocities were492

measured. The regions of parameter space that could493

result in both intermediate and long periods for the sdB494

companion is explored further in Section 6.495

We then turned our attention to directly analyzing the496

spectrum to ascertain more about the nature of the A497

star. We began by summing the seven TRES spectra498

into one, as there were no significant radial velocity dif-499

ferences among them. The summed spectrum had a S/N500

of about 65 and was, just like in Section 2.2, compared to501

model atmospheres using ATLAS9 (Castelli & Kurucz502

2004) and SPECTRUM (Gray & Corbally 1994). An503

atmosphere with Teff = 8000 K, log g = 4.0, [M/H]=0,504

broadened to v sin i = 40 km s−1 gave a good fit to the505
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Figure 4. Upper limits on the mass of a potential com-
panion to a 2 M� star that are derived from our RV mea-
surements for a range of assumed orbital inclinations. The
shaded red region indicates the range of masses of the sdBs
that resulted from the modeling of various evolutionary sce-
narios (described in Section 6). It is clear that the derived
constraints are more stringent for periods . 35 d. There ex-
ist islands of marginally acceptable binary periods between
35 and ∼60 d, especially for lower inclinations; more proba-
ble periods lie near 150 and ∼ 300 d. The mass is essentially
unconstrained above 500 d. Spikes represent locations where
we do not possess any information on the mass of a potential
companion, as a result of our observing cadence. The narrow
spikes below 3 d are aliases of the 1 d observing windows.

summed spectrum. A search for chemical peculiarities506

indicative of a magnetic A star yielded a null result, with507

the possible exception of a somewhat narrow Ca K line508

at 393.366 nm. Likewise, searches for He lines in the509

summed spectrum caused by a possible sdB compan-510

ion remained negative. This latter non-detection could511

be explained through a pure-H atmosphere, which may512

arise from chemical differentiation processes in the sdB:513

Hunger & Kudritzki (1981) and Latour et al. (2018) sug-514

gest that processes such as gravitational settling, stellar515

winds (for hotter sdB/O stars), and convective instabil-516

ity can cause the He abundance to deviate from what517

is expected. On the other hand, this could simply be a518

consequence of an sdB companion being 2.5 magnitudes519

fainter than the δ Scuti star in the optical (see Fig. 5).520

5. SPECTRAL ENERGY DISTRIBUTION521

The spectral energy distribution (SED) obtained from522

the Vizier portal (Ochsenbein et al. 2019) exhibits an523

excess in the ultraviolet flux in both the Galex NUV524

and FUV bands (see Fig. 5). Thus, we fit the SED with525

a model for the summed spectra from an A star and an526

sdB star to further test the possibility of an unresolved527

long-period hot sdB companion to the A star.528
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We used a custom implementation of the Markov529

Chain Monte Carlo (MCMC) algorithm to estimate pa-530

rameters for the temperatures and radii of the two po-531

tential stars in the system. The extinction AV was set as532

a free parameter, as the estimates provided by Gaia for533

AG appeared to be unreliable for our purposes. Specif-534

ically, the value of AG provided in the Data Release 3535

(DR3), when converted to AV using the conversion fac-536

tors given in Wang & Chen (2019), does not agree with537

the value provided using the NED calculator (based on538

Schlafly & Finkbeiner 2011). The extinction at other539

wavelengths was calculated based on the prescription540

given in Cardelli et al. (1989). The distance to the source541

was fixed at 713 pc, based on the Gaia parallax measure-542

ments given in DR3 (Prusti et al. 2016; Gaia Collabo-543

ration et al. 2021). The Vizier data points were fit with544

summed model Kurucz spectra of an A star with fixed545

log g = 4.3 and an sdB star with fixed log g = 5 (Castelli546

& Kurucz 2004). While there exist significant processes547

in hot, compact stars that could lead to non-local ther-548

mal equilibrium (NLTE) effects in the spectral energy549

distributions, Saffer et al. (1994) note that at typical sur-550

face gravities for these stars, non-LTE and LTE atmo-551

spheres agree quite well. Additionally, the key changes552

occur in the Balmer lines, as discussed in Napiwotzki553

(1997); at the resolution of the observational data points554

we are using, these lines are not resolvable, making our555

decision to pursue an LTE analysis reasonable. We set556

the priors on the A star to be 1 R� < RA < 2.5 R�, with557

7000 K < Teff < 11000 K. The sdB star’s radius was558

sampled logarithmically and constrained to be within559

0.1 < RsdB < 1 R�, with 15000 < Teff < 50000 K.560

Finally, we set the prior on AV as 0 ≤ AV ≤ 0.3.561

Because we are fitting the composite spectrum of two562

stars in this SED, it is very helpful to have reliable prior563

constraints on the extinction parameter AV . The TESS564

input catalog v8.2 (reference), as listed on MAST3 gives565

E(B − V ) = 0.021 ± 0.005. For a standard conversion566

factor of RV ' 3.1, this translates to AV ' 0.065. The567

NED Galactic Extinction Calculator4, which is based on568

Schlafly & Finkbeiner (2011), gives AV ' 0.096 to infin-569

ity. However, since this source has a Galactic latitude570

of −65◦ and the source is 611 pc away, this is well out571

of the Galactic plane, and we take this to be a good572

representation of AV to the source itself. HEASARC5
573

provides a hydrogen column density (also to infinity) of574

NH ' 2.4 × 10−20 cm−2. If we adopt a conversion fac-575

3 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.
html

4 https://ned.ipac.caltech.edu/forms/calculator.html
5 https://heasarc.gsfc.nasa.gov/docs/tools.html

10 1 100 101

Wavelength (µm)
10 16

10 15

10 14

10 13

10 12

F(
) (

W
/m

2 )

summed model
sdB model
A model
observations

Figure 5. SED plot for TIC 5724661 (black points), where
the smooth curves are the model fits using Kurucz (Castelli
& Kurucz 2004) spectra for the sum of the A star and the
inferred sdB star; these have been corrected for interstellar
extinction. The fits are described in detail in the text. The
green curve is for the A star alone, while the orange curve
represents the flux of a companion sdB star. It is evident
that the sum of the models for an A star and an sdB star
can explain the observed SED much better than either would
on their own. This lends credence to our claim that there is
a compact, hot body orbiting the A star.

tor of 4.5× 10−22AV /NH (as provided in Güver & Özel576

2009), we can estimate AV ' 0.11. Finally, we note577

that Gaia’s early Data Release 3 (Gaia Collaboration578

et al. 2021) lists a value for AG of 0.62. If we converted579

this to AV , using the relations given in Table 3 of Wang580

& Chen (2019), we would infer a value of approximately581

0.79. However, in light of the extreme disagreement with582

the other estimates of AV , and because the Gaia esti-583

mate of AV is presumably based only on three spectral584

points, we discount this estimate of AV and do not use it.585

Therefore, in our MCMC evaluation of the TIC 5724661586

system parameters, we set a generous prior on the range587

of AV to be in the range of 0.0 ≤ AV ≤ 0.3.588

To ensure confidence in our assumption that fixing the589

value of log g would not significantly impact the SED590

model values, we used the Tübingen NLTE model spec-591

tra to vary log g for the sdB companion. This parameter592

was varied from 5 ≤ log g ≤ 6.5 (Werner et al. 2012),593

leading to only insignificant differences in the derived594

SED, with the largest being a few parts per thousand595

of the largest SED flux value. Therefore, we were confi-596

dent that we could fix the values of log g for both stars in597

the system, as described above, without losing any crit-598

ical information. This assumption was borne out when599

we plotted the posterior distribution for this parameter,600

which was essentially flat—suggesting that the SED is601

highly insensitive to this parameter. As a result of this602

https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://ned.ipac.caltech.edu/forms/calculator.html
https://heasarc.gsfc.nasa.gov/docs/tools.html
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Table 4. Derived values for Teff and R for both stars.

Parameter Value

Teff - A star 7950+230
−210 K

R - A star 1.75 ± 0.05 R�

Teff - sdB star 33000+9400
−8800 K

R - sdB star 0.13+0.11
−0.04 R�

AV 0.10+0.09
−0.06

degeneracy, we constrained log g through stellar evolu-603

tion modeling; see section 6 for more details.604

We allowed the MCMC to run for 1 million steps. The605

best-fit parameters for the system are presented in Ta-606

ble 4, along with their associated uncertainties. Figure 5607

shows the best-fit spectrum superposed on the available608

data points. The fit is good, with a reduced χ-squared609

value close to unity. A corner plot illustrating the poste-610

rior distributions and their correlations between param-611

eters is shown in Figure 6; all parameters are somewhat612

correlated. There exists a strong correlation between613

the radius and effective temperature for the sdB star,614

as expected – since its radiation dominates the observed615

SED only in the UV region of the spectrum. We do not616

show the posterior distributions for log g, as these are617

flat and do not yield new information.618

These fitted parameters for the putative sdB star619

agree with what is expected for the temperature of such620

a pulsating star. Figure 51 of Heber (2016) shows a621

demarcation between short- and long-period sdB pul-622

sators, with the former having higher temperatures and623

log g values. Our results are reassuring, insofar as our624

inference of a pulsating sdB companion based on the ob-625

servation of a high-frequency (short-period) pulsation in626

the TESS data is bolstered by the value of our best-fit627

value for Teff of the sdB star. However, what is unique628

about this sdB star is that it may lie in a little-explored629

region of binary parameter space: It could have an or-630

bital period that is too long to suggest formation via631

common-envelope evolution, but it also could be too632

short to have evolved via stable mass transfer from a633

low-mass red giant near the tip of the red giant branch.634

6. EVOLUTIONARY ANALYSIS635

Most evolutionary channels leading to the formation636

of hot subdwarfs rely on a red-giant progenitor that is637

rapidly stripped of its deep, hydrogen-rich envelope as a638

result of binary interactions. Once the red giant’s core is639

exposed, it rapidly evolves along the extreme horizontal640

branch (EHB; see Heber 2016, and references therein).641

A large fraction of sdBs are found in binary systems,642

and the majority of these are found in short-period bi-643

naries with Porb . 5 d (see, e.g., Ritter & Kolb 2003).644

Many of these have low-mass companions, such as dM645

or WD stars. There clearly exists a selection effect fa-646

voring the discovery of short-period eclipsing binaries647

due to strong illumination effects and deep eclipses, es-648

pecially for large orbital inclinations. While there ex-649

ists extensive observational evidence for sdBs in short-650

period binaries, there have been many fewer examples651

of observed long-period binary systems (Porb & 300 d)652

containing sdBs (see, e.g., Vos et al. 2019, and references653

therein). Our analysis of TIC 5724661 suggests that its654

orbital period could fall in the “intermediate” period655

range, of tens to hundreds of days. If true, TIC 5724661656

would fall into a sparsely populated region of parameter657

space and could imply a deficiency in our understanding658

of the formation of (binary) hot subdwarfs.659

In this section, we discuss how to form sdBs with660

Porb & 70 d and Teff ≈ 30 000 K, as we have esti-661

mated for TIC 5724661. We analyze two types of evolu-662

tionary models—one with a low-mass progenitor (∼1.2663

M�), and the other with an intermediate-mass progen-664

itor (∼3.5 M�). These produce, respectively, long- and665

intermediate-period binaries containing an sdB.666

6.1. Evolutionary Simulations667

In trying to determine the initial conditions needed668

to reproduce the inferred properties of TIC 5724661,669

we created a highly focused grid of evolutionary tracks670

using the MESA binary stellar evolution code (Paxton671

et al. 2011, 2013, 2015, 2018, 2019). We had previously672

used MESA to successfully explain the current evolution-673

ary state of MWC 882 (Zhou et al. 2018)—which itself674

will evolve to become an sdB—and subsequently com-675

puted a grid of about 3500 models whose initial con-676

ditions were chosen so as to optimize the likelihood of677

the formation of intermediate-period binary sdBs (Sen-678

hadji 2019). Those models assumed varying degrees of679

non-conservative mass-loss and produced sdBs with a680

wide range of effective temperatures (20,000 K . Teff .681

50,000 K). Using the results from this grid as our guide,682

we were able to optimize the computational strategy683

used to reproduce the properties of TIC 5724661. In par-684

ticular, we found that the best matches were obtained685

by assuming highly non-conservative mass transfer.686

Evolutionary tracks in this focused grid were com-687

puted using MESA version r10108. Approximately 160688

successful sdB tracks were computed. The sdB pro-689

genitor (i.e., the primary) was assumed to have a typ-690

ical Population I metallicity (Z = 0.02), the atmo-691

sphere was approximated by a simple boundary condi-692

tion (τ = 2/3), and the local mixing-length ratio was693

set equal to 2. We applied the default parameters for694

both the Reimers’ wind formula (Reimers 1975) and the695
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Figure 6. Posterior distributions for the parameters of TIC 5724661. This corner plot shows the best-fit parameters and the
correlations between the parameters derived through an MCMC fitting code. Dashed vertical lines, from left to right, represent
the 16th percentile, median, and 84th percentile. The distribution for the temperature of the sdB star seems to fall off at high
temperatures, suggesting that a Teff close to 29 000 K is most likely. There exists a strong degeneracy between the Teff and the
radius of the sdB star, as expected, given the limited region of the SED where the sdB star likely dominates the system light.

Blöcker wind formula (Bloecker 1995). We tested a rea-696

sonable range of other values for these parameters and697

found that they had a small effect on the results. The698

most important factors influencing the evolution, other699

than M1,0, M2,0, and Porb,0 (i.e., the initial mass of the700

primary, the initial mass of the secondary, and the ini-701

tial orbital period, respectively), were the parameters α702

and β (Tauris & van den Heuvel 2006). The parame-703

ter α is the fraction of the mass lost from the primary704

(donor) and then directly ejected from the binary, carry-705

ing away the specific angular momentum of the primary.706

Similarly, β is the fraction of the mass transferred from707

the primary (donor) to the secondary (accretor) that708

is subsequently lost from the binary, carrying away the709

specific angular momentum of the secondary.6,7 We can710

express the amount of mass that has been accreted by711

6 Both cases correspond to the “fast Jeans’ mode” of angular mo-
mentum dissipation.

7 β can equivalently be viewed as the fraction of mass lost from
the binary after it has crossed the L1 point.
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Figure 7. The evolution of the orbital period as a function
of the mass of the primary (i.e., the sdB star’s progenitor).
Representative binaries for both the intermediate- and low-
mass cases are shown. The respective initial masses of the
primary and the secondary (in solar units) and the value
of β for each of the three sets of curves are listed in the
diagram. For the black curves, the initial orbital periods
are 2.2, 2.8, 3.4, and 4.0 days (solid, dotted, dashed, and
dash-dotted lines, respectively) and for the blue curves, the
initial periods are 2.6, 3.5, 4.4, and 5.3 days (solid, dotted,
dashed, dash-dotted lines, respectively). For the low-mass
cases (red curves), the initial orbital periods are 280, 300,
320, 340, and 400 days (solid, dotted, dashed, dash-dotted,
and long-dashed lines, respectively). The “canonical” range
of masses for sdB stars (0.45 – 0.47 M�) is denoted by the
two vertical dashed lines.

the secondary as712

δM2 = −(1− α− β)δM1 (3)713

To simplify the analysis, we eliminated one extra dimen-714

sion of parameter space in our computations by setting715

α = 0. The main justification for this strategy is our716

(empirical) finding that the value of α + β had a much717

greater impact on the evolution than did various combi-718

nations of those parameters corresponding to the same719

sum. Our choice of β determined the degree to which720

mass transfer was non-conservative.721

Both binary stars are evolved contemporaneously with722

MESA. It is important to follow the evolution of the sec-723

ondary as it accretes mass, as the secondary could ex-724

pand to fill its Roche lobe.8 The reasons why the sec-725

ondary can potentially fill its Roche lobe are as follows:726

(1) if the mass accretion rate onto the secondary (Ṁ2)727

is too high (i.e., the mass accretion timescale is shorter728

than the Kelvin time), the accretor can expand adia-729

batically if it has a convective envelope; or, (2) if the730

8 If the primary is still transferring mass, the resulting evolution
might lead to a merger.
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Figure 8. A multi-panel plot showing how various prop-
erties of the sdB components of two representative bina-
ries correlate with their respective initial periods, for two
intermediate-mass cases. The dark green dots correspond to
a system in which the initial mass of the sdB star’s progen-
itor was 3.25 M�, its companion’s initial mass was 1.7 M�,
and β was fixed at 0.95. The purple diamonds correspond to
a system in which the initial mass of the sdB star’s progen-
itor was 3.5 M�, its companion’s initial mass was 1.6 M�,
and β was fixed at 0.9. The plots show that for larger ini-
tial periods, the sdB star’s final period, mass, radius, and
luminosity increase; however, its effective temperature and
log g decrease. These trends remain robust even when the
initial masses are changed. Note that we have employed a
time-average for all parameters whose values change (e.g.,
the luminosity) during the sdB phase.

mass of the secondary were to increase substantially on731

a short timescale, then it could evolve to become a giant732

(and fill its Roche lobe) before the primary (donor) has733

had a chance to complete its sdB phase.9 In either case,734

MESA halts further computation. In order to increase735

9 Moreover, with respect to TIC 5724661, this would be especially
problematic because the giant would be more luminous than the
sdB star (contrary to observations), and it would not exhibit
δ-Scuti-like pulsations.
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the chances that the primary evolves through the sdB736

phase, we typically attenuated the mass accretion rate737

onto the secondary by requiring that β & 0.8 (recall that738

Ṁ2 = −(1− β)Ṁ1). Obviously, if mass transfer is fully739

non-conservative (β = 1), the secondary is not likely to740

fill its Roche lobe until long after the sdB phase is com-741

plete (assuming the primary evolves along the EHB).742

Because of the potential importance of the evolution743

of wide sdB binaries in explaining the properties of TIC744

5724661, we have also computed the evolution of a small745

grid (about 50 models) of primordial binaries that are746

composed of low-mass stars (M1,0 = 1.2 M�) for sev-747

eral initial orbital periods and primordial mass ratios.748

Vos et al. (2020) showed that if the primary (donor) can749

evolve up the red giant branch and mass transfer is ini-750

tiated via stable Roche lobe overflow close to the point751

of helium flash (i.e., the tip of the red giant branch),752

then the giant primary can be stripped of its hydrogen-753

rich mass on a very short timescale, leaving behind a754

remnant core that subsequently undergoes helium burn-755

ing and leads to an sdB phase. Unlike the evolution of756

intermediate-mass stars discussed above, this low-mass757

channel produces very wide sdB binaries. The large ra-758

dius of the giant combined with the constraints imposed759

by Roche lobe geometry enforce a wide separation at the760

onset of mass transfer. This separation becomes wider761

as the binary evolves through the mass-transfer phase.762

Intermediate-mass stars, on the other hand, typically763

initiate mass transfer at much smaller separations (and764

shorter orbital periods) because they do not need to be765

as highly evolved at the onset of mass transfer in order766

to achieve helium burning in the stripped core. As mass767

transfer proceeds their separations also widen. The evo-768

lution of the orbital period as a function of the decreas-769

ing mass of the primary (i.e., the sdB star’s progenitor)770

is shown for representative cases in Figure 7.771

6.2. Results772

Using the methods described in the previous subsec-773

tion, we show that the inferred observational parameters774

for TIC 5724661 are reproducible as long as we are will-775

ing to allow mass transfer to be highly non-conservative.776

We will first consider the evolution of intermediate-mass777

primordial binaries and show that they can produce778

sdBs in binaries with intermediate orbital periods. We779

then discuss the evolution of low-mass primordial bi-780

naries and show that they can evolve to become long-781

period sdB binaries. Finally, we compare the properties782

of the sdBs predicted by these two channels and discuss783

the implications for TIC 5724661.784

Based on a grid of over 3000 models from Senhadji785

(2019) whose resolution was subsequently refined for786

TIC 5724661, we found that comparable sdB models787

with intermediate periods could be obtained from a pop-788

ulation of primordial binaries with M1,0 ≈ 3.5±0.3 M�,789

M2,0 ≈ 1.6± 0.3 M�, Porb,0 ≈ 4± 2 d, and β & 0.8. For790

these initial conditions (and assuming a solar metallic-791

ity), we were able to produce multiple tracks for which792

the sdB’s effective temperature was between ≈27,000 –793

32,000 K, its log g between 5.4–5.8, and its final orbital794

period in the tens of days.10 These results are in gen-795

eral agreement with the inferred stellar parameters of796

the components of the TIC 5724661 system (Table 4).797

Figure 8 provides an example of how the predicted798

properties of the sdB depend on one of the dimensions799

of initial parameter space (i.e., Porb,0). For the two rep-800

resentative cases shown in this figure, the initial condi-801

tions for the primordial binaries were M1,0 = 3.25 M�,802

M2,0 = 1.7 M�, with β = 0.95, and M1,0 = 3.5 M�,803

M2,0 = 1.6 M�, with β = 0.9. Not surprisingly, increas-804

ing the initial period serves to monotonically increase805

the final period. Increasing the initial period implies806

that the donor star (primary) will be more evolved at807

the onset of mass transfer. This also implies an increased808

mass, radius, and luminosity of the resulting sdB star,809

but tends to lower its effective temperature.810

The HR diagram for one of our representative cases811

that very closely reproduces the properties of the sdB in812

TIC 5724661 is shown in Figure 9. The sdB progenitor813

has a mass of 3.5 M�, with a Population I metallicity814

of Z = 0.02; the value of β was set equal to 0.9. Mass815

transfer commences in the Hertzsprung Gap and con-816

tinues as the progenitor ascends the Red Giant Branch.817

Mass transfer rates from the donor sometimes exceeded818

10−6 M�/yr, resulting in a large fraction of the giant819

donor’s hydrogen-rich envelope being lost rapidly to the820

interstellar medium. Mass transfer ceases once the gi-821

ant’s highly mass-depleted envelope collapses, causing822

the star to lose contact with its Roche lobe. At this823

juncture, the primary is essentially a hot helium core of824

mass 0.470 M�, and it contracts rapidly (in∼ 3×105 yr)825

along the horizontal branch before entering a long-lived826

sdB phase (≈ 80 Myr); the sdB phase is appropriately827

annotated in the evolutionary track in Figure 9.828

One of the hallmarks of the sdB phase is the relative829

constancy of the sdB’s radius for & 10 Myr (see Figure830

10). We define this phase to extend from the point at831

which: (1) the radius has contracted sufficiently so as832

to remain approximately constant (for at least millions833

of years); and, (2) the star has increased its central car-834

bon mass fraction by at least 1% above its primordial835

10 Longer-period sdB binary models (Porb ∼ 1000 d) are discussed
later in this section.
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Figure 9. Formation and evolution of a representative intermediate-period and long-period sdB from the zero-age main sequence
(ZAMS) to the final WD cooling stage in the H-R diagram. The solid lines denote the evolutionary tracks and the corresponding
colors (as given by the color bar) indicate the percentage of the combined ideal gas and electron degeneracy pressures that is
solely due to degeneracy (evaluated at the center). A filled circle denotes the start of a mass-transfer phase and a triangle
denotes the end of that phase. The ZAMS progenitor star for the intermediate-period case has a mass of 3.5 M� and an
approximate solar metallicity (Z = 0.02). Mass transfer is initiated in the Hertzsprung Gap and continues as the progenitor
ascends the Red Giant Branch (denoted as RGB). Mass transfer ceases once its mass is reduced to 0.47 M� and this stripped
core evolves along the horizontal branch until it reaches the sdB phase. This phase (annotated and denoted by the black dashed
lines overlaid on the evolution curves) persists for almost 80 Myr before the hot subdwarf subsequently evolves through the sdO
phase (distinguished by the brown dashed lines) for an additional 40 Myr. The evolution of the companion star is also shown;
its initial mass is 1.6 M�, and it undergoes a phase of rapid accretion before it reaches thermal equilibrium (after mass transfer
has ceased) and evolves normally as a 1.9 M� star. The star ascends the RGB, and the evolution is halted once the star is large
enough to fill its Roche lobe. The progenitor star of the long-period sdB binary has a primordial mass of 1.2 M� and evolves up
the RGB until it is close to its tip, at which point it starts to lose mass rapidly. After a series of thermal adjustments, it enters
the sdB phase, which persists for ≈ 75 Myr (annotated); for reasons of clarity, the evolution of its companion is not shown.
Note that the observable properties of the sdBs in both the intermediate- and long-period scenarios are quite similar, as are the
fractions of electron degeneracy pressure in both stars during most of their sdB and sdO phases.

value due to helium burning. Both of these conditions836

must be met. The sdB phase persists up to the point837

when a (convective) CO-rich core first emerges. It is at838

this juncture that late-stage thermonuclear flashes can839

occur and persist briefly before the hot subdwarf enters840

the sdO phase. During this stage, the CO core can grow841

substantially in mass as the result of He-burning in a842

shell surrounding the core. Once the CO core has grown843

to reach about 95% of the total mass, the radius of the844

hot subdwarf contracts rapidly—signaling the termina-845

tion of the sdO phase. Subsequently, the thin H-rich846

layer (∼ 0.003M�) near the surface can be compressed847

and concomitantly heated as a result of the envelope’s848

rapid contraction. This temperature increase is often849

significant enough for the star to undergo one or more850

shell flashes (see, e.g., Nelson et al. 2004, and references851

therein). Once all nuclear burning is quenched, the star852

descends onto the white dwarf cooling track.853

Another curve in Figure 9 shows the evolution of the854

secondary star (i.e., the accretor). Its initial mass is 1.6855

M�, and it undergoes a phase of rapid accretion before856

reaching thermal equilibrium (after mass accretion has857
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Figure 10. Evolution of the bolometric luminosity, indi-
vidual nuclear luminosities, and radius of the representative
hot subdwarf as a function of time. Note that t∗ = 0 has
been chosen to approximately coincide with the end of the
RGB phase (t∗ = t − 211.25 Myr). The sdB phase persists
for nearly 80 Myr, during which time helium is continuously
depleted due to triple-α burning and the fusion of carbon
into oxygen (α-channel burning). Once a CO core forms and
the subdwarf experiences He-shell flashes, it enters into a
shorter-lived sdO phase. For each phase, the radius of the
subdwarf is approximately constant.

ceased) as a 1.9 M� MS star. Because the accretion858

timescale onto the secondary is similar in magnitude to859

its thermal timescale, the accretor can adjust its internal860

structure on the order of several million years. Its nu-861

clear timescale is much longer (by more than two orders862

of magnitude), so it takes >0.5 Gyr for the star to evolve863

off of the MS; by then, the sdB is already evolving on864

the WD cooling track. Thus, the secondary will be ob-865

served as a MS star during both the sdB and sdO phases866

of evolution; the secondary then evolves into a subgiant867

before ascending the RGB. MESA halts the evolution once868

the secondary fills its Roche lobe (corresponding to the869

end point seen in Figure 9). If we continued to follow870

the evolution of this binary, we would see a subsequent871

phase of common-envelope evolution, resulting in the872

formation of a double-degenerate binary. The expected873

end product would thus be a 0.47 M� white dwarf (the874

sdB component) in close orbit with a lower mass helium875

white dwarf (the core of the giant secondary).876

A third line in Figure 9 shows the evolution of a rep-877

resentative low-mass progenitor star that produces an878

sdB in a wide orbit. The primordial binary consists of879

primary and secondary stars with masses of 1.2 and 1.1880

M�, respectively. Consistent with the models discussed881

in Vos et al. (2020), the primary (donor) evolves up the882

RGB until it is close to the tip of the RGB (where a he-883

lium flash is expected to occur). The star then starts to884

lose mass very rapidly via Roche lobe overflow, with a885

mass-loss timescale of ∼ 106 yr. After a series of flashes,886

it enters the sdB phase (as defined previously), which887

persists for ≈ 75 Myr. The star then evolves through888

the sdO phase (annotated on the plot), before eventually889

cooling as a WD.890

So what are the similarities and differences between891

the properties of the sdB binaries formed by these two892

channels? The masses of the two sdBs are virtually iden-893

tical, and are close to the canonical mass for such stars894

(0.470 M� compared to 0.466 M�). As seen in the HRD,895

both have very similar luminosities, effective tempera-896

tures, and thus radii. Their (time-averaged) central tem-897

peratures and densities (and thus fractional electron de-898

generacy pressures) are very similar during their respec-899

tive sdB phases. Their sdB lifetimes persist for nearly900

80 Myr (each), and even their hydrogen-rich envelopes901

have the same mass to within a factor of 2 (≈0.0025 M�902

compared to ≈0.005 M�). One difference relates to the903

percentage of electron degeneracy pressure at the cen-904

ter of the primary star preceding the sdB phase: The905

primary of the low-mass case has a largely degenerate906

core, while the intermediate-mass primary is only par-907

tially degenerate. However, soon after the start of the908

sdB phase, both are partially degenerate (≈ 20% of the909

central pressure is due to electron degeneracy), and they910

evolve to become fully degenerate by the end of the sdB911

phase. The major difference between the two models,912

as expected, is in Porb. The intermediate-mass channel913

produced an sdB binary with Porb '46 d, while the low-914

mass channel produced an sdB binary with Porb '1395915

d. Although there is a range of possible orbital periods916

according to both scenarios, it is fair to say that the low-917

mass case can produce a binary sdB that has a period918

approximately an order of magnitude larger than that919

of the intermediate-mass case.920

Figure 10 provides a more detailed perspective with921

respect to the sdB and sdO evolutionary phases for the922

intermediate-mass case. It shows the temporal evolu-923

tion of the nuclear luminosities from the H-, He-, and924

C-burning channels, and the evolution of the surface lu-925

minosity11 and radius. The high luminosities seen near926

t∗ = 0 (≡ t−211.25 Myr) arise from the evolution of the927

primary star while it is still a red giant. After the star928

settles into the sdB phase, its radius remains approxi-929

mately constant for ≈78 Myr. Initially, He-burning ac-930

11 Note that the sum of the nuclear luminosities may not equate to
the surface luminosity. This difference is due to the gravothermal
luminosity, whose magnitude is not shown.
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counts for most of the luminosity, but as more and more931

carbon is created, α-channel capture occurs, converting932

some of the carbon into oxygen. As both the luminosity933

and radius approach a local maximum, a convective core934

(≈ 0.1 M�) of CO is formed, and the hot subdwarf ther-935

mally relaxes, leading to a brief phase of shell flashes.936

The subdwarf subsequently enters the sdO phase, dur-937

ing which time the radius is reasonably constant over938

≈ 40 Myr. Theoretically speaking, we can think of the939

sdB and sdO phases as being long-lasting (> 10 Myr)940

and quasi-quiescent. The hallmark of the sdB phase is941

He-burning in the core; however, for the sdO phase, He-942

burning mainly occurs in a shell around the CO core.943

For the intermediate-mass case, our models show that944

the mass of the A star companion (i.e., the secondary)945

could lie in the range of ≈1.8 to 1.9 M�. The main rea-946

son that the secondary masses are so large is that: (i) the947

intial mass ratio (M2,0/M1,0) must be sufficiently high948

at the onset of mass transfer (& 0.4) to avoid dynami-949

cal instability (otherwise, this could lead to a merger);950

and, (ii) M1,0 must be & 3M� so that the primary has951

a chance to initiate core He-burning after departing the952

red giant branch.12 According to the main sequence953

models of Eker et al. 2015, a 1.9-M� solar-metallicity954

model has a luminosity of about 15 L�, Teff ≈ 8000 K,955

and R ≈ 2 R�. Its inferred spectral type is A2.5V.956

These values are in line with the inferred values shown957

in Table 4. For the low-mass case, it appears that the958

constraints on the secondary’s mass are less restrictive,959

but we would need to compute many more of these types960

of models before coming to a definitive conclusion.961

7. CONCLUSIONS962

In this paper, we present strong evidence for the na-963

ture of TIC 5724661: a main-sequence A star with an964

inferred long-period sdBVr star in orbit around it. First,965

we used radial velocity data to show that the putative966

hot subdwarf companion must have a period longer than967

a few tens of days. We then fit the spectral energy dis-968

tribution using an MCMC code to constrain the param-969

eters of the two stars in the system and provide fairly970

compelling evidence that this star is indeed an sdB star.971

To determine whether such sdBs can be produced using972

non-common-envelope formation channels, we modeled973

this system with MESA and demonstrated that we can974

readily produce such stars with either an intermediate-975

or a low-mass progenitor, as long as there is a high de-976

gree of non-conservative mass transfer. We expect that977

12 If M1,0 . 3M�, the primary will evolve into a helium white dwarf
and never undergo an sdB phase for the range of initial conditions
that we considered.

the current A star in TIC 5724661 could have accreted978

perhaps ∼ 10% of the mass lost from the sdB’s progeni-979

tor, implying a final mass of 1.9 M�. This would ensure980

that this star, which exhibits δ-Scuti pulsations, is an A981

star (A2.5V). A more limiting constraint on the mini-982

mum value of Porb, perhaps via more spectroscopic ob-983

servations, may serve to either strengthen or invalidate984

either of the intermediate-mass or low-mass progenitor985

binary models that we have proposed in Section 6.986

Our work adds more observational evidence for987

intermediate- and long-period binaries that contain an988

sdB component (for earlier examples of such binaries,989

see, e.g., Vos et al. 2019, 2020, and the references990

therein). Previously, many observed sdB binaries were991

found with extremely short periods and were therefore992

thought to have passed through a common-envelope993

phase. Our work lends observational evidence to the994

fact that such common envelopes are not at all neces-995

sary to form sdB stars (see, e.g., Senhadji 2019 for a996

set of intermediate-period sdB formation models), espe-997

cially those found to pulsate in high-frequency p modes.998

Finally, this paper—which utilizes the TESS 20-999

second cadence data—further emphasizes the power of1000

TESS for precision asteroseismology. The continuous,1001

short-cadence nature of TESS data enables the detection1002

and study of objects and pulsations that ground-based1003

campaigns have, in the past, struggled to identify and1004

characterize.13 As a result, we were able to identify and1005

derive a precise frequency estimate for the sdB pulsation1006

frequency and, consequently, recognize the presence of1007

a companion. Future work on this object will focus on1008

long-term radial velocity monitoring of this star in order1009

to better constrain the true period of this binary, as well1010

as further modeling to break the degeneracy between the1011

intermediate- and long-period cases.1012
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A163, doi: 10.1051/0004-6361/2019371951211
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