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ABSTRACT
The stellar companions in the binary black hole systems Gaia BH2 and BH3, both of which are α-enhanced

red giant branch stars, are expected to show normal modes with the characteristic signature of convectively-
driven solar-like oscillations. We investigate this using photometry from the TESS mission and find such a
signal for Gaia BH2. For Gaia BH2, we measure a power excess frequency of νmax = 60.15± 0.57 µHz and a
large separation of ∆ν = 5.99± 0.03 µHz, yielding a mass of 1.19+0.08

−0.08 M⊙, which is in agreement with spec-
troscopically derived parameters. Seismic modeling favors an age for the red giant of 5.03+2.58

−3.05 Gyr, strongly
suggesting that it is a young, α-enriched giant star, which are thought to arise from a binary accretion or merger
scenario. Ground-based photometry of Gaia BH2 spanning 21 years indicates a photometric period of 398±5 d,
which we tentatively attribute to rotation. If this rotation is physical, it can not be explained solely by evolu-
tionary spin-down or magnetic braking, and implies that the red giant underwent some tidal forcing mechanism.
Suggestively, this period is close to the pseudo-synchronous spin period of Pspin = 428± 1 days derived from
the binary orbit. For Gaia BH3, we are unable to identify an asteroseismic signal in the TESS data despite
predicting that the amplitude of the signal should lie well above the measured noise level. We discuss a number
of scenarios for why this signal is not visible.

1. INTRODUCTION

The recent astrometric discovery of Gaia BH2 and BH3,
the first binary systems consisting of a red giant star and a
dormant black hole (El-Badry et al. 2023a; Gaia Collabora-
tion et al. 2024), has challenged our understanding of binary
black hole formation (Li et al. 2024; Gilkis & Mazeh 2024;
Miller et al. 2024; Tanikawa et al. 2024; Kotko et al. 2024;
Green et al. 2024; Marín Pina et al. 2024). In unveiling the
formation mechanism of these systems, it is essential to ac-
curately determine the fundamental properties (and in par-
ticular the mass and age) of the luminous component. This
is because those of the compact component may often only
be inferred from the luminous component, rather than being
directly measurable. For example, if the orbits of these sys-
tems are characterized through astrometry, the reliability of
the mass function (and therefore any estimate of the black-
hole mass) crucially depends on the accuracy with which the
stellar mass is measured.

Over the past century, variable stars have proven to be
an invaluable resource in refining our understanding of stel-
lar structure, evolution and fundamental stellar properties.
This has become notably apparent following the recent high-
precision space photometry revolution with the Kepler and
TESS missions (Ricker et al. 2015; Chaplin et al. 2015;
Guzik et al. 2016), which has provided astronomers with
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an incredible amount of high-precision light curves span-
ning the entirety of the Hertzsprung-Russell diagram (HRD;
Kurtz 2022). The richness of these data has paved the way
for asteroseismology – the study of the internal structure of
stars through their self-excited oscillations (Aerts et al. 2010;
Aerts 2021).

No class of star has benefited more from our improved
understanding of asteroseismology than red giants (Bedding
et al. 2011). Asteroseismic modeling has been applied to tens
of thousands of red giants (Pinsonneault et al. 2014, 2018; Yu
et al. 2018; Hon et al. 2021; Mackereth et al. 2021), in which
stochastically excited modes have been identified with am-
plitudes around 0.1 mmag and periodicities on the order of
hours (e.g. Hekker 2018; Basu & Hekker 2020, for a review).
These oscillations are driven by near-surface turbulent con-
vection (e.g., Goldreich & Keeley 1977; Balmforth 1992),
which both excites and damps modes around a characteris-
tic power excess frequency (νmax) (Tassoul 1980). Excited
modes of equal angular degree and different radial order are
spaced in frequency by the large separation (∆ν) which is
proportional to the mean density of the star (Ulrich 1986).

Asteroseismology has seen great success in characterizing
other kinds of invisible stellar companions — most notably
exoplanets (e.g. Van Eylen et al. 2015; Deal et al. 2017; Lin
et al. 2024; Huber 2018; Lundkvist et al. 2018; Huber et al.
2022; Nielsen et al. 2020). We extend this now to the re-
cently discovered dormant black hole systems by Gaia. In
two of these systems, Gaia BH2 and Gaia BH3, the luminous
companion has been conclusively shown to be a red-giant star
(El-Badry et al. 2023a; Gaia Collaboration et al. 2024). The
precise mechanism by which these systems form remains a
mystery. However, as effectively all red giants past a cer-
tain evolutionary point are oscillating, we investigate these
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stars for their asteroseismic potential. The asteroseismology
of these luminous companions may prove a promising source
of clues about the under-specified physical nature of their for-
mation and history.

In this paper, we produce light curves from the TESS tar-
get pixel files of the stellar companions to Gaia BH2 and
Gaia BH3 (hereafter, BH2∗ and BH3∗). We find strong ev-
idence of oscillations in BH2∗ at the frequency expected of
stars with similar spectroscopic properties (Sec. 3.1), and a
non-detection of oscillations in BH3∗ (Sec. 4.1). For BH2∗,
this enables a methodologically independent characterization
of its fundamental properties, which we find to be in good
agreement with existing published values. We also iden-
tify a photometric period in ground-based photometry which
we tentatively suggest is caused by rotational modulation
(Sec. 3.2). This period, the young asteroseismic age, and the
fact that it is α-enhanced suggest that it has undergone inter-
actions with a companion, which we discuss in Sec. 3.3. For
BH3∗, a non-detection suggests that the uncertainties on the
stellar parameters reported in the discovery paper are poten-
tially too narrow, or that the scaling relations are inaccurate
for very metal-poor stars (Sec. 4.2). In particular, for the pub-
lished mass we expect an asteroseismic amplitude above the
noise level of the light curve. We discuss several scenarios as
to why the signal could not be found, such as inaccurate scal-
ing relations for metal-poor stars, and narrow uncertainties
on the stellar properties.

2. DATA AND METHODS

2.1. Photometry

We used data from the Transiting Exoplanet Survey Satel-
lite (TESS; Ricker et al. 2014). TESS photometry is taken
with pointings fixed for 27-day at a time, corresponding to
one sector. The observing strategy of the nominal and first
two extended TESS missions is such that only photometry in
single sectors, separated by two years at a time, is available
for both BH2∗ and BH3∗. For each sector of observation, we
extract target pixel files using TESScut (Brasseur et al. 2019).

We extract the light curves from the TESS target pixel files
in each sector using a regression corrector as implemented
in lightkurve (Vinícius et al. 2018). Briefly, the regression
corrector operates by removing scattered light by detrending
the light curve against vectors which are predictive of the
systematic noise. These vectors are created from Principal
Component Analysis (PCA) of pixels outside the selected
aperture, and assumed to be representative of the scattered
light. The regression corrected light curve is then normal-
ized by dividing its median, and a 3σ clipping is applied to
remove significant outliers.

2.2. Global Asteroseismic Properties and Scaling Relations

The large sample sizes afforded by Kepler and TESS now
allow the asteroseismic properties of stars, as a function of
their stellar properties, to be understood to such an extent
that we can predict the probability of detecting oscillations
given a star’s mass, temperature, surface gravity, while taking

into account instrumental considerations such as cadence of
observations and detector coordinates (Schofield et al. 2019).

Kepler observations have demonstrated that the oscilla-
tion amplitudes of red giants satisfy a scaling relation that
depends on mass, luminosity and temperature (Huber et al.
2011):

Aoscillation ∼
Ls

MtT r−1
eff cK(Teff)

(1)

where s = 0.838, t = 1,32, r = 2, and
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( Teff

5934K
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. (2)

Moreover, the large frequency separation ∆ν and frequency
of maximum power excess νmax of convectively-excited pul-
sations also scale with stellar properties like their masses,
radii, and temperatures (Brown et al. 1991; Kjeldsen & Bed-
ding 1995):
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where the solar values are νmax⊙ = 3090±30 µHz, Teff = 5777
K, and ∆ν⊙ = 135.1±0.1 µHz.

Our observational characterization of these global seismic
properties described below will rely primarily on existing au-
tomated software products, such as the PySYD pipeline Chon-
tos et al. (2021) and PBJam (Nielsen et al. 2021).

3. GAIA BH2

BH2∗ (Gaia DR3 5870569352746779008, TIC
207885877) is a G=12.3 magnitude nearby (d=1.16 kpc)
star on the lower red giant branch, before the red clump.
El-Badry et al. (2023a) infer a mass of M∗ = 1.07±0.12 M⊙,
moderately subsolar metallicity ([Fe/H] = -0.22±0.02) and
strong α enhancement ([α/Fe]=0.26±0.05), by fitting spec-
troscopic observations against evolutionary models. They
suggest that the strong α-enhancement is primordial owing
to the wide orbit of the system, but could also arise from
pollution of low-velocity ejecta during a failed supernova.

BH2∗ was observed by TESS in sectors 11, 38, and 65 at
cadences of 30 minutes, 10 minute, and 2 minutes respec-
tively. Fig. 1. We use a 10x10 TESS pixel cutout, and
show the target pixel file and light curve in Fig. 1. The re-
gion surrounding BH2∗ is moderately crowded, meaning that
we must be careful when choosing an aperture. We exper-
iment with multiple apertures centred on BH2∗, permuting
through every combination up to a 3x3 aperture. We find that
the 3x3 aperture best captures the asteroseismic signal with
the highest SNR, albeit with some low frequency artifacts.
Importantly, the signal shows up in every aperture which is
centered around BH2∗, and is unlikely to belong to a nearby
target. The closest target of significance to BH2∗ is Gaia
DR3 5870569318392555776, an A/F-type star which would
be expected to have significantly higher amplitude and fre-
quency of variability.
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Figure 1. Top panel: TESS Target pixel file cutouts of the three sectors of Gaia BH2, with the selected aperture overlaid in red. Note the
presence of potential nearby contaminants. Within two pixels of the selected aperture, there are no contaminants brighter than 13th Gaia
magnitude beside BH2∗ itself. Bottom panel: Light curves from each sector obtained through regression correction. The light curves have been
binned to a uniform 30-minute cadence, and outliers have been removed.

3.1. Asteroseismology

The power spectrum of BH2∗ is shown in Fig. 2, where we
find a power excess corresponding to solar-like oscillations
at frequencies between 50 to 80 µHz. The photometric data
has a white noise level of 22 ppm at high frequencies. We
use the PySYD pipeline to measure a νmaxof 60.15±0.57 µHz
and a large frequency separation ∆ν of 5.99±0.03 µHz.

We also attempted to use PBJam for this purpose, which
should in principle both be capable of deriving more precise
estimates of ∆ν and νmax by fitting a template power spec-
trum of even-degree p-modes, as well as of estimating the fre-
quencies of individual normal modes. This procedure yielded
∆ν = 6.01± 0.02 µHz and νmax = 61± 1 µHz. However, the
adverse S/N conditions of single-sector TESS data prevented
PBJam’s automated procedures from deriving a robust mode
identification, since it relies on the visibility of quadrupole
modes to distinguish between the most prominent ℓ = 0 and
ℓ = 1 modes. Moreover, since this template-fitting procedure
is constrained only by even-degree modes, it has less sta-
tistical support than would be obtained from also including
the dipole modes. As such, we adopt the values reported by
PySYD for our subsequent analysis.

Rather than resorting to mode identification by eye for such
a low S/N power spectrum, we turn to lessons about the be-
havior of pulsating red giants that the asteroseismology com-
munity has learned from the Kepler sample. There are over
16,000 red giant stars observed by Kepler with measured as-
teroseismic properties (e.g. Yu et al. 2018). The majority of
these stars have also been observed by TESS in multiple sec-
tors and cadences. Using this, we can identify “twins" in the
Kepler sample for any given red giant: Kepler targets with
a similar apparent magnitude and νmax as predicted from the
published stellar parameters. We compared BH2∗ against all
Kepler red giants in the consolidated APOKASC3 catalogue
(Pinsonneault et al. 2024), quantifying similarity using the χ2

statistic, incorporating constraints from metallicity, effective
temperature, and ∆ν. This analysis identifies KIC 2712761
as the star with the lowest χ2 discrepancy from BH2∗. We
will refer to it as BH2∗’s “Kepler twin”.

The frequency echelle diagram of the power spectrum of
BH2∗ in comparison to its Kepler twin (Fig. 2) shows the
oscillation modes forming three distinct ridges we consider
to be the ℓ = 0, ℓ = 1, and ℓ = 2 modes. This is corroborated
by relying on relations between ∆ν and the p-mode phase
offset ϵ (White et al. 2011; Ong & Basu 2019). We measure
the separation between the ℓ = 0 and ℓ = 2 ridges (the small
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Figure 2. a): Power spectral density of BH2∗, with the power excess around 60µHz. The red line is the power spectrum convolved with a
Gaussian kernel of width 0.2 µHz, highlighting the individual modes. b): The echelle diagram of the PSD at the measured ∆ν (dashed line). c):
The echelle diagram for a Kepler twin (see text), with similar stellar properties. d): The collapsed echelle diagram of BH2∗, highlighting the
radial, dipole, and quadrupole modes.

separation; δν0,2) using the collapsed echelle with a Monte-
Carlo routine, finding a value of 0.93±0.05 µHz.

El-Badry et al. (2023a) similarly extracted TESS light
curves for BH2∗ in search of asteroseismic signatures, find-
ing a weak detection of a signal with a peak frequency at 61
µHz. While we confirm these results here, we are also able
to further identify the large and small separations. The differ-
ence between their result and our unambiguous detection of
oscillations is most likely due both to selection of the aperture
and light curve extraction, as well as our having additional
data at our disposal: at the time of their analysis, El-Badry
et al. (2023a) did not have access to Sector 65 observations
taken at 10 minute (rather than 30 minute) cadence, which
greatly improves the S/N of the power excess.

To obtain stellar properties from our measured νmax and
∆ν, we use the normalizing flow prescription outlined in
Hon et al. (2024) using the software modelflows, based on
asfgrid stellar models with corrected large frequency sep-
arations for lower metallicity (Sharma et al. 2016; Stello &
Sharma 2022). In this method, stellar models are emulated
using normalizing flows, allowing us to sample the poste-
rior mass and radius of the star with our input measurements.
Given that BH2∗ is α-enhanced ([α/Fe]=0.26±0.05), we cor-
rect the input metallicity using the prescription of Salaris
et al. (1993) and obtain a corrected [Fe/H]= −0.037± 0.04
dex.

Using our values from Table. 1 and the measured tempera-
ture, we sample the stellar grid (asfgrid) for 5000 points
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Gaia BH2

Measured quantities
Power excess νmax (µHz) 60.15±0.57

Large separation ∆ν (µHz) 5.99±0.03

Small separation δν0,2 (µHz) 0.93±0.05

Photometric period Pphot (day) 398±5

Literature quantities†

Temperature Teff (K) 4604±87

Bolometric luminosity L∗ (L⊙) 24.6±1.6

Surface gravity logg (cm s−2) 2.71±0.24

Radius R∗ (R⊙) 7.77±0.25

Mass M∗ (M⊙) 1.07±0.19

Metallicity [Fe/H] −0.22±0.02

α-enhancement [α/Fe] 0.26±0.05

Derived quantities (asfgrid)
Radius R∗ (R⊙) 8.55+0.20

−0.15
Mass M∗ (M⊙) 1.23+0.09

−0.09

Age τ (Gyr) 5.11+1.22
−1.78

Derived quantities (cnfgiant)
Mass M∗ (M⊙) 1.19+0.08

−0.08
Age τ (Gyr) 5.03+2.58

−3.05

Table 1. Measured, derived, and literature values of the red giant
in the binary system Gaia BH2. Note that the radius is fixed for the
cnfgiant grid because the luminosity and temperature are inputs.
†From El-Badry et al. (2023a).

with ‘evstate’ set to zero, corresponding to the red giant
branch. We also make use of the cnfgiant grid available
in modelflows, which is a narrower grid defined only for hy-
drogen shell-burning stars with 0.7 ≤ M ≤ 2.5M⊙. This grid
allows us to incorporate the small separation and luminosity
as constraints, which effectively fixes the radius of the star.
We note that the small separation is significantly weaker as
a diagnostic of internal structure for stars on the red giant
branch compared to the main sequence (Ong et al. 2025),
and so has little effect on our results – running the same grid
without the small separation results in effectively identical
results.

For the cnfgiant we find a mass of 1.23+0.09
−0.09 M⊙ and ra-

dius of 8.55+0.20
−0.15 R⊙. For the cnfgiant grid we find a mass

of 1.19+0.08
−0.08 M⊙. Both these masses are within 1σ of the liter-

ature value (El-Badry et al. 2023a), but the radius is slightly
larger. Table 1 summarizes these results.

The larger uncertainty in age for the cnfgiant grid is a
due to the larger number of free parameters, such as initial
helium abundance, mixing length parameter, and convective
core and envelope overshooting, which are unconstrained in
this instance. The difference in ages between model grids is

only 0.08 Gyr, and so we consider the systematic uncertainty
to be very small. We adopt the age from the cnfgiant grid,
which is produced solely for red giants; τ = 5.03+2.58

−3.05 Gyr.
The model age confirms that BH2∗ is a young, α-enhanced
star, if we assume no departures from canonical single-star
evolution. We discuss these implications in Sec. 3.3.

3.2. Long-term photometric modulation

While relatively uncommon, many red giant stars are
known to show long-term photometric modulation associated
with rotation (e.g., Ceillier et al. 2017; Gaulme et al. 2014,
2020; Ong et al. 2024). Given that TESS’s short-sector ob-
serving strategy and instrumental systematics render it diffi-
cult to constrain signals with periods longer than the length of
contiguous sectors (Colman et al. 2024; Claytor et al. 2024;
Binks & Günther 2024), we instead determine these using the
ASAS-SN (the All-Sky Automated Survey for Supernovae;
Kochanek et al. 2017) light curves of BH2∗. ASAS-SN is a
ground-based network of observatories dedicated to transient
science and long-term photometric variability. BH2∗ is in the
ideal magnitude range for observations with ASAS-SN (Hart
et al. 2023).

To separate true signals from potential systematics asso-
ciated with ASAS-SN’s observing strategy and instrumen-
tation, we also produce a light curve using the Asteroid
Terrestrial-impact Last Alert System (ATLAS: Tonry et al.
2018). ATLAS is a ground-based mission with effectively
daily cadence across the entire sky, with a pixel scale of
1.86". Although primarily a mission focusing on the northern
hemisphere, ATLAS now also has cameras stationed in the
southern hemisphere which can image stars at lower decli-
nation. We produce both difference and reduced photometry
of BH2∗ using the ATLAS forced photometry server1, which
provides public access across the entirety of the ATLAS mis-
sion. Data processing and photometry are described in more
detail in Tonry et al. (2018) and Smith et al. (2020). We also
obtain approximately 8 years of ASAS photometry (ASAS-
3; Pojmanski 1997) in the V-band. Manual inspection of the
ASAS-3 data suggests a period of 426 days, however, the
false alarm level of the signal is over 10% and so we do not
include it in our analysis.

The ASAS-SN light curve of BH2∗ has an average uncer-
tainty on each point of 0.005 mag. The light curve shows
three clear periodicities at approximately 1500 d, 390 d, and
494 days above a 1% false alarm level (listed in order of de-
creasing amplitude) (Fig. 3). Given that the survey is ground-
based, it is important to ensure that this signal is not a system-
atic artifact of the survey, such as being an alias of the Earth’s
diurnal, annual, or lunation frequencies. We therefore inspect
the observational window function for the ASAS-SN power
spectrum, shown inset in the bottom panel of Figure 3. We
find that these three periodicities do not correspond to any
sidelobes of this window function, suggesting that they are
astrophysical rather than systematic in origin. We also per-

1 https://fallingstar-data.com/forcedphot/

https://fallingstar-data.com/forcedphot/
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Figure 3. Top panel: ASAS-SN (blue) and ATLAS (red) light curves of BH2∗. Each color for ASAS-SN represents a different camera in the
network, each of which have their own offset which has been median divided out. Bottom panel: The power spectrum of the ASAS-SN and
ATLAS light curves respectively. The dashed black lines indicate measured periods at 397 d, 495 d, and 1513 d. The inset on the bottom panel
shows the window function (in frequency, d−1), with a signal at Earth’s orbital frequency (1/365) d−1. There are no peaks in the ASAS-SN
window function associated with our measured periods (black dashed lines).

form the same analysis after applying Gold deconvolution
to suppress sidelobes in the spectral window function of the
data (Morháč 2006). The deconvolved spectrum shows the
same periodicities. We measure these periods by fitting a
sine wave with a flux offset to the light curve using emcee
for 5000 tuning steps and 5000 draw steps. We fit only the
ASAS-SN light curve, because the ATLAS data has signifi-
cantly larger scatter. We find periods of 398±5, 494±9, and
1513±65 days.

Given the crowded field, it is again possible that the sig-
nal is contaminated from nearby stars even though ASAS-SN
has a smaller pixel scale (8") than TESS (21"), and ATLAS is
even smaller (1.86"). There are 19 stars within 20" of BH3∗

according to Gaia DR3, with the brightest companion at 16th
Gaia magnitude, in comparison to BH3∗ itself which is at
12.7th Gaia magnitude. The remaining majority of compan-
ions are around 20th Gaia magnitude, which would be too
faint to measure photometric variations with ASAS-SN. We
construct light curves of nearby stars and find no matching
signal at the photometric period.

In summary, both the ASAS-SN and ATLAS data prod-
ucts indicate the presence of quasi-periodic photometric vari-

ability with a common period of Pphot = 398± 5 d. This is
far slower than both the fundamental period of BH2∗’s os-
cillations (∼ 0.2 d), as well as the correlation timescale of
convective granulation in its envelope. Rather than stellar-
astrophysical processes, we instead investigate if this might
be attributable to any of the characteristic timescales associ-
ated with BH2∗’s tidal interactions with its black hole com-
panion. For example, the presence of a binary companion
in a close orbit might endow it with faster rotation than we
might ordinarily expect from a comparable isolated red giant
(Zahn 1977).

Notably, BH2∗ is in an eccentric orbit with e = 0.5176±
0.0009. Under such circumstances, Hut (1981) describes
how tidal torques might spin BH2∗ up to rotate more quickly
than the orbital period: these torques would be much stronger
near periastron (where the orbital frequency is fastest) than
at apoastron. Thus, the average torque over the course of
the orbit arises primarily from contributions close to pe-
riastron. As such, in addition to the mean orbital period
(Porb = 1276.7± 0.6 d), this yields two other characteristic
periods:
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Figure 4. The photometric rotational period of BH2∗ is unlikely to
have arisen without tidal forcing. Here we show the rotational evo-
lution of mesa stellar models initialized at various fractions of the
ZAMS breakup rotational frequency, indicated by the colourmap.
Magnetic braking (calculated here using the prescription of van
Saders & Pinsonneault 2013) causes stellar rotation to slow over
evolutionary timescales, shown here using νmax as an age proxy.
No other sources of angular momentum loss (such as mass loss) are
accounted for in this simulation. Even under this extremely permis-
sive scenario, our putative photometric rotation period (horizontal
line) at the present day (vertical line) is faster than permitted by if
BH2∗’s rotation were to be attributed entirely to its primordial an-
gular momentum.

• The orbit-averaged torque vanishes when BH2∗ rotates
at the “pseudosynchronous” period

Ppseud =

(
1+3e2+ 3

8 e4
) (

1− e2
) 3

2

1+ 15
2 e2+ 45

8 e4+ 5
16 e6

·Porb, (4)

rather than at the orbital period. Evaluating this ex-
pression with the reported values of the orbital period
and eccentricity yield Ppseud = 428±1 d.

• Without assuming that BH2∗’s rotation has been cap-
tured into pseudosynchronous resonance, we also note
that its rotation period is strictly bounded from below
by the rotational period associated with the angular fre-
quency at periastron,

Pmin =
(1− e2)

3
2

(1+ e)2 Porb = 347±1 d. (5)

We find that Pphot is of intermediate value between the mini-
mum and pseudosynchronous period, and much closer to the
latter than the former: this is highly suggestive of an interpre-
tation of it being BH2∗’s rotation rate. Such a fast rotation
rate would be compatible with BH2∗ being either a single
star or a merger remnant. In the single-star scenario, this ro-
tation must necessarily result from tidal forcing, since it is

too fast to have originated from its primordial angular mo-
mentum (Figure 4). Conversely, if BH2∗ were to have been
a merger remnant, this would result from magnetic braking
stalling when the rotation rate comes into pseudosynchroni-
sation.

In either case, if indeed this quasi-periodic variability
should be attributable to stellar rotation, this would also ex-
plain the relatively low visible amplitudes of the non-radial
modes that we observe in BH2∗, compared to the radial
modes. Photometric variability would only trace rotation
through the emergence of features on the stellar surface, such
as spots originating from magnetic activity, which produce
photometric modulations as they are rotated onto and off the
visible disc. Such magnetic fields would have the effect of
stabilizing convective flows, as does the rotational motion it-
self; both effects are known to suppress the oscillation am-
plitudes (Gaulme et al. 2020), and more strongly at higher
angular degree.

The 10-year ASAS-SN data set also exhibits a second
peak in its power spectrum, at Plong ∼ 1500 d, which
may also be a candidate rotation period. However, it is
less easy to explain how such a rotational period could
have arisen, since it is longer than the present orbital pe-
riod, and does not correspond to either of the equilibrium
timescales described above. To see why, we note that in
addition to these, we in principle also have a hierarchy
of secular-evolution timescales, associated with rotational
(pseudo)synchronisation, tidal inspiral, and tidal circularisa-
tion, ordered as tsync ∼ (a/R)6 < tdecay ∼ (a/R)13/2 < tcirc ∼

(a/R)8 (Zahn 1977; Hurley et al. 2002; Lai 2012).
Achieving a rotation period of Plong could be possible un-

der the single-star scenario if we were to demand that tsync
were marginally faster than the rotational braking timescale
of roughly 107 yr, in order to spin it up tidally beyond the
otherwise negligible rotation rates that it would ordinarily
possess this far up the red giant branch, while also avoid-
ing capturing it into pseudosynchronisation. However, since
tdecay ∼ 10tsync, this would also imply in-spiral on timescales
comparable to that of evolution up the red giant branch, of
roughly 108 yr. Coupling BH2∗ to tidal spin-up as a canoni-
cal single star, while avoiding runaway inspiral, would there-
fore only be possible with considerable fine-tuning of these
timescales. If instead BH2∗ were to be a merger remnant,
we would instead require tsync to be much longer than the
braking timescale, so that the initially rapid rotation after the
merger does not stall in its braking when near pseudosyn-
chronisation. However, since mass transfer rapidly circu-
larises orbits, this would require there to historically have
been essentially no mass transfer from the black hole pro-
genitor to BH2∗, or its own progenitors.

Either way, while one would identify the additional ap-
pearance of Pphot as being the 4th harmonic of the rotational
period if Plong were to signify rotation, it would be difficult
to explain why other lower harmonics are not present in the
power spectrum. Conversely, if we were to identify Pphot
as the rotation period, a longer-period signal might be at-
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tributable to the timescales over which the spot morphologies
change, or to latitudinal differential rotation.

As such, we believe it would be more plausible to interpret
Pphot, rather than Plong, as being representative of BH2∗’s
present rotation rate. If this period is indeed the rotational
period of the star then it corresponds to an equatorial velocity
of veq = 0.99 kms−1 and equivalent vsin i assuming the star
is seen equator-on. The influence in the line-broadening of
the spectrum of the star would be minimal to non-existent,
especially considering that El-Badry et al. (2023a) model an
upper limit on vsin i of < 1.5 kms−1. Otherwise, we defer a
more detailed investigation of possible secular evolution to
future work when more photometric data is available.

3.3. Is Gaia BH2∗ a merger product?

Our asteroseismic model age requires that the red giant in
Gaia BH2 belongs to the class of young (< 8 Gyr), α-enriched
red giants in the solar neighborhood. Such stars show an un-
usually high abundance of α elements, characteristic of thick
disk stars, but are otherwise known to be young (Martig et al.
2015; Chiappini et al. 2015; Silva Aguirre et al. 2018; Clay-
tor et al. 2020; Das et al. 2020; Zinn et al. 2022; Pinsonneault
et al. 2024; Zhang et al. 2021). One possible interpretation
of these stars is that they may be products of mass transfer
or merger events. That is, they have a higher mass than they
began with, and so appear younger when their ages are esti-
mated assuming canonical single-star evolution (Zhang et al.
2021; Yu et al. 2024; Lu et al. 2024; Grisoni et al. 2024).
Miglio et al. (2021) suggest that the occurrence rate of mas-
sive (> 1.1M sun) alpha rich red giants is on the order of 5%
for the RGB, and significantly higher in the RC.

El-Badry et al. (2023a) consider the possibility of BH2∗

having been chemically enriched through pollution from the
BH progenitor, since such enhancement is also seen in the
donor stars of BH X-ray binaries. They argue, from geomet-
ric considerations, that the observed α-enhancement is un-
likely to have arisen by the accretion of supernova ejecta.
Instead, they suggest it is possible that low velocity ejecta
remained gravitationally bound to the star and eventually ac-
creted.

It is also possible that BH2∗ was enriched by interactions
with the progenitor star itself, before core-collapse. For an
assumed progenitor mass of > 25 M⊙ (Sukhbold et al. 2016;
Raithel et al. 2018), such a star would exceed the current
orbital separation of the binary (4.96 AU). This common en-
velope evolution is disfavored, as it significantly reduces the
orbital separation to much lower than what it is today (El-
Badry et al. 2023b).

Merger remnants, or planetary engulfment, are also one
explanation for the existence of rapidly-rotating red giants
with no obvious stellar companions (e.g. Phillips et al. 2024;
Ong et al. 2024; Rui & Fuller 2024). Tidal synchronization
(which we discuss above) may serve to brake initially rapid
rotation more quickly than would magnetism alone, while at
the same time also producing extra tidal heating that may
continue to puff the star up even after after many Kelvin-
Helmholtz timescales have elapsed.

This being so, it is tempting — considering the asteroseis-
mic age of 5.03+2.58

−3.05 Gyr, its α-abundance, and apparently
rapid rotation — to suggest that BH2∗ has undergone signif-
icant interactions with a past companion: either the progen-
itor to the present black hole, or another star. There are few
chemical tracers we can use to support this theory, however.
Lithium is widely quoted as a marker of recent engulfment
or interaction events, because it is easily disrupted near the
stellar envelope (Sayeed et al. 2024). However, Li is also de-
pleted in a red-giant after the first dredge-up. There are still
some red giants that show anomalously high Li abundance,
but BH2∗ is not one of them (Tayar et al. 2023).

In addition to these chemical, rotational, or kinematic trac-
ers of mergers or accretion, asteroseismic signatures of them
also exist (e.g. Li et al. 2022b; Henneco et al. 2024): fur-
ther asteroseismic measurements, with longer data sets, may
prove helpful in determining whether BH2∗ has undergone
such a previous history. For example, while we have been
able to detect standing acoustic waves (p-modes) with the
TESS data that we have in hand, all nonradial p-modes are
known to couple to standing buoyancy waves (g-modes) that
are otherwise trapped in the radiative cores of red giants (e.g
Shibahashi 1979; Unno et al. 1989; Beck et al. 2011), to pro-
duce gravitoacoustic mixed modes.

We have so far only been capable of measuring the most
p-dominated of these mixed modes in BH2∗. Kepler data
show that, in addition to these p-mode features, a sufficiently
long observing baseline might enable the measurement of the
dipole g-mode period spacing ∆Π1 in comparably evolved
stars (e.g. Vrard et al. 2016), among other features. Remark-
ably, single stars are bounded by a tight sequence in the ∆ν-
∆Π1 diagram that is set by core electron degeneracy (De-
heuvels et al. 2022) — we might therefore expect BH2∗ to
lie on this sequence, given that its mass suggests it possesses
an electron-degenerate core. If a red giant should lie in the
forbidden region on this diagram — i.e. be more puffed up
than expected of an ordinary red giant with a given electron-
degenerate core size — then this is thought to be one indica-
tor that its exterior may have been modified by physical pro-
cesses not ordinarily accounted for in canonical stellar evo-
lution, as would indeed be the case in the event of a merger
(Rui & Fuller 2021) or mass accretion. As such, a period-
spacing measurement would afford us a model-independent
diagnostic of such noncanonical evolution, and serve as a test
of whether we ought to consider this model age to be reliable.
More photometric data could thus conclusively determine the
evolutionary history of BH2∗.

4. GAIA BH3

BH3∗ (Gaia DR3 4318465066420528000, TIC 73788466)
is a high proper motion star, with its absolute magnitude and
color identifying it as ascending the red giant branch. In Gaia
Collaboration et al. (2024), it was discovered to be host to
a dormant 33M⊙ black hole in a wide (P = 4195± 112 d)
eccentric (e=0.73) orbit. BH3∗ has been observed by TESS
in two non-contiguous sectors, 54 and 81 at a cadence of 10
and 2 minutes respectively.
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Figure 5. Power spectrum of BH3∗. The red line is the power spectrum convolved with a Gaussian kernel of width 0.2µHz, to highlight the
absence of any significant signal. The blue vertical and horizontal lines correspond to the predicted power excess and power of the asteroseismic
signal.

The stellar abundance analysis of BH3∗ identified it as ex-
tremely metal-poor ([Fe/H] = −2.56± 0.11) and moderately
α-enhanced ([α/Fe] = 0.43±0.12). Interestingly, the authors
note a lack of 13C and solar levels of [Ba/Fe], indicating that
the star has not been chemically enriched by a companion
star in the AGB phase. Given that it has evolved in appar-
ent isolation, the asteroseismic properties of the star should
be normal, conforming to what we understand of how these
properties vary over time.

The star itself was carefully modeled by Gaia Collabo-
ration et al. (2024). Curiously, the reported stellar mass
(0.76± 0.05M⊙) is extremely precise given that it was de-
rived through isochrones. Since the stellar evolution models
of stars clump up on the red-giant branch, and as noted by
Tayar et al. (2022), isochrone uncertainties in mass for red-
giant stars are typically much larger. We show, later on, that
this mass uncertainty is almost entirely due to the tight age
and luminosity priors placed on the star.

Given the moderately crowded region and high proper mo-
tion of Gaia BH3, we extract a 20x20 target pixel file for both
sectors of observation. We follow the same regression cor-
rection method outlined in Sec. 2 with a 3x3 aperture, PCA
comprising six components, and bin the light curve to a 30
minute cadence.

4.1. Asteroseismology

BH3∗ shows no obvious signs of asteroseismic variabil-
ity, even after permuting both the aperture and number of
PCA components (Fig. 5). There is a small increase in
noise around 100 µHz which could possibly be interpreted

as stochastic variability. We discuss now the absence of this
signal, and possible causes.

As in Section 3, we search for Kepler light curve twins for
BH3∗. We compare it against the twin based on the implied
νmax and ∆ν obtained from the asteroseismic scaling relations
(Eq. 3). The goal of this exercise it to demonstrate that for the
measured stellar parameters of BH3∗ in Gaia Collaboration
et al. (2024), the TESS light curve of a known Kepler star at
a similar magnitude should show a clear signal.

Using the stellar parameters in Gaia Collaboration et al.
(2018), under the assumption that they are normally dis-
tributed, we predict νmax = 100.3 ± 1.0µHz. However, in
metal-poor stars the νmax scaling relation can be systemat-
ically off by up to 20% (e.g., Huber et al. 2024; Chaplin
et al. 2020; Li et al. 2022a). In Yu et al. (2018), there are 83
Kepler stars within 1σ of this value at various magnitudes,
and one Kepler star at a similar magnitude; KIC 8110811
(TIC 272270985, Gaia DR3 2079577161336956416). KIC
8110811 has been observed in sectors 14, 15, 41, 54, 55,
74, 75, 81, and 82 in cadences of 30 minutes, 10 minutes,
and 2 minutes. Fortuitously, two of these sectors (54 and 81)
overlap with the TESS observations of BH3∗ and so should
have similar, but not identical, noise properties. We calculate
a TESS light curve of this target using identical methods as
discussed in Sec. 2 across these overlapping sectors. We find
that the signal is observable at the predicted amplitude given
Eq. 1. The noise level of this twin light curve is slightly lower
than that of BH3∗, 9.3 ppm vs. 10.7 ppm, so it is more likely
that the predicted amplitude is incorrect for metal-poor stars.

Of course, it is impossible to prove the absence of a sig-
nal despite our best efforts. There are other factors that could
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Figure 6. Posteriors of stellar properties of BH3∗ sampled from the stellar models, with temperature, luminosity and metallicity priors (orange),
and with an additional age prior (blue).

hinder detection of the expected 100 µHz power excess. The
most obvious of these is contamination. Gaia BH3 lies at
such a low Galactic latitude (−3.5◦) that there are several
nearby stars, albeit at fainter magnitude. Given the 21" pixel
scale of TESS, it is possible that the signal is diluted by com-
panion stars, which we now investigate.

In the 20x20 target pixel file, there are 107 targets brighter
than 16th magnitude, but only 6 targets brighter than 13th
magnitude (including BH3∗). Within the aperture we se-
lected for producing the light curve there is only one other
target at 14th magnitude. This target, and the other fainter
targets, if they are red giants, have effectively zero probabil-
ity of showing oscillations in the TESS light curve due to
their relative faintness.

The closest star of similar magnitude to BH3∗ is Gaia
DR3 4318465032060792064, at a distance of 56.27" (ap-

proximately 3 TESS pixels). This stars color and luminosity
imply that it belongs to a more evolved region of the red gi-
ant branch. Given the stellar properties from the Gaia DR3
catalog (Teff = 4905K, log g = 2.5 dex), the star would be ex-
pected to be variable at a much lower frequency of ∼ 40 µHz
than what we expect in BH3∗.

4.2. Stellar models

We computed a grid of stellar models using Modules for
Experiments in Stellar Astrophysics (MESA, version r24.03.1;
Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al.
2023). Adiabatic oscillation frequencies were calculated
with GYRE (version 6.0.1; Townsend et al. 2013) using the
structure profiles from MESA. The models incorporate el-
emental diffusion, an Eddington-gray atmospheric bound-
ary condition (Eddington 1926), and exponential convective
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overshoot at convective envelope boundaries, and a moderate
amount of mass loss η = 0.2 following Reimers’ prescrip-
tion (Reimers 1975). The relative metal abundances follow
the solar composition of Asplund et al. (2009), with addi-
tional α-element enrichment to match the observed value of
[α/Fe] = 0.4.

The initial helium abundance is set to Y = 0.248, consistent
with the primordial value (Planck Collaboration et al. 2016).
Large frequency separations (∆ν) were computed using ra-
dial modes. We sampled the parameter space uniformly over
mass M ∈ (0.6,1.2)M⊙, metallicity [Fe/H] ∈ (−3.2,−2.4), and
the mixing length parameter αMLT ∈ (1.5,2.5).

Gaia BH3 was recently discovered to belong to the metal-
poor disrupted ED-2 stellar stream (Dodd et al. 2023; Bal-
binot et al. 2023, 2024), a substructure that forms a dynam-
ically cold stellar stream which crosses the solar neighbor-
hood. The near-zero spread in metallicity in ED-2 indicates
that it was originated by a disrupted star cluster. This ar-
gument is in good agreement with the color-magnitude dia-
gram (cf. fig 1 of Balbinot et al. 2023), which is well fitted
with an extremely old single stellar population. The CMD
of ED-2 closely resembles that of the GC M92 at an age of
13.80 ± 0.75 Gyr (Ying et al. 2023) with a slightly fainter
main-sequence turn-off, indicating that BH3∗ is potentially
older than 13 Gyr. This is consistent with the stellar mod-
eling performed in the discovery paper (Gaia Collaboration
et al. 2024), where the de-reddened Gaia colors of BH3∗ were
fit to isochrones of 12 and 14 Gyr.

From the stellar models, it is obvious that the mass (along
with other stellar parameters) is heavily constrained by the
assumed age of the star (Fig. 6). Under only metallicity, lu-
minosity, and temperature constraints, the mass of the star
is not constrained (as expected). Given that the amplitude
of the oscillation signal depends on the mass of the star, the
higher mass implies a lower amplitude signal for the same
νmax. When using the age constraint of 13± 1 Gyr, the pa-
rameters are tightly constrained, similar to what was found
in Gaia Collaboration et al. (2024). Most interestingly how-
ever, the predicted amplitude is constrained to a narrow re-
gion corresponding to 38±3 ppm (Eq. 1). This is significantly
higher than the median noise level of the power spectrum in
the range corresponding to the expected power excess (12
ppm). Given that we do not detect a signal at this level, it is
possible that uncertainty on the luminosity is underestimated.

Finally, we consider one more scenario for why the pre-
dicted signal is not found. The predicted amplitude (Eq. 1) is
scaled from the Kepler data, of which there are only a hand-
ful of extremely metal-poor stars. It has also been shown that
metallicity can weakly affect the observed mode amplitudes
(cf. figure 12 of Yu et al. 2018). It is possible, then, that
the metal-poor nature of BH3∗ has caused us to substantially
over-predict its oscillation amplitudes.

Regardless, even a detection of only νmax and ∆ν for BH3∗

may not be particularly useful for obtaining stellar parame-
ters. As Huber et al. (2024) note, the asteroseismic scaling
relations seem to break down in accuracy for very metal-poor
([Fe/H] < −1) stars. While constraints on stellar parameters

by individual mode-frequency analysis and seismic modeling
do remain extremely precise in these situations (e.g. Chaplin
et al. 2020; Huber et al. 2024), this would only be achiev-
able if an improved signal to noise ratio at either a shorter
cadence, longer time baseline, or both, were to enable the
measurement of individual mode frequencies. Given that we
have not detected even a power excess (let alone individual
modes), and that BH3∗ will not fall on any TESS silicon
for the foreseeable future (Burke et al. 2020), there is lit-
tle chance of performing such an analysis without dedicated
follow-up.

5. CONCLUSION

We have investigated the TESS and ground-based light
curves of the luminous companions in Gaia BH2 and BH3
for their expected signatures of seismic variability and po-
tential rotational modulation. Our main conclusions are as
follows.

• We identify an asteroseismic signal in Gaia BH2∗ with
νmax =60.15± 0.57 µHz and a ∆ν of 5.99± 0.03 µHz.
These global asteroseismic parameters yield a mass of
1.19+0.08

−0.08 M⊙, which is in excellent agreement with El-
Badry et al. (2023a). With only a few TESS sectors of
data, we are unable to perform detailed mode identifi-
cation and modeling.

• The asteroseismic age measured for BH2∗ is
5.03+2.58

−3.05 Gyr, placing it as a member of the young,
α-enhanced red giants. This population is suspected to
be formed from merger or accretion events, enriching
their α elements and increasing their mass.

• The long-term ASAS-SN light curve of BH2∗ shows
three strong signals of periodicity at 397 d, 495 d, and
1513 days. The ATLAS light curve also shows evi-
dence of photometric modulation at the 397 day pe-
riod, although longer periods can not be determined
given the shorter time coverage of ATLAS. If the sig-
nal at 397 d is due to rotational modulation, then it im-
plies that BH2∗ was spun up through some tidal forcing
mechanism. That is, the rotation period is faster than
permitted by magnetic braking is BH2∗’s rotation pe-
riod were to be attributed entirely to its primordial an-
gular momentum. We caution that this rotation period
is tentative, and requires more follow-up to confirm.

• The pseudo-synchronous period inferred from the or-
bit of BH2∗ is Pspin = 428± 1 days, which is close to
the measured period in the ground-based photometry.
This indicates that BH2∗ was potentially spun up in its
evolutionary history.

• BH2∗ will be observed by TESS in several more sec-
tors over the next few years, after which point individ-
ual mode identification and detailed seismic analysis
should be possible. This modeling will only serve to
improve the age and should indicate whether BH2∗ is
indeed a merger product.
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• We detect no signature of asteroseismic oscillations in
BH3∗, despite strong constraints on the expected fre-
quency and amplitude of variability. Given the noise
level in the light curve, we predict that the expected
amplitude should make this variability obvious.

• Given the absence of this signal, we create a series
of stellar evolutionary models based on the parame-
ters from Gaia Collaboration et al. (2024). We suggest
that their extremely tight luminosity constraint should
be relaxed to allow for a larger range of possible am-
plitudes and frequencies of oscillation. Our results do
not change the inferred mass of the (BH3) black hole
companion.

Our work demonstrates the utility of asteroseismology as a
tool to characterize stellar properties, or to confirm the stellar
properties obtained from other methods. The TESS mission
has now observed a significant fraction of the entire sky, and
the simplicity of producing light curves allows for asteroseis-
mic analyses of brighter objects. Our key takeaway is that the
red giant companion to Gaia BH2 is a young, α-enhanced
star, with apparently rapid rotation. Both of these phenom-
ena point to the red giant undergoing a merger or accretion
event in its past history, which could help constrain theories
of dormant black hole binary formation mechanisms.
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