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ABSTRACT
We present high-precision measurements for HR 7672AB, composed of a Sun-like (G0V) star and an L dwarf30

companion. Three nights of precise (70 cm/s) radial velocity (RV) asteroseismology with the Keck Planet Finder31

clearly detect 5-minute oscillations from the primary HR 7672A, and modeling of the frequency spectrum32

yields an asteroseismic age of 1.87± 0.65 Gyr. We also determine a gyrochronological age of 2.58± 0.47 Gyr33

from the primary’s chromospheric activity, and we combine these two results for a final age of 2.26± 0.4034

Gyr. In addition, we obtained new imaging for the companion HR 7672B, thereby refining dynamical mass to35

75.39± 0.67 MJup, which places it near the stellar/substellar boundary and thus particularly sensitive to differ-36

ences in model predictions. The joint precision in host star age (18% uncertainty) and companion mass (0.9%37

uncertainty) makes HR 7672AB an exceptional substellar benchmark. Combined with the companion’s lumi-38

nosity, we use these measurement to test predictions from six brown dwarf cooling models. The best agreement39

occurs with the Chabrier et al. (2023) models, which incorporate a new equation of state, resulting in predictions40

that agree within <0.3σ with all the observations. The other 5 sets of models agree at the 1–3σ level depending41

on the particular test, and some models struggle to predict a sufficient low luminosity for HR 7672B at any age42

given its dynamical mass. Finally, we detected a weak seismic signal in near-simultaneous TESS photometry43

of HR 7672A, with the resulting RV-to-photometry oscillation amplitude ratio consistent with solar values.44
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1. INTRODUCTION49

Brown dwarfs are objects with masses between the heav-50

iest gas-giant planets and the lowest-mass stars (≈13–7551

MJup; e.g., G. Chabrier & I. Baraffe 2000; T. J. Dupuy &52

M. C. Liu 2017). They are not massive enough to sustain sta-53

ble hydrogen fusion, which is the process that powers main-54

sequence stars. Instead, brown dwarfs can briefly fuse deu-55

terium, and those above ∼65 MJup can fuse lithium early in56

their evolution. Without a long-lived fusion source, brown57

dwarfs cool and fade as they radiate away their residual heat.58

Their effective temperature and luminosity steadily decrease59

with age, causing them to evolve through later spectral types60

(from late-M to L to T and Y). This contrasts with main-61

sequence stars, which maintain stable luminosities for mil-62

lions to trillions of years.63

The cooling of brown dwarfs is predicted by evolutionary64

models. Early models used simplified treatments of interior65

and atmospheric physics, but the low temperatures of brown66

dwarfs require more sophisticated approaches. Modern mod-67

els incorporate non-grey atmospheres (e.g., A. Burrows et al.68

1997; G. Chabrier & I. Baraffe 1997; M. S. Marley et al.69

2021), dust and cloud physics (e.g., G. Chabrier & I. Baraffe70

2000; I. Baraffe et al. 2002; D. Saumon & M. S. Marley71

2008; C. V. Morley et al. 2012), disequilibrium chemistry72

(e.g., D. Saumon et al. 2006; M. W. Phillips et al. 2020a),73

vertical mixing (e.g., P. Tremblin et al. 2015), detailed equa-74

tions of state and degeneracy (e.g., G. Chabrier et al. 2023),75

and assumptions about initial conditions (e.g. hot vs. cold76

start; e.g., M. S. Marley et al. 2007).77

Evolutionary models provide predictions of brown dwarf78

luminosity, radius, and effective temperature at a given age79

and mass, often visualized as cooling curves (luminosity vs.80

age at fixed masses) and isochrones (radius vs. mass at fixed81

ages). When coupled to model atmospheres, such models82

also predict the mass- and age-dependence of an object’s col-83

ors, magnitudes, and spectra. Thus, evolutionary models are84

at the heart of converting observations into the fundamental85

properties needed to understand both individual objects and86

the substellar population as a whole.87

Given the wide-spread use of such models, testing their88

predictions is imperative. To do so, model-independent mea-89

surements of brown dwarf properties are needed, in particu-90

lar the 3 key quantities of luminosity, age, and mass. Systems91

with at least 2 of these quantities measured are often referred92

to as ”benchmarks” (e.g. M. C. Liu et al. 2008). While lumi-93

nosities is relatively easy to measure, age and mass are not94
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for most brown dwarfs, which are free-floating objects. For95

a minority fraction of known objects, ages can be established96

via their physical association with a star or stellar associa-97

tion (e.g. D. J. Pinfield et al. 2006). And for an even smaller98

fraction of the known objects, dynamical masses can be mea-99

sured via the visual/astrometric orbits of binary brown dwarfs100

(e.g., T. J. Dupuy & M. C. Liu 2017) and brown dwarfs that101

are companions to nearby stars (e.g. T. D. Brandt et al. 2019).102

Only a tiny fraction of known brown dwarfs have their103

luminosities, ages, and masses all measured. Such sys-104

tems provide the most stringent tests of evolutionary models.105

For instance, using the models with the observed dynami-106

cal mass and luminosity produces a ”cooling age” for the107

brown dwarf, which can be compared with the primary star’s108

age. This test was first done by T. J. Dupuy et al. (2009),109

who found that the cooling age for the brown dwarf binary110

HD 130948BC (440±40 Myr) was inconsistent with the age111

of the solar-type host star HD 130948A as inferred from gy-112

rochronology (790±150 Myr). Or put another way, the brown113

dwarfs appear to be 2–3× overluminous compared to model114

predictions given their masses and age. Evidence for a dis-115

crepancy between cooling ages and stellar ages has steadily116

grown in recent years, with now a ≈half a dozen star+brown117

dwarf systems where the brown dwarf potentially shows ei-118

ther over- or under-luminosity relative to evolutionary model119

predictions (e.g., G. M. Brandt et al. 2021 and references120

therein). However, the discrepancy between model predic-121

tions and observation shown no clear pattern of behavior,122

limiting our ability to probe for the origin. One key limit-123

ing factor is that the measured ages for these benchmarks are124

often imprecise.125

This paper focuses on one notable benchmark system,126

HR 7672AB, composed of a Sun-like (G0V) and an imaged127

L dwarf companion with a 17 au semi-major axis. Studying128

the primary star HR 7672A (15 Sge; HD 190406) provides129

two critical measurements for testing evolutionary models:130

(1) a dynamical mass measurement for the companion based131

on its orbit, and (2) a stellar age estimate that applies to the132

system as a whole, under the conservative assumption of both133

components being coeval.134

HR 7672B was discovered by M. C. Liu et al. (2002) with135

adaptive optics (AO) imaging at Keck and Gemini and shed136

light on the ”brown dwarf desert,” namely the scarcity of137

≈15–75MJup companions in radial velocity surveys of solar-138

type stars. At ≈14 AU (0.8”) projected separation, HR 7672B139

demonstrated that brown dwarfs, while rare, can exist at140

planet-like separations. A decade later, J. R. Crepp et al.141

(2012) measured its orbit, finding a ≈73-year period, high ec-142

centricity (e ≈ 0.5), and near edge-on inclination, and contin-143

ued orbital monitoring by B. P. Bowler et al. (2023) showed144

no signs of spin-orbit misalignment. Its eccentricity may re-145
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flect dynamical interactions (e.g., with a passing star or un-146

seen companion) or simply the outcome of fragmentation-147

based formation, which naturally yields eccentric orbits (un-148

like the near-circular orbits typical of disk-formed planets).149

More recently, HR 7672B’s atmosphere has been stud-150

ied with AO-assisted high-spectral resolution measurements.151

J. Wang et al. (2022) used K-band spectroscopy with152

Keck/KPIC to measure carbon and oxygen abundances, key153

to CO, H2O, and CH4 chemistry. The elemental abundances154

of the host star agree well with the host star, supporting a star-155

like formation scenario for the companion. Y. Kasagi et al.156

(2025) further obtained high-resolution Y JH-band spectra157

with Subaru/REACH. Their atmospheric retrievals detected158

H2O and FeH absorption and required an optically thick159

cloud layer to reproduce the data, consistent with L-dwarf160

cloud physics. They inferred cloud-top temperatures sugges-161

tive of condensates such as TiO2, Al2O3, or Fe.162

In this study, we derive the age of HR 7672A — and hence163

the system — using asteroseismology from three consecutive164

nights of Keck Planet Finder (KPF) radial velocity data and165

with gyrochronology based on stellar rotation (§2–§3). We166

also refine the dynamical mass of HR 7672B, using a new167

epoch of AO imaging combined with additional RV data for168

the primary. These new high-precision measurements of the169

system enable strong tests of current substellar evolutionary170

models (§4). We also discuss the nearly-simultaneous KPF171

and TESS observations, which offer additional insights into172

stellar pulsations (§5).173

2. OBSERVATIONS174

2.1. Asteroseismology with Keck Planet Finder175

Asteroseismology is the study of stellar oscillations, which176

probe internal structure and provide precise fundamental stel-177

lar properties. Extremely Precise Radial Velocity (EPRV)178

techniques now achieve radial velocity measurements with179

precisions down to 30 cm/s for individual measurements180

(D. A. Fischer et al. 2016; J. T. Wright 2018). At this pre-181

cision, stars that oscillate at very low amplitudes to be de-182

tected from photometry like TESS (G. R. Ricker et al. 2015),183

such as main-sequence K dwarfs, can now be routinely de-184

tected via the EPRV method. Oscillations have recently been185

detected in K-type main-sequence dwarfs with amplitudes of186

only 1–6 cm/s in ϵ Ind A (T. L. Campante et al. 2024; M. S.187

Lundkvist et al. 2024), σ Dra (M. Hon et al. 2024b) and188

HD 219134 (Y. Li et al. 2025), as well as in the subgiant189

HD 118203 (J. Zhang et al. 2024).190

The advantage of the EPRV method is particularly great191

for young, magnetically active stars. Their oscillation ampli-192

tudes are, in general, smaller than those of older stars (D. Hu-193

ber et al. 2011a; T. L. Campante et al. 2014; M. Sayeed et al.194

2025), so their oscillations can often be obscured by granu-195

lation or white noise in photometry. EPRV is less sensitive196

to granulation at oscillation frequencies of interest, enabling197

higher SNR of oscillations in such targets. The star we are198

studying, HR 7672A, is a moderately young G-type dwarf199

that illustrates this capability.200

Table 1. Oscillation frequencies of HR 7672, including
corrections for line-of-sight Doppler shifts.

n ℓ νn,ℓ σ(νn,ℓ)

µHz µHz

18 0 2572.67 1.75
19 0 2703.14 1.74
20 0 2834.84 1.25
21 0 2965.31 1.66
22 0 3098.25 0.93
24 0 3366.58 1.26
25 0 3498.28 1.79
18 1 2631.75 1.62
19 1 2762.22 1.61
20 1 2895.16 1.35
21 1 3028.09 1.32
22 1 3159.79 0.74
23 1 3293.96 1.15
25 1 3559.82 0.84
19 2 2822.53 1.27
20 2 2954.24 0.59
21 2 3087.17 1.33
22 2 3220.10 0.84
23 2 3350.58 0.90
24 2 3487.20 1.39
25 2 3620.14 1.53
21 3 3141.33 1.40
22 3 3276.72 1.42

We obtained approximately 8 hours of observations per201

night over 3 consecutive nights, from July 12 to 14, 2024202

(Hawaii Standard Time), using the Keck Planet Finder (KPF)203

mounted on the Keck I telescope (S. R. Gibson 2016; S. R.204

Gibson et al. 2018, 2020, 2024). A total of 1,084 radial ve-205

locity measurements were collected. Observing conditions206

were moderately good, but with occasional gusts resulting in207

the poorest seeing reaching 2.0′′. To maintain the signal-to-208

noise ratio to reach adequate RV precision per spectra under209

the variable conditions, we used a mixture of 60-second and210

90-second exposures, each followed by a 15-second readout,211

yielding cadences of 75 or 105 seconds, where the latter cor-212

responds to a Nyquist frequency of 4800 µHz. The aver-213

age time-domain scatter measured using the power density214

at high frequency is 0.68 m/s.215

Figure 1 shows the RV time series, along with the power216

spectrum calculated using the Lomb-Scargle method (N. R.217

Lomb 1976; J. D. Scargle 1982), using the reported RV un-218

certainties as weights (S. Frandsen et al. 1995). We see a219

clear power excess around 3000 µHz. Based on a heavily220

smoothed power spectrum (H. Kjeldsen et al. 2008), we mea-221

sured the frequency of maximum power as νmax = 3294 ±222

59 µHz.223

The oscillations observed around νmax are acoustic modes,224

and their frequencies can be well described by the asymptotic225
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Figure 1. Radial velocity observations of HR 7672A over three consecutive nights using the Keck Planet Finder. Top: Radial-velocity time
series after filtering out signals with periods longer than 1.2 hours. Bottom: Power spectrum of the RV time series, weighted by the reported
RV uncertainties, displaying a clear power excess around 3000 µHz. The inset shows the spectral window.

relation involving two quantum numbers, the radial order, n,226

and angular degree, ℓ (M. Tassoul 1980; P. H. Scherrer et al.227

1983):228

νn,ℓ ≃ ∆ν

(
n+
ℓ

2
+ ϵ

)
−δν0,ℓ. (1)229

The large frequency separation, ∆ν, depends primarily on the230

sound travel time across the star and, to first order, scales231

with the square root of the mean stellar density (R. K. Ulrich232

1986). The phase offset, ϵ, generally falls between 0.8 and233

1.6 in main-sequence stars (T. R. White et al. 2012), and de-234

pends on the turning points of modes (I. W. Roxburgh & S. V.235

Vorontsov 2003). The small separations, δν0,ℓ, quantify the236

frequency offsets between modes of different ℓ but with adja-237

cent n. In main-sequence stars, δν0,ℓ is sensitive to the chem-238

ical gradient near the core (M. Tassoul 1990; I. W. Roxburgh239

& S. V. Vorontsov 1994), making it a useful diagnostic for240

tracing hydrogen-burning processes and, therefore, for de-241

termining stellar ages on the main sequence (J. Christensen-242

Dalsgaard 1984; T. R. White et al. 2011; E. P. Bellinger 2019;243

M. Hon et al. 2024a).244

To identify and measure these oscillation modes, we fol-245

lowed the method outlined in Y. Li et al. (2025). We applied246

Gold deconvolution to the power spectrum with the spec-247

tral window to reveal regular structures of mode spacings248

(R. Gold 1964; M. Morháč et al. 2003; Ong et al. in prepa-249

ration). Figure 2(a) shows the power spectrum displayed in250

an échelle format, which involves folding into segments of251

∆ν and stacking them vertically (the échelle is duplicated252

for clarity). Figure 2(b) shows the deconvolved spectrum,253

revealing clear ℓ = 0–3 mode ridges, corresponding to the254

regular spacings dictated by Equation 1. These are more255

apparent in Figure 2(c), which shows the collapsed power256

spectrum from summing power along the vertical direction257

in Figure 2(b).258

From Figures 2(b) and (c), we can identify the peaks along259

each ridge, which we preliminarily considered as candidate260

oscillation modes. We simultaneously fitted sine waves at261

these frequencies to the RV time series, obtaining the cor-262

responding amplitudes and phases. Modes with amplitudes263

exceeding 3.5 times the average noise amplitude at high fre-264

quencies (0.03 m/s) were retained in the final list of modes.265

These are highlighted in Figure 2(d).266

We also corrected the line-of-sight Doppler shifts for these267

frequencies following G. R. Davies et al. (2014), using a ra-268

dial velocity of 5.6685 km/s based on an average value over269
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Figure 2. Replicated échelle diagrams showing structures of regu-
lar frequency spacings from KPF data. (a): échelle diagrams of the
original power spectrum. (b): échelle diagram after deconvolving
with the spectral window and then smoothing with a 1 µHz-width
Gaussian filter. (c): collapsed échelle diagram, obtained by sum-
ming the power along the y-axis of panel b. (d): same as panel b,
but highlighting the extracted oscillation modes.

three nights. The final list of frequencies are shown in Ta-270

ble 1. We also fitted Equation 1 to these frequencies and ob-271

tained the following asymptotic parameters: ∆ν = 132.798±272

0.122 µHz, ϵ = 1.336±0.022, δν0,1 = 5.43±0.69 µHz, δν0,2 =273

12.45±0.64 µHz, and δν0,3 = 22.80±1.16 µHz.274

Table 2. Relative astrometry of HR 7672AB from direct imaging,
including separations (ρ) and position angles (PA).

Date ρ σ(ρ) PA σ(PA) Reference

arcsec arcsec deg deg

2001.64 0.786 0.006 157.9 0.5 M. C. Liu et al. (2002)
2001.94 0.794 0.005 157.3 0.6 M. C. Liu et al. (2002)
2002.54 0.788 0.006 156.6 0.9 A. Boccaletti et al. (2003)
2006.69 0.750 0.080 155.0 5.0 E. Serabyn et al. (2009)
2007.73 0.742 0.035 151.8 2.9 J. R. Crepp et al. (2012)
2011.37 0.519 0.006 147.1 0.5 J. R. Crepp et al. (2012)
2024.78 0.852 0.007 329.5 1.1 §2.2

Table 3. Absolute astrometry of HR 7672A from Hipparcos and Gaia
DR3, including proper motions in right ascension direction (µα) and
in declination direction (µδ).

Date µα σ(µα) µδ σ(µδ) Reference

mas/yr mas/yr mas/yr mas/yr

1991.25 -394.07 0.63 -406.42 0.64 ESA (1997)
2016.00 -387.472 0.037 -419.497 0.030 Gaia Collaboration (2022)

2.2. Dynamical Orbit275

HR 7672A and B form a binary system, and their mu-276

tual orbit enables a dynamical determination of the masses of277

both the primary star and the brown dwarf. To model the orbit278

and constrain the component masses, we combined astrome-279

try with long-baseline radial velocity (RV) measurements.280

Relative astrometry of the system from direct imaging has281

been reported in previous studies (M. C. Liu et al. 2002;282

A. Boccaletti et al. 2003; E. Serabyn et al. 2009; J. R. Crepp283

et al. 2012). We also obtained a new epoch of direct imaging284

with the Keck II facility imager NIRC2 on 2024 Oct 11 UT.285

We used its narrow camera mode (9.971± 0.004 mas pix−1)286

with the standard MKO K-band filter (A. T. Tokunaga et al.287

2002) for deep images and the narrow-band Brγ filter (λcen =288

2.15762µm) for shallow images. All images were obtained289

with the 256 × 264 subarray to achieve shorter exposure290

times. We performed standard bias subtraction and flat field-291

ing corrections on all images, using 0.021-s matching sub-292

array biases scaled to our actual exposure time of 0.05 s and293

Ks-band dome flats for all images.294

In the deep images, the primary was saturated but the com-295

panion was well-detected, while in the shallow images, only296

the unsaturated primary was well-detected. We thus chose to297

use the shallow images, which bracketed the deep images in298

time, as a reference PSF image that we cross-correlated with299

both the primary and secondary in the deep images. Before300

doing so, we masked the core of the saturated primary PSF,301
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excluding any pixels within 3.4 pixels of the central pixel.302

We also attempted to remove any systematic effects of the303

primary’s PSF wings by subtracting the median radial pro-304

file of the primary. To correct for NIRC2’s geometric distor-305

tion, we placed our (x,y) coordinates of the primary (i.e., its306

central pixel) and companion (i.e., the primary’s coordinates307

with the offset computed from our cross-correlation analy-308

sis) in the full 1024× 1024 NIRC2 coordinate system. We309

used the astrometric calibration of M. Service et al. (2016)310

and also applied corrections from differential aberration and311

atmospheric refraction using the same method as described312

by T. J. Dupuy et al. (2016). We assumed a K-band effective313

wavelength of 2.18932 µm for the primary and 2.19762 µm314

for the secondary.315

Our new measurement, along with all available measure-316

ments, are summarized in Table 2. In addition, HR 7672317

A has absolute astrometry from both Hipparcos (ESA 1997)318

and Gaia (Gaia Collaboration 2022), allowing us to measure319

its proper motion acceleration over a 20-year baseline. These320

data are listed in Table 3.321

The California Planet Search (CPS) has acquired RVs322

of HR 7672A from 1970 to 2024 using Lick/APF and323

Keck/HIRES instruments (D. A. Fischer et al. 2014; L. J.324

Rosenthal et al. 2021). All RVs are compiled in §A.325

We modeled the dynamical orbit by jointly fitting the Hip-326

parcos and Gaia astrometry, direct imaging measurements,327

and RV data. We used open source package orvara (T. D.328

Brandt et al. 2021), which performs a parallel-tempering329

Markov Chain Monte Carlo (MCMC) fitting. In total, our330

analysis used 16 free parameters. Two of them are the masses331

of the primary star (MA) and brown dwarf companion (MB).332

Six orbital parameters define the orbit of companion: semi-333

major axis (aB), inclination (iB), longitude of the ascend-334

ing node (ΩB), mean longitude at a reference epoch (tref)335

of 2455197.5 JD (λref), and the eccentricity (eB) and the336

argument of periastron (ωB) in the form of eB sinωB and337

eB cosωB. We also included four parameters to fit the zero-338

point for RV data from different instruments. Finally, we339

have four parameters for the intrinsic jitter of RV data from340

different instruments. Because HIRES underwent an instru-341

ment upgrade in August 2014, we adopted separate radial342

velocity zero points and jitters for data taken before and af-343

ter the upgrade. The likelihood was computed by comparing344

the observed separations, position angles, absolute astrome-345

try, and radial velocities with those predicted from a synthetic346

orbit, under the assumption of Gaussian measurement errors.347

We used 100 walkers to sample our model and the chains348

converged after 2.5×105 steps. We discarded the first 30% as349

burn-in portion. The best-fitting results to the astrometric and350

RV data are presented in §B. In particular, we determined a351

primary-star mass of 1.11±0.02 M⊙, and a companion mass352

of 75.4±0.7 MJup. For comparison, J. R. Crepp et al. (2012)353

reported a companion mass of 68.7± 2.8MJup, T. D. Brandt354

et al. (2019) obtained 72.7± 0.8MJup, F. Feng et al. (2021)355

found 72.8±6.1MJup, and Q. An et al. (2025) derived 71.43±356

1.05MJup (astrometry only). The difference primarily results357
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Figure 3. Top: Time series of S-index measured from Ca H & K
emissions, showing a rotation period of approximately 14.2 days
and a long term activity cycle. Bottom: Phase folded and normal-
ized S-index measurements for the Mount Wilson data, showing the
rotational signal. Note that the long term trend has been removed.

from the inclusion of updated radial velocity and astrometric358

data.359

2.3. Rotation and Activity360

HR 7672A has a rather long coverage of S-index over361

a baseline of many years, from the Mount Wilson pro-362

gram (R. Radick & A. Pevtsov 2018), and later coverage by363

Lick/APF, and Keck/HIRES. Figure 3 shows the time series364

of the S indices after pre-processing, which involved removal365

of the long term (> 1000 d) trend, subtraction of the median366

S index per instrument, and a 3σ clipping. The power spectra367

of the S index for each instrument show a clear signal at ap-368

proximately 15 days for both the HIRES and Mount Wilson369

data. We are unable to discern a signal above the noise level370

in the sparsely sampled APF data and so it is not included in371

the following rotation analysis.372

To obtain a rotation period from the S index, which is mod-373

ulated by the star’s rotation, we modeled the time series using374

a hierarchical model and Gaussian processes (D. Foreman-375

Mackey 2018). Each time series was assigned a single ro-376
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tation period, with all periods assumed to follow a normal377

distribution with a common mean and a standard deviation,378

using the rotation kernel term in celerite2. This rotation379

kernel is a sum of two simple harmonic oscillator kernels380

(c.f., D. Foreman-Mackey 2018). A hierarchical model is381

well suited in this situation because of varying systematics,382

noise levels, and signal amplitudes across instruments. Us-383

ing this model, we determined a rotation period of Prot =384

14.8 ± 1.3 d. This value agrees well with the rotation pe-385

riods derived in previous work such as 13.94 d from R. A.386

Donahue et al. (1996) from Mount Wilson data alone, and387

13.95 d from S. Messina et al. (2001) from V-band photome-388

try, and 14.54 d from Keck/HIRES.389

We also checked if there is any signature of rotation in390

TESS photometry, which has observed this star in Sector 58391

and 81. We found a cyclic modulation on the order of 6.27392

d, which is about half of what S-indices suggests. This is ex-393

pected in short photometric time series, where harmonics of394

the true rotation period are often seen as a signature of active395

regions emerging in different longitude.396

The average S-index of 0.19 corresponds to a logR′HK397

value of -4.74 (S. Boro Saikia et al. 2018), placing the star398

firmly within an active regime where standard magnetic spin-399

down remains applicable. Weakened magnetic braking is400

only expected to commence when logR′HK reaches -5.0, or401

equivalently, at a Rossby number of 0.9Ro⊙ (J. L. van Saders402

et al. 2016; N. Saunders et al. 2024).403

Given the measured rotation period, the expected rotational404

splittings between −ℓ ≤ m ≤ ℓ are 1.64, 3.28, and 4.92 µHz405

for ℓ = 1,2,3 modes, respectively. Indeed, some broadening406

is observed in the ridges formed by non-radial modes in Fig-407

ure 2(b), which could plausibly be attributed to this rotational408

splitting.409

2.4. Effective Temperature and Metallicity410

To determine the spectroscopic parameters, including ef-411

fective temperature Teff and metallicity [M/H], we adopted412

the values from L. J. Rosenthal et al. (2021), derived from413

Keck/HIRES spectra. They are 5932 K and 0.051 dex, re-414

spectively. We also compiled Teff and [M/H] values in liter-415

ature using the SIMBAD astronomical database. These val-416

ues exhibit a spread of around 100 K in Teff and 0.1 dex in417

[M/H], which we adopt as the representative uncertainties.418

These are consistent with typical spectroscopic uncertainties419

for solar-type stars (A. Serenelli et al. 2017; J. Tayar et al.420

2022).421

2.5. Luminosity422

We used isoclassify (D. Huber et al. 2017; T. A. Berger423

et al. 2020) to calculate the bolometric flux based on apparent424

magnitudes from the Tycho-2, Gaia, and 2MASS photomet-425

ric systems. Combined with the Gaia DR3 distance (C. A. L.426

Bailer-Jones et al. 2021), this yields an estimate of the stellar427

luminosity. Depending on the band used, the derived lumi-428

nosity ranges from 1.0 to 1.75 L⊙, with typical formal uncer-429

tainties of approximately 0.04 L⊙. The large spread reflects430

systematic issues such as saturation in bright-star photome-431

0 1 2 3
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Gyro Empirical 1

Gyro Empirical 2
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Figure 4. Estimates of stellar ages derived from various methods,
including six asteroseismic modeling ages, one rotational modeling
age, two rotational empirical ages, and one asteroseismic and rota-
tional joint modeling age.
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Figure 5. Correlation coefficients of stellar model input parame-
ters x = (M,Yinit,Age,αMLT, [M/H]) constrained using asteroseis-
mology, estimated from models implemented by Team 1.

try, uncertainties in bolometric corrections, and photometric432

zero points (M. Riello et al. 2021). The Gaia BP and RP433

bands are the most discrepant. Among the available bands,434

the luminosity value based on the 2MASS Ks band appears435

most consistent with that derived from asteroseismic model-436

ing in §3.1. However, we did not use it as a modeling con-437

straint due to the inconsistency across photometric bands. All438

stellar parameters are summarized in Table 5.439
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Table 5. Stellar properties of HR 7672A (15 Sge; HD 190406; HIP 98819).

Property Value Reference

Photometry

Ks-band magnitude 4.388 ± 0.027 R. M. Cutri et al. (2003)

Dynamical Orbit

Mass (M⊙) 1.111 ± 0.017 1,2 §2.2
Mass (MJup; HR 7672 B) 75.39 ± 0.67 §2.2

Astrometry

Distance (pc) 11.758 ± 0.014 C. A. L. Bailer-Jones et al. (2021)
Luminosity L⋆ (L⊙) 1.224 ± 0.043 §2.5

Spectroscopy

Effective temperature Teff (K) 5932 ± 81 1,2 L. J. Rosenthal et al. (2021)
Metallicity [Fe/H] (dex) 0.051 ± 0.057 1,2 L. J. Rosenthal et al. (2021)

Asteroseismology

νn,ℓ (µHz) Table 1 1 §2.1
ϵ 1.335±0.023 §2.1
∆ν (µHz) 132.806±0.126 §2.1
δν0,1 (µHz) 5.47±0.69 §2.1
δν0,2 (µHz) 12.53±0.67 §2.1
δν0,3 (µHz) 22.87±1.17 §2.1
νmax (µHz) 3294±59 §2.1
Aosc (cm s−1) 17.34±1.59 §2.1
Mass (M⊙) 1.114 ± 0.013 (stat) ± 0.002 (sys) §3.1
Radius (R⊙) 1.051 ± 0.004 (stat) ± 0.010 (sys) §3.1
Luminosity (L⊙) 1.25 ± 0.05 (stat) ± 0.01 (sys) §3.1
Asteroseismic age (Gyr) 1.87 ± 0.56 (stat) ± 0.32 (sys) §3.1
Density (ρ⊙) 0.960 ± 0.002 (stat) ± 0.026 (sys) §3.1
logg (cgs; dex) 4.442 ± 0.002 (stat) ± 0.010 (sys) §3.1

Rotation

Rotation period Prot (d) 14.8 ± 1.3 2 §2.3
Rotational age (Gyr) 2.58 ± 0.47 §3.2

Asteroseismology + Rotation

Asteroseismic + rotational joint age (Gyr) 2.26 ± 0.40 §3.3

Note—1. Used for asteroseismic modeling. 2. Used for rotational modeling.
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3. STELLAR AGES440

3.1. Asteroseismic Modeling441

To estimate the stellar age from oscillation frequencies, we442

used six independent modeling pipelines. This approach al-443

lows us to assess systematic uncertainties associated with dif-444

ferences in input physics and modeling codes.445

Stellar evolution codes used by the six teams included446

MESA (B. Paxton et al. 2011, 2013, 2015, 2018, 2019; A. S.447

Jermyn et al. 2023; N. Moedas et al. 2024), GARSTEC448

(A. Weiss & H. Schlattl 2008), YREC (P. Demarque et al.449

2008), and ASTEC (J. Christensen-Dalsgaard 2008a). Pul-450

sation codes used for calculating oscillation frequencies in-451

cluded GYRE (R. H. D. Townsend & S. A. Teitler 2013),452

ADIPLS (J. Christensen-Dalsgaard 2008b), and H. M. Antia453

& S. Basu (1994).454

The input physics used by the six teams also differed.455

Treatments of atmospheric boundary conditions included456

the Eddington (A. S. Eddington 1926) and Krishna-Swamy457

(K. S. Krishna Swamy 1966) T -τ relations, and pre-458

computed photosphere tables (P. H. Hauschildt et al. 1999a,b;459

F. Castelli & R. L. Kurucz 2003; R. Trampedach et al. 2014).460

Choices of nuclear reaction rates varied from R. H. Cy-461

burt et al. (2010), C. Angulo et al. (1999), A. Formicola462

et al. (2004), J. W. Hammer et al. (2005), and E. G. Adel-463

berger et al. (1998). The mixing length formulations in-464

cluded L. Henyey et al. (1965), J. P. Cox & R. T. Giuli (1968)465

and E. Böhm-Vitense (1958), with some teams using solar-466

calibrated mixing length parameters, others treating it as a467

free variable, and still others using calibrated prescriptions468

for varying it. Two main metal mixtures were used: those of469

M. Asplund et al. (2009) and of N. Grevesse & A. J. Sauval470

(1998). Mass, metallicity, and initial helium abundance were471

all treated as free parameters by all teams.472

Different teams employed different correction procedures473

for near-surface modeling errors. Several of the teams used474

empirical correction formulae (H. Kjeldsen et al. 2008; W. H.475

Ball & L. Gizon 2014), where an offset is applied to the mode476

frequencies to account for the effects of the surface term, be-477

fore the corrected mode frequencies are used to construct a478

conventional likelihood function. These empirical formulae479

admit additional free parameters, which may either be fit-480

ted against the data, or potentially be externally calibrated481

against 3D models (T. Sonoi et al. 2015) or from an empiri-482

cal ensemble (Y. Li et al. 2023). Other teams employed the483

nonparametric ϵ-matching technique (I. W. Roxburgh 2016),484

where combinations of mode frequencies are computed from485

both the model and observed set, chosen so that the likeli-486

hood function evaluated from these combinations is insensi-487

tive to the near-surface structure of the star (J. M. J. Ong et al.488

2021). Table 4 lists the detailed configurations as well as the489

derived stellar parameters by each team.490

Overall, the derived stellar properties for HR 7672A show491

consistency across modeling teams, despite intentional vari-492

ations in input physics. The standard deviation of median493

values from each team is comparable to or smaller than the494

average uncertainties reported by each team, indicating that495

model uncertainties arising from differences in input physics496

and stellar evolution codes are generally smaller than the for-497

mal uncertainties reported.498

We report our stellar properties of HR 7672A as follows:499

we adopted the median values and the statistical uncertainties500

from Team 1’s median and formal uncertainty, and adopted501

the standard deviation of the median values reported by the502

different teams as an estimate of the systematic uncertainties.503

The results are reported in Table 5. We find a radius of R⋆ =504

1.051 ± 0.004 (stat) ± 0.010 (sys) R⊙, a luminosity of L⋆ =505

1.25 ± 0.05 (stat) ± 0.01 (sys) L⊙, and an age of t⋆ = 1.87 ±506

0.56 (stat) ± 0.32 (sys) Gyr, based on asteroseismology.507

3.2. Rotational Modeling508

To model the star based on its rotation period using gy-509

rochronology, we require rotation period predictions from510

stellar models. For this purpose, we used Team 1’s stellar511

models in combination with the rotevol code (J. L. van512

Saders & M. H. Pinsonneault 2013; G. Somers et al. 2017).513

Angular momentum loss was modeled using a calibrated pre-514

scription, based on open cluster data and asteroseismic field515

stars, following the configuration described in Y. Li et al.516

(2025).517

We briefly summarize the calibration procedure used in the518

angular momentum loss modeling. Stellar models were ini-519

tialized with a rotation period of Pdisk = 4 days and a disk-520

locking timescale of τdisk = 10 Myr, following the setup of521

F. Chiti et al. (2024). Angular momentum loss was modeled522

using the prescription from J. L. van Saders et al. (2016),523

which relates the loss rate to the stellar rotation rate and524

convective overturn timescale, scaled by a braking efficiency525

parameter fK . When the Rossby number exceeds a critical526

threshold Rocrit, the star enters a weakened magnetic brak-527

ing regime, and angular momentum loss is no longer applied.528

This is less relevant in our case because the star has not en-529

tered into that phase. Stellar rotation was modeled using a530

two-zone framework in which the radiative core and convec-531

tive envelope rotate as solid bodies but exchange angular mo-532

mentum over a coupling timescale τce. This timescale is as-533

sumed to scale with stellar mass as τce/τce,⊙ = (M/M⊙)−αce ,534

where τce,⊙ ≈ 22 Myr (F. Spada & A. C. Lanzafame 2020).535

The free parameters in the model — fK , Rocrit, and αce —536

were calibrated to reproduce the rotation periods of stars in537

a set of well-characterized open clusters (L. M. Rebull et al.538

2016; S. T. Douglas et al. 2017, 2019; J. L. Curtis et al. 2019;539

S. Meibom et al. 2015; J. L. Curtis et al. 2020; S. A. Barnes540

et al. 2016; R. Dungee et al. 2022; L. Long et al. 2023), as-541

teroseismic field stars (O. J. Hall et al. 2021; V. Silva Aguirre542

et al. 2015, 2017), and the Sun (J. N. Bahcall et al. 1995) at543

their respective ages.544

The models calculated by Team 1 are described by the in-545

put parameters x = (M,Yinit,Age,αMLT, [M/H]). Following546

calibration, each model can be assigned with a rotation pe-547

riod. Then we fitted these models with observational con-548

straints D. We constructed a χ2 statistic using stellar mass,549

rotation period, effective temperature, and metallicity, lead-550
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ing to a posterior probability of the form:551

ln p(x | D) ∝ −
1
2

[
(Mmod−Mobs)2 /σ2

M

+
(
Teff,mod−Teff,obs

)2
/σ2

Teff

+ ([M/H]mod− [M/H]obs)
2 /σ2

[M/H]

+
(
Prot,mod−Prot,obs

)2
/σ2

Prot

]
.

(2)552

Any other model parameter θ to be estimated can be obtained553

by marginalization:554

p(θ | D) =
∫
δ(θ− θ(x)) p(x | D) dx, (3)555

where δ is the Kronecker delta function. We report the result556

using the median and the 16th and 84th percentile credible557

intervals. From this, we determined a rotation-based age of558

τ⋆ = 2.58±0.47 Gyr.559

In addition to this physics-based approach, which models560

stellar rotation using an angular momentum loss prescrip-561

tion, we also consider empirical rotation-age-temperature re-562

lations, which are more data-driven. We adopted two empiri-563

cal models. The gpgyro model (Y. Lu et al. 2024) calibrates564

the spin-down relation using stellar clusters and kinematic565

ages. For this star, it predicts an age of 2.58±0.17 Gyr, using566

Prot, Teff, and the absolute Gaia G-band magnitude as inputs.567

The gyrointerp model (L. G. Bouma et al. 2024) is cali-568

brated on stellar clusters and predicts an age of 2.64± 0.51569

Gyr, based on Prot and Teff. The larger uncertainty in the lat-570

ter estimate likely reflects a more realistic treatment of the571

intrinsic spread in gyrochrones, with considerations for the572

empirical limits of gyrochronology.573

These rotation-based age estimates are listed in Table 5. A574

comparison of all estimates is shown in Figure 4, where we575

find that the results are broadly consistent across methods.576

However, the rotation-based ages tend to be systematically577

higher than those derived from asteroseismology, although578

the difference is not statistically significant. This offset could579

arise from systematic effects in either method. For exam-580

ple, latitudinal differential rotation can limit the accuracy of581

rotation-based estimates (C. R. Epstein & M. H. Pinsonneault582

2014), while uncertainties in the initial helium abundance can583

affect the seismic diagnostics of the sound-speed profile. To584

mitigate such systematics, a more robust approach is to per-585

form a joint modeling of both methods, which we explore586

next.587

3.3. Asteroseismic and Rotational Joint Modeling588

Since Team 1’s models include both oscillation frequencies589

and rotation periods as outputs, we use this opportunity to590

jointly model the star using both asteroseismic and rotational591

constraints. We also aim to account for systematic uncer-592

tainties of ages arising from uncertainties in the underlying593

stellar physics adopted by a single modeling pipeline.594

For this purpose, we introduce a workflow that incorpo-595

rates systematic uncertainties in age estimation during the596

modeling process, while still combining both asteroseismic597

and rotational constraints. In the asteroseismic analysis, un-598

der constraints on Teff, [M/H], mass, and oscillation fre-599

quencies, we can approximate the posterior distributions of600

the model input parameters x using a multivariate Gaussian601

distribution with a mean of µ and covariance Σ, such that602

p(x) ∼ N(µ,Σ). In Figure 5, we show the standardized cor-603

relation coefficient matrix, which reveals strong correlations604

among several model parameters. The diagonal elements of605

the covariance matrix, in particular, quantify the uncertainties606

in each parameter within the context of Team 1’s model grid.607

To incorporate systematic uncertainty in age, we computed608

the spread in seismic ages across all modeling teams and in-609

flate the variance of stellar age (i.e., the diagonal element610

corresponding to age) by adding this systematic component611

in quadrature.612

To perform the joint fit using both asteroseismic and rota-613

tional constraints, we treated the multivariate Gaussian distri-614

bution of the model input parameters x from the asteroseis-615

mic analysis, N(µ,Σ), as a prior, and adopted the observed616

rotation period as an observational constraint to include in617

the likelihood function. The resulting posterior probability618

for the model parameter is:619

ln p(x | D) ∝ ln p(x)+ ln p(D | x)

= −
1
2

(x−µ)TΣ−1(x−µ)

= −
1
2

(
Prot,mod−Prot,obs

)2
/σ2

Prot
.

(4)620

We obtained a final age estimate of t⋆ = 2.26±0.40 Gyr. The621

joint estimate falls between the asteroseismic and rotational622

ages, with an uncertainty of 18%. These results are sum-623

marized in Table 5 and shown in Figure 4. For compari-624

son, J. R. Crepp et al. (2012) estimated the system age to be625

2.5± 1.8 Gyr from isochrone fitting and 2.5± 0.7 Gyr from626

gyrochronology relations using E. E. Mamajek & L. A. Hil-627

lenbrand (2008). The combination of asteroseismology and628

gyrochronology employed in this work relies on independent629

diagnostics, making the resulting age scale more accurate and630

less affected by method-specific systematics. We also find an631

improvement in precision compared to previous estimates.632

4. TESTING BROWN DWARF COOLING MODELS633

Our new high-precision measurements of the HR 7672B634

dynamical mass and the age of the HR 7627AB system,635

combined with the existing HR 7672B luminosity measure-636

ment, enable this benchmark system to test substellar evo-637

lutionary models with a degree of rigor previously not pos-638

sible. We consider six widely-used model grids: A. Bur-639

rows et al. (1997, Burrows1997), D. Saumon & M. S. Mar-640

ley (2008, SM2008), I. Baraffe et al. (2015, BHAC2015),641

M. W. Phillips et al. (2020b, ATMO2020), G. Chabrier et al.642

(2023, CBPD2023), and C. V. Morley et al. (2024, Diamond-643
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back). The different models employ different interior physics644

(e.g., equations of state) and boundary conditions (e.g., at-645

mosphere models). Brown-dwarf evolution grids have pro-646

gressed from early non-gray, baseline cooling tracks to mod-647

ern models that fold in updated H/He equations of state648

(EOS), opacities, cloud physics, chemistry, and vertical mix-649

ing. Burrows1997 (A. Burrows et al. 1997) sets the founda-650

tion with non-gray atmospheres and coupled spectra/cooling.651

SM2008 (D. Saumon & M. S. Marley 2008) introduced a652

hybrid cloudy/clear prescription to capture the L/T transi-653

tion. BHAC2015 (I. Baraffe et al. 2015) refreshed pre-main-654

sequence/young-BD tracks with boundary conditions based655

on BT-Settl model atmospheres. ATMO2020 (M. W. Phillips656

et al. 2020b) added a new H-He EOS and expanded opacities657

and chemistry. CBPD2023 (G. Chabrier et al. 2023) then iso-658

lated interior updates with a newer EOS, shifting hydrogen-659

burning limits and late-time cooling. Diamondback delivered660

a modern cloudy grid for warm L/T objects that systemati-661

cally varies metallicity and cloud sedimentation. We use the662

solar-metallicity versions of all these models, in accord with663

the metallicity of HR 7672A.664

Along our new dynamical mass (M = 75.39± 0.67 MJup)665

and host star age (t = 2.26 ± 0.40 Gyr), the third observa-666

tion of HR 7672B needed to test models is the bolometric667

luminosity. We adopt log(L/L⊙) = −4.19 ± 0.04 dex from668

T. D. Brandt et al. (2019), which represents the weighted av-669

erage of values derived from the H-band (−4.23± 0.05 dex)670

and KS -band (−4.14 ± 0.06 dex) photometry measured by671

A. Boccaletti et al. (2003) combined with a bolometric cor-672

rection from T. J. Dupuy & M. C. Liu (2017). We note673

that the A. Boccaletti et al. (2003) photometry leads to a674

color of (H−KS ) = 1.00±0.17 mag, which is somewhat red-675

der compare to colors for mid-L dwarfs, e.g., (H − KS ) =676

0.64+0.11
−0.20 mag from the L4–L4.9 template of W. M. J. Best677

et al. (2018).678

Figure 6 summarizes the properties of all known substel-679

lar benchmarks with both substellar mass and system age680

determinations, showing how HR 7672 is distinguished by681

its combination of high precision in both parameters. Fig-682

ure 7 provides an illustration of the evolutionary models that683

we consider here, constructed using the measured dynamical684

mass of HR 7672B — as is apparent, our new measurements685

are in tension with a number of the models, which we exam-686

ine quantitatively below.687

4.1. Consistency tests among mass, age, and luminosity688

Independent measurements of mass, age, and luminosity689

allow any two quantities to predict the third using an evo-690

lutionary model, enabling a direct comparison between the691

model-predicted and observed values for the third quantity.692

We performed this test using the rejection-sampling proce-693

dure described in T. J. Dupuy & M. C. Liu (2017) and T. J.694

Dupuy et al. (2023). To obtain the model-predicted distribu-695

tion of log L based on mass and age, we drew normally dis-696

tributed random values for mass and age according to their697

observational uncertainties and calculated the corresponding698
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Figure 6. The signal-to-noise ratios of dynamical mass and host
star age for all known substellar benchmarks. HR 7672B’s high
precision in both quantities (0.9% in mass and 18% in age) makes
it the best known system to test brown dwarf evolutionary models.
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Figure 7. Brown dwarf cooling tracks from 6 evolutionary model
grids for HR 7672B given its measured dynamical mass and 1-σ
uncertainty. The circle indicates the observed values.

luminosity for each mass-age pair through bicubic interpola-699

tion on the model grids.700

Conversely, to derive the model-predicted distributions of701

age (or mass) given the observed distributions of log L and702

mass (or age), we applied a rejection-sampling method. We703

drew normally distributed random values for mass (or age)704

based on their measured uncertainties and uniformly sam-705

pled age (or mass). For each mass–age pair, we com-706
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puted log L using the evolutionary model. A random num-707

ber u, uniformly distributed between 0 and 1, was then708

generated, and the rejection probability was defined as p ∝709

exp
[
−(Xobs−Xmod)2/σ2

X

]
, where X = log L. Samples with710

p < u were rejected, and the accepted samples were used to711

construct the final age (or mass) distributions.712

When using log L and M to derive the model age distri-713

bution, we encountered a limitation: some models do not714

reach luminosities as low as the observations. As shown in715

Figure 7, for Diamondback, SM2008, and BHAC2015, the716

minimum luminosity remains higher than the observed value,717

though still somewhat/marginally consistent when consid-718

ering the errors in the observed L and the mass. Conse-719

quently, many samples cannot find valid solutions during720

rejection sampling due to the restricted model space. Fig-721

ure 8 illustrates this effect by showing the minimum lumi-722

nosity reached by each evolutionary model as a function of723

mass. Each model’s tracks occupy the parameter space above724

these lines. For Diamondback, SM2008, and BHAC2015,725

these boundaries lie above the observed luminosity, implying726

that many randomly drawn samples cannot find acceptable727

model counterparts. To quantify the impact, we computed a728

“model-coverage fraction,” defined as the proportion of sam-729

pled points that fall within the bounds of physical models at730

10 Gyr, based on normally sampled luminosity and mass val-731

ues.732

Figure 9 presents the resulting model-predicted probability733

distributions compared to the observed distributions for log L,734

mass, and age. Table 6 lists the significance levels of the735

discrepancies between the observed and modeled values as736

well as the model-coverage fractions. The significance levels737

were derived using a nonparametric sign test. We first com-738

puted the residuals between the observational and modeled739

samples, then determined the fractions of positive and neg-740

ative residuals. The smaller of the two fractions represents741

the tail probability from the side with fewer samples, which742

was multiplied by two to obtain the two-sided tail probability743

p. This probability p was then converted into an equivalent744

σ value using the inverse survival function of a normal dis-745

tribution. For the age test, to handle models that only partly746

overlap the observations, we scaled the generate posterior us-747

ing the model-coverage fraction, by adding a corresponding748

set of samples with infinite ages to produce the final poste-749

rior.750

From these comparisons, we found that the Burrows1997751

models predict the lowest luminosities and a clearly sub-752

stellar nature for HR 7672B. The ATMO2020 model lies753

near the transition between the bottom of the main sequence754

and the brown dwarf regime, while its successor CBPD2023755

shows the best agreement with our measurements and re-756

mains below the threshold for sustained hydrogen fusion.757

The three models that include cloud treatment through the758

L/T transition (BHAC2015, SM2008, and Diamondback)759

predict slightly higher luminosities than observed, indicating760

a stellar outcome for HR 7672B at the low-mass end of the761

main sequence given its measured dynamical mass. These762
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Figure 8. The minimum luminosity reached along the brown dwarf
cooling tracks is shown as a function of mass. This minimum lu-
minosity corresponds to the luminosity at the 10 Gyr age in the
cooling tracks. Diamondback and SM2008 go beyond 10 Gyr,
but we truncate at 10 Gyr for our tests. The evolutionary mod-
els populate only the region above the plotted lines, and the cir-
cle indicates the observed values for HR 7672B. The minimum lu-
minosities of the Diamondback and BHAC2015 models are only
marginally consistent with the observations (model-coverage frac-
tions of 16% and 24%, respectively) and the SM2008 models also
may be in tension (50% model-coverage fraction), suggesting that
the stellar/substellar boundary in these models is too low in mass.

models suggest that the object would reach the zero-age main763

sequence in approximately 1–2 Gyr, producing the long tail764

in the age distribution in Figure 9 and the flattening in the765

cooling tracks in Figure 7. The implication for these three766

models is that their predicted stellar/substellar boundary is767

too low in mass.768

Despite the differing evolutionary pathways predicted by769

the models for HR 7672B’s mass, these predictions have not770

yet diverged significantly at the age of the object. As sum-771

marized in Table 6, all models remain consistent with the772

measurements within ≈2.7σ.773

Finally, we consider which observed quantities could most774

improve model discrimination (Figure 9). The age uncer-775

tainty (18%) is relatively large, and further improvements in776

the host star age will be challenging, given the substantial777

observing time needed to measured the current asteroseis-778

mic age. Moreover, an improved age is unlikely to enhance779

model separation, as the system lies in a region where mod-780

els predict similar luminosities. The narrow substellar mass781

range already provides some discriminatory power, and up-782

coming data from Gaia DR4 can further refine the mass and783

improve model differentiation. A reduced luminosity uncer-784

tainty (currently 10%) would likely provide the strongest im-785
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Figure 9. Comparisons between the observed and model-predicted properties of HR 7672B, where the predicted value of each property is
calculated based on the other two. The black lines represent the observed distributions, and the colored lines show the model predictions. The
numbers in each panel indicate the significance level of the discrepancy between the two distributions. In the rightmost column (age), the
model-coverage fraction (the proportion of sampled points that lie within the bounds of physical models at 10 Gyr), is also shown.

Table 6. Significance levels of the discrepancies between the model-predicted and measured properties of HR 7672B. The signs in the first
three columns indicate the direction of the discrepancy, expressed as O−C (observed−modeled).

Model Lobs vs. Lmod(Mobs, tobs) Mobs vs. Mmod(Lobs, tobs) tobs vs. tmod(Mobs,Lobs) D2

(model-coverage fraction)

Diamondback −1.71σ 1.78σ −2.66σ (0.226) 1.63σ

SM2008 −1.42σ 1.48σ −2.38σ (0.509) 1.31σ

BHAC2015 −1.61σ 1.62σ −2.58σ (0.170) 1.54σ

ATMO2020 −1.22σ 1.32σ −1.51σ (0.998) 1.15σ

CBPD2023 −0.11σ 0.25σ −0.27σ (1.000) 0.06σ

Burrows1997 1.86σ −1.68σ 1.78σ (1.000) 1.92σ

provement, as it could distinguish between the higher-mass786

substellar boundary predicted by ATMO2020 and the lower-787

mass boundary suggested by models such as SM2008, which788

perform well across the L/T transition (T. J. Dupuy et al.789

2015; T. J. Dupuy & M. C. Liu 2017; M. Chen et al. 2022).790

4.2. Goodness-of-fit test for mass, age, and luminosity791

In the three-dimensional parameter space defined by mass,792

age, and luminosity, the evolutionary models form two-793

dimensional manifolds, whereas the observations correspond794

to a single point with associated uncertainties. We assess the795

goodness of fit by evaluating how close the observed point796

lies to each model manifold. To quantify this, we compute797

the Mahalanobis distance D2, which reduces to a χ2 metric798

in the absence of correlations among variables, which is a799

reasonable assumption in our case. The observed luminosity800

and dynamical mass both depend on the measured parallax to801

the host star, but its uncertainty is an irrelevantly small contri-802

bution to the total uncertainties for these two quantities. The803

asteroseismic analysis also did not use the parallax.804

We determined the distance D2 between the observed point805

and the nearest point on each model manifold. The distance806
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D2 follows a chi-squared distribution with 1 degree of free-807

dom, corresponding to the single direction normal to the two-808

dimensional manifold in three-dimensional parameter space809

(3–2). We calculated the one-sided tail probability p, defined810

as the probability that a random draw from this distribution811

exceeds the observed D2. The probability p is then converted812

to an equivalent σ value using the inverse survival function813

of a normal distribution. The results are reported in Table 6.814

We see that the overall trends are consistent with those815

from the tests performed earlier, with CBPD2023 showing816

the best agreement with the observations. The σ values817

reported are also generally lower than those reported from818

the consistency tests because the current method allows the819

model to move along the manifold surface to find the clos-820

est point to the observations. This always yields the smallest821

possible residual compatible with the model. In contrast, the822

consistency test fixes two coordinates at their observed values823

and evaluates the residual in the third dimension. It does not824

allow movement along the surface, so the resulting residual825

is measured along a coordinate direction rather than normal826

to the surface, and is therefore typically larger.827

5. NEAR-SIMULTANEOUS ASTEROSEISMOLOGY828

WITH TESS829

TESS observed HR 7672 in Sectors 54 and 81 with a830

20-second cadence exposure. We analysed the SPOC light831

curves to search for oscillation signals in the TESS data. Fig-832

ure 10(a) shows the Pre-search Data Conditioning SAP (PD-833

CSAP) flux, which removes long-term trends from instru-834

mental drifts as well as rotational modulation. The times-835

tamps indicate that our KPF monitoring campaign began836

exactly three days before the start of Sector 81, yielding837

nearly contemporaneous RV and photometric coverage. Fig-838

ure 10(b) displays the corresponding power spectrum of the839

TESS time series, with vertical lines marking the oscillation840

frequencies extracted from the KPF RVs. The oscillation sig-841

nature is detectable but very weak. This is confirmed in Fig-842

ure 11: the ridges corresponding to the same ℓ-degrees are843

only marginally discernible in both the échelle diagram and844

the collapsed échelle diagram.845

To confirm these are real oscillation signals, we cross-846

correlated the TESS power spectrum with a template con-847

structed from the KPF frequencies. This method of cross848

correlation should be more sensitive to regular structures in849

the spectrum. For each mode frequency listed in Table 1850

(before applying the line-of-sight correction), we generated851

a unit-height, unit-width Lorentzian profile centered on that852

frequency and summed all these profiles to form the template.853

Figure 12 presents the cross-correlation coefficient as a func-854

tion of lag between the template and TESS power spectra.855

The pronounced peak at zero lag confirms that the oscilla-856

tion signals are indeed present in the TESS data. Additional857

peaks at integer multiples of ∆ν and at linear combinations of858

∆ν and δν0,l further confirm the underlying comb structure.859

For comparison, we also include the cross-correlation spec-860

trum between the template and a noise spectrum generated861

from normally distributed white noise with typical RV un-862

certainties. This noise cross-correlation shows no significant863

features.864

Because oscillation frequencies are detected in both the865

TESS and KPF datasets, HR 7672 offers an opportunity to866

constrain photometry-to-RV amplitude ratios. These ratios867

have previously been measured in only a few stars with si-868

multaneous data, including Procyon (D. Huber et al. 2011b),869

HD 35833 (A. F. Gupta et al. 2022), and β Aql (H. Kjeld-870

sen et al. 2025). We follow the approach of H. Kjeldsen871

et al. (2008) to measure oscillation amplitudes. Each power872

density spectrum — defined as the power spectrum multi-873

plied by the effective observing duration — was smoothed874

with a Gaussian kernel with a full width at half-maximum of875

4∆ν to produce a single power excess hump. The smoothed876

spectrum was then multiplied by ∆ν/c to estimate the power877

per radial order, where c accounts for the effective number878

of modes per order (J. Ballot et al. 2011). Given the star’s879

similarity to the Sun, we adopt solar values calculated by880

H. Kjeldsen et al. (2008): c = 4.09 for velocity data and881

c = 2.91 for TESS photometry. Figure 13 shows the resulting882

spectra. The square root of the maximum near νmax yields the883

oscillation amplitude. Uncertainties in the oscillation ampli-884

tudes were estimated via bootstrapping: in each realization,885

the original spectrum was multiplied by a noise spectrum,886

and the oscillation amplitude was remeasured. The spread887

in amplitude estimates across all realizations was adopted as888

the uncertainty.889

For the KPF data, we measured a RV amplitude of 17.1±890

0.7 cm s−1. In the TESS data, oscillations are not clearly891

visible as a distinct power excess due to dominant contribu-892

tions from granulation and white noise. We therefore derive893

an upper limit of 2.9± 0.7 ppm for the photometric ampli-894

tude in the TESS bandpass. Applying a bolometric correc-895

tion factor of 1.2 (M. N. Lund 2019), the corresponding bolo-896

metric amplitude is 3.48± 0.84 ppm. These values yield an897

upper limit on the bolometric photometry-to-RV amplitude898

ratio of 20.1± 7.6 ppm (m s−1)−1. Both the amplitudes and899

their ratio are similar to the solar values. For comparison,900

the solar oscillation amplitude is approximately 18.7 cm s−1
901

in RV (H. Kjeldsen et al. 2008) and 3.6 ppm in photometry902

(E. Michel et al. 2009), corresponding to a ratio of about 19.2903

ppm (m s−1)−1.904

Further, both the amplitudes and their ratio are broadly905

in line with predictions from 3D hydrodynamic simulations906

(Y. Zhou et al. 2021). Repeating the methods of Y. Zhou907

et al. (2021), we obtained a simulated solar amplitude ra-908

tio between bolometric intensity and fluid velocity of 20.12909

ppm (m s−1)−1. For a hotter main-sequence model whose910

basic stellar parameters are close to those of HR 7672A911

(Teff = 6000 K and logg = 4.5 dex), the amplitude ratio is912

slightly lower at 19.27 ppm (m s−1)−1. The trend predicted913

from simulations is also consistent with the empirical ampli-914

tude scaling relation of H. Kjeldsen & T. R. Bedding (1995).915

Assuming the conversion factor between fluid velocity and916

RV is invariant from the Sun to HR 7672A, which is rea-917

sonable given the similarity between the two stars, the ex-918

pectation is that the actual photometry-to-RV amplitude ratio919
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Figure 10. (a): TESS photometric observations of HR 7672 from Sectors 54 and 81. The KPF data were collected three days prior to the
start of TESS Sector 81, resulting near-simultaneous coverage. (b): Power spectrum of the TESS light curve. The vertical lines highlight the
oscillation frequencies derived from the KPF radial velocity data (Table 1).

of the latter is slightly smaller than 19.2 ppm (m s−1)−1, in920

agreement with our measured upper limit.921

Oscillation amplitudes are expected to be lower in stars922

with higher magnetic activity (T. L. Campante et al. 2014;923

M. Sayeed et al. 2025). M. Sayeed et al. (2025) quantified924

this dependency using the chromospheric activity levels de-925

rived from Ca II H&K line emission, using the logarithmic926

flux ratio between the emission flux and the bolometric flux,927

logR′HK. S. Boro Saikia et al. (2018) reported logR′HK val-928

ues between −4.68 and −4.74 for this star; for comparison,929

the solar value is around −4.94 (R. Egeland et al. 2017). Ac-930

cording to Equation 10 of M. Sayeed et al. (2025), this corre-931

sponds to an amplitude ratio between 0.81 and 0.85 relative932

to the Sun. Although our measurement is broadly consistent933

with this prediction, it does not provide conclusive evidence934

for a reduced amplitude in this star due to the large uncer-935

tainties. The photometric-to-RV amplitude ratio, however, is936

likely less affected by magnetic activities, as it depends on the937

stellar structure near the photosphere to a first order (Y. Zhou938

et al. 2021). By comparing hydrodynamics and magnetohy-939

drodynamics simulations of stellar atmospheres, T. S. Bhatia940

et al. (2022) show that changes in near-surface density, tem-941

perature, and pressure stratification caused by the small-scale942

dynamo are less than 1% for G-type stars.943

6. CONCLUSIONS944

In this work, we obtained three nights of extremely pre-945

cise RV data for HR 7672A with the Keck Planet Finder946

and determined the stellar age using RV asteroseismology947

and activity-based gyrochronology. We also obtained a new948

epoch of astrometry for HR 7672B and, combined with new949

long-term RV monitoring of the host star, resulted in a more950

precise dynamical mass for the system. The resulting mea-951

surements enable a direct high-precision test of brown dwarf952

evolutionary models at the stellar/substellar boundary. Our953

main findings are as follows:954

1. Asteroseismic modeling of HR 7672A yields an age955

of 1.87± 0.65 Gyr; gyrochronology gives 2.39± 0.48956

Gyr; and a joint analysis provides a final estimate of957

2.26±0.40 Gyr, corresponding to a 18% fractional un-958

certainty for this young Sun-like star.959

2. Modeling of the relative astrometry, RV, and960

Hipparcos-Gaia accelerations data produced the the961
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dynamical orbit of the system, resulting in revised dy-962

namical masses of 1.111± 0.017 M⊙ for HR 7672A963

and 75.39±0.67 MJup for HR 7672B.964

3. We performed consistency tests on six sets of brown965

dwarf evolutionary models against the observed mass,966

age, and luminosity of the companion. Each test used967

two of these quantities as inputs and compared the968
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Figure 13. Power per radial order spectra computed from both KPF
RV data and TESS photometric data.

model predictions for the third. The CBPD2023 mod-969

els (G. Chabrier et al. 2023), which incorporates an up-970

dated equation of state, showing excellent agreement,971

within < 0.3σ of all the observations. The other 5 sets972

of models agree within 1–3σ of the observations de-973

pending on the test. Also, three of them (Diamond-974

back, SM2008, and BHAC2015) struggle to predict975

luminosities as low as the observed luminosity, a dis-976

crepancy that is independent of the system’s age (Fig-977

ure 8).978

4. We also conducted goodness-of-fit tests by measur-979

ing the distance of the observed properties from the980

two-dimensional manifold defined by each evolution-981

ary model in the three-dimensional (mass, age, lumi-982

nosity) space. The CBPD2023 models again show the983

best overall agreement, while the other models are con-984

sistent within 1–2σ.985

5. TESS observed the system nearly simultaneously with986

our KPF monitoring. We detected a weak seismic sig-987

nal in the TESS data and constrained the photometry-988

to-RV oscillation amplitude ratio to be close to the so-989

lar value, consistent with predictions from 3D hydro-990

dynamical simulations.991

Future measurements of HR 7672B’s bolometric luminos-992

ity, for example with JWST photometry, could significantly993

improve its precision. Combined with a more precise as-994

trometric solution from Gaia DR4, which will benefit from995

a baseline roughly twice long as Gaia DR3, the dynami-996

cal mass constraints are expected to improve further. As997

shown in Figure 7, these improvements could enable much998

stronger discrimination among cooling models. This is es-999

pecially valuable for testing their performance near the stel-1000

lar/substellar boundary, where HR 7672B resides. Some evo-1001

lutionary models already predict that hydrogen fusion may1002

occur in the future of this object. With these new measure-1003

ments, HR 7672B will continue to serve as one of the most1004

robust benchmarks for brown dwarf evolution and cooling1005
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physics. Moreover, the differences between models in this1006

mass range increases for older ages, so the discovery of older1007

analogs to the HR 7672AB system from, e.g., Gaia DR4,1008

will be exceptionally valuable to test our understanding of1009

the evolution of low-mass stars and brown dwarfs.1010
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Table 7. Long-baseline radial-velocity data of HR 7672A.

BJD RV σ(RV) Instrument

d km s−1 km s−1

2447047.72690000 0.2516200 0.0089100 Lick Observatory (Fischer)
2447373.79930000 0.2209600 0.0101700 Lick Observatory (Fischer)
2447373.80310000 0.2141700 0.0100600 Lick Observatory (Fischer)
2447373.80690000 0.2179700 0.0100500 Lick Observatory (Fischer)
2447373.81110000 0.2180600 0.0100500 Lick Observatory (Fischer)
2447373.81500000 0.1992400 0.0092300 Lick Observatory (Fischer)
2447373.81900000 0.2152500 0.0116400 Lick Observatory (Fischer)
2447373.93090000 0.2061600 0.0102500 Lick Observatory (Fischer)
2447373.93700000 0.2005600 0.0102500 Lick Observatory (Fischer)
2447374.83330000 0.1660100 0.0131700 Lick Observatory (Fischer)

... ... ... ...

Note—Only the first 10 lines are shown. The full table can be accessed online.

APPENDIX1281

A. HIGH-CADENCE RADIAL VELOCITY DATA1282

Table 7 presents the long-baseline radial velocity measurements. Combined with the astrometric data, these are used to model1283

the dynamical orbit of the HR 7672AB. Table 8 lists the high-cadence radial velocity measurements obtained over three consec-1284

utive nights with the Keck Planet Finder. These data are used to extract the stellar oscillation frequencies for HR 7672A.1285

B. DYNAMICAL ORBIT FIT1286

Figures 14 and 15 present the best-fitting dynamical orbit model to the astrometric and long-baseline radial velocity data. The1287

corresponding parameter estimates are listed in Table 9.1288
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Table 8. High-cadence radial-velocity data of HR 7672A measured from KPF spectra over
three consecutive nights.

BJD RV σ(RV)

d km s−1 km s−1

2460503.80257248 5.6694026 0.0025670
2460503.80334406 5.6723237 0.0024898
2460503.80402596 5.6720894 0.0023852
2460503.80475537 5.6711032 0.0035657
2460503.80531227 5.6676321 0.0029298
2460503.80612872 5.6679721 0.0030534
2460503.80752271 5.6661874 0.0033515
2460503.80882304 5.6660599 0.0050862

... ... ...

Note—Only the first 10 lines are shown. The full table can be accessed online.

Table 9. Orbital parameters estimated for HR 7672AB

Parameter Prior Median ±1σ

Stellar parameters

Host-star mass MA (M⊙) - 1.111+0.017
−0.017

Companion mass MB (MJup) - 75.39+0.67
−0.67

Orbital parameters

Semi-major axis aB (AU) - 16.88+0.10
−0.10

Orbital period PB (yr) - 63.77+0.63
−0.61

Inclination iB (deg) - 97.73+0.31
−0.31

√
eB sinωB - −0.6828+0.0021

−0.0021
√

eB cosωB - −0.0450+0.0054
−0.0055

Eccentricity eB U(0,0.99) 0.4683+0.0032
−0.0031

Mean longitude at tref = 2455197.5 JD, λref (deg) - 237.29+0.18
−0.18

Longitide of the ascending node ΩB (deg) - 330.88+0.21
−0.21

Parallax (mas) N(ϖDR3,σ[ϖDR3])∗ 56.2724+0.0094
−0.0094

Argument of periastron ωB (deg) - 266.23+0.45
−0.45

Time of periastron T0 = tref −P λ−ω360 (JD) - 2457070+11
−11

Other Parameters

Lick Fischer RV zero point (m s−1) - −307.8+2.4
−2.4

HIRES pre RV zero point (m s−1) - −417.1+2.2
−2.2

HIRES post RV zero point (m s−1) - −414.4+2.4
−2.3

APF RV zero point (m s−1) - 14.6+2.2
−2.2

Note—* ϖDR3 and σ[ϖDR3] present the parallax and parallax uncertainty of HR7672 from Gaia
DR3 observations.
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Figure 14. Relative and absolute astrometry measurements of the HR 7672 system, fitted with a dynamical model jointly constrained by the
long-baseline radial velocities. Residuals relative to the best-fit model are also shown.
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Figure 15. Top: Long-baseline radial velocity measurements of HR 7672 A, fitted with a dynamical model jointly constrained by astrometric
data. Colored symbols indicate radial velocities measured by different instruments: Lick-Fischer, HIRES (pre and post upgrade), and APF.
Bottom: residuals relative to the best-fit model.
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