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A B S T R A C T 

We measure precise orbits and dynamical masses and derive age constraints for six confirmed and one candidate Sirius-like 
systems, including the Hyades member HD 27483. Our orbital analysis incorporates radial v elocities, relativ e astrometry, and 

Hipparcos –Gaia astrometric accelerations. We constrain the main-sequence lifetime of a white dwarf’s progenitor from the 
remnant’s dynamical mass and semi-empirical initial–final mass relations and infer the cooling age from mass and ef fecti ve 
temperature. We present ne w relati ve astrometry of HD 27483 B from Keck/NIRC2 observations and archival Hubble Space 
Telescope data, and obtain the first dynamical mass of 0 . 798 

+ 0 . 10 
−0 . 041 M �, and an age of 450 

+ 570 
−180 Myr, consistent with previous 

age estimates of Hyades. We also measure precise dynamical masses for HD 114174 B (0.591 ± 0.011 M �) and HD 169889 

B ( 0 . 526 

+ 0 . 039 
−0 . 037 M �), but their age precisions are limited by their uncertain temperatures. For HD 27786 B, the unusually small 

mass of 0.443 ± 0.012 M � suggests a history of rapid mass-loss, possibly due to binary interaction in its progenitor’s asymtotic 
giant branch phase. The orbits of HD 118475 and HD 136138 from our radial velocity fitting are overall in good agreement 
with Gaia DR3 astrometric two-body solutions, despite moderate differences in the eccentricity and period of HD 136138. The 
mass of 0 . 580 

+ 0 . 052 
−0 . 039 M � for HD 118475 B and a speckle imaging non-detection confirms that the companion is a white dwarf. 

Our analysis shows examples of a rich number of precise WD dynamical mass measurements enabled by Gaia DR3 and later 
releases, which will impro v e empirical calibrations of the white dwarf initial–final mass relation. 

Key words: astrometry – binaries: general – stars: fundamental parameters – stars: imaging – stars: kinematics and dynamics –
white dwarfs. 
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 I N T RO D U C T I O N  

hile isolated white dwarfs (WDs) simply cool and fade indefinitely, 
Ds in binary systems can give rise to some of the most dramatic

vents in the Universe. These include novae and Type Ia supernovae, 
he source of much of the Universe’s iron-peak elements (Iwamoto 
t al. 1999 ) and standardizable candles used to measure the expansion 
istory of the Universe (e.g. Phillips 1993 ; Riess et al. 1998 ;
erlmutter et al. 1999 ). The nearest known WD, Sirius B, is itself
ne component in a binary system (Bond 1862 ); it orbits 20 au (Bond
t al. 2017 ) from the early A-type star (Morgan, Harris & Johnson
953 ) Sirius A. Widely separated Sirius-like systems enable mass 
easurements based only on Newtonian dynamics and they form 

he widely separated analogues of the progenitors of novae and 
upernovae. 

Stars below ≈8 M � will end their lives as WDs, while stars below
0.8 M � live longer than a Hubble time on the main sequence (MS),

ccording to stellar evolutionary models (e.g. Choi et al. 2016 ). 
t least half of the stars in this mass interval are born in binaries

Raghavan et al. 2010 ). The Solar neighbourhood is rich in the Sirius-
 E-mail: hengyue.zhang@physics.ox.ac.uk 
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ike systems left after the more massive star in the binary has evolved
ff the MS. Before turning into a WD, the star loses mass by expelling
ts outer shell and exposing its central core during the asymptotic
iant phase (see e.g. H ̈ofner & Olofsson 2018 for a re vie w). The final
ass of the remnant WD is related to the initial mass of its progenitor

y the initial–final mass relation (IFMR). Constraining the relation is 
rucial to understanding the complex physical processes underlying 
he final stages of stellar e volution. Observ ations of orbits of Sirius-
ike systems enable precise measurements of WD masses without 
equiring constraints on surface gravity and are independent of WD 

volutionary models. Combing the mass with a T eff or luminosity 
easurement constrains the WD’s cooling age, which informs us 

bout the WD’s initial mass when compared to the age of the
S companion. These provide direct measurements of the IFMR. 
onversely, one can derive the total age of the WD by assuming a
articular IFMR. Comparing the WD’s age to the MS star’s age tests
he accuracy of the assumed IFMR. 

Fitting dynamical masses and orbits to Sirius-like systems re- 
uires either long-term astrometric monitoring like that available 
or Sirius (e.g. Bond et al. 2017 ), or the combination of different
ata types to compensate for limited phase co v erage. On the one
and, absolute astrometry from the Hipparcos (ESA 1997 ) and 
aia (Gaia Collaboration 2016 ) missions probes the transverse 
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h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0003-4079-2447
http://orcid.org/0000-0002-8400-1646
http://orcid.org/0000-0001-8892-4045
http://orcid.org/0000-0002-6845-9702
mailto:hengyue.zhang@physics.ox.ac.uk
https://creativecommons.org/licenses/by/4.0/


696 H. Zhang et al. 

M

a  

T  

a  

G  

t  

E  

(  

(  

s  

2  

t  

v  

o  

a  

B
2

 

w  

o  

l  

d  

c  

w  

H  

o  

2  

e  

m  

t
 

s  

t  

e  

c  

a  

B  

e  

w  

t  

p  

m

2

W  

i  

n
(  

s  

(  

h  

W  

t  

(  

(  

1  

r  

(  

a  

1

Table 1. Summary of host star properties. 

HD SpT � M Ref. 
(mas) (M �) 

19019 G0 V 31.979 ± 0.029 1.06 ± 0.06 1 
27483 F6 V + F6 V 21.094 ± 0.032 2.77 ± 0.26 2 
27786 F4 IV-V 23.79 ± 0.11 1.54 ± 0.08 3 
114174 G3 IV 37.868 ± 0.024 0.97 ± 0.04 4 
118475 F9 V 29.537 ± 0.017 1.16 ± 0.06 3 
136138 G8 IIIa 9.011 ± 0.051 1.84 ± 0.40 5 
169889 G7 V 28.279 ± 0.026 0.98 ± 0.05 3 

Note. The spectral types are collected from Skiff ( 2014 ) and parallaxes from 

Gaia DR3 (Gaia Collaboration 2023 ). The references for stellar masses are: 
1. Landstreet & Bagnulo ( 2020 ); 2. Konacki & Lane ( 2004 ); 3. Kervella et al. 
( 2019 ); 4. Rosenthal et al. ( 2021 ); and 5. Stefanik et al. ( 2011 ). 
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cceleration of the MS star due to the tug of a WD companion.
hese powerful astrometric measurements have been compiled
nd calibrated to the same reference frame by the Hipparcos-
aia Catalog of Accelerations (HGCA; Brandt 2018 , 2021 ). On

he other hand, spectrographs like the University College London
chelle Spectrograph (UCLES) on the Anglo-Australian Telescope

AAT; Diego et al. 1990 ), the High-Resolution Echelle Spectrometer
HIRES) at the Keck observatory (Vogt et al. 1994 ), the Levy
pectrometer for the Automated Planet Finder (APF; Vogt et al.
014 ), and the Hamilton Echelle Spectrometer at the Lick Observa-
ory (Fischer, Marcy & Spronck 2014 ) provide high-precision radial
elocities (RVs) that probe the MS star’s acceleration along the line
f sight. These measurements, together with relative astrometry of
 short orbital arc, enable a direct measurement of WD mass (e.g.
randt, Dupuy & Bo wler 2019 ; Bo wler et al. 2021 ; Zeng et al. 
022 ). 
In this paper, we combine absolute astrometry from the HGCA

ith RVs and relative astrometry from various sources to measure
rbits and masses of six confirmed and one candidate nearby Sirius-
ike systems, including the Hyades member HD 27483. Here, we
efine a ‘Sirius-like system’ as any binary or multiple star system
ontaining at least one WD and at least one non-compact star
ith spectral type earlier than M0, consistent with the definition in
olberg et al. ( 2013 ). For HD 118 475 and HD 136138, we compare
ur results against Gaia DR3 two-body solutions (Gaia Collaboration
023 ; Holl et al. 2023 ). We use the open source code ORVARA (Brandt
t al. 2021b ) to perform the fits and to derive constraints on the WDs’
asses and orbits. Then, we infer age constraints on four WDs from

heir dynamical masses and ef fecti ve temperatures ( T eff ). 
We structure the paper as follows. Section 2 introduces our target

election method and summarizes the properties of the selected
argets. In Section 3 , we outline the observational data available for
ach target and present our new observation for HD 27 483 and the
orresponding data reduction. We introduce our orbit-fitting method
nd discuss our results in Section 4 . In Section 5 , we perform a
ayesian age analysis on the WDs and compare our results with
xisting age estimates by other methods. In Section 6 , we discuss
hether the progenitors of the WDs could have interacted with

heir companions. Then, we compute the radii of the WDs from
hotometry and spectroscopy and compare them to theoretical WD
ass–radius relations (MRRs). We conclude in Section 7 . 

 TA R G E T  SELECTION  

e selected our sample from the list of known Sirius-like systems
n Holberg et al. ( 2013 ) and the more recently detected WD + early
on-compact star binaries in the Montreal White Dwarf Database 1 

Dufour et al. 2017 ). Of more than 100 such systems, we first
elected 62 targets that have astrometric accelerations in the HGCA
Brandt 2018 , 2021 ). Then, we excluded 49 targets with neither
igh-precision RVs nor at least two epochs of relative astrometry.
e choose not to redo the dynamical mass analysis for six systems

hat already have precise dynamical mass measurements: 40 Eri
Mason, Hartkopf & Miles 2017 ), Procyon (Bond et al. 2015 ), Sirius
Bond et al. 2017 ), Gl 86 (Brandt et al. 2019 ), and 12 Psc and HD
59 062 (Bowler et al. 2021 ). In addition to the selection criteria, we
emo v ed HD 149 499 as we found that its ∼0.45 M � inner companion
Tokovinin et al. 2019 ) alone explains the host star’s astrometric
cceleration and RV trend, which leaves almost no information to
NRAS 524, 695–715 (2023) 
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o  

a  
onstrain the outer WD companion (first disco v ered by Jordan et al.
997 ). Furthermore, we added HD 118 475 B, an unconfirmed WD
etected by RV in Kane et al. ( 2019 ). We ended up with seven
argets, three of which have both high-precision RVs and relative
strometry, two of which only hav e relativ e astrometry (HD 27 483
nd HD 27786), and two of which (HD 118 475 and HD 136138)
nly have RVs. The host star properties are summarized in Table 1 .
e collected the spectral types from Skiff ( 2014 ) and parallaxes

rom Gaia DR3 (Gaia Collaboration 2023 ). We adopted the most
ecent isochronological mass for each host star except HD 27 483 A,
or which we used the total dynamical mass of the two F6 V com-
onents of the spectroscopic binary, measured by Konacki & Lane 
 2004 ). 

 OBSERVATI ONS  A N D  DATA  

e collect high-precision RVs, relative astrometry, and the
ipparcos –Gaia absolute astrometry to determine each system’s
rbital parameters and masses. Because a WD companion is fainter
han an MS companion with the same mass, it needs to be further
rom the primary star to be detectable by direct imaging. Ho we ver,
uch a companion is often too widely separated to impose significant
adial or astrometric acceleration on the primary star. Hence, high-
recision RVs and multiple epochs of relative astrometry are not
imultaneously available for more than half of our systems. Below
e summarize the data that we adopted for each system. We use

2000 as the astrometric reference frame throughout this work. 

.1 Absolute astrometry 

bsolute astrometry shows the proper motion anomaly of stars
nd is thus powerful in constraining the orbits of massive, long-
eriod companions. We use the absolute astrometry in the EDR3
ersion of the HGCA (Brandt 2021 ), which calibrates Gaia EDR3
nd Hipparcos astrometry to reveal the proper motion difference
etween Hipparcos , Gaia , and the Hipparcos –Gaia mean motion.
his gives the astrometric acceleration of the host star, which is
irectly proportional to the companion’s mass. Table 2 lists the dif-
erence between the Gaia proper motion ( μGaia 

α�,δ) and the Hipparcos –
aia mean motion ( μH −G 

α�,δ ) for each target, with the corresponding
ignificance levels of astrometric accelerations. Five of our targets
av e lev els �5 σ , meaning that the y hav e accelerated significantly
ue to the gravitational pull of the companions. 
We also checked Gaia DR3 for astrometric non-single stars among

ur targets. We found two-body fits (Holl et al. 2023 ) for HD 118 475
nd HD 136138, which significantly corrected the proper motion

https://www.montrealwhitedwarfdatabase.org/home.html
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Table 2. Proper motion anomaly ( μGaia 
α�,δ − μH −G 

α�,δ ) of the targets as given by 
the HGCA. 

HD �μα� ( mas yr −1 ) �μδ (mas yr −1 ) Sig. level 

19019 0.045 ± 0.049 − 0.017 ± 0.040 0.7 σ
27483 0.79 ± 0.06 2.15 ± 0.04 52 σ
27786 − 0.91 ± 0.21 − 19.42 ± 0.13 150 σ
114174 0.54 ± 0.04 − 3.55 ± 0.04 88 σ
118475 28.99 ± 0.51 18.37 ± 0.57 64 σ
136138 − 0.89 ± 0.30 − 0.97 ± 0.32 4.1 σ
169889 0.51 ± 0.04 − 1.77 ± 0.04 48 σ
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nd parallax measurements from their one-body fits. This suggests 
hat the orbital periods of the two systems are comparable to the
uration of the Gaia mission. For such systems, the proper motion 
f the primary star changes considerably between each scan of Gaia ,
aking the Gaia one-body proper motion measurement, obtained 

y fitting a single proper motion value to data from multiple scans,
ard to interpret before the release of Gaia intermediate astrometric 
ata (IAD). The two-body proper motion, on the other hand, refers
o the barycentre motion of the binary and contains no information 
n the orbit between the two stars. Therefore, we decided not to use
hese proper motions, fitting the two systems only from their RVs
nd the corrected parallaxes. Section 4.2 compares our best-fitting 
rbital parameters to the Gaia DR3 two-body solution. Checking the 
onsistency between the two types of solutions helps validate Gaia 
wo-body astrometry. The companion of HD 19 019 is detected in 
aia at a separation of 11.7 arcsec. We use the Gaia proper motions
f the companion, calibrated to the same reference frame as the 
rimary using the prescription in Cantat-Gaudin & Brandt ( 2021 ), to
elp constrain the orbit. 

.2 Radial velocity and relative astrometry 

ur RVs and relative astrometry come from various literature 
ources, archi v al data, and, in the case of HD 27483, new data.
n this section, we summarize the data available for each system. 

.2.1 HD 19019 

he HD 19 019 system contains a strongly magnetic WD, its
pectroscopic signature detected by Landstreet & Bagnulo ( 2020 ) 
ith the Intermediate-dispersion Spectrograph and Imaging System 

ISIS) on the William Herschel telescope (Boksenberg 1985 ). It has 
7 RV observations between 2002 and 2014 (Butler et al. 2017 ) by
he HIRES instrument on Keck (Vogt et al. 1994 ). The system is in
he Washington Double Star Catalog as WDS J03038 + 0608, first
esolved by Gaia DR2 and reported by Knapp & Nanson ( 2019 ) as a
ommon proper motion pair. The WD companion was also detected 
n Gaia DR3, which gives a total of two epochs of relative astrometry
ith precisions better than 0.1 mas . The extreme precision dominates 
 v er the precision of the rest of the data, causing the orbital fit routine
described in Section 4 ) to ignore the RV and absolute astrometry and
truggle to converge. We inflated the uncertainties of Gaia relative 
strometry by a factor of 5 to account for potential systematics and
o a v oid convergence issues. 

.2.2 HD 27483 

oehm-Vitense ( 1993 ) disco v ered a WD companion to the Hyades
6 V binary from the International Ultraviolet Explorer ( IUE )
pectrum of the system. The companion was then resolved twice 
y HST in 1999 July (Barstow et al. 2001 ) and 2011 No v ember
in WFC3 F 218 W , unpublished, HST proposal 12606, PI Martin
arsto w). We deri ve relati ve astrometry and photometry from the
npublished data, using the host star’s point spread function (PSF) as
 template to fit the companion’s position and magnitude. We apply
 least-squares routine, assuming uniform σ data on the intensity at 
ach pixel and demanding a reduced χ2 of unity. We fit for three
arameters: an offset in each of two directions, and a contrast. We
stimate the uncertainty of a parameter by fixing all other parameters
t their best-fitting values and finding the �χ2 = 1 interval of the free
arameter. The results are listed in the first row of Table 3 . The two
xisting epochs of relative astrometry gave only loose constraints on 
he orbital parameters when we applied our orbit fitting procedure in
ection 4 . 
To obtain additional relative astrometry and photometry, we 

bserved HD 27483 on 2021 November 25 UT with the second
eneration of the near-infrared camera (NIRC2) and the natural guide 
tar adaptive optics system at the Keck II telescope (Wizinowich 
t al. 2000 ). In the K s filter, we took 21 deep exposures with an
ntegration time of 0.18 s per coadd, 150 coadds, and 1024 × 1024
ixels, obtaining high S/N images for the companion, but with the
ost star saturated. We then took 11 shallow (0.006 s integration
ime per coadd, 150 coadds, 128 × 120 pix els) e xposures with
nsaturated host star PSFs. We used the unsaturated PSFs in shallow
xposures as templates to fit both the host star and the companion
n deep e xposures. F or the host star, we masked saturated pixels,
tting the template only to the outer, unsaturated speckles. By 
omparing the results from different PSF templates, we confirm 

hat the uncertainties of the fit were smaller than 0.1 pixels in both
irections. 
After centring the host star in each frame, we detected the

ompanion by performing angular differential imaging (Marois et al. 
006 , ADI) using the VIP-HCI (Gomez Gonzalez et al. 2017 ) package.
inally, we applied the ne gativ e f ak e companion method (Wertz et al.
017 , NEGFC) to fit the companion, subtracting the PSF template
rom the ADI annulus at different locations and magnitudes until 
inimizing the root-mean-square residual of the subtraction. We 

sed the Markov chain Monte Carlo (MCMC) routine in VIP-HCI 

o perform the fit and estimate the uncertainties. We applied the
istortion correction in Service et al. ( 2016 ), rotating the images by
north = 0.262 ◦ ± 0.020 ◦ clockwise to align them with the celestial 
orth. The plate scale we adopted is 9.971 ± 0.004 ± 0.001 mas
ixel −1 (Service et al. 2016 ). We added these uncertainties to the
ncertainties of the astrometry, in pixels, from the MCMC posteriors. 
he left-hand panel of Fig. 1 shows the ADI annulus, with the
ompanion clearly revealed at a separation of 1.08 arcsec, and the
ight-hand panel shows the residual of the NEGFC subtraction. The 
eri ved relati ve astrometry and photometry are given in the second
ow of Table 3 . 

.2.3 HD 27786 

D 27 786 (56 Per) is a hierarchical four-body system with astromet-
ic observations (e.g. Dembowski 1870 ; Rabe 1953 ; Kallarakal et al.
969 ) dating back to 1847. Landsman, Simon & Bergeron ( 1996 )
rst disco v ered an inner WD companion. Barstow et al. ( 2001 ) first
esolved all four components, finding that the outer companion is 
tself two M dwarfs. From their astrometry and contrast values, we
odelled the mass ratio between the two outer M dwarfs to be

.475 ± 0.042 and derived that their barycentre is at a separation of
MNRAS 524, 695–715 (2023) 
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M

Table 3. New relative astrometry and photometry from this work. 

Target Date ( UT ) Instrument Sep (arcsec) PA (deg) � m Filter 

HD 27 483 2011 Nov 26 WFC3 1.1880 ± 0.0038 25.32 ± 0.18 3.11 ± 0.17 F 218 W 

HD 27 483 2021 Nov 25 NIRC2 1.0832 ± 0.0016 38.67 ± 0.07 7.79 ± 0.06 K s 

HD 27 786 Aa-Ab 2003 Jan 08 WFPC2 0.4120 ± 0.0070 288.56 ± 0.97 2.67 ± 0.22 F 170 W 

Ba-Bb 2003 Jan 08 WFPC2 0.6200 ± 0.0096 290.18 ± 0.65 1.74 ± 0.22 F 170 W 

Aa-B 2003 Jan 08 WFPC2 4.2924 ± 0.0072 14.31 ± 0.10 ... F 170 W 

HD 27 786 Aa-Ab 2003 Dec 14 WFPC2 0.4024 ± 0.0096 280.41 ± 1.00 2.55 ± 0.24 F 170 W 

Ba-Bb 2003 Dec 14 WFPC2 0.6173 ± 0.0059 289.23 ± 0.54 1.63 ± 0.23 F 170 W 

Aa-B 2003 Dec 14 WFPC2 4.2681 ± 0.0071 14.11 ± 0.10 ... F 170 W 

HD 27 786 Aa-Ab 2012 Feb 28 WFC3 0.2159 ± 0.0061 191.49 ± 1.62 4.64 ± 0.32 F 218 W 

Ba-Bb 2012 Feb 28 WFC3 0.5272 ± 0.0041 273.22 ± 0.45 2.41 ± 0.17 F 218 W 

Aa-B 2012 Feb 28 WFC3 4.2347 ± 0.0026 12.95 ± 0.04 ... F 218 W 

Figure 1. PSF fitting for the NIRC2 observations of HD 27483. The left-hand panel shows the annulus obtained by performing ADI on the data cube. The 
companion (enlarged in the figure inset) is detected at a separation of 1.08 arcsec. The right-hand panel shows the residual of subtracting the best-fitting f ak e 
companion from the annulus. The host star, represented by a star symbol, is at the centre of the annulus. 
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.325 arcsec and a PA of 14.95 ◦ relative to the host star. This allows
s to treat the outer binary as a single companion and perform a
hree-body fit. 

Unpublished observations by HST resolved the system twice in
he WFPC2 F 170 W filter in 2003 January ( HST proposal 9334, PI
oward Bond) and 2003 December ( HST proposal 9964, PI Howard
ond) and once in the WFC3 F 218 W filter in 2012 February ( HST
roposal 12606, PI Martin Barstow). We deriv ed relativ e astrometry
nd photometry from these unpublished observations using methods
imilar to that for the HD 27 483 HST observation. The only
ifference is that the WD companion is too close to the host star that
e cannot use the host star PSF as a template. Instead, we adopted

he observation of HIP 66 578 on 2000 January 18 ( HST proposal
496, PI Stefano Casertano) as the PSF template for WFPC F 170 W
bservations and the previously analysed image of HD 27 483 A as
he PSF template for the WFC3 F 218 W observation. We find that
dopting a different image as the PSF template results in positional
ifferences of up to 7 mas, comparable to our statistical uncertainties.
e add this to our error budget. The results are listed in Table 3 . 
Other epochs of relative astrometry did not resolve all four

omponents and only measured the photocentre of the outer binary,
hich has a filter-dependent offset from the barycentre. We chose
ot to include them in the fit. 
NRAS 524, 695–715 (2023) 

o

.2.4 HD 114174 

e have 66 high-precision RV measurements between 1997 and
019, all of which are from HIRES as part of the California
e gac y Surv e y (Rosenthal et al. 2021 ). Relative astrometry of

he system consists of four observations by Crepp et al. ( 2013 )
n 2011 (first disco v ery) and 2012, one from Matthews et al.
 2014 ) in 2013, one from Bacchus et al. ( 2017 ) in 2014, and
8 observations by Gratton et al. ( 2021 ) between 2014 and 2019
sing the Spectro-Polarimetric High-contrast Exoplanet REsearch
SPHERE; Beuzit et al. 2019 ) instrument at the Very Large 
elescope (VLT). 

.2.5 HD 118475 

ane et al. ( 2019 ) acquired RV data of the system using the UCLES
igh-resolution spectrograph (Diego et al. 1990 ) on the AAT. The
ata consist of 11 observations from 2002 to 2014 and reveal
 companion with a minimum mass of 0.445 M �. Kane et al.
 2019 ) found that a 0.445 M � M dw arf w ould be inconsistent
y 3.3 σ with the non-detection in their 880 nm direct imaging
bserv ations, sho wing e vidence that the companion is a compact 
bject. 
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.2.6 HD 136138 

e Medeiros & Mayor ( 1999 ) first identified the system as a
pectroscopic binary using RV observations, and the RV orbit was 
erived by Massarotti et al. ( 2008 ) and Griffin ( 2009 ). The IUE
pectrum of the system shows that the companion is a hot ( T eff =
0400 ± 780) WD (Stefanik et al. 2011 ). Stefanik et al. ( 2011 )
cquired 46 additional measurements of the RV between 2003 and 
009 using the Harvard–Smithsonian Center for Astrophysics Digital 
peedometers (Mayor 1985 ; Latham 1992 ). We adopt all of them in
ur fit. Previous RVs dating back to 1924 are available in Griffin
 2009 ), but we did not include those data because their measurement
ncertainties are unavailable. 

.2.7 HD 169889 

e hav e fiv e epochs of relativ e astrometry published by Crepp et al.
 2018 ), who first disco v ered the WD companion. F our observations
ere conducted using the NIRC2 instrument on Keck, and the 
bservation on 2016 June 20 UT came from the Large Binocular 
elescope mid-infrared camera (LMIRCam; Skrutskie et al. 2010 ). 
ight precise RV measurements were obtained with HIRES in the 
alifornia Planet Surv e y (Ho ward et al. 2010 ), sho wing a significant
V trend. 

 O R B I T  FITTING  

.1 Method 

e use the orbit-fitting code ORVARA (Brandt et al. 2021b ) to infer
he orbital parameters of each system. ORVARA implements a parallel- 
empered MCMC with PTEMCEE (F oreman-Macke y et al. 2013 ; 
ousden, Farr & Mandel 2016 , 2021 ). At each chain step, it uses HTOF

Brandt, Argafal & trace andreason 2021a ) to model the positions
nd proper motions of the host star relative to the system’s barycentre
s they would be seen by the Hipparcos and Gaia intermediate data.
RVARA then computes the likelihood of each sample orbit given the 
elative astrometry, HGCA absolute astrometry, and RVs. 

We run the MCMC with 20 temperatures, 100 w alk ers per
emperature, and at least 100 000 steps per w alk er. We discard at least
he first 25 per cent and up to the first 75 per cent of the chain as the
urn-in. Finally, we thin the chain by a factor of 50. We confirm that
he chains have converged by reading ORVARA ’s diagnostic plots that 
how the path of each w alk er in the parameter space, checking that
very w alk er has reached the same posterior and has fully sampled
he posterior. 

We impose Gaussian mass priors on the host stars, adopting 
asses in Table 1 , but use 1/ M mass priors for the companions

nless otherwise stated in Section 4.2 . A dynamical mass prior is
vailable for HD 27 483 A because the star is itself a spectroscopic
inary with Hipparcos astrometry (Konacki & Lane 2004 ). For 
tars without previous dynamical mass measurements, we use their 
ost recent isochronological masses as priors. We adopt the Gaia 
R3 parallaxes as our parallax priors. We assume the standard 
eometric prior for the inclination and loguniform priors for the 
emimajor axis and the R V jitter. W e use uniform priors for all other 
arameters. 

.2 Results 

ur MCMC analysis impro v es the orbital parameters and gives 
nprecedented dynamical mass constraints for all systems except HD 
18 475 and HD 136138, for which we have imprecise minimum
asses due to not using Hipparcos –Gaia proper motions. Fig. 2

hows the best-fitting relative astrometric orbits of the systems. 
ig. A1 is the corner plot of the key orbital parameters of HD
9019. Fig. A2 gives the best-fitting RV orbit of HD 19 019 and the
orresponding residuals. Fig. A3 shows the fit to relative and absolute
strometry of HD 19 019 and the corresponding residual. Similar 
lots for other systems are available as supplementary material in 
he online version of the paper. Tables A1 –A7 list the priors and
osteriors of fitted and derived parameters of all seven systems. We
iscuss the details of each system below. 

.2.1 HD 19019 

he dynamical mass constraint on the WD is loose because of the sys-
em’s long orbital period and insignificant astrometric acceleration. 

e place a uniform prior instead of a 1/ M prior on the companion
ecause the 1/ M prior would dominate o v er the weak dynamical
ass constraint and give a mass posterior very close to zero. The

ompanion mass posterior of 0 . 32 + 0 . 37 
−0 . 23 M � is surprisingly in tension 

ith (2 σ away from) the spectroscopic mass of 1.12 ± 0.15 M �
n Landstreet & Bagnulo ( 2020 ) and does not rule out M comp = 0.
he left-hand panel of Fig. A2 shows that the RV data co v er only
 tiny fraction of the orbit with an insignificant RV trend. Our best-
tting RV jitter of 12 . 2 + 2 . 6 

−2 . 0 m s −1 is within the error bars of the jitter
f 13.36 ± 2.86 m s −1 derived by Luhn et al. ( 2020 ) that assumed
o companions, suggesting that the companion does not induce a 
easurable RV signal. The proper motion of the G = 6.8 star in
aia DR4 will likely be ∼4 times more precise than that in Gaia
R3 (Gaia Collaboration 2023 ). The uncertainties will be better than
.01 mas yr −1 and comparable to the star’s proper motion change o v er
he baseline of the Gaia mission, allowing substantial impro v ement
n the system’s orbital parameters. 

.2.2 HD 27483 

he host star, HD 27 483 A, is itself a tight binary of roughly equal
asses and magnitudes, with a period of 3.06 d (Konacki & Lane

004 ). We treat the host binary as a single star because the photo-
entre of its two components almost coincides with the barycentre. 

The WD companion, HD 27 483 B, has a long history of spectro-
copic observations. Boehm-Vitense ( 1993 ) derived a mass of ∼0.6
 � from the WD’s IUE spectrum. Burleigh, Barstow & Holberg 

 1998 ) re-analysed the spectrum and got M WD ≈ 0.94 M �. Joyce et al.
 2018 ) analysed two HST spectra of the WD and got 0.748 ± 0.072
nd 0.711 ± 0.137 M �, respectively. 

W ith a 1/ M prior , our dynamical mass posterior of 0 . 798 + 0 . 10 
−0 . 041 

 � agrees reasonably with and has comparable precision to the 
pectroscopic masses in Joyce et al. ( 2018 ). Compared to Burleigh
t al. ( 1998 ), the smaller WD mass implies a longer progenitor
ifetime and would bring the total age of the WD to closer agreement
ith that of the Hyades cluster. We perform a detailed analysis of the
D’s age in Section 5.3.2 . The WD’s orbital inclination of 30 ◦+ 13 ◦

−15 ◦
s reasonably aligned with the inclination of the host binary’s orbit,
5.1 ◦ ± 1.7 ◦ (Konacki & Lane 2004 ). Using a uniform companion
ass prior instead of the log-flat prior does not change the MCMC

osterior noticeably. 

.2.3 HD 27786 

hile HD 27 786 is a quadruple system, we treat the tight outer M
warf binary as a single unit and perform a three-body fit with the
MNRAS 524, 695–715 (2023) 
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M

Figure 2. Relative astrometric orbits of companions. The thick black line indicates the maximum likelihood orbit. The thin lines, colour-coded by the companion 
mass, are 50 orbits drawn randomly from the posterior distribution. The dotted line connects the primary star to the periastron. The dashed line is the intersection 
between the orbital plane and the sky plane. The blue dots show the relative astrometry measurements, with error bars typically smaller than the size of the 
symbols. The black circles give the predicted positions of the companion at several past and future times along the orbit. 
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rimary and the inner WD companion. We place a uniform mass
rior on the outer binary. The three-body fit to the system has 16
eparate parameters and is therefore difficult to converge. Hence, we
dopt the orbital parameters for the outer companion in Tokovinin &
iyae v a ( 2016 ) as the starting condition for the MCMC to speed up

onvergence. 
Our dynamical mass of M WD = 0.443 ± 0.012 M � places the

ompanion near the low-mass end in the known sample of WDs.
andsman et al. ( 1996 ) fitted possible spectroscopic masses of the
D for a grid of assumed distances. On their grid, the closest point

o the Gaia DR3 distance of 42.0 ± 0.2 pc was at 43 pc, for which
he y deriv ed a mass of 0.435 M �. The mass is within 1 σ of our
ynamical mass. 
If we assume a standard evolutionary track, such a small dynamical
ass implies a < 1 M � progenitor, which does not have enough

ime to e volve of f the MS within the primary star’s age of 2 . 11 + 1 . 26 
−0 . 79 

yr (David & Hillenbrand 2015 ). One plausible explanation
NRAS 524, 695–715 (2023) 
s that the WD had a ∼2 M � progenitor but underwent faster-
han-usual mass-loss in its asymtotic giant branch (AGB) phase due
o interactions with the primary star, such as common envelope
volution (see Ivanova et al. 2013 , for a review). This scenario
s not uncommon in compact binary systems with periods of
ays (Kilic et al. 2007 ; Brown et al. 2011 ) but is not known to
appen for wider WD companions. Future spectroscopic obser-
ations of the system may provide evidence for or against such
nteraction. 

Because the inner WD companion contributes > 99 per cent of
he astrometric acceleration, it is unrealistic to tightly constrain
he mass of the outer binary companion. The dynamical mass of
 . 36 + 0 . 51 

−0 . 41 M � agrees loosely with the total photometric mass of the
wo companions, 0.84 M � (Tokovinin & Kiyae v a 2016 ). Our result
f P = 1400 ± 200 yr and a = 4.4 ± 0.4 arcsec is marginally
onsistent with P = 1945 ± 535 yr and a = 7.5 ± 2.7 arcsec from
zmailov ( 2019 ). 
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.2.4 HD 114174 

iterature spectroscopic masses of the WD companion are dis- 
repant, depending on assumptions on core composition and the spe- 
ific WD-evolution model applied. Matthews et al. ( 2014 ) reported 
 mass of 0.54 ± 0.01 M � using the theoretical models in Tremblay,
ergeron & Gianninas ( 2011 ) for a pure-H atmosphere and a C/O
ore. Bacchus et al. ( 2017 ), ho we ver, added ne w spectroscopy and got
 = 0.336 ± 0.014 M � for low-mass He-core evolutionary models 

Althaus, Serenelli & Benvenuto 2001 ) and M = 1.198 ± 0.006 M �
or high-mass C/O core evolutionary models (Fontaine, Brassard & 

ergeron 2001 ). Recent observations with SPHERE (Gratton et al. 
021 ) gave M = 0.75 ± 0.03 M �, derived from pure-H C/O core
odels in Bergeron, Wesemael & Beauchamp ( 1995 ). The only 

revious measurement of the companion’s dynamical mass was from 

repp et al. ( 2013 ), who inferred a minimum mass of 0.260 ± 0.010
 � from the host star’s RV trend. 
Our mass of M = 0.591 ± 0.011 M � is the first precise dynamical
ass for the WD companion and agrees with the dynamical mass

ower limit from Crepp et al. ( 2013 ). Comparing to the WD’s spec-
roscopic masses, it is the closest ( ≈3 σ ) to the mass of 0.54 ± 0.01
 � by Matthews et al. ( 2014 ), suggesting that the WD has a C/O

ore. Our orbital period of 108 . 2 + 5 . 2 
−4 . 8 yr and inclination of 88.86 ◦ ±

.21 ◦ agree reasonably with P ≈ 124 yr and i = 88.11 ◦ ± 0.11 ◦

ublished by Gratton et al. ( 2021 ). Our semimajor axis of 26 . 25 + 0 . 71 
−0 . 66 

u and eccentricity of 0.690 ± 0.017 are slightly smaller than a =
0.11 ± 0.03 au and e = 0.89 by Gratton et al. ( 2021 ) because those
uthors assumed a companion mass higher than the dynamical mass 
e found. Other orbital parameters of the system are summarized in 
able A4 . 

.2.5 HD 118475 

ecause we fitted only to the RV data, there are no informative
onstraints on the orbital inclination. Instead of a precise dynamical 
ass, we obtain a minimum mass of M sec sin i = 0 . 461 + 0 . 017 

−0 . 015 M �,
greeing with M sec sin i = 0.445 ± 0.025 from Kane et al. ( 2019 ),
sing the same RVs but a different fitting procedure. Other parameters 
 a = 3 . 76 + 0 . 07 

−0 . 06 au, P = 2070.47 ± 0.16 d, e = 0.128 ± 0.001, ω =
37.8 ◦ ± 0.2 ◦) are nearly identical to the values in Kane et al. ( 2019 )
 a = 3.69 ± 0.11 AU , P = 2070 . 47 + 0 . 19 

−0 . 2 d, e = 0.128 ± 0.001, ω =
37.7 ◦ ± 0.3 ◦). The complete set of orbital parameters is listed in
able A5 . 
In Gaia DR3, HD 118 475 has a two-body solution, given in terms

f P , e , time of periastron T 0 , and the Thiele–Innes constants A ,
 , F , G in units of mas (multiplied by the semimajor axis of the
hotocentre motion a 0 ). We first convert the Thiele–Innes constants 
nto physical orbit parameters with the following equations: 

 0 = 

√ 

p + 

√ 

p 

2 − q 2 (1) 

 = cos −1 q 

a 2 0 

(2) 

 = 

r + s 

2 
(3) 

= 

r − s 

2 
, (4) 

ith p , q , r , s defined to be 

 ≡ 1 

2 

(
A 

2 + B 

2 + F 

2 + G 

2 
)

(5) 

 ≡ AG − BF (6) 
 ≡ tan −1 F − B 

G + A 

(7) 

 ≡ tan −1 

(
F + B 

G − A 

)
. (8) 

Because the primary star is much brighter than the companion, the
ystem’s photocentre almost coincides with the primary. Therefore, 
he semimajor axis of the photocentre motion is approximately that 
f the primary motion, which is related to the total semimajor axis a
y 

 = 

M tot 

M sec 
a 0 . (9) 

e also have Kepler’s third law: 

 

2 = 

a 3 

M tot 
, (10) 

here P is in years, a is in au, and M tot = M pri + M sec is in solar
asses. 
Combining equations ( 9 ) and ( 10 ), we get 

 

3 
sec − ( M pri + M sec ) 

2 a 
3 
0 

P 

2 
= 0 (11) 

rom which we solve for the companion mass M sec , given a primary
ass of M pri = 1.16 ± 0.06 M � (Kervella et al. 2019 ). 
The last two columns of Table A5 compare the orbital elements

rom our RV fit to those from the Gaia DR3 astrometric solution.
oth solutions tightly constrain M sec , a , P , e , and the argument of
eriastron ω, and they agree remarkably well. Once the Gaia IAD
re published, a joint analysis of Hipparcos IAD, Gaia IAD, and RV
ill place tight constraints on all orbital parameters. Our analysis 

s an example of verifying a Gaia orbital solution against orbital
arameters derived by other means. The same procedure could be 
pplied to a large sample of binary systems with known orbits to
alidate the Gaia two-body solutions. 

Our M sec sin i of 0 . 461 + 0 . 017 
−0 . 015 M � and the Gaia DR3 inclination

f 53 . ◦1 + 4 . ◦8 
−5 . ◦5 give a dynamical mass of 0 . 580 + 0 . 052 

−0 . 039 M �. The precise 
ynamical mass is much greater than the minimum mass of ≈0.445
 � in Kane et al. ( 2019 ), implying that if the companion were an
S star, it would have a magnitude more inconsistent with the non-

etection in the direct imaging observations by Kane et al. ( 2019 ) than
re viously deri ved. Using ORVARA , we confirm that the separation
etween the primary star and the companion was ≈0.09 arcsec at
he observation epoch, so we refer to fig. 3 of Kane et al. ( 2019 )
s the non-detection significance curve. According to evolutionary 
racks in MESA Isochrones and Stellar Tracks (MIST; Choi et al.
016 ), a 0.58 M � MS star would be only ≈3.87 mag fainter, near
80 nm, than the 1.16 M � primary at the current age ( ∼4.1 Gyr) and
etallicity ( [Fe / H] = 0 . 10) of the system (Valenti & Fischer 2005 ).
ence, we can rule out an MS companion at a significance level of
ore than 8 σ . The dynamical mass also eliminates the possibility

hat the companion is a neutron star or a black hole. Therefore, we
onclude that HD 118 475 B is a WD. 

.2.6 HD 136138 

tefanik et al. ( 2011 ) inferred a WD mass of M WD = 0.79 ± 0.09 M �
rom the IUE spectrum of the system (Landsman et al. 1996 ), using
/O-core cooling models in Wood ( 1995 ). The authors also obtained
 dynamical mass of 0.59 ± 0.12 M � from a joint fit of Hipparcos
AD and RV. Analysing only the RVs, we get a minimum dynamical
MNRAS 524, 695–715 (2023) 
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ass of M sin i = 0 . 389 + 0 . 081 
−0 . 080 M �, agreeing well with the dynamical

ass and i = 42.9 ◦ ± 6.7 ◦ in Stefanik et al. ( 2011 ) ( M sin i =
 . 395 + 0 . 099 

−0 . 091 M �) but only marginally with the spectroscopic mass.
ith a semimajor axis of only a = 1 . 65 + 0 . 10 

−0 . 12 au, it is possible that
he progenitor of the WD once transferred some of its mass to the
iant primary. We investigate this possibility in Section 6.1 . Our
eriod of 509.6 ± 1.2 d, eccentricity of e = 0 . 336 + 0 . 015 

−0 . 014 , and RV
emi-amplitude of 6 . 22 + 0 . 14 

−0 . 11 km s −1 all agree reasonably with P =
06.45 ± 0.18 d, e = 0.3353 ± 0.0056, and K = 6.340 ± 0.044 km s −1 

n Stefanik et al. ( 2011 ). 
HD 136 138 also has a two-body solution in Gaia DR3. We derive

he corresponding orbital elements with equations ( 1 )–( 11 ) and list
he results in the last column of Table A6 . The Gaia solution gives
 semimajor axis and M sin i almost identical to our RV solution, but
t has a slightly larger (1.7 σ ) eccentricity, shorter (by 1.7 σ ) period,
nd larger (by 3.2 σ ) argument of periastron, all in moderate tension
ith our values. 

.2.7 HD 169889 

ur dynamical mass of 0 . 526 + 0 . 039 
−0 . 037 M � is the first precise mass

f the WD, consistent with the dynamical mass lower limit of
.369 ± 0.010 M � from Crepp et al. ( 2018 ). The eccentricity of
 = 0 . 896 + 0 . 064 

−0 . 088 is the largest in our sample. A large eccentricity is not
ncommon because the eccentricity distribution of wide MS binaries
ith separations smaller than 100 au is nearly uniform (Hwang,
ing & Zakamska 2022 ), and the isotropic and adiabatic mass-loss
f a star during the AGB phase does not modify the eccentricity of its
rbit (Dosopoulou & Kalogera 2016 ) unless it once tidally interacted
ith a close companion. We discuss the possibility of such close tidal

nteractions in Section 6.1 . Our fit to relative separation has a χ2 of 32
or only five observations, suggesting that the relative astrometry in
repp et al. ( 2018 ) may have underestimated uncertainties. Inflating

he uncertainties to get a reduced χ2 of 1 does not affect the
esults significantly. The WD only has two broad-band photometry
easurements in the H band and the L 

′ 
band, which are insufficient

o precisely measure its T eff , log ( g) , or photometric mass (see Crepp
t al. 2018 , and our attempt in Section 6.2 ). Additional photometry
r spectroscopy will be necessary to characterize the fundamental
roperties of the WD. 

 W D  AG E  IN F ERENCE  

 dynamical mass comes directly from the solution to the Kepler
roblem, independent of stellar models and their theoretical un-
ertainties. Hence, it is a reliable starting point to constrain the
undamental parameters of a WD or test WD evolutionary models. A
irius-like binary system is an especially ideal testing ground because

he age of the system is often known by measuring the activity or
he rotation of the MS star. The dynamical mass of the WD, closely
elated to the WD’s cooling age and progenitor lifetime, allows for
n independent measurement of the system’s age. In this section, we
utline our methods to infer the MS lifetimes and the cooling ages
f the WDs and discuss our results for each system. 

.1 MS lifetime 

he mass of a WD implies the mass of its MS progenitor, and the
rogenitor mass determines the progenitor’s lifetime before evolving
nto a WD. We adopt the empirical IFMR in El-Badry, Rix & Weisz
 2018 ) to compute the likelihood of a WD’s progenitor mass from its
NRAS 524, 695–715 (2023) 
ynamical mass posterior in the MCMC chain. Then, we multiply
he distribution with the initial mass function (IMF) in Chabrier
 2003 ) (corrected for binaries) to obtain the posterior distribution
f the initial mass. Finally, we perform cubic spline interpolation
n MIST evolutionary tracks (Choi et al. 2016 ) to find the MS
ifetime distribution from the initial mass posterior, assuming that
he WD companion has the same metallicity as the MS primary.

e remo v e an y probability density be yond the age of the Univ erse
Planck Collaboration VI 2020 , 13.8 Gyr) and re-normalize the
istribution. 
Our analysis is subject to potential systematics in our choice

f IFMR, IMF, and stellar evolutionary model. We repeat the
bo v e procedures with the Cummings et al. ( 2018 ) IFMR, the
roupa ( 2001 ) IMF, and evolutionary tracks from the PAdova and
Rieste Stellar Evolution Code (PARSEC; Bressan et al. 2012 ),
onfirming that our conclusions in Section 5.3 do not change
ignificantly. 

.2 Cooling age 

he cooling age of a WD relates primarily to the starting condition
f cooling (decided by its mass) and by how much it has cooled
its present ef fecti ve temperature). A dynamical mass alone does not
onstrain the cooling age, but when paired with a T eff measurement
r multiband photometry, it tightens existing constraints. We perform
ultidimensional linear interpolation on the latest generation of
ontr ́eal cooling sequences 2 (B ́edard et al. 2020 ) to compute the

ooling age from dynamical mass and other parameters, assuming
 pure-hydrogen (DA) atmosphere and a C/O core. The synthetic
hotometry in the Montr ́eal cooling sequences is computed using
rescriptions in Holberg & Bergeron ( 2006 ) and relies on models of
louin, Dufour & Allard ( 2018 ), Tremblay et al. ( 2011 ), and B ́edard
t al. ( 2020 ) for low, intermediate, and high-temperature DA WDs,
espectively. Our interpolation method is similar to that in Kiman
t al. ( 2022 ). 

.3 Results 

e place informative constraints on the ages of all WDs in this
ork except HD 27 786 Ab, HD 118 475 B, and HD 136 138 B. The
nusually low mass of HD 27 786 Ab is smaller than the applicable
ange of the El-Badry et al. ( 2018 ) IFMR and the Cummings
t al. ( 2018 ) IFMR and is not explainable by standard single-star
volutionary tracks. One needs to consider binary interaction to infer
he age of the WD. HD 118 475 B and HD 136 138 B only have
ynamical mass lower limits. The corresponding upper limits on age
re o v er the age of the Universe. We present our results for the rest
f the systems below. 

.3.1 HD 19019 

he precision of our dynamical mass is insufficient to place good con-
traints on the MS lifetime of HD 19 019 B. A considerable fraction
f the mass posterior is below the applicable range of any IFMRs.
f we naively apply the El-Badry et al. ( 2018 ) IFMR, we would
btain a progenitor mass of M pro = 2 . 8 + 2 . 3 

−1 . 3 M � and a maximum
ikelihood MS lifetime of ∼0.5 Gyr (assuming [ Fe / H] = −0 . 15
s in Arentsen et al. 2019 ), but we cannot rule out any lifetime
ithin the age of the Universe. If we instead adopt the spectroscopic

http://www.astro.umontreal.ca/
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ass of 1.12 ± 0.15 M � (Landstreet & Bagnulo 2020 ), we would
et a progenitor mass of M pro = 6 . 3 + 1 . 9 

−1 . 7 M � and an MS lifetime 
f 110 + 320 

−60 Myr. 
Because the spectroscopic analysis in Landstreet & Bagnulo 

 2020 ) gives a relatively hot T eff of 18200 ± 3000 K, but our
ynamical analysis fa v ours small masses, we get a young cooling
ge of 51 + 157 

−44 Myr. If adopting log ( g) = 8 . 85 ± 0 . 15 in Landstreet &
agnulo ( 2020 ) instead of our dynamical mass, we obtain a much
lder cooling age of 530 + 380 

−220 Myr. Given that the age of the MS
rimary is ∼3.0 Gyr (Landstreet & Bagnulo 2020 ), if the WD had
 mass of ∼0.54 M �, it would have a cooling age of ∼0.1 Myr
nd an MS lifetime of ∼2.9 Myr for a ∼1.4 M � progenitor, giving
 consistent total age. This mass is within the 1 σ interval of our
ynamical mass. 

.3.2 HD 27483 

D 27 483 is a member of the Hyades cluster. For the cluster, different
ge determination methods give values in moderate tension. 

Perryman et al. ( 1998 ) determine an age of 625 ± 50 Myr from
on-rotating stellar models. Brandt & Huang ( 2015 ) infer an age
f 750 ± 100 Myr from rotational stellar models from Ekstr ̈om
t al. ( 2012 ). Gossage et al. ( 2018 ) infer a somewhat younger age of
680 Myr from models with a different treatment of stellar rotation 

Paxton et al. 2013 ). Mart ́ın et al. ( 2018 ) report a younger age of
50 ± 70 Myr by determining the lithium depletion boundary of two 
embers. De Gennaro et al. ( 2009 ) obtained an age of 648 ± 45 Myr

y fitting the WD portion of the colour–magnitude diagram to stellar
volution models. Here, we present an independent age estimate for 
he Hyades by inferring the age of HD 27 483 B. 

The 0 . 798 + 0 . 10 
−0 . 041 M � WD has a 3 . 59 + 1 . 43 

−0 . 78 M � progenitor, which 
ived a lifetime of 350 + 570 

−180 Myr, assuming a metallicity of [ Fe / H] =
 . 04 (Bochanski et al. 2018 ). The imprecision originates mainly from
he uncertainty in the empirical IFMR. We neglect uncertainties in the 

S lifetime from, e.g. the effects of stellar rotation (Brandt & Huang
015 ); these would be � 20 per cent of the age. Using a theoretical
FMR, like the MIST IFMR described in Choi et al. ( 2016 ),
ould reduce statistical uncertainties but o v erlook the systematics in 

heoretical modelling. 
The photometry of a WD constrains its ef fecti ve temperature, 
ass, and hence the cooling age. To find the magnitudes of HD 27 483
 from the � m measurements in Table 3 , we need precise magnitudes
f the host star in the two filters. We adopt K pri = 5.062 ± 0.018 from
utri et al. ( 2003 ) as the K -band apparent magnitude of the primary.
o we v er, we are una ware of an y measurement of the primary’s
 218 W magnitude. Hence, we apply the SPECIES package (Stolker 
t al. 2020 ) to compute the magnitude from synthetic photometry. We
odelled the spectrum of the primary with the BT-NextGen model 

Allard, Homeier & Freytag 2012 ), adopting T eff = 6549 ± 80 K, 
og ( g) = 4 . 04 from Casagrande et al. ( 2011 ), and R = 2 . 02 + 0 . 10 

−0 . 11 R �
nd [Fe / H] = 0 . 04 + 0 . 15 

−0 . 13 from Bochanski et al. ( 2018 ). Integrating 
he model spectrum with the F 218 W filter, we obtain an F 218 W
bsolute magnitude of 5 . 29 + 0 . 26 

−0 . 24 for HD 27 483 A. Finally, we add 
he host star magnitudes to the contrast values in Table 3 and get
 K = 11.47 ± 0.06 and M F218W 

= 8.40 ± 0.30 for the WD 

ompanion. 
Comparing the WD absolute magnitudes to the Montr ́eal cooling 

equences, we get a cooling age of 61 + 21 
−17 Myr, an ef fecti ve tempera-

ure of 21000 ± 3000 K, and a photometric mass of 0 . 669 + 0 . 079 
−0 . 066 M �.

ur T eff agrees well with the spectroscopic T eff of 20790 ± 187 K 

Joyce et al. 2018 ) but has a much larger uncertainty. The photometric
ass is in mild tension with (1.4 σ below) our dynamical mass. The
bserved magnitudes depend mainly on the WD’s T eff and size, while 
he size depends on the WD’s mass via the MRR (e.g. Joyce et al.
018 ; Romero et al. 2019 ; Chandra et al. 2020 ). The Montr ́eal cooling
equences match the photometry of HD 27 483 B at a radius larger
han that expected for a 0.8 M � WD, suggesting a lower mass. The
ower mass would, in turn, imply a less massive progenitor and
 longer MS lifetime (and older Hyades age). We note that with
 eff ≈ 21000 K, the WD has its emission peak at about 1400 Å,
uch bluer than both photometric bands. Additional photometry 

t shorter wavelengths and a more precise dynamical mass will 
opefully resolve the discrepancy. 
Combining all of our constraints, we perform a joint analysis of

hotometry and dynamical mass, treating the dynamical mass as a 
rior when fitting the cooling sequences to the photometry. We get
 mass posterior of 0 . 763 + 0 . 034 

−0 . 026 M � and a cooling age of 45 + 12 
−9 Myr.

he cooling time is slightly smaller than that from photometry alone
ue to the mass tension. 
Adding the cooling age from the joint analysis to the MS lifetime,

e get a total age of 400 + 570 
−180 Myr. The left-hand panel of Fig. 3

ompares our age posterior (blue histogram) to the 1 σ intervals of
revious age estimates (light orange region for Brandt & Huang 2015
nd light pink region for Mart ́ın et al. 2018 ). Our current analysis does
ot have the precision to resolve the age tension, mainly due to the
ncertainties in the semi-empirical IFMR. Reducing the dynamical 
ass uncertainty would impro v e the cooling age b ut ha v e ne gligible

ffects on the precision of the MS lifetime. On the contrary, if one
ould reduce the uncertainty of the IFMR by a factor of 4, they would
onstrain the total age to 10 per cent ( ≈70 Myr), comparable to the
recision of other age estimates of Hyades. 

.3.3 HD 114174 

he El-Badry et al. ( 2018 ) IFMR gives a progenitor mass of 1 . 90 + 0 . 30 
−0 . 27 

 � for the 0.591 ± 0.011 M � WD. The Cummings et al. ( 2018 )
FMR suggests a smaller progenitor of 1.28 ± 0.47 M �. We
dopt the former mass because El-Badry et al. ( 2018 ) has more
ow-mass ( < 0.6 M �) WDs in their calibration sample. Comparing
he progenitor mass to MIST tracks, we get an MS lifetime of
 . 46 + 0 . 84 

−0 . 48 Gyr (for a metallicity of [ Fe / H] = 0 . 056 as in Casali et al.
020 ). 
Previous works on the WD reported disagreeing ef fecti ve tem-

eratures leading to discrepant cooling ages. Our dynamical mass 
nd T eff = 4260 ± 360 K from Matthews et al. ( 2014 ) combing
pectroscopy and photometry suggests a cooling age of t cool = 8 . 3 + 1 . 9 

−2 . 1 

yr, but assuming T eff = 5890 ± 270 K from Gratton et al. ( 2021 )
sing the SPHERE integral-field spectrograph instead gives t cool = 

 . 40 + 0 . 52 
−0 . 41 Gyr. Other T eff measurements are too imprecise to constrain 

he cooling age. Summing the MS lifetime and the cooling age, the
ormer T eff corresponds to a total age of 8 . 3 + 1 . 9 

−2 . 1 Gyr, while the latter
ives a much younger age of 3 . 93 + 0 . 98 

−0 . 74 Gyr. The middle panel of
ig. 3 compares the total age posterior of the WD, for different T eff ,

o the 1 σ intervals of existing age measurements for the primary.
he total age from our dynamical mass and the Gratton et al. ( 2021 )
 eff agrees remarkably with the primary’s gyrochronological age by 
repp et al. ( 2013 ) but only marginally with the isochronal age from
ucci Maia et al. ( 2016 ). On the contrary, the much older age from

he Matthews et al. ( 2014 ) T eff is consistent with Tucci Maia et al.
 2016 ) but in moderate tension with Crepp et al. ( 2013 ). Additional
pectroscopy will be necessary to resolve the T eff discrepancy and 
onfirm the age of the WD. 
MNRAS 524, 695–715 (2023) 
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Figure 3. Comparison of the WD age posteriors (plotted as histograms) derived from our dynamical masses to the 1 σ intervals (represented by shaded regions) 
of previous age measurements. In each panel, the vertical solid black line marks the 50th percentile of the distribution, while the two dashed black lines 
correspond to the 16th and the 84th percentiles. Left-hand panel (HD 27483): Our result does not resolve the age tension between Brandt & Huang ( 2015 ) 
(gold region, the age of the Hyades cluster derived from rotating isochrones) and Mart ́ın et al. ( 2018 ) (pink region, the lithium depletion boundary age of the 
Hyades cluster). Middle panel (HD 114174): Two discrepant T eff give different ages. The age derived from T eff = 5890 ± 270 K (solid blue histogram, Gratton 
et al. 2021 ) agrees nicely with the primary’s gyrochronological age (pink region, Crepp et al. 2013 ), but the result from T eff = 4260 ± 360 K (dashed green 
histogram, Matthews et al. 2014 ) agrees better with the primary’s isochronal age (orange region, Tucci Maia et al. 2016 ). Right-hand panel (HD 169889): Our 
age constraint is loose but matches well with the primary’s gyrochronological age (orange region, Mamajek & Hillenbrand 2008 ). 
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.3.4 HD 169889 

he relatively light ( 0 . 526 + 0 . 039 
−0 . 037 M �) WD has a 1 . 33 + 0 . 38 

−0 . 26 M � progen-
tor, with an MS lifetime of 4 . 50 + 3 . 90 

−2 . 38 Gyr (assuming [ Fe / H] = −0 . 14
s in Brewer et al. 2016 ). Due to the uncertainty of the IFMR,
ur progenitor mass is not precise enough to rule out low-mass
rogenitors that lived up to the age of the Universe. 
Crepp et al. ( 2018 ) could not determine the WD’s precise T eff 

rom their H -band and L 

′ 
-band photometry, proposing two different

emperatures consistent with observation. The cooler temperature,
 eff ≈ 2150 K, plus our dynamical mass, would bring the cooling
ge to ≈12 Gyr, much longer than the primary’s gyrochronological
ge of 5 . 2 + 1 . 3 

−1 . 5 Gyr (Mamajek & Hillenbrand 2008 ). The maximum
ikelihood total age would be even beyond the Universe’s age. A WD
his cool and old has never been detected. Hence, we adopt the hotter
emperature, T eff ≈ 10 000 K, assuming a conserv ati ve uncertainty
f 1000 K. We find a young cooling age of 0 . 48 + 0 . 20 

−0 . 15 Gyr. The WD’s
otal age is, thus, 5 . 0 + 3 . 9 

−2 . 4 Gyr, in good agreement with the primary’s
yrochronological age. The right-hand panel of Fig. 3 displays our
ge posterior on top of a shaded region representing the 1 σ interval
f the gyrochronological age. We cut the tail of the distribution at the
niverse’s age. The age constraint could be considerably impro v ed

f one obtains a more precise IFMR in the low-mass range, ruling
ut light progenitors with extremely long lifetimes. 

 DISCUSSION  

.1 Orbital evolution and possible previous interactions in 

irius-like systems 

 long-standing puzzle for many Sirius-like systems, including Sirius
tself, is the lack of evidence of previous interactions despite the
roximity of the binary during the WD progenitor’s AGB phase
see e.g. Oomen et al. 2018 ). For example, the progenitor of Sirius
 was only ∼1.5–1.6 au from Sirius A at the periastron, which is

maller than its radius in the AGB phase. Ho we ver, the spectrum
f Sirius shows no evidence of a common envelope event, nor
id any component of Sirius deviate significantly from single-star
volutionary tracks (Bond et al. 2017 ). In addition, it is expected
hat when a star fills its Roche lobe substantially, its orbit tidally
NRAS 524, 695–715 (2023) 
ircularizes on a time-scale shorter than that of stellar evolution (e.g.
ona ̌ci ́c Marinovi ́c, Glebbeek & Pols 2008 ), but Sirius B’s orbit

emains eccentric ( e = 0.59, Bond et al. 2017 ). 
To investigate if our Sirius-like systems present similar puzzles,

e derive the separations between the WD progenitors and their
ompanions using their present-day orbital parameters. We assume
hat the mass-loss is adiabatic (on a time-scale much longer than
he orbital period) so that (see deri v ations in, e.g. Dosopoulou &
alogera 2016 ): 

 tot a = constant (12) 

 = constant. (13) 

ence, we can compute the semimajor axis of the progenitor’s orbit,
 pro , from the current semimajor axis, the WD’s dynamical mass,
he progenitor mass given by the IFMR, and the mass of the WD’s
ompanion. Then, we take the progenitor’s orbital eccentricity to
qual the present eccentricity, assuming that the orbit did not tidally
ircularize. Table 4 lists the eccentricity, the progenitor semimajor
xis, the progenitor mass, and the mass ratio between the progenitor
nd its companion (now the primary star), q pro = M pro / M pri , for five

Ds. We take the present-day masses of HD 118 475 B and HD
36 138 B to be the masses from our M sin i and the Gaia DR3
nclinations. HD 19 019 B and HD 27 786 Ab are excluded because
heir dynamical masses are too small for existing IFMRs to give
eliable progenitor masses. 

The approximate radius of the Roche lobe of a star a separation A
rom its companion is given by (Eggleton 1983 ) 

R Roche 

A 

= 

0 . 49 q 2 / 3 

0 . 6 q 2 / 3 + ln 
(
1 + q 1 / 3 

) . (14) 

ere, we take A to be the separation between the WD progenitor
nd its companion at the periastron, A = a pro (1 − e ). This gives the
rogenitor’s minimum Roche lobe radius along its orbit, R Roche, min .
e list the value of R Roche, min for each WD in the last column of

able 4 . 
HD 114 174 B, HD 118 475 B, HD 136 138 B, and HD 169 889
 have minimum Roche lobe radii comparable to or even smaller

han the typical radius of a ∼2 M � AGB star ( ∼ 1–2 au), suggesting
hat they likely once filled their Roche lobes and transferred some
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Table 4. Masses and orbital parameters of the progenitors. 

HD M pro q pro a pro e R Roche, min 

(M �) (au) (au) 

27483 B 3 . 59 + 1 . 43 
−0 . 78 1 . 30 + 0 . 55 

−0 . 31 28 . 2 + 7 . 7 −5 . 5 0 . 342 + 0 . 094 
−0 . 19 7 . 6 + 2 . 4 −1 . 6 

114174 B 1 . 90 + 0 . 30 
−0 . 27 1 . 96 + 0 . 32 

−0 . 28 14 . 3 + 1 . 5 −1 . 4 0.690 ± 0.017 2.18 ± 0.14 

118475 B 1 . 76 + 0 . 60 
−0 . 43 1 . 52 + 0 . 52 

−0 . 38 2.24 ± 0.34 0.1278 ± 0.0008 0 . 834 + 0 . 025 
−0 . 029 

136138 B 1 . 69 + 0 . 87 
−0 . 52 0 . 94 + 0 . 55 

−0 . 33 1 . 11 + 0 . 20 
−0 . 22 0 . 336 + 0 . 015 

−0 . 014 0 . 235 + 0 . 032 
−0 . 039 

169889 B 1 . 90 + 0 . 30 
−0 . 27 1 . 36 + 0 . 40 

−0 . 28 26 . 8 + 10 . 4 
−7 . 3 0 . 896 + 0 . 064 

−0 . 088 1 . 2 + 1 . 1 −0 . 7 
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f their masses to their companions. Yet, we are unaware of any
bservations of these systems that reported obvious signs of mass 
ransfer. Moreo v er, the eccentricities of the systems are still high,
ontradicting the expectation that such close interactions would 
idally circularize their orbits. These puzzles are very similar to 
hose of Sirius, suggesting that the physics of interacting stars on 
he AGB phase is still poorly understood. Several mechanisms have 
een proposed to explain the high eccentricities of Sirius-like systems 
ith close progenitors, such as eccentricity pumping due to phase- 
ependent mass-loss (Bona ̌ci ́c Marinovi ́c et al. 2008 ) and interactions
ith an unseen third component (Perets & Kratter 2012 ), but more
ork is needed to solve the puzzle for each system. 

.2 WD mass–radius relation 

heoretical models (e.g. Chandrasekhar 1931 ; Fontaine et al. 2001 ) 
redict an MRR of WDs at an y giv en effectiv e temperature. The
RR is crucial to our understanding of WDs and useful in inferring
D masses from photometry or spectroscopy when dynamical 
easurements are unavailable. In this section, we present additional 

ata points to test the theoretical MRR by computing the radii of our
Ds and comparing them to the dynamical masses we derived in 

ection 4 . 
We derive the radius of a WD by interpolating Montr ́eal cooling

equences to compute the radius from multiband photometry. The 
nterpolation method is similar to that used in finding the cooling 
ges. We successfully constrain the radii of HD 19 019 B, HD
7 483 B, HD 114 174 B, and HD 169 889 B with their available
hotometry. For HD 27 786 Ab and HD 136 138 B, we adopt the
pectroscopic radius measurements in the literature, rescaled to their 
aia DR3 distances. Finally, as there are currently no photometric or

pectroscopic observations of HD 118 475 B, we postpone its radius
easurement to future studies. 
Table 5 lists the radii, dynamical masses, and ef fecti ve temper-

tures of the WDs. We take the mass of HD 136 138 B to be
he mass from our M sin i and the Gaia DR3 inclination. Fig. 4
ompares the positions of our WDs on the mass–radius diagram to 
he theoretical MRR given by Montr ́eal cooling models at different 
f fecti ve temperatures. We note that this is equi v alent to comparing a
D’s dynamical mass to its photometric mass, as theoretical models 

ompute the photometric mass directly from the photometric radius 
nd the MRR. Our WDs slightly deviate from but are statistically 
ompatible with ( < 2 σ from) the theoretical MRRs at their ef fecti ve
emperatures. Below, we outline the photometry we adopted and 
laborate on the results. 

.2.1 HD 19 019 B 

ecause the WD was only resolved by Gaia , we adopt the Gaia
R3 photometry of M G bp = 12 . 30 ± 0 . 04 and M G rp = 12 . 36 ± 0 . 07,
hich give T eff = 14100 ± 200 K and R = 0 . 887 + 0 . 023 
−0 . 019 × 10 −2 R �.

he results agree marginally with T eff = 18200 ± 3000 K and 
 = 0 . 656 + 0 . 134 

−0 . 112 × 10 −2 R � from the spectroscopy in Landstreet & 

agnulo ( 2020 ). Because of the remarkable precision of Gaia
hotometry, our statistical uncertainties are likely smaller than the 
ystematic uncertainties associated with our model assumptions (e.g. 
ure-hydrogen atmosphere). Therefore, the R and T eff uncertainties 
isted in Table 5 should be considered lower bounds of the actual
ncertainties, so it is unclear how much HD 19 019 B agrees with
he theoretical MRR. 

.2.2 HD 27 483 B 

rom the K -band and the F 218 W magnitudes in Section 5.3.2 , we
et T eff = 21000 ± 3000 K and R = (1.252 ± 0.095) × 10 −2 R �.
he radius agrees remarkably with the spectroscopic radius of R =

1.235 ± 0.018) × 10 −2 R � (Joyce et al. 2018 ). The photometry of
he WD suggests a radius larger than that expected from the MRR,
onsistent with our finding in Section 5.3.2 that the WD’s photometric 
ass is 1.4 σ below its dynamical mass. 

.2.3 HD 27 786 Ab 

lthough we have measured the WD’s contrast with its host star in
ST WFPC2 F 170 W and WFC3 F 218 W (Table 3 ), we are unaware of

ny measurements of the host star’s magnitudes in the two filters. We
ay estimate the host magnitudes from synthetic photometry, but the 

ccuracy will be limited by the assumptions of our model spectrum.
lso, both filters are very close to the peak of a blackbody emission

 ≈2000 Å for T eff ≈ 14 500 as in Landsman et al. 1996 ), making it
nlikely to constrain the WD’s T eff and radius simultaneously. Hence, 
dditional observations are required to reliably determine the WD’s 
hotometric radius. 
Landsman et al. ( 1996 ) fitted the WD’s radius and ef fecti ve

emperature from its IUE spectrum and obtained different values for 
 grid of different assumed distances. Interpolating the grid linearly 
o the Gaia DR3 distance of 42.03 ± 0.19 pc gives T eff = 14650 ± 30
 and R = (1.741 ± 0.015) × 10 −2 R �. The uncertainties reported
ere reflect only the parallax uncertainties and do not incorporate 
ncertainties in the original spectroscopic fitting, which are not 
rovided in Landsman et al. ( 1996 ). Therefore, the actual error bars
f R and T eff are likely much larger. As shown in Fig. 4 , the WD has
 radius compatible with a C/O core despite its usually low mass. 

.2.4 HD 114 174 B 

e use M y = 14.09 ± 0.05, M J = 13.55 ± 0.06, M H = 13.44 ± 0.03,
nd M K s 

= 13 . 11 ± 0 . 02, measured by Gratton et al. ( 2021 ) using
PHERE data, plus M L ′ = 13 . 18 ± 0 . 16 from Matthews et al. ( 2014 )
MNRAS 524, 695–715 (2023) 
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Table 5. Radii, ef fecti ve temperatures, and dynamical masses of the WDs. 

HD R T eff Reference M 

(0.01 R �) (K) (M �) 

19019 B 0 . 887 + 0 . 023 
−0 . 019 14100 ± 200 This work 0 . 32 + 0 . 37 

−0 . 23 

27483 B 1.252 ± 0.095 21000 ± 3000 This work 0 . 798 + 0 . 10 
−0 . 041 

27786 Ab 1.741 ± 0.015 ∗ 14650 ± 30 ∗ Landsman et al. ( 1996 ) 0.443 ± 0.012 

114174 B 1 . 15 + 0 . 15 
−0 . 17 7200 + 1400 

−1000 This work 0.591 ± 0.011 

136138 B 1.314 ± 0.011 ∗ 29510 ± 50 ∗ Stefanik et al. ( 2011 ) 0 . 531 + 0 . 092 
−0 . 088 

168889 B 1 . 13 + 0 . 29 
−0 . 23 10000 ± 1000 This work 0 . 526 + 0 . 039 

−0 . 037 

Note. The R and T eff of HD 27 786 Ab and HD 136 138 B are computed by interpolating the spectroscopic fit 
results in the listed references to the Gaia DR3 distances. The uncertainties here (marked with ‘ ∗’) reflect only 
the parallax uncertainties and do not incorporate uncertainties of the spectroscopic fitting, which are likely much 
larger but are unavailable in the original references. 

Figure 4. Masses and radii of six of our WDs (filled circles with 1 σ error 
bars) compared to the theoretical MRRs given by Montr ́eal cooling models 
(dashed lines). All data points and model curves are coloured according 
to their ef fecti ve temperatures. Our WDs slightly deviate from but are 
statistically compatible with ( < 2 σ from) the theoretical MRRs at their 
ef fecti ve temperatures. 
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sing NIRC2. When we fit Montr ́eal cooling models to these mea-
urements, the posterior distributions of T eff and radius are bimodal,
ith one peak giving T eff = 5100 K and R = 1.71 × 10 −2 R � and the
ther giving T eff = 9500 K and R = 0.75 × 10 −2 R �. This is likely
elated to the T eff discrepancy discussed in Section 5.3.3 . We attribute
his to potentially underestimated systematic uncertainties from the
alibration and data reduction of SPHERE observations, assuming
hat the statistical uncertainties reported by Gratton et al. ( 2021 ) are

uch smaller than the actual uncertainties. Given this assumption, we
nflate the errors of all SPHERE photometry by 0.14 dex to achieve
 reduced χ2 of unity. Doing so leads to T eff = 7200 + 1400 

−1000 K and
 = 1 . 15 + 0 . 15 

−0 . 17 , which are consistent with the WD’s dynamical mass
ithin 1 σ . Additional observations will be necessary to validate our

ssumption and resolve the discrepancy. 

.2.5 HD 136 138 B 

ue to the lack of photometry, we adopt the R and T eff obtained
y Stefanik et al. ( 2011 ) by fitting the WD’s IUE spectrum. Similar
o our method for HD 27 786 Ab, we interpolate the spectroscopic
t results to the Gaia DR3 distance of 110.97 ± 0.63 pc and get
 eff = 29510 ± 50 and R = (1.314 ± 0.011) × 10 −2 R �. Again,

hese uncertainty values do not incorporate uncertainties of the
NRAS 524, 695–715 (2023) 
riginal spectroscopic fitting and should only be considered lower
ounds of the actual uncertainties. At this radius and T eff , the WD’s
ynamical mass is slightly lower than the mass expected from the
RR. 

.2.6 HD 169 889 B 

 H = 13.59 ± 0.16 and M L ′ = 13 . 32 ± 0 . 08 (Crepp et al. 2018 )
ive R = 1 . 13 + 0 . 29 

−0 . 23 × 10 −2 R � and a T eff anywhere between ∼4000
nd ∼12 000 K. Our results are consistent with those in Crepp
t al. ( 2018 ). As in Section 5.3.4 , we assume T eff ≈ 10 000 ± 1000
, noting that the uncertainty is a conserv ati ve estimate after

uling out cooler temperatures incompatible with the age of the
ost star. The uncertainties are large because both photometric
easurements lie on the Rayleigh–Jeans tail of the WD’s spectrum,

ausing a de generac y between T eff and R . Assuming T eff = 10 000
, additional photometry bluer than 14 000 Å will help break the
e generac y and determine how much the WD agrees with the 
heoretical MRR. 

 C O N C L U S I O N S  

n this paper, we have derived the masses and orbits for six confirmed
nd one candidate Sirius-like systems from a joint analysis of
igh-precision RVs, relative astrometry, and Hipparcos –Gaia proper
otion anomaly. From the dynamical masses of the WDs, we

ave constrained the ages of four systems and compared them
o age estimates by other means. We have also discussed the
ossibilities of previous interactions between the WDs and their
ompanions. Finally, we have derived the radii of the WDs and
ompared them to theoretical MRRs. We summarize our main results 
elow: 

(i) For HD 27 483 B, our analysis of unpublished Hubble data
nd ne w observ ations with NIRC2 introduce two additional epochs
f relative astrometry and photometry, allowing us to obtain the
rst-ever dynamical mass of the WD ( 0 . 798 + 0 . 10 

−0 . 041 M �). The ∼10
er cent-precision mass leads to a total age of 400 + 570 

−180 Myr, con-
istent with previous age estimates of the Hyades cluster but not
ufficiently precise to resolve the age discrepancy between various
ethods. Additional relative astrometry would improve the mass

recision considerably, but the MS lifetime precision is limited by
he calibration uncertainty of semi-empirical IFMRs. Constraints
n the cooling age could be impro v ed by additional photometry or
dopting a T eff from high-resolution spectroscopy. 
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(ii) Our three-body fit on HD 27 786 results in an unusually low
ass (0.443 ± 0.012 M �) for the WD HD 27 786 Ab, suggesting

he possibility of common envelope evolution with the primary star 
uring its progenitor’s AGB phase. 
(iii) We obtain the first precise dynamical masses of HD 114 174 
 (0.591 ± 0.011 M �) and HD 169 889 B ( 0 . 526 + 0 . 039 

−0 . 037 M �). The
ges of both WDs depend strongly on the assumed T eff , showing the
eed for high-resolution spectroscopy to resolve the T eff uncertainty 
nd impro v e the age constraints. 

(iv) For HD 118475, the orbital elements we derived from RVs 
gree remarkably with the Gaia DR3 two-body solution from 

ntermediate astrometry. Whereas for HD 136138, the best-fitting 
ccentricity and period from the RVs are in moderate tension with 
hat from Gaia . Such a comparison, applicable to a large sample of
ystems, provides validations of Gaia ’s two-body solutions. 

(v) With M sin i = 0 . 461 + 0 . 017 
−0 . 015 M � and a Gaia DR3 inclination of

3 . ◦1 + 4 . ◦8 
−5 . ◦5 , HD 118 475 B has a dynamical mass of 0 . 580 + 0 . 052 

−0 . 039 M �. By
omparing the magnitude of a 0.58 M � MS star to the non-detection
ignificance curve in Kane et al. ( 2019 ), we rule out the hypothesis
hat the companion is an MS star at > 8 σ level, confirming that it is
 WD. 

(vi) The progenitors of HD 114 174 B, HD 118 475 B, HD 136 138
, and HD 169 889 B may have filled their Roche lobes during the
GB phase. Yet, their orbits did not tidally circularize, presenting a 
uzzle similar to that of Sirius. 
(vii) The masses, radii, and ef fecti ve temperatures of our WDs are

ompatible with the theoretical MRR from Montr ́eal cooling models. 
n particular, HD 27 786 B has a radius consistent with a C/O core
espite its usually low mass. 

The precisions of such dynamical measurements of WD masses 
an reach ≈1 per cent for the very best stars. As shown in equa-
ion (8) of Brandt et al. ( 2019 ), this level of mass precision requires
 1 per cent precision each on separation, RV acceleration, and proper 
otion acceleration. Achieving this on all three measurements will 

e challenging for all but the best and closest targets, and the limiting
actor will be different for each target. For example, HD 27 483 and
D 27 786 have multiple epochs of relative astrometry but no RVs.
D 118 475 and HD 136 138 have high-quality RV data o v er multiple
rbital periods, but their orbital periods are too short for the Gaia
roper motions to be helpful, nor do they have relative astrometry, 
reventing us from constraining their WD masses. The orbit fitting of
D 19 019 will benefit the most from proper motion measurements 

n a future Gaia release precise enough to detect its weak astrometric
cceleration, while improving the orbit fitting of HD 169 889 requires 
etter relative astrometry. Despite the challenges, continued RV and 
strometric monitoring and exceptional data quality from future Gaia 
ata releases will steadily grow the sample of WDs with very precise
asses. 
For WDs with better than ∼ 15 per cent dynamical masses, 

uch as HD 27 483 B, HD 114 174 B, and HD 169 889 B, the
ominant source of age uncertainty (assuming a good T eff ) is the 
catter in semi-empirical IFMRs. Theoretically modelled IFMRs, 
n comparison, are free from calibration uncertainties but replace 
hem with systematic uncertainties of specific mass-loss models 
e.g. Reimers 1975 ; Bloecker 1995 ). Hence, we choose not to use
hem to disentangle our analysis from systematics. From another 
erspective, our dynamical masses are themselves measurements of 
he IFMR. With a dynamical final mass, one can infer an initial mass,
ndependent of mass-loss models, from the difference between the 

S primary’s age and the WD’s cooling age. With help from precise
strometric solutions in Gaia DR3 and later releases, repeating our 
nalysis on additional Sirius-like systems would increase the sample 
ize for a future recalibration of the WD IFMR. 
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PPEN D IX  A :  F I G U R E S  A N D  TA BLES  O F  FIT  RE

Table A1. Posteriors of the HD 19019 system. 

Parameter 

Fitted

Primary mass (M �) 

Companion mass (M �) 

Parallax (mas) 

Semimajor axis a (au) 

Inclination i ( ◦) √ 

e sin ω √ 

e cos ω 

Mean longitude at t ref = 2455197.50 JD ( ◦) 

PA of the ascending node � ( ◦) 

RV jitter σ (m s −1 ) 

Derived

Orbital period (yr) 

Semimajor axis (mas) 

Eccentricity e 

Argument of periastron ω ( ◦) 

Time of periastron T 0 (JD) 

Mass ratio 
UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

uppl data 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

LTS  

Prior distribution Posteriors ±1 σ

eters 

1.06 ± 0.06 1 . 061 + 0 . 057 
−0 . 062 

Uniform 0 . 32 + 0 . 37 
−0 . 23 

31.979 ± 0.029 31.979 ± 0.028 

1/ a (log-flat) 276 + 64 
−47 

sin i 52 . 8 + 9 . 0 −15 

Uniform 0 . 18 + 0 . 42 
−0 . 43 

Uniform 0 . 53 + 0 . 24 
−0 . 26 

Uniform 207 + 22 
−11 

Uniform 23 + 326 
−14 

g-flat o v er [0,1000 m s −1 ] 12 . 2 + 2 . 6 −2 . 0 

eters 

... 3888 + 1304 
−956 

... 8830 + 2031 
−1518 

... 0 . 54 + 0 . 18 
−0 . 27 

... 59 + 281 
−40 

... 3033863 + 373450 
−164261 

... 0 . 30 + 0 . 35 
−0 . 22 
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Table A2. Posteriors of the HD 27483 system. 

Parameter Prior distribution Posteriors ±1 σ

Fitted parameters 

Primary mass (M �) 2.77 ± 0.26 2 . 86 + 0 . 25 
−0 . 22 

Companion mass (M �) 1/ M (log-flat) 0 . 798 + 0 . 10 
−0 . 041 

Parallax (mas) 21.094 ± 0.032 21.094 ± 0.025 

Semimajor axis a (au) 1/ a (log-flat) 49 . 8 + 12 
−5 . 4 

Inclination i ( ◦) sin i 30 + 13 
−15 √ 

e sin ω Uniform 0 . 07 + 0 . 41 
−0 . 49 √ 

e cos ω Uniform 0 . 01 + 0 . 47 
−0 . 47 

Mean longitude at t ref = 2455197.50 JD ( ◦) Uniform 156 + 80 
−126 

PA of the ascending node � ( ◦) Uniform 174 + 121 
−159 

Derived parameters 

Orbital period (yr) ... 184 + 65 
−30 

Semimajor axis (mas) ... 1050 + 250 
−115 

Eccentricity e ... 0 . 342 + 0 . 094 
−0 . 19 

Argument of periastron ω ( ◦) ... 163 + 141 
−111 

Time of periastron T 0 (JD) ... 2474412 + 4137 
−2469 

Mass ratio ... 0 . 284 + 0 . 033 
−0 . 024 

Table A3. Posteriors of the HD 27786 system. 

Parameter Prior distribution Posteriors ±1 σ Posteriors ±1 σ

(Both companions) (HD 27786 Ab) (HD 27786 B) 

Fitted parameters 

Primary mass (M �) 1.540 ± 0.077 1 . 714 + 0 . 061 
−0 . 060 

Companion mass (M �) Uniform 0.443 ± 0.012 1 . 36 + 0 . 51 
−0 . 41 

Parallax (mas) 23.79 ± 0.11 23.87 ± 0.11 

Semimajor axis a (au) 1/ a (log-flat) 12 . 04 + 0 . 13 
−0 . 14 183 ± 16 

Inclination i ( ◦) sin i 172 . 8 + 3 . 2 −4 . 0 158 . 8 + 10 
−9 . 2 √ 

e sin ω Uniform 0 . 574 + 0 . 053 
−0 . 16 0 . 07 + 0 . 21 

−0 . 26 √ 

e cos ω Uniform 0 . 15 + 0 . 31 
−0 . 37 0 . 09 + 0 . 16 

−0 . 21 

Mean longitude at t ref = 2455197.50 JD ( ◦) Uniform 48 + 294 
−34 211 + 72 

−140 

PA of the ascending node � ( ◦) Uniform 199 + 35 
−33 221 + 67 

−140 

Derived parameters 

Orbital period (yr) ... 28 . 42 + 0 . 31 
−0 . 28 1436 + 203 

−251 

Semimajor axis (mas) ... 287 . 4 + 3 . 3 −3 . 4 4357 + 385 
−367 

Eccentricity e ... 0 . 4016 + 0 . 0083 
−0 . 0084 0 . 074 + 0 . 085 

−0 . 052 

Argument of periastron ω ( ◦) ... 77 + 34 
−32 124 + 176 

−82 

Time of periastron T 0 (JD) ... 2456909 + 29 
−28 2648314 + 202895 

−89023 

Mass ratio ... 0 . 2585 + 0 . 0059 
−0 . 0050 0 . 80 + 0 . 31 

−0 . 25 
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Table A4. Posteriors of the HD 114174 system. 

Parameter Prior distribution Posteriors ±1 σ

Fitted parameters 

Primary mass (M �) 0.968 ± 0.044 0.955 ± 0.043 

Companion mass (M �) 1/ M (log-flat) 0.591 ± 0.011 

Parallax (mas) 37.8677 ± 0.0243 37.867 ± 0.016 

Semimajor axis a (au) 1/ a (log-flat) 26 . 25 + 0 . 71 
−0 . 66 

Inclination i ( ◦) sin i 88.86 ± 0.21 √ 

e sin ω Uniform 0 . 8088 + 0 . 0044 
−0 . 0048 √ 

e cos ω Uniform 0 . 190 + 0 . 027 
−0 . 029 

Mean longitude at t ref = 2455197.50 JD ( ◦) Uniform 21.1 ± 2.1 

PA of the ascending node � ( ◦) Uniform 169 . 31 + 0 . 53 
−0 . 52 

RV jitter σ (m s −1 ) Log-flat o v er [0,1000 m s −1 ] 3 . 55 + 0 . 39 
−0 . 34 

Derived parameters 

Orbital period (yr) ... 108 . 2 + 5 . 2 −4 . 8 

Semimajor axis (mas) ... 994 + 27 
−25 

Eccentricity e ... 0.690 ± 0.017 

Argument of periastron ω ( ◦) ... 76 . 8 + 1 . 9 −1 . 7 

Time of periastron T 0 (JD) ... 2481070 + 1682 
−1524 

Mass ratio ... 0 . 620 + 0 . 033 
−0 . 030 

Table A5. Posteriors of the HD 118475 system. 

Parameter Prior distribution Posteriors ±1 σ Gaia solution ±1 σ

Fitted parameters ... 

Primary mass (M �) 1.158 ± 0.058 1 . 154 + 0 . 056 
−0 . 055 ... 

Companion mass (M �) 1/ M (log-flat) ... 0 . 557 + 0 . 08 
−0 . 072 

Parallax (mas) 29.537 ± 0.017 29.537 ± 0.017 29.537 ± 0.017 

Semimajor axis a (au) 1/ a (log-flat) 3 . 758 + 0 . 070 
−0 . 060 3.68 ± 0.18 

Inclination i ( ◦) sin i ... 53 . 1 + 4 . 8 −5 . 5 √ 

e sin ω Uniform −0 . 3024 + 0 . 0007 
−0 . 0006 0 . 07 + 0 . 06 

−0 . 26 √ 

e cos ω Uniform −0 . 1907 + 0 . 0017 
−0 . 0016 0 . 34 + 0 . 06 

−0 . 65 

Mean longitude at t ref = 2455197.50 JD ( ◦) Uniform 44.52 ± 0.05 ... 

PA of the ascending node � ( ◦) Uniform ... 212 + 11 
−191 

RV jitter σ (m s −1 ) Log-flat o v er [0,10 m s −1 ] 0 . 02 + 1 . 77 
−0 . 02 ... 

Derived parameters ... 

Companion minimum mass M sec sin i (M �) ... 0 . 461 + 0 . 017 
−0 . 015 0 . 444 + 0 . 081 

−0 . 076 

Orbital period (d) ... 2070.47 ± 0.16 1968.6 ± 154.0 

Semimajor axis (mas) ... 111 . 0 + 2 . 1 −1 . 8 108.6 ± 5.3 

Eccentricity e ... 0.1278 ± 0.0008 0.143 ± 0.036 

RV semi-amplitude K (m s −1 ) ... 5560 . 3 + 8 . 1 −8 . 4 ... 

Argument of periastron ω ( ◦) ... 237.76 ± 0.22 19 . 5 + 191 . 7 
−9 . 7 

Time of periastron T 0 (JD) ... 2455344 + 77 
−66 2456380 ± 160 

Mass ratio ... 0 . 419 + 0 . 066 
−0 . 025 0 . 481 + 0 . 070 

−0 . 061 
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Table A6. Posteriors of the HD 136138 system. 

Parameter Prior distribution Posteriors ±1 σ Gaia solution ±1 σ

Fitted parameters ... 

Primary mass (M �) 1.84 ± 0.40 1 . 80 + 0 . 37 
−0 . 39 ... 

Companion mass (M �) 1/ M (log-flat) ... 0 . 543 + 0 . 078 
−0 . 080 

Parallax (mas) 9.011 ± 0.051 9.011 ± 0.051 9.011 ± 0.051 

Semimajor axis a (au) 1/ a (log-flat) 1 . 65 + 0 . 10 
−0 . 12 1 . 66 + 0 . 10 

−0 . 12 

Inclination i ( ◦) sin i ... 46 . 5 + 5 . 6 −6 . 6 √ 

e sin ω Uniform 0 . 377 + 0 . 025 
−0 . 029 0 . 557 + 0 . 043 

−0 . 044 √ 

e cos ω Uniform 0 . 438 + 0 . 028 
−0 . 024 0 . 325 + 0 . 052 

−0 . 057 

Mean longitude at t ref = 2455197.50 JD ( ◦) Uniform 341 . 0 + 2 . 4 −2 . 6 ... 

PA of the ascending node � ( ◦) Uniform ... 52 . 4 + 5 . 1 −5 . 4 

RV jitter σ (m s −1 ) Log-flat o v er [0,1000 m s −1 ] 0 . 07 + 9 . 94 
−0 . 07 ... 

Derived parameters ... 

Companion minimum mass M sec sin i (M �) ... 0 . 385 + 0 . 046 
−0 . 056 0 . 389 + 0 . 081 

−0 . 080 

Orbital period (d) ... 509.6 ± 1.2 505.0 ± 2.5 

Semimajor axis (mas) ... 14 . 88 + 0 . 89 
−1 . 11 14 . 94 + 0 . 93 

−1 . 06 

Eccentricity e ... 0 . 336 + 0 . 015 
−0 . 014 0.419 ± 0.046 

RV semi-amplitude K (m s −1 ) ... 6218 + 135 
−113 ... 

Argument of periastron ω ( ◦) ... 40 . 5 + 3 . 4 −3 . 5 59 . 6 + 5 . 5 −5 . 0 

Time of periastron T 0 (JD) ... 2455451 + 184 
−157 2455281 ± 8 

Mass ratio ... 0 . 24 + 0 . 15 
−0 . 04 0 . 297 + 0 . 035 

−0 . 028 

Table A7. Posteriors of the HD 169889 system. 

Parameter Prior distribution Posteriors ±1 σ

Fitted parameters 

Primary mass (M �) 0.980 ± 0.049 0 . 983 + 0 . 048 
−0 . 049 

Companion mass (M �) 1/ M (log-flat) 0 . 526 + 0 . 039 
−0 . 037 

Parallax (mas) 28.2794 ± 0.0259 28.2795 ± 0.0079 

Semimajor axis a (au) 1/ a (log-flat) 41 + 15 
−10 

Inclination i ( ◦) sin i 101 . 7 + 12 
−8 . 8 √ 

e sin ω Uniform 0 . 901 + 0 . 035 
−0 . 050 √ 

e cos ω Uniform −0 . 21 + 0 . 25 
−0 . 18 

Mean longitude at t ref = 2455197.50 JD ( ◦) Uniform 52 + 19 
−23 

PA of the ascending node � ( ◦) Uniform 149 + 10 
−20 

RV jitter σ (m s −1 ) Log-flat o v er [0,1000 m s −1 ] 4 . 3 + 2 . 6 −1 . 5 

Derived parameters 

Orbital period (yr) ... 212 + 126 
−75 

Semimajor axis (mas) ... 1154 + 419 
−294 

Eccentricity e ... 0 . 896 + 0 . 064 
−0 . 088 

Argument of periastron ω ( ◦) ... 103 + 11 
−16 

Time of periastron T 0 (JD) ... 2466913 + 1550 
−819 

Mass ratio ... 0 . 536 + 0 . 048 
−0 . 047 
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Figure A1. Best-fitting orbital parameters for the HD 19019 system and their posterior distributions from ORVARA . The selected parameters include the primary 
mass (in solar masses) M pri , the secondary mass (in Jupiter masses) M sec , the semimajor axis (in au) a , the eccentricity e , and the inclination (in degrees) i . The 
contours on the 2D joint posterior distributions give the 1 σ , 2 σ , and 3 σ lev els. The v ertical dashed lines on the 1D marginalized distributions indicate the 16 
per cent and 84 per cent quantiles. 
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Figure A2. Left-hand panel: RV orbits of HD 19019 o v er the entire best-fitting orbital period. Right-hand panel: RV orbits of HD 19019 o v er the observational 
time frame (top) and the residuals after subtracting the best-fitting orbit (bottom). For both panels, an RV of zero corresponds to the barycentric velocity of 
the system. The thick black line indicates the maximum likelihood RV orbit. The thin lines, colour-coded by the companion mass, are 50 other orbits drawn 
randomly from the posterior distribution. The coloured dots are the RV measurements, with a different colour indicating a separate telescope. Most colour bars 
are too small to be visible in the left-hand panel. 
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Figure A3. Relative (top panel) and absolute (bottom panel) astrometry for the HD 19019 system. The observations are shown as blue dots with error bars. 
The thick black line is the maximum likelihood orbit, and the thin lines, colour-coded by the companion mass, are 50 other orbits drawn randomly from the 
posterior distribution. The bottom part of each panel shows the residuals after subtracting the maximum likelihood orbit from the measurements. 
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