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Fig. 20.— Same as Figure 8.
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Probing the Origins of Directly Imaged 
Planets with Dynamical Masses
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Abstract. Direct imaging is the only exoplanet detection method that 
gives no model-independent information about planet mass or radius. 
One of the most exciting developments since the last Protostars and 
Planets meeting has been the advent of dynamical masses for directly 
imaged planets derived from ultra-precise astrometry of their host 
stars. Dynamical masses to date – for the b Pictoris, HR 8799, and 51 
Eri systems – are broadly consistent with expectations from "hot-start" 
evolutionary models. In the case of 51 Eri b, our mass allows us to 
place the first constraints on its initial entropy. 

We have also measured precise orbital parameters and dynamical 
mass for the host binary in the VHS J1256 system. This enables the first 
precise age dating of its companion, which implies a mass on the 
borderline of the deuterium-fusion boundary. The future promises 
many more dynamical mass measurements for giant planets, both from 
the increased precision of further Gaia data releases, and also the 
discovery of new “dynamical beacon” planets like AF Lep b.
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where sr̄,tot is the combined uncertainty from our injection-
recovery exercise and from the imperfect distortion correction:

s s s= +r r ( )¯ ¯ 2 . 2d,tot
2

,meas
2 2

The P.A. is determined as follows:

q q q q= - +¯ ( )2, 3meas North shear

where θNorth is the rotational offset required to align the NIRC2
detector columns with north on the sky: 0.252±0°.009 for the
Yelda et al. (2010) distortion solution, and 0.262±0°.002 for
the Service et al. (2016) distortion solution.13 θshear is the shear
(blurring) per individual frame. To account for this, each frame

is de-rotated to the midpoint P.A. of the exposure after PSF
subtraction, and prior to coaddition of the sequence.
The error in the P.A., σθ, includes the injection-recovery

measurement uncertainty (σθ,meas), uncertainty in the north
alignment (σθ,North), residual positional errors after applying the
distortion solution (σθ,d), and the systematic error from
shearing of point sources from sky rotation within each frame
(σθ,shear):

s s s s s= + + +q q q q q( ) ( ). 4d,meas
2

,North
2

,
2

,shear
2 1 2

The residual positional distortion errors are about 1mas, so
here we approximate σθ,d as ≈1 mas/ρ. The dominant term in
the P.A. error budget is the shear per frame, which varies
among individual frames and across observation epochs. For
this work we conservatively adopt half the average shear for
each epoch: 0°.30, 0°.21, 0°.38, and 0°.32 for our 2010, 2013,
2016, and 2017 epochs. Our final astrometry of Gl 758 B and
the two background sources is listed in Table 2. Note that the

Figure 2. Final PSF-subtracted images of Gl 758 taken with Keck/NIRC2 in 2010 and 2013 (upper and lower panels, respectively). Images on the left are the
processed frames in units of flux (DN s−1), and images on the right are the corresponding signal-to-noise maps. The color bar on the far right corresponds to intensities
in the S/N map. All images are oriented so that north is up and east is to the left. Most of the proper motion of Gl 758 is in the positive declination direction, so the
background source “bkg1” moves downward over time relative to Gl 758.

13 The position angle of celestial north with respect to the +y axis for NIRC2
images taken in vertical angle (pupil tracking) mode with the narrow camera
can be found using FITS header keywords: PARANG + ROTPOSN −
INSTANGL − θNorth. Note that θNorth is subtracted from the other terms (J. Lu,
& M. Service 2017, private communication).
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Measuring Planet Mass from Host-Star Acceleration

Planets exert gravitational accelerations on their host stars. 
Using RVs needs an assumption for the angle between the 
star-planet vector and sky plane, f. Astrometry circumvents 
this by measuring the acceleration in the same plane as the 
direct imaging separation, r.

Gl 758

of 7.5 Gyr with a range of 4.6–10.4 Gyr using the Yonsei–Yale
models.

6.4. Limits on Planetary Companions

We searched the residual RVs for closer-in planet candidates
using a Lomb–Scargle periodogram after removing the best-fit
orbital solution of Gl 758 B. The strongest power from 1–104 days
is at a period of 245.5 days, but that potential signal has a
false alarm probability of 0.4% and its corresponding velocity
semi-amplitude is at the level of the noise in the data, so it is
unlikely to be real. No frequencies have powers that exceed our

threshold false alarm probability of 0.1% for planet detection. We
conclude that there is no convincing evidence of any close-in
planet candidates in our data.
Detection limits are quantified using injection-recovery tests

as described in Howard & Fulton (2016). Synthetic planets on
circular orbits are sequentially injected into the RV residuals by
randomly drawing pairs of minimum mass and period
surrounding the detection threshold. A periodogram is used
to search for planets within each artificial data set with a 1%
false alarm probability threshold for recovery and the
requirement of a similar period and phase as the injected
planet. Results are shown in Figure 14. Gl 758 is devoid of

Figure 8. Relative RV measurements of Gl758 from McDonald (top left), Keck (top right), and APF (bottom left). Randomly drawn orbit solutions from our MCMC
posterior are displayed as thin colored lines, coded by the companion mass from low (pink) to high (green). Each RV data set has its own RV zero point associated
with each orbit solution, allowing the absolute, barycentric RVs predicted from the orbit to be plotted as relative RVs here. The best-fit orbit solution is shown as a
thick black line, and the error bar in the lower left of each plot shows the best-fit jitter (i.e., the additional RV error that is added in quadrature to the displayed
measurements during our MCMC analysis). Each RV data set is shown with its best-fit zero point added to bring the relative RVs into the barycentric frame. Jitter has
not been added to the plotted error bars. The RV measurements jointly show a nonlinear trend, indicating that the acceleration of the host star is changing with time.
The bottom-right panel shows the RVs relative to the best-fit orbit spanning a complete orbital cycle (97 yr).
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Fig. 9.— Gallery of imaged planets at small separations (<100 AU). HR 8799 harbors four massive planets (5–10 MJup) at orbital
distances of 15–70 AU (Marois et al. 2008; Marois et al. 2010b), β Pic hosts a nearly edge-on debris disk and a ≈13 MJup planet at
9 AU (Lagrange et al. 2009a; Lagrange et al. 2010), a ≈5 MJup planet orbits HD 95086 at 56 AU (Rameau et al. 2013c; Rameau et al.
2013b), and 51 Eri hosts a ∼2 MJup planet at 13 AU (Macintosh et al. 2015). Images are from Maire et al. (2015a), Nielsen et al. (2014),
Galicher et al. (2014), and Macintosh et al. (2015).

of Images (LOCI; Lafrenière et al. 2007a), which is
based on least-squares minimization of residual speckle
noise, and Karhunen-Loève Image Projection (KLIP;
Soummer et al. 2012), a computationally-fast method
based on principal component analysis. The introduc-
tion of these new methods gave rise to an array of
sophisticated data reduction pipelines with additional
features aimed at minimizing biases and avoiding both
self- and over-subtraction of planet flux in ADI and
SDI datasets (Marois et al. 2010a; Amara & Quanz
2012; Pueyo et al. 2012; Meshkat et al. 2013a;
Wahhaj et al. 2013a; Brandt et al. 2013; Fergus et al.
2014; Mawet et al. 2014; Marois et al. 2014; Currie et al.
2014c; Cantalloube et al. 2015; Rameau et al. 2015;
Wahhaj et al. 2015; Savransky 2015; Dou et al. 2015;
Hagelberg et al. 2016; Gonzalez et al. 2016).
The suite of instrumentation for high-contrast imag-

ing has ballooned over the past 15 years and in-
cludes dual-channel imagers, infrared wavefront sensors,

non-redundant aperture masking interferometry, adap-
tive secondary mirrors, integral field units, high-order
adaptive optics systems, and specialized coronagraphs
(e.g., apodized Lyot coronagraph, annular groove phase
mask coronagraph, vector vortex coronagraph, apodizing
phase plate, and four quadrant phase mask; Rouan et al.
2000; Guyon et al. 2005; Soummer 2005; Mawet et al.
2005; Kenworthy et al. 2007; Mawet et al. 2010). Many
of these have been implemented in the first generation of
instruments in part as testbeds for regular use in second-
generation systems. These instruments are reviewed
in detail in Guyon et al. (2006), Beuzit et al. (2007),
Oppenheimer & Hinkley (2009), Perryman (2011), and
Mawet et al. (2012b).

4.2.1. VLT and MMT Simultaneous Differential Imager
Survey

This survey (PI: B Biller) targeted 45 young stars
between 2003–2006 with ages !250 Myr and distances
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Fig. 9.— Gallery of imaged planets at small separations (<100 AU). HR 8799 harbors four massive planets (5–10 MJup) at orbital
distances of 15–70 AU (Marois et al. 2008; Marois et al. 2010b), β Pic hosts a nearly edge-on debris disk and a ≈13 MJup planet at
9 AU (Lagrange et al. 2009a; Lagrange et al. 2010), a ≈5 MJup planet orbits HD 95086 at 56 AU (Rameau et al. 2013c; Rameau et al.
2013b), and 51 Eri hosts a ∼2 MJup planet at 13 AU (Macintosh et al. 2015). Images are from Maire et al. (2015a), Nielsen et al. (2014),
Galicher et al. (2014), and Macintosh et al. (2015).

of Images (LOCI; Lafrenière et al. 2007a), which is
based on least-squares minimization of residual speckle
noise, and Karhunen-Loève Image Projection (KLIP;
Soummer et al. 2012), a computationally-fast method
based on principal component analysis. The introduc-
tion of these new methods gave rise to an array of
sophisticated data reduction pipelines with additional
features aimed at minimizing biases and avoiding both
self- and over-subtraction of planet flux in ADI and
SDI datasets (Marois et al. 2010a; Amara & Quanz
2012; Pueyo et al. 2012; Meshkat et al. 2013a;
Wahhaj et al. 2013a; Brandt et al. 2013; Fergus et al.
2014; Mawet et al. 2014; Marois et al. 2014; Currie et al.
2014c; Cantalloube et al. 2015; Rameau et al. 2015;
Wahhaj et al. 2015; Savransky 2015; Dou et al. 2015;
Hagelberg et al. 2016; Gonzalez et al. 2016).
The suite of instrumentation for high-contrast imag-

ing has ballooned over the past 15 years and in-
cludes dual-channel imagers, infrared wavefront sensors,

non-redundant aperture masking interferometry, adap-
tive secondary mirrors, integral field units, high-order
adaptive optics systems, and specialized coronagraphs
(e.g., apodized Lyot coronagraph, annular groove phase
mask coronagraph, vector vortex coronagraph, apodizing
phase plate, and four quadrant phase mask; Rouan et al.
2000; Guyon et al. 2005; Soummer 2005; Mawet et al.
2005; Kenworthy et al. 2007; Mawet et al. 2010). Many
of these have been implemented in the first generation of
instruments in part as testbeds for regular use in second-
generation systems. These instruments are reviewed
in detail in Guyon et al. (2006), Beuzit et al. (2007),
Oppenheimer & Hinkley (2009), Perryman (2011), and
Mawet et al. (2012b).

4.2.1. VLT and MMT Simultaneous Differential Imager
Survey

This survey (PI: B Biller) targeted 45 young stars
between 2003–2006 with ages !250 Myr and distances
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Figure 2. The mass posterior of HR 8799 e after marginal-
izing over bcd-to-e mass ratios (quantified by three �i coef-
ficients), each with a lognormal prior. Each posterior is la-
belled according to both its mass-ratio prior and the resulting
posterior (non-rounded for convenience). �ln � is the natu-
ral logarithmic standard deviation of the log-normal prior on
the �i. Each prior has a natural logarithmic mean of 0.

analysis. Additional planets in the parameter space be-
low the grey band (white region) are not excluded. We
conclude that additional, unseen massive planets orbit-
ing between 3 and 8 au with masses exceeding 6 MJup are
unlikely, as well as & 7 MJup companions between 8 au
and the orbit of HR 8799 e (⇡16 au). We therefore ex-
clude the presence of any &7 MJup companions orbiting
amidst the inner debris belt, which spans 6–15 au (Frant-
seva et al. 2020). Our detection limits complement the
findings by Wahhaj et al. (2021), who excluded the pres-
ence of hot-start planets more massive than & 3 MJup

at two separations: 7.5 and 9.7 au.

4. THE AGE OF THE HR 8799 SYSTEM

With our dynamical mass for HR 8799 e, we infer
the first cooling age for the planet and thereby the sys-
tem. Prior to Zuckerman et al. (2011) identifying it as
a member of the Columba association (42+6

�4 Myr; Bell
et al. 2015), its age was only loosely constrained (Marois
et al. 2008). Lee & Song (2019) recently suggested that
it is actually a member of the younger � Pictoris moving
group (BPMG, 24 ± 3 Myr; Bell et al. 2015). Moreover,
HR 8799 was one of four (out of 23) Columba mem-
bers that Gagné et al. (2018) chose not to use in their
BANYAN ⌃ model due to being outliers, despite it still
being considered a bona fide member.

We perform a rejection-sampling analysis using mass
and Lbol, in a similar fashion as Dupuy & Liu (2017) and
Brandt et al. (2021, submitted), to derive a hot-start
cooling age for HR 8799 e. The HR 8799 planets are

Figure 3. The minimum masses and semi-major axes of
additional, unseen HR 8799 companions that would have
been detected at 3� using our HGCA Gaia EDR3-Hipparcos

proper motion anomalies. The individual grey lines (form-
ing a grey band together) show the 3� limits assuming a
range of argument of periastron (!) from 0 to 2⇡. The black
line is the 3� limit averaged over the all possible !. Plan-
ets lying in the blue “disallowed region” are excluded with
at least 99.7% confidence, regardless of their orbital phase.
The approximate range of the inner debris belt is indicated
by vertical dashed lines (6 to 15 au; Frantseva et al. 2020).

too luminous to be consistent with the very low initial
entropies predicted by the Marley et al. (2007) cold-start
models (Marleau & Cumming 2014). Warm- and hot-
start scenarios are allowed by the data, and simulations
from Berardo et al. (2017), Berardo & Cumming (2017),
and Marleau et al. (2019) tend to favor the hot-start
scenario in general.

We randomly draw masses from our posterior distri-
bution and ages distributed uniformly or log-flat, then
bi-linearly interpolate the evolutionary model grid and
compute a test Lbol. We accept or reject trials in a
Monte Carlo fashion depending on how well the trials
agree with the observed Lbol.

We derive a new Lbol for HR 8799 e using the abso-
lute magnitude–Lbol relations of Dupuy & Liu (2017),
the SPHERE photometry from Wahhaj et al. (2021),
and the K-band spectrum from Gravity Collaboration
et al. (2019). Although the relations of Dupuy & Liu
(2017) are derived from field dwarfs, Figure 12 of Fil-
ippazzo et al. (2015) demonstrates that young and field
objects share the same K-band bolometric corrections
within the 0.25 mag scatter of their relations; we adopt
this scatter as our uncertainty. We find KMKO =
KS,2MASS = 16.00 ± 0.02 mag and log(Lbol/L�) =
�4.52 ± 0.10 dex, which is consistent with but twice as
precise as the measurement by Marois et al. (2010).

Me = Mcd± 15%

Me = Mcd+65%-35%

Brandt+21b Dupuy+22

Mass of 51 Eri b (MJup)
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Msec (MJup) = 9.3�2.5

Figure 2. Best fit orbital elements for � Pic b from the orvara MCMC chain. Orbital elements are with respect to the star.
The elements, in the same order as plotted, are: the primary mass in solar masses, Mpri; the planet mass in Jupiter masses,
Msec; the semi-major axis in A.U., a; the eccentricity, e; the inclination in degrees, i; the PA of the ascending node in degrees,
⌦; and the mean longitude at the reference epoch (2455197.50 BJD) in degrees, �ref . In the 1D histograms, the vertical-dashed
lines about the center dashed lines give the 16% and 84% quantiles around the median. In the 2d histograms, the contours give
the 1-�, 2-�, and 3-� levels.

identical within rounding if we exclude the single Snellen
et al. (2014) measurement.

We display an additional corner plot in Figure 8 that
showcases select covariances between the orbital param-

eters of � Pic b and � Pic c. The inferred mass of each
planet is relatively insensitive to the orbital parameters
of the other (see the two appropriate covariances in the
left hand columns of Figure 8). In particular, the mass

Precise Dynamical Masses and Orbital Fits for � Pic b and � Pic c 7

sec Jup �1.0

Figure 3. Best fit orbital elements for � Pic c. See Figure 2 for the description.

of � Pic b is nearly independent of the mass of c. How-
ever, owing to the 3-body interaction between the plan-
ets, the inferred eccentricity of � Pic b varies slightly
with the eccentricity of the inner planet, � Pic c. Im-
proved relative astrometry on � Pic b mildly improves
constraints on the eccentricity of � Pic c; an identical
orbital fit excluding the SPHERE relative astrometry on
� Pic b results in a slightly worse eccentricity constraint
on � Pic c. The inferred semi-major axis of � Pic c

covaries modestly with � Pic b’s eccentricity. Despite
uncertainties in the eccentricity of � Pic c, we find that
� Pic b and � Pic c are coplanar to within a half-degree
at 68% confidence and coplanar to within one degree at
95% confidence.

We use our new constraints on the orbital parameters
of � Pic b and c to predict their on-sky positions over
the next 5 years at 15-day intervals. Tables 2 and 3 give
a truncated version of the predicted positions of � Pic b

Mass of b Pic b (MJup)
4 8 12 16

Mass of b Pic c (MJup)
6 9 12

Brandt+21a

Nowak et al. (2020)
VLT/GRAVITY
Discovery: Lagrange et al. (2010)

Imaged Planet Masses
b Pic – in this system, astrometry constrains 
the mass of the outer planet b (P~24 yr), 
while RVs measure the mass of the inner
planet c (P~3.3 yr). Earlier work (Snellen & 
Brown 18; Dupuy+19) achieved similar 
results for b despite being unaware of c 
because of c’s relatively short period.

HR 8799 – the acceleration is dominated by 
the innermost planet e. We showed the 
derived mass is insensitive to a wide range 
of assumed mass ratios for e, d, and c.
51 Eri b – is one of the only imaged planets
cool enough to be consistent with cold-
start models that predict the highest planet 
masses. Our null detection of acceleration 
places an upper limit on its mass.

AF Lep b – has recently joined these ranks 
with the lowest measured dynamical mass 
yet, lying between its b Pic moving group 
siblings b Pic c and 51 Eri b (see posters 
ES-03-0021 and ES-03-0037). 
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Figure 4. Substellar cooling age for HR 8799 e derived
from hot-start Saumon & Marley (2008) hybrid models using
its observed luminosity and dynamical mass, with either a
uniform (top panel) or log-flat (bottom panel) prior on age.
The 1� and 2� age ranges for the Columba association (red)
and the BPMG (blue) are displayed for comparison, and our
cooling age is consistent with both. The peak at ⇡200Myr
corresponds to the 10% of our mass posterior above 12MJup

(lighter shading). The maximum likelihood age is 40–50Myr
regardless of the age prior.

Figure 4 shows posterior distributions of the system
age for two di↵erent age prior choices (uniform and log-
flat). Both posteriors peak at 40–50 Myr but di↵er at the
young and old extremes. The choice of prior significantly
a↵ects the old extreme of the posterior. However, under
either prior, Columba’s age agrees well and BPMG’s is
consistent (1.2–1.7�).

Substellar cooling alone does not preclude older ages
(&100 Myr), which have been shown to yield unsta-
ble orbits at the correspondingly higher masses (>
12 MJup). The high end of our mass posterior yields
a smaller age peak at ⇡200 Myr that corresponds to a
resurgence in luminosity at older ages due to deuterium

fusion. Even though 9.8% of our dynamical mass poste-
rior for HR 8799 e lies above 12 MJup (where deuterium
burning is possible), the planets of the HR8799 system
have not been considered deuterium-fusing objects, with
masses below ⇡13 MJup, based on their luminosity and
hypothesized youth (Marois et al. 2008; Marois et al.
2010). As well, they are unlikely to have masses in ex-
cess of 13 MJup on the basis of stability (Pueyo et al.
2015; Wang et al. 2018).

Excluding masses above 12 MJup yields an age dis-
tribution that is approximately Gaussian in log t for
both priors (see dark-shaded posteriors in Figure 4).
The resulting age posterior (under the log-flat prior) is
log(t/yr) = 7.62 ± 0.20 dex (42+24

�16 Myr).
If the HR 8799 system is indeed a BPMG member, it

would be coeval and perhaps co-compositional with the
giant planets � Pic b and c that have dynamical masses
of 9.3+2.6

�2.5 MJup and 8.3±1.0 MJup, respectively (Brandt
et al. 2021a). This cannot be ruled out by the dynamical
masses. HR 8799 e and � Pic c have the same K-band
absolute magnitude within the errors, 12.94 ± 0.02 mag
and 12.9 ± 0.1 mag, respectively, and their masses are
also consistent at 0.6�.

The above discussion assumes that hot-start models
are appropriate for deriving a substellar cooling age. If
instead there was significant entropy loss in the forma-
tion of HR 8799 e, then it would be younger. Perhaps
the initial entropy could even be tuned to match the age
of the BPMG in a warm-start scenario. A younger age
could also compensate for higher masses when consider-
ing the system’s long-term stability.

5. CONCLUSIONS

In this letter, we determine a dynamical mass for
HR 8799 e of 9.6+1.9

�1.8 MJup by assuming that planets c, d
and e share the same mass to within ⇡20%. Marginaliz-
ing over a larger range of mass ratios for all four planets
yields a dynamical mass of 9.4+2.2

�2.1 MJup for HR 8799 e.
We favor the more precise mass for HR 8799 e given that
the planets’ similar spectra and luminosities strongly
suggest similar masses.

Our dynamical mass for HR 8799 e is 2MJup (1.2�)
higher than previous estimates based on hot-start mod-
els (e.g., 7.2+0.6

�0.7 MJup; Wang et al. 2018). We rule out,
with 99.7% confidence, any planets with masses greater
than ⇡ 6MJup and semi-major axes between ⇡3 au and
⇡ 8 au, as well as any additional 7 MJup or larger planets
between 8 and 16 au.

We compute an updated bolometric luminosity for
HR 8799 e and use hot-start evolutionary models to de-
rive a substellar cooling age. We find 42+24

�16 Myr if we
exclude the high-mass (>12 MJup) portion of our mass
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Figure 4. Substellar cooling age for HR 8799 e derived
from hot-start Saumon & Marley (2008) hybrid models using
its observed luminosity and dynamical mass, with either a
uniform (top panel) or log-flat (bottom panel) prior on age.
The 1� and 2� age ranges for the Columba association (red)
and the BPMG (blue) are displayed for comparison, and our
cooling age is consistent with both. The peak at ⇡200Myr
corresponds to the 10% of our mass posterior above 12MJup

(lighter shading). The maximum likelihood age is 40–50Myr
regardless of the age prior.

Figure 4 shows posterior distributions of the system
age for two di↵erent age prior choices (uniform and log-
flat). Both posteriors peak at 40–50 Myr but di↵er at the
young and old extremes. The choice of prior significantly
a↵ects the old extreme of the posterior. However, under
either prior, Columba’s age agrees well and BPMG’s is
consistent (1.2–1.7�).

Substellar cooling alone does not preclude older ages
(&100 Myr), which have been shown to yield unsta-
ble orbits at the correspondingly higher masses (>
12 MJup). The high end of our mass posterior yields
a smaller age peak at ⇡200 Myr that corresponds to a
resurgence in luminosity at older ages due to deuterium

fusion. Even though 9.8% of our dynamical mass poste-
rior for HR 8799 e lies above 12 MJup (where deuterium
burning is possible), the planets of the HR8799 system
have not been considered deuterium-fusing objects, with
masses below ⇡13 MJup, based on their luminosity and
hypothesized youth (Marois et al. 2008; Marois et al.
2010). As well, they are unlikely to have masses in ex-
cess of 13 MJup on the basis of stability (Pueyo et al.
2015; Wang et al. 2018).

Excluding masses above 12 MJup yields an age dis-
tribution that is approximately Gaussian in log t for
both priors (see dark-shaded posteriors in Figure 4).
The resulting age posterior (under the log-flat prior) is
log(t/yr) = 7.62 ± 0.20 dex (42+24

�16 Myr).
If the HR 8799 system is indeed a BPMG member, it

would be coeval and perhaps co-compositional with the
giant planets � Pic b and c that have dynamical masses
of 9.3+2.6

�2.5 MJup and 8.3±1.0 MJup, respectively (Brandt
et al. 2021a). This cannot be ruled out by the dynamical
masses. HR 8799 e and � Pic c have the same K-band
absolute magnitude within the errors, 12.94 ± 0.02 mag
and 12.9 ± 0.1 mag, respectively, and their masses are
also consistent at 0.6�.

The above discussion assumes that hot-start models
are appropriate for deriving a substellar cooling age. If
instead there was significant entropy loss in the forma-
tion of HR 8799 e, then it would be younger. Perhaps
the initial entropy could even be tuned to match the age
of the BPMG in a warm-start scenario. A younger age
could also compensate for higher masses when consider-
ing the system’s long-term stability.

5. CONCLUSIONS

In this letter, we determine a dynamical mass for
HR 8799 e of 9.6+1.9

�1.8 MJup by assuming that planets c, d
and e share the same mass to within ⇡20%. Marginaliz-
ing over a larger range of mass ratios for all four planets
yields a dynamical mass of 9.4+2.2

�2.1 MJup for HR 8799 e.
We favor the more precise mass for HR 8799 e given that
the planets’ similar spectra and luminosities strongly
suggest similar masses.

Our dynamical mass for HR 8799 e is 2MJup (1.2�)
higher than previous estimates based on hot-start mod-
els (e.g., 7.2+0.6

�0.7 MJup; Wang et al. 2018). We rule out,
with 99.7% confidence, any planets with masses greater
than ⇡ 6MJup and semi-major axes between ⇡3 au and
⇡ 8 au, as well as any additional 7 MJup or larger planets
between 8 and 16 au.

We compute an updated bolometric luminosity for
HR 8799 e and use hot-start evolutionary models to de-
rive a substellar cooling age. We find 42+24

�16 Myr if we
exclude the high-mass (>12 MJup) portion of our mass

hot-start 
cooling age

With a measured mass and luminosity for 
HR 8799 e, we computed a substellar 
cooling age from evolutionary models. 
We found that its cooling age matches 
the Columba association (42 Myr), of 
which HR 8799 has been posited to be a 
member. This validates hot-start models 
of planet evolution at even older ages 
than the b Pic moving group. (The top 
10% of the mass posterior is >12 MJup, 
which is dynamically unstable.)
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Figure 5. Evolutionary models from Spiegel & Burrows (2012) showing the
hot-start (orange lines) and coldest-start ((init = 8.0 :B baryon�1; blue lines)
scenarios. Every model mass is displayed, ranging from 1 "Jup to 15 "Jup
in 1-"Jup steps. The 5 "Jup and 10 "Jup models are highlighted by thicker
plotted lines. Solid lines are solar-metallicity models, and dotted lines are
3⇥ solar. 51 Eri b is consistent with both scenarios but at di�erent masses:
.5 "Jup in a hot start and &10 "Jup in the coldest start.

cold-start scenario for giant planet formation. This scenario is com-
monly linked to the core-accretion model of giant planet formation
(Pollack et al. 1996; Bodenheimer et al. 2000; Hubickyj et al. 2005;
Marley et al. 2007). However, there are growing indications that not
only does the core-accretion model not necessarily imply a low initial
entropy, but such cold starts may be rare in core accretion. Mordasini
(2013) showed that even completely cold core accretion can lead to
a high entropy and planet luminosity if the core mass is su�ciently
large. Berardo et al. (2017) concluded that cold-start core accretion
may be di�cult to achieve without the accretion shock staying cool
(close to the temperature of the nebula), in addition to accretion rates
staying low. Indeed, they suggest that the special conditions needed
imply that 51 Eri b is unlikely to be a cold-start planet, and simu-
lations of accretion shocks by Marleau et al. (2019) further support
this idea. Therefore, core accretion is an entirely plausible formation
scenario for 51 Eri b, in spite of our result ruling out low initial
entropy for the planet.

Our entropy constraint is equally consistent with a hot-start for-
mation by gravitational instability. It is generally accepted that this
mechanism is unlikely to form most giant planets (e.g., Rafikov
2005), especially those on closer orbits like 51 Eri b with a semi-
major axis of 10.4+0.8

�1.1 AU. It has also been suggested that if some
gas giants do form by gravitational instability, then they are better
thought of as the low-mass tail of disk-born stellar and brown dwarf
companions (Kratter et al. 2010). Observations broadly support this
view, as population studies find that the companion mass function
rises steeply to lower masses (e.g., Wagner et al. 2019), and these
lower-mass giant planets orbit higher-metallicity stars (Schlaufman
2018)—both hallmarks of core accretion. Our measured mass dis-
tribution for 51 Eri b is consistent with both lower- and higher-mass
planet regimes in the context of these previous works.

In order to explain the present-day location of 51 Eri b in the
gravitational instability scenario, disk migration could have brought
it inward from an initially wider separation. This might also help
explain its eccentricity, as only the widest planets formed by gravita-
tional instability are expected to have as eccentric orbits as 51 Eri b
(Hall et al. 2017). However, such a formation history faces the se-

rious problem that planets as massive as 51 Eri b would seem to
be expected to migrate outward, not inward, from their birthplace
(Dempsey et al. 2021). Thus, perhaps an alternative pathway to de-
crease semimajor axis and increase eccentricity for 51 Eri b in the
gravitational instability scenario would be forming on a wider orbit
and being scattered inward by another planet that may or may not
remain in the system at the present day.

Indeed, even in the core accretion scenario, planet-planet scatter-
ing would probably be required to achieve the relatively high eccen-
tricity of 51 Eri b. Maire et al. (2019) discussed dynamical origins for
the eccentricity of 51 Eri b in detail and concluded that Kozai-Lidov
oscillations from GJ 3305 AB, the wide stellar companion to 51 Eri,
are not likely. Alternatively, secular interactions with the disk can
pump up eccentricity but only to perhaps 4 ⇠ 0.2 (e.g., Papaloizou
et al. 2001). But even then a high planet mass (&10 "Jup), which is
disfavoured by our mass posterior, is needed to clear a big enough
gap in the disk to reach the highest eccentricities. Planet-planet scat-
tering tends to retain the more massive of the two original planets, so
if the hypothetical scatterer were still in the system, it would likely
be fainter than 51 Eri b and undetectable so far.

To summarise, our upper limit on the initial entropy of 51 Eri b
rules out the coldest-start versions of the core accretion scenario.
Formation by core accretion does not necessarily imply a low initial
entropy, and, conversely, a high initial entropy does not necessarily
imply formation by gravitational instability. Therefore, our results
are consistent with a high-entropy core accretion scenario, while
the ⇠10 AU orbit of 51 Eri b disfavours formation by gravitational
instability.

3.4 Prospects for an improved dynamical mass

The mass uncertainty scales linearly with the proper motion uncer-
tainty (e.g., see Equation 7 of Brandt et al. 2019), which in turn scales
as C�1.5. Gaia DR4 is expected to include 60 months of data, com-
pared to the 34 months in EDR3, implying a factor of 2.3 improve-
ment with no other changes to the astrometric precision of bright stars
like 51 Eri b. Therefore, using the same approach as we have here
comparing the Gaia proper motion to the long-term Hipparcos-Gaia
one is expected to provide a 2.3⇥ more precise mass for 51 Eri b.

To validate this expectation, we performed an identical orbital
analysis using Gaia proper motion errors that we reduced artificially
by a factor of 2.3. Given that the input proper motion anomaly was
still zero, we found an upper limit of 4.2 "Jup at 2f, which is about
a 2.5⇥ improvement over our EDR3-based result and consistent with
the expectation. If further improvements are made for bright stars,
then a 1-fmass uncertainty of ⇡1 "Jup may be possible. In this more
optimistic case, the hot-start model-predicted mass of 3.1+0.5

�0.7 "Jup
would mean a 3–4f detection of 51 Eri b using Gaia DR4.
Gaia DR3 will provide seven-parameter solutions that include ac-

celeration, and Gaia DR4 will provide epoch astrometry. These will
enable a measurement of the mass of 51 Eri b within Gaia itself
without recourse to Hipparcos. In order to determine the expected
acceleration as a function of planet mass, we fitted second-order poly-
nomials to the astrometric orbit of 51 Eri A, as defined by our MCMC
posterior, uniformly sampled in time from 2014.5 onward. For a nom-
inal 5-year mission we find second-order terms in RA and Dec of
•U⇤ = 0.8 `as yr�2⇥ ("pl/"Jup) and •X = 2.1 `as yr�2⇥ ("pl/"Jup),

respectively. The scatter about the fit, which we performed in log-
space, was about 0.06 dex, which reflects the uncertainty in our orbit
fit. For a 10-year extended Gaia mission, the second-order terms are
similar in amplitude but the goodness-of-fit is worse, with scatter
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Figure 6. Left: confidence intervals on the mass of 51 Eri b derived from evolutionary models under di�erent values for the cold-start initial entropy (colder
starts toward the left). Middle: histogram of the hot-start evolutionary model-derived mass of 51 Eri b that peaks around 3–4 "Jup. Right: histogram of our
inferred mass posterior distribution using HGCA-EDR3 astrometry. In all panels, the darker shading corresponds to 1f confidence intervals and lighter shading
corresponds to 2f. The coldest-start scenario here is inconsistent with our measured upper limit at 97.0% confidence.

about the second-order polynomial of ⇡2 `as, as expected for Ke-
plerian motion over a significant fraction of an orbital period not
following a simple polynomial.

To estimate the accuracy of such second-order polynomial mea-
surements in future Gaia data releases, we used the same epoch-
astrometry tool htof as in our orbit analysis. htof can access up
to 10 years of predicted scans from the Gaia observation fore-
cast tool GOST2 and compute the precision in seven-parameter
fits. To calibrate this prediction for 51 Eri, we adjusted the along-
scan errors so that the fitted parameter errors for a simulation of
Gaia EDR3 matched those in the published catalogue. It is expected
that Gaia DR4 will be based on 5.5 years of astrometry, for which
htof predicts uncertainties in the RA and Dec second-order terms
of 31 `as yr�2 and 38 `as yr�2, respectively. This would be insu�-
cient to detect 51 Eri b at any plausible mass. For a 10-year mission,
htof predicts an uncertainty of 6 `as yr�2 in acceleration for 51 Eri,
which corresponds to a ⇡1f detection of a hot-start 51 Eri b. Over-
all, our analysis suggests that substantial improvements will likely
be needed in the astrometric errors for bright stars like 51 Eri in
Gaia to achieve a significant acceleration detection without using the
Hipparcos-Gaia long-term proper motion.

As for detecting 51 Eri b by RVs, our orbital analysis predicts
the semi-amplitude of the signal due to 51 Eri b, with an upper
limit of 53 m s�1 at 2f. This will not be feasible to detect given
the star’s pulsation amplitude of 1476 m s�1 and E sin 8 of 80 km s�1

(Grandjean et al. 2020). The planet V Pic b provides a useful point

2 https://gaia.esac.esa.int/gost/

of comparison as its semimajor axis (10.26 ± 0.10 AU) is similar to
51 Eri b, but its orbit is nearly edge-on and mass (9 ± 3 "Jup) is
much higher (Brandt et al. 2021d). Assuming 51 Eri b is about 3⇥
less massive than V Pic b, its more face-on inclination implies that
its RV semi-amplitude would be about 5⇥ smaller. V Pic A has been
observed with HARPS intensively for at least 15 years (Lagrange
et al. 2019; Vandal et al. 2020) and not yet yielded a significant RV
detection of V Pic b (unlike the closer-in planet V Pic c), so 51 Eri b
is expected to likewise be beyond the reach of RV detection.

4 CONCLUSIONS

We present an upper limit on the mass of 51 Eri b derived from the
cross-calibration of the Hipparcos and Gaia EDR3 catalogues by
Brandt (2021). Our joint analysis of the new absolute astrometry and
relative astrometry from the literature results in a concordant orbit
fit that rules out planet masses of �10.9 "Jup at 2f and �12 "Jup at
98% confidence.

We have reassessed the luminosity of 51 Eri b using a direct, pho-
tometric approach that relies minimally on the details of atmospheric
models. The luminosity of log(!bol/!�) = �5.5 ± 0.2 dex that we
find is somewhat higher than reported by Rajan et al. (2017) but gen-
erally consistent with other work (Macintosh et al. 2015; Samland
et al. 2017).

We have derived a lower limit on the initial specific entropy of
51 Eri b ((init > 8.0 :B baryon�1) that rules out the coldest-start
planet formation scenarios. This supports 51 Eri b forming in a
similar way as other directly-imaged planets, like the V Pic and
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Figure 1. Relative astrometry of VHS J1256�1257 AB from our Keck/NIRC2 data (blue hexagons; Table 1) and MagAO/Clio2 discovery imaging (red circles).
Left: Positions of VHS J1256�1257 B (colored symbols; error bars are smaller than the symbols) relative to VHS J1256�1257 A (black star). The maximum-
likelihood orbit (thick black line) is shown with its line of nodes (dotted grey line) and time of periastron passage (solid grey line and arrow) indicated. Thin lines
color-coded by the total mass show 50 randomly drawn orbits drawn from our MCMC posterior. Right: The same measurements and orbits shown as separation
(top) and PA (bottom) as a function of time with subpanels showing the residuals with respect to the maximum-likelihood orbit.

ter we used the python package �����_���� (Pearce et al. 2020).2

�����_���� is based on the Orbits-For-The-Impatient (OFTI; Blunt
et al. 2017) rejection-sampling method and fits orbital parameters of
resolved binaries inGaia using their proper motions and radial veloc-
ities if available. Here we adopted the architecture of �����_���� to
use our measured proper motion of b relative to the AB barycenter at
the mean observation epoch 2019.853, rather than Gaia astrometry
at the mean Gaia epoch. We fitted six orbital parameters: semimajor
axis (0b), eccentricity (4b), inclination (8b), argument of periastron
(lb), longitude of ascending node (⌦b), and time of periastron pas-
sage (Cp,b). Total system mass and distance were drawn from normal
distributions of 0.152 ± 0.010 "� and 21.14 ± 0.22 pc. This system
mass is based on our measured mass for VHS J1256�1257 AB and
an estimated mass of 0.011±0.006 "� for VHS J1256�1257 b from
our evolutionary model analysis in Section 5. OFTI rejection sam-
pling generates trial orbits by drawing random values for four orbital
parameters from priors in 4b: Uniform on [0,1); cos(8b): Uniform on
[-1,1]; lb: Uniform on [0,2c]; orbit phase, (Cp,b � 2019.853)/%b:
Uniform on [0,1]. OFTI then scales the semimajor axis and rotates
⌦b to match the input data and determines whether to accept or re-
ject a trial by comparing its proper motion in RA and Dec to our
measured values. There is no prior on 0b or ⌦b.

We ran �����_���� on our measured proper motions until 105

trial orbits were accepted. Table 4 reports the output probability
distributions of orbital parameters of VHS J1256�1257 b around its
host, and Figure 2 shows these orbits on the sky.

5 EVOLUTIONARY MODEL ANALYSIS

Substellar objects with well-determined luminosities enable precise
evolutionary model-derived cooling ages (when mass is known) and

2 https://github.com/logan-pearce/lofti_gaia
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Figure 2. The orbit of VHS J1256�1257 b (orange circle) relative to its host
binary (brown circles; separation not to scale). Shown are 50 randomly drawn
orbits from our �����_���� analysis, color-coded by eccentricity.

masses (when age is known). Some key aspects of evolutionary mod-
els are quite uncertain, such as the treatment of clouds. The relatively
sparse tests of models with objects of known mass, age, and lumi-
nosity have found a mixed bag of agreement and potential problems
(e.g., Dupuy et al. 2014; Beatty et al. 2018; Brandt et al. 2021a),
so we note that any mass or age derived from evolutionary models
should be treated with corresponding uncertainty. In the following,
we use our dynamical mass measurement of VHS J1256�1257 AB
to determine a substellar cooling age for the system and then use this
cooling age to estimate the mass of VHS J1256�1257 b.

For VHS J1256�1257 AB, the most appropriate evolutionary mod-
els are from Bara�e et al. (2015). As in our previous work (e.g.,
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Figure 1. Relative astrometry of VHS J1256�1257 AB from our Keck/NIRC2 data (blue hexagons; Table 1) and MagAO/Clio2 discovery imaging (red circles).
Left: Positions of VHS J1256�1257 B (colored symbols; error bars are smaller than the symbols) relative to VHS J1256�1257 A (black star). The maximum-
likelihood orbit (thick black line) is shown with its line of nodes (dotted grey line) and time of periastron passage (solid grey line and arrow) indicated. Thin lines
color-coded by the total mass show 50 randomly drawn orbits drawn from our MCMC posterior. Right: The same measurements and orbits shown as separation
(top) and PA (bottom) as a function of time with subpanels showing the residuals with respect to the maximum-likelihood orbit.

ter we used the python package �����_���� (Pearce et al. 2020).2

�����_���� is based on the Orbits-For-The-Impatient (OFTI; Blunt
et al. 2017) rejection-sampling method and fits orbital parameters of
resolved binaries inGaia using their proper motions and radial veloc-
ities if available. Here we adopted the architecture of �����_���� to
use our measured proper motion of b relative to the AB barycenter at
the mean observation epoch 2019.853, rather than Gaia astrometry
at the mean Gaia epoch. We fitted six orbital parameters: semimajor
axis (0b), eccentricity (4b), inclination (8b), argument of periastron
(lb), longitude of ascending node (⌦b), and time of periastron pas-
sage (Cp,b). Total system mass and distance were drawn from normal
distributions of 0.152 ± 0.010 "� and 21.14 ± 0.22 pc. This system
mass is based on our measured mass for VHS J1256�1257 AB and
an estimated mass of 0.011±0.006 "� for VHS J1256�1257 b from
our evolutionary model analysis in Section 5. OFTI rejection sam-
pling generates trial orbits by drawing random values for four orbital
parameters from priors in 4b: Uniform on [0,1); cos(8b): Uniform on
[-1,1]; lb: Uniform on [0,2c]; orbit phase, (Cp,b � 2019.853)/%b:
Uniform on [0,1]. OFTI then scales the semimajor axis and rotates
⌦b to match the input data and determines whether to accept or re-
ject a trial by comparing its proper motion in RA and Dec to our
measured values. There is no prior on 0b or ⌦b.

We ran �����_���� on our measured proper motions until 105

trial orbits were accepted. Table 4 reports the output probability
distributions of orbital parameters of VHS J1256�1257 b around its
host, and Figure 2 shows these orbits on the sky.

5 EVOLUTIONARY MODEL ANALYSIS

Substellar objects with well-determined luminosities enable precise
evolutionary model-derived cooling ages (when mass is known) and
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Figure 2. The orbit of VHS J1256�1257 b (orange circle) relative to its host
binary (brown circles; separation not to scale). Shown are 50 randomly drawn
orbits from our �����_���� analysis, color-coded by eccentricity.

masses (when age is known). Some key aspects of evolutionary mod-
els are quite uncertain, such as the treatment of clouds. The relatively
sparse tests of models with objects of known mass, age, and lumi-
nosity have found a mixed bag of agreement and potential problems
(e.g., Dupuy et al. 2014; Beatty et al. 2018; Brandt et al. 2021a),
so we note that any mass or age derived from evolutionary models
should be treated with corresponding uncertainty. In the following,
we use our dynamical mass measurement of VHS J1256�1257 AB
to determine a substellar cooling age for the system and then use this
cooling age to estimate the mass of VHS J1256�1257 b.

For VHS J1256�1257 AB, the most appropriate evolutionary mod-
els are from Bara�e et al. (2015). As in our previous work (e.g.,
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Figure 3. Left: evolutionary models from Saumon & Marley (2008) predict !bol as a function of age for objects of varying masses. (Light and dark colored
lines alternate between intervals of 0.01 "� , and solid and dashed lines alternate between even and odd masses.) Orange contours indicate the 1f and 2f
joint constraints on the luminosity and age of VHS J1256�1257 b, which is just to the right of the 0.011 "� (11.5 "Jup) track. It is also consistent with more
massive tracks that are no longer D fusing. Objects with masses 0.012–0.013 "� are predicted to be much more luminous at this age due to a D-fusion spike.
Right: posterior distribution of the mass of VHS J1256�1257 b from our rejection sampling Monte Carlo analysis of these models. The distribution is bimodal,
with a 70/30 split, respectively, between a D-inert mass of 11.8± 0.2 "Jup and D-fusing mass of 16± 1 "Jup. The lower mass corresponds to a younger age and
thus larger radius, lower )e� , and lower log(6) .

7 SUMMARY

We measured high-precision relative astrometry of all three com-
ponents of the VHS J1256�1257 system. Our orbital analysis
yields a total dynamical mass of the inner binary ("A + "B =
0.141 ± 0.008 "�), high eccentricities for both the inner and outer
orbits, and a mutual inclination of 116± 16° between them. We thus
confirmed that the host binary may be a pair of brown dwarfs, derived
their integrated-light luminosity from SED-fitting, and measured a
cooling age of 140 ± 20 Myr from Saumon & Marley (2008) hybrid
evolutionary models. We found that VHS J1256�1257 b has a suf-
ficiently low luminosity that, at such a young age, it is either below
the deuterium-fusing mass boundary or, marginally less likely, mas-
sive enough to have depleted its deuterium long ago. Regardless of
the mass of VHS J1256�1257 b, the orbital architecture implies a
dynamical origin, perhaps from the disintegration of a high-order
multiple or scattering within a protostellar disk.

If VHS J1256�1257 b is indeed below the D-fusion mass bound-
ary, then molecular absorption bands from D-bearing isotopologues
of water (HDO) and methane (CH3D) may be detectable in high-S/N
3–5 `m JWST spectra (e.g., Morley et al. 2019). We also anticipate
that similar observations will be possible for the other rare triple sys-
tems with planetary-mass companions for which substellar cooling
ages are possible (e.g., 2MASS J0249�0557; Dupuy et al. 2018).
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Models: Spiegel & Burrows (2012)

Using Keck astrometry, we measured the 
full orbit of the host binary VHS J1256AB 
and an orbital arc for VHS J1256 b. The 
host’s masses are near the substellar 
boundary, allowing us to compute a 
rather young cooling age of 140±20 Myr. 
This age places the companion right on 
the D-fusing boundary, resulting in a 
bimodal inferred mass distribution:
11.8±0.2 MJup or 16±1 MJup.

The high mutual inclination we find, and 
large eccentricities, are consistent with 
VHS J1256 b dynamically scattering to its 
current orbit and then pumping the host 
binary’s eccentricity via Kozai-Lidov.
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