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We detect a superjovian extrasolar planet around the dusty A star HIP 99770
using precision astrometry from the Gaia and Hipparcos satellites and direct
imaging using the Subaru Coronagraphic Extreme Adaptive Optics Project.
HIP 99770 b is the first exoplanet ever discovered jointly through direct imag-
ing and precision astrometry and the first discovery leveraging on µ-arcsecond
precision Gaia astrometry. HIP 99770 b is in a low-eccentricity orbit ⇠16.9 au
from the primary, receiving about as much light as Jupiter does from the Sun.
The planet induces an astrometric acceleration on the host star; its directly-
measured companion-to-primary mass ratio is similar to that of many radial-
velocity detected planets and some of the first imaged exoplanets, including HR
8799 cde. The planet’s spectrum reveals an atmosphere resembling a slightly
less cloudy and likely older analogue of these first imaging discoveries, en-
abling a new, critical probe of how gas giant planets evolve with time.
HIP 99770 b’s discovery is a direct proof-of-concept for a fundamentally new
strategy for finding imageable planets: selecting targets based on dynamical
evidence from indirect methods like astrometry instead of conducting blind
searches. This combined approach prefigures the campaigns that could one
day directly detect and characterize an extrasolar Earth-like planet.

One sentence summary: HIP 99770 b is the first exoplanet jointly discovered through
direct imaging and precision astrometry: a proof-of-concept for a fundamentally new approach
for finding imageable exoplanets, including exo-Earths with future telescopes.

Introduction
Over the past 13 years, adaptive optics-assisted ground based telescopes have provided the
first direct imaging discoveries of extrasolar planets (1–6), a key step towards imaging and
characterizing the atmosphere of another Earth. These discoveries draw from blind surveys,
where targets are selected based on system properties like age and distance. Unfortunately,
the low yields of blind surveys show that currently imageable exoplanets are rare (7). Direct
imaging provides exceptional constraints on exoplanet atmospheres (8). However, masses for
imaged exoplanets are almost never directly measured but instead inferred through luminosity
evolution models that are intrinsically uncertain and rely on difficult-to-constrain stellar ages
(9, 10). The typically short time baselines and wide separations of imaged exoplanets can also
leave orbital parameters derived purely from imaging highly uncertain (11).

Instead of conducting blind searches, coupling direct imaging searches with another indi-
rect detection method can in principle radically improve discovery yields and simultaneously
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explore the atmospheres, orbits, and masses for a large population of exoplanets. Astromet-
ric monitoring can identify stars undergoing a proper motion acceleration caused by an unseen
but imageable companion, including young stars unsuitable for precise RV measurements (12).
Combining the imaged planet’s relative astrometry with absolute astrometry of the star yields
precise, directly-determined companion masses and improved constraints on orbital proper-
ties (12, 13). The micro-arcsecond precision of the European Space Agency’s Gaia mission
combined with measurements 20+ years prior from its predecessor, Hipparcos, makes possible
the astrometric detection of superjovian planets at Jupiter-to-Neptune like separations around
the nearest stars for the first time (14).

Target Properties and Data
HIP 99770 (HD 192640; 29 Cyg) is a chemically-peculiar A-type star with an effective temper-
ature of ⇡8000 K, luminosity of ⇡13.9 L�, and mass of ⇡1.7–2.0 M� located ⇠40.74 pc from
the Sun (Table 1). It is likely either ⇠40 Myr or 115–414 Myr old, depending on whether its
kinematics or Hertzsprung-Russell (HR) diagram position is used to assess age. The star is sur-
rounded by a luminous cold, Kuiper belt-like debris disk on > 150 au scales. See Supplemental
Material for more details.

We searched for evidence that HIP 99770 shows an astrometric acceleration due to an un-
seen companion: a deviation from linear motion across the sky. We used astrometry from the
Hipparcos-Gaia Catalogue of Accelerations (HGCA) (15), a cross-calibration of the Hipparcos
and Gaia missions. HIP 99770’s average proper motion—its position difference over the ⇡25
years between the Hipparcos and Gaia missions—differs from the proper motion measured
around 2016 by Gaia EDR3 (16). HGCA yields �2 ⇠ 7.23 for constant linear motion, reveal-
ing a significant acceleration (⇡2.2 Gaussian sigma) with a false positive rate of 2.7%. The
astrometric acceleration provides a lower limit to the ratio Msec/R

2
sec, and suggests a ⇡11MJup

companion at a fiducial separation of 0.005 (⇡20 au). Previous high-contrast imaging observa-
tions rule out a stellar/substellar companion at wide (⇢ > 100) separations (see Supplemental
Material), strongly hinting that HIP 99770’s companion orbits closer in and has a lower mass.

We observed HIP 99770 with SCExAO coupled to the Coronagraphic High-Resolution Im-
ager and Spectrograph (CHARIS), in low-resolution (broadband) mode in 22 spectral channels
covering the major near-infrared (IR) passbands simultaneously (� = 1.16–2.37 µm) (17, 18).
Our first two data sets consisted of two shallow observing sequences in July and September
2020. Between May and October 2021, we conducted three deeper follow-up SCExAO/CHARIS
observations and obtained one complementary data set in the thermal IR (Lp, � = 3.78 µm) with
the NIRC2 camera on the Keck II Telescope.

SCExAO/CHARIS reveals a faint point source, hereafter HIP 99770 b, located ⇢ ⇠ 0.43”–
0.44” southeast of its host star (Figure 1; Table 1). In the highest-quality data, HIP 99770 b is
visible across the entire spectral range using advanced PSF subtraction methods combined with
different observing/residual noise suppression strategies (Figure 2, left panel). Each CHARIS
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data set shows a clear detection, establishing an astrometric baseline longer than one year (mid-
dle panel). We also recover HIP 99770 b in Keck/NIRC2 thermal IR data (right panel).

Analysis
Our astrometry easily rejects HIP 99770 b being a background object at the >15-� level. Be-
tween our first epoch (29 July 2020) and fourth epoch (13 July 2021), a background star should
appear to move by ⇠65 mas to both the west and south (Table 1) due to the star’s proper motion.
However, over this time baseline HIP 99770 b moved 23 ± 6 mas to the east and 29 ± 6 mas to
the north: i.e. in the opposite direction expected for a background star.

To determine HIP 99770 b’s orbital properties and mass, we simultaneously fit its relative
astrometry (from imaging data) and the primary’s proper motions and anomalies (from the
HGCA) using orvara (19). We adopted the standard uninformative priors discussed in (20),
but use a more conservative uniform prior on the companion mass and a Gaussian 1.8± 0.2M�
prior on the primary. We performed additional tests adopting a 1/Mp companion prior and
changing the prior for the primary mass (see Supplemental Material); these changes have little
effect on our results.

The posterior distributions from orvara for HIP 99770 b’s orbital parameters constrain
key properties (Figure 3). We derive a semimajor axis of 16.9+3.4

�1.9 au: comparable to HR 8799
e’s orbit (21). HIP 99770 b’s eccentricity is low, e = 0.25+0.14

�0.16: more similar to values for
directly imaged planets than brown dwarfs (11).

HIP 99770 b has a dynamical mass of 16.1+5.4
�5.0 MJ, for a mass ratio of q = (8.7±2.9)⇥10�3.

Adopting a 1/Mp prior on the companion mass instead of a linear prior yields a mass of 13.9+6.1
�5.1

MJ (q = (7.7 ± 3.1) ⇥ 10�3). HIP 99770 b’s mass is lower than the local minimum in values
empirically separating massive planets from brown dwarfs (see Supplemental Material). HIP
99770 b’s mass ratio is intermediate between mass ratios measured for some exoplanets like
HR 8799 e (q ⇡ 6⇥10�3) and those inferred for other, wider-separation exoplanets like TYC
8998-760-1 b (q ⇡ 0.01–0.015) but is much lower than mass ratios measured for the brown
dwarfs GJ 758 B and HD 33632 Ab (q > 0.04) (4, 20–22).

Comparing HIP 99770 b’s CHARIS spectrum to a library of substellar object spectra and
spectral standards provides a first, coarse estimate of its temperature (23, 24). These compar-
isons show that HIP 99770 b lies at the critical transition from cloudy, methane poor L-type
substellar objects to (nearly) cloud-free, T-type objects showing methane absorption (the “L/T
transition”). The L7 field dwarf template best reproduces its spectrum amongst all spectral
standards. In the spectral library, the L9.5 field dwarf SIMPJ0956-1447 best fits HIP 99770 b.
Thus, we assign HIP 99770 b a spectral type of L7–L9.5, which corresponds to a likely effec-
tive temperature of Te↵ ⇠ 1300–1500 K (25). HIP 99770 b’s atmosphere appears intermediate
between SIMPJ0956-1447 and the directly imaged, extremely cloudy L/T transition exoplanet
HR 8799 d (Figure 4, top panel).

We further characterize HIP 99770 b’s atmosphere, comparing its CHARIS spectrum and
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NIRC2 photometry to multiple grids of atmospheric models spanning a range of temperatures
and gravities and adopting different prescriptions for clouds and atmospheric dust. Atmospheric
models require clouds to match HIP 99770 b’s spectrum, although the planet is likely less
cloudy/dusty than the HR 8799 planets. The best-fitting models cover log(g) = 4–4.25 and
temperature of 1450 K (Figure 4, bottom panel; Supplemental Material); well-fitting models
have log(g) = 4–4.5 and temperatures of 1300–1500 K. HIP 99770 b’s range of best-fitting
temperatures and radii yield a luminosity of log(L/L�) = -4.55 ± 0.02, or a luminosity ratio of
2⇥10�6 relative to the primary. Masses inferred from luminosity evolution are consistent with
the planet’s dynamical mass if the system is ⇠80–200 Myr old (see Supplemental Materials).

The architecture of the HIP 99770 planetary system draws comparisons to the solar system.
HIP 99770 b orbits at ⇠16.9 au, intermediate between the distances of Saturn and Uranus from
the Sun. The system’s cold debris disk is likely >150 au from the star, about 3.5 times the
typical distance from the Sun to Kuiper belt objects. However, the insolation for HIP 99770 b
is comparable to that at ⇠4.5 au in the solar system, very close to the orbit of Jupiter. Likewise,
HIP 99770’s debris disk, if at 150 au, lies at a luminosity-scaled distance comparable to that of
the Kuiper belt from the Sun. Thus, like HR 8799, HIP 99770 bears some characteristics of a
scaled-up version of our own solar system, albeit one where a single massive planet dominates.

The mass ratios (q) and separations (ap) of substellar companions provide a coarse diag-
nostic of formation processes. Surveys suggest that the companion mass function for substellar
objects reaches a local minimum at q ⇠ 0.025 where small (large) q values better probe planets
formed in a disk (brown dwarf companions formed by fragmentation) (26). Stellar companions
formed through fragmentation have q values as small as 0.08 (27). As with a few other RV-
detected companions orbiting stars more massive than the Sun with masses at or slightly above
the deuterium-burning limit, HIP 99770 b’s mass ratio and separation (q ⇠ 0.0087, ap ⇠ 16.9
au) is contiguous with planets below the deuterium-burning limit detected by both direct imag-
ing and RV (Figure 5). Supplemental Material discusses the taxonomy of companions in more
detail and shows why HIP 99770 b is also contiguous with the planet population, not brown
dwarfs, in terms of mass.

Significance
HIP 99770 b is the first extrasolar planet jointly discovered through direct and indirect tech-
niques: direct imaging and precision astrometry. HIP 99770 b joins � Pic bc and HR 8799 e as
the only imaged planets with both spectra and dynamical masses. Analysis combining dynam-
ics and luminosity evolution suggests that HIP 99770 b is older than these planets. A precise,
directly-constrained age for the HIP 99770 primary – e.g. from future CHARA interferome-
try – will solidify HIP 99770 b as a critical benchmark for understanding planet atmospheric
evolution.

HIP 99770 b also provides a potentially key test of direct imaging technologies. The Roman
Space Telescope Coronagraphic Instrument (CGI) technological demonstration is a key stepping
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stone to image an Earth-like planet with a future flagship mission and requires demonstrating a
contrast deeper than 10�7 at �c  600 nm (>10% bandpass) located 6–9 �/D (⇠ 0.3”–0.45”)
from a very bright (VAB  5) star. Current best-estimated performance predicts a contrast
of ⇠10�9 over this range. Our best-fit orbit places HIP 99770 b at [E,N]” = [0.358,-0.137]
± [0.025,0.024], [0.354,-0.040] ± [0.043,0.035], and [0.325,0.058] ± [0.072,0.045] on dates
covering CGI’s likely performance period (July 1 2026, July 1 2028, and July 1 2030, respec-
tively). We predict HIP 99770 b’s contrast in CGI’s band 1 centered on 575 nm to be 1.7⇥10�10

to 2.3⇥10�9 and depending primarily on clouds/atmospheric dust and surface gravity. For a
subset of solutions, HIP 99770 b would be imageable by CGI at 575 nm and thus suitable for
the CGI technological demonstration. At longer wavelengths (660 nm–730 nm), HIP 99770 b’s
contrast is milder (⇠10�8–10�7) and should be detectable with CGI spectroscopy. Provided that
CGI performs as expected, HIP 99770 could be an excellent test of ultra-deep contrasts from
space and exoplanet spectroscopic characterization in the optical. See Supplemental Material
for more details.

Finally, HIP 99770 b is a proof-of-concept a fundamentally different approach for find-
ing imageable planets: conducting a targeted, dynamics-selected search for young Jupiters
instead of a blind survey. Early results from our pilot accelerating star program suggest a
discovery yield substantially higher than blind surveys conducted with comparably powerful
instruments (28). The need to select imaging targets through either precision astrometry or
extreme-precision RV will be potentially even more important for the efficient direct detection
of short-period, Earth and Jupiter-like planets in reflected light on the ground with future facili-
ties like the Thirty Meter Telescope or in space with the NASA direct imaging flagship mission
endorsed by the Astro 2020 Decadal Survey or highlighted in the European Space Agency’s
Voyage 2050 report (29).
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Table 1: HIP 99770 Planetary System Data

HIP 99770 A
Property Value References
Te↵ 8000 K (30)a

Spectral Type kA1.5hA7mA0.5 � Boo (A5–A6) (30)a

Mass 1.85 ± 0.19 M� (31), this work
Rotation Rate (Projected) 65 km s

�1 (32)
Apparent Luminosity 13.86+2.14

�5.46 L� this work
Age 40 Myr, 115-414 Myr this work
Distance 40.74 ± 0.15 pc (16)
Proper Motion (Gaia-eDR3) 68.09 ± 0.12, 69.40 ± 0.14 mas yr�1 (15, 16)
Proper Motion (H-G scaled) 68.24 ± 0.01, 69.67 ± 0.01 mas yr�1 (15, 16)
Proper Motion (Hipparcos) 69.45 ± 0.38, 69.19 ± 0.38 mas yr�1 (15, 16)
Proper Motion Anomaly (�2) 7.23 (15)
J,H,Ks,Lp 4.49 ± 0.05, 4.46 ± 0.02, 4.42 ± 0.02, 4.40 ± 0.05 this workb

HIP 99770 b
Relative Astrometry

Date Instrument Position [E,N]” SNR (ADI, ASDI)
20200729 SCExAO/CHARIS [0.263,-0.367] ± [0.004,0.005] 5.2, 11.3
20200901 SCExAO/CHARIS [0.263,-0.366] ± [0.005,0.005] 7.3, 16.3
20210519 SCExAO/CHARIS [0.280,-0.343] ± [0.004,0.004] 17.3, 39.4
20210603 Keck/NIRC2 [0.286,-0.337] ± [0.006,0.006] 11
20210713 SCExAO/CHARIS [0.286,-0.338] ± [0.004,0.004] 11.7, 22.8
20211017 SCExAO/CHARIS [0.292,-0.327] ± [0.004,0.004] 24.9, 45.0

Photometric, Spectroscopic, and Orbital Properties
mJ (1.25 µm) 17.39 ± 0.19
mH (1.65 µm) 16.51 ± 0.11
mKs (2.16 µm) 15.66 ± 0.09
mLp (3.78 µm) 14.52 ± 0.12
Spectral Type L7-L9.5
Te↵ 1400+200

�100 K
log(L/L�) -4.55 ± 0.02
log(g) 4–5
Mass 16.1+5.4

�5.1 MJ
c

Mass Ratio (q) 0.0087+0.0029
�0.0029

c

ap 16.9+3.4
�1.9 au

e 0.25+0.14
�0.16

i 148+13
�11

o

Predicted contrast (575nm) 1.7⇥10�10–2.3⇥10�9

Predicted contrast (660nm) 7.9⇥10�9–2.9⇥10�8

Predicted contrast (730nm) 6.7⇥10�8–9.4⇥10�8

Notes - a) See Supplemental Materials. b) The star is unsaturated in 2MASS Ks band. We estimated its J , H , and Lp photometry assuming
the colors of an A5V star. c) Adopting a 1/Mp prior, the mass and mass ratio change to Mp = 13.9+6.1

�5.1 MJ and q = 0.0077+0.0031
�0.0031.
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Figure 1: High signal-to-noise ratio detections of HIP 99770 b with SCExAO/CHARIS from
19 May 2021 and 17 October 2021: our two highest-quality data sets. We used the ALOCI al-
gorithm in combination of angular differential imaging (ADI) and spectral differential imaging
SDI (ASDI) to remove the stellar halo light (33–35). The curved arrow in the right panel shows
the direction of HIP 99770 b’s motion on the sky. The color intensity scalings are linear with a
minimum of zero and maximum scaled to the mean signal within a PSF core.

Figure 2: Additional detections of HIP 99770 b used for characterization. (left) The 17 October
2021 data reduced with ADI used to extract a robust planet spectrum. (middle) One of two HIP
99770 b detections from 2020 to lengthen the astrometric baseline. (right) Detection of HIP
99770 b from Keck/NIRC2 thermal IR imaging to extend the planet’s wavelength coverage for
atmospheric characterization.
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Figure 3: Corner plot showing posterior distributions of selected orbital parameters. The orbit
fits used Hipparcos and Gaia absolute astrometry for HIP 99770 A and relative astrometry of
HIP 99770 b. The posterior on HIP 99770 A’s mass is similar to our adopted prior of 1.8 ±
0.2 M�. The inset displays the best-fit orbit along with 100 orbits drawn from our MCMC
posterior, color-coded by HIP 99770 b’s mass.
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Figure 4: (top) HIP 99770 b spectrum compared to spectra for HR 8799 d extracted from GPI
and SPHERE data (36,37) and the L9.5 field dwarf SIMPJ0956-1447 drawn from the Montreal
Spectral Library. The HR 8799 d and SIMPJ0956-1447 spectra are normalized to HIP 99770 b’s
at 2.1 µm. We overplot regions of the spectrum shaped by absorption due to water and carbon
monoxide. (bottom) HIP 99770 b’s spectrum (black line ) and photometry (black diamond)
compared to representative, well-fitting atmospheric models from the BT-Settl and Burrows
grids (�2

⌫
= 1.35 and 1.52, respectively) (38, 39). The best-fit radii and implied masses are 0.92

RJ, 3.3 MJ and 0.84 RJ, 4.8 MJ, respectively. Both models include clouds; the Burrows models
include non-equilibrium carbon chemistry.
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Figure 5: Mass ratio vs. separation for directly imaged exoplanets and brown dwarfs and RV-
detected planets compared to HIP 99770 b. Symbol sizes are proportional to planet mass. Data
are drawn from the NASA Exoplanet Archive and exoplanet.eu with small modifications. HIP
99770 b lies well within the region contiguous with RV-detected and directly-imaged exoplan-
ets.
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