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Owen et al. (1999)

Jupiter’s atmosphere is 
enriched with heavy elements  
relative to the solar abundances,  
similarly to its interior.

In situ measurement of element abundances in Jupiter’s atmosphere

Oxygen and thus water was 
missing. 

Did the probe happen to enter a dry region? 
Was oxygen fixed in the core in the 
form of ice?
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of the stellar luminosity is the Hipparcos parallax precision of
1 mas. Higher precision astrometry for HD 149026 could sub-
stantially improve the precision in the stellar radius. For ex-
ample, the Space Interferometry Mission (SIM ) should achieve
better than 10 !as single-measurement precision (Shao 2004),
significantly reducing the uncertainty in the stellar luminosity
and improving the measurements of stellar and transiting planet
radii by a factor of 6.

4. PHOTOMETRIC RESULTS FOR HD 149026

We began photometric observations of HD 149026 with the
T11 0.8 m automatic photometric telescope (APT) at Fairborn
Observatory after the star was recognized as a short-period RV
variable. Precision photometric measurements are an important
complement to Doppler observations and can help to establish
whether the RV variations are caused by stellar magnetic ac-
tivity or planetary-reflex motion (Henry et al. 2000a). For ex-
ample, Queloz et al. (2001) and Paulson et al. (2004) have shown
that photospheric features were the source of periodic RV var-
iations in the young G0 V star HD 166435 and in several Hyades
dwarfs. In addition, photometric observations can detect possi-
ble transits of the planetary companions and so allow the deter-
mination of their radii and true masses (e.g., Henry et al. 2000b).

The T11 APT is equipped with a two-channel precision pho-
tometer employing two EMI 9124QB bi-alkali photomultiplier
tubes to make simultaneous measurements in the Strömgren b
and y passbands. This telescope and its photometer are essen-
tially identical to the T8 0.8 mAPTand photometer described in
Henry (1999). The APT measures the difference in brightness
between a program star and a nearby constant comparison star
with a typical precision of 0.0015 mag for bright stars (V <
8:0). For HD 149026, we used HD 149504 (V ¼ 6:59, B" V ¼
0:44, F5) as our primary comparison star, which was shown to
be constant to 0.002 mag or better by comparison with two
additional comparison stars (HD 146135, V ¼ 7:08, B" V ¼
0:36, F2; HD 151087, V ¼ 6:02, B" V ¼ 0:32, F2.5 III–IV).
We reduced our Strömgren b and y differential magnitudes

with nightly extinction coefficients and transformed them to the
Strömgren system with yearly mean transformation coefficients.
Further information on the telescope, photometer, observing
procedures, and data reduction techniques employed with the
T11 APT can be found in Henry (1999) and Eaton et al. (2003).
A typical observation with the APT, termed a ‘‘group ob-

servation,’’ consists of several measurements of the program
star, each of which are bracketed by measurements of a com-
parison star or stars. The group observations typically take 5–
15 minutes to complete, depending on the number of compar-
ison stars in the group and the integration times for each star.
The individual differential magnitudes determined within each
group are then averaged to create group means, which are usu-
ally treated as single observations. On most nights, our observa-
tions of HD 149026 were obtained and reduced in this manner,
resulting in a total of 153 group mean differential observations
between 2005 April 25 and June 15 UT.
However, on the nights of 2005 May 14 UT (JD 2,453,504)

and June 6 UT (JD 2,453,527), we monitored HD 149026 and
its primary comparison star repeatedly for approximately 7.5 hr
around the time of conjunction predicted by the RV observa-
tions and obtained 300 individual differential measures on each
night. Rather than averaging the resulting individual differential
magnitudes within each group on these monitoring nights, we
have retained the individual observations to increase the time
resolution of our brightness measurements to about 90 s during
the transit search. A few of the monitoring observations from
each night were discarded as isolated outliers, resulting from
such factors as telescope vibration, poor centering, or moments
of poor seeing.
Additional simultaneous monitoring observations were ac-

quired on the night of 2005 June 9 UT (JD 2,453,530) with the
T8, T10, and T11 APTs; 330 differential observations were ob-
tained with each telescope. The T8 and T10 APTs are function-
ally identical to the T11 APT (Henry 1999; Eaton et al. 2003).
These June 9 observations from the three APTs were averaged
together into a single data stream, and a couple of isolated out-
liers were discarded. To increase the precision of all of our total
of 973 differential magnitudes, we averaged the Strömgren b
and ymagnitudes into a single (bþ y)/2 passband. The resulting
973 (bþ y)/2 differential magnitudes are listed in Table 4.
All but a few of our 153 group mean (bþ y)/2 differential

magnitudes fall outside of the transit window predicted from the
RVobservations. The standard deviation of these out-of-transit
observations is 0.0015 mag, indicating that both HD 149026
and its comparison star are constant to the limit of precision of
the APTs. A least-squares sine fit of those observations phased
to the RV period gives an upper limit to the semiamplitude of any

Fig. 2.—Phased RVs for HD 149026 from Subaru ( filled circles) and Keck
(open diamonds). The triangles represent RV measurements made at Keck
during transit. These velocities exhibit the RM effect and were removed when
fitting a Keplerian model. While there appears to be an asymmetry in the in-
transit velocities, fits that include the constraint provided by the observed transit
midpoint indicate that this asymmetry is only marginally statistically signifi-
cant. With an orbital period of 2.8766 days, velocity amplitude of 43.3 m s"1,
and stellar mass of 1.3M$, the implied planet mass isM sin i ¼ 0:36MJ and the
orbital radius is 0.042 AU.

TABLE 4

Photometric Observations of HD 149026

Observation Date

(HJD " 2,400,000)

!(b + y)/2

(mag)

53,485.7969............................ 1.6056

53,485.8832............................ 1.6031

53,486.7939............................ 1.6035

53,486.8799............................ 1.6036

53,487.7216............................ 1.6013

Note.—Table 4 is published in its entirety in the
electronic edition of the Astrophysical Journal. A
portion is shown here for guidance regarding its
form and content.

SATO ET AL.468 Vol. 633Detection of RV variation for HD149026 with Subaru (Sato+ 2005)

Mass = 0.36 Jupiter 
Radius = 0.73 Jupiter 
Semimajor axis = 0.042 AU
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A surprisingly dense close-in gas giant
(Ikoma et al. 2006)�
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HD149026b

60-80 MEarth

30-50 MEarth

← Thermal evolution models (Ikoma+ 2006)

Detection of RV variation for HD149026 with Subaru (Sato+ 2005)

Core

Envelope

Give support, but  

a challenge to  
the core accretion model  
for giant planet formation
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Classic Core Accretion Model

“Critical core mass”
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Two-step formation process: 
Formation of a critical-mass core followed 
by runaway gas accretion

Critical core mass is at most 30 MEarth   
… recent theories favor smaller cores.

Additional heavy elements must be captured 
during and/or after the runway gas accretion 
phase.
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Giant Collision Hypothesis
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SPH simulation of collision of two gas giants 
(Ikoma+ 2006; Courtesy of H. Genda)

Merger of the cores + Loss of the envelopes

Ikoma+ (2006)

Formation of HD149026b-like planets
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Retrograde or Highly Tilted Planets
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Detection of the RM effect  
with Subaru HDS  
(Narita et al. 2009)

→ Retrograde-orbit  
      giant planet, HAT-P-7b

A piece of the evidence of 
 dynamical interaction & migration 

of gas giants.

Detection of another gas giant HAT-P-7c  
with Subaru HDS &  a stellar companion  
7B with Subaru HiCIAO (Narita et al. 2012) 



Metallicity of Warm Gas Giants
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same result. However, the relation becomes somewhat murky
for our full set of planets (see Figure 8). Applying
Kendall’sTau to the most likely values of metal mass and
[Fe/H], we measure a correlation of 0.08845 and a p-value of
0.3805, which indicates no correlation. Some of the reason for
this may lie with the high observational uncertainty in our
values for stellar metallicity, but it is still difficult to believe
that there is a direct power-law relationship.

Figure 6. Comparison of inferred heavy-element masses for four sample planets using the ScVH and Militzer & Hubbard (2013) EOS’ with a Gaussian KDE,
assuming a core-only metal distribution. Most planets are only modestly impacted, but our handful of very young planets like WASP-139 b and Kepler-30 d (<1 Gyr
and <3.8 Gyr) are affected more strongly.

Table 2
Inferred Total Heavy-element Mass for Jupiter and Saturn, from Guillot (1999)

and This Work

Source Jupiter Saturn

Guillot (1999) 10–40 20–30

This Work 37 27

±10% M,R ±20 ±5.5

±2 Gigayears ±1.1 ±.8

Note. For reference, we also show the uncertainties thatwould result if we had
10% uncertainties in mass and radius, and separately for a 2 Gyr uncertainty in
age. Note that the central values lie within the estimate from Guillot.

Figure 7. Heavy element masses of planets and their masses. The lines of
constant Zplanet are shown at values of 1 (black), 0.5, 0.1, and .01 (Gray).
Distributions for points near Zplanet=1 tend to be strongly correlated (have
well-defined Zplanet values) but may have high-mass uncertainties. No models
have a Zplanet larger than one. The distribution of fits (see Section 4 for
discussion) is shown by a red median line with 1, 2, and 3σ contours. Note
Kepler-75b at 10.1 MJ, which only has an upper limit.
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Thorngren+ (2016)

Most of the known warm Jupiters 
are enriched with heavy elements 
relative to their host star. 

> ~50 Earth masses !

Late-stage addition of heavy elements  

may be a common process.



In situ Capture of Planetesimals
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Shibata & Ikoma (2019, MNRAS)

Initial Feeding Zone
Planetesimals are pushed out of the feeding 
zone by the combined effect of gravitational 
scattering and eccentricity damping via gas 
drag. 

Growting  
Protoplanet

Planetesimals

Pushing Out of Feeding Zone

Planet Growth Helps
The mass growth of the protoplanet via gas 
accretion leads to expanding the feeding zone 
and engulfing some of the surrounding 
planetesimals.

Low Capture Efficiency 
However, the capture efficiency is low:  
~ 0% for planetesimal size of 104 & 105cm 
< 5% for 106cm, ~20% for 107cm



Capture of Planetesimals by a Migrating Planet
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PlanetStar

Transmission Spectroscopy for Transiting Planets
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Detect H2O and some other molecules  
in atmospheres of hot Jupiters.

Atmospheric Composition  
of Hot Jupiters

Atmospheric spectra are diverse.

Sing+ (2016)



H2O in atmospheres of hot Jupiters
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Growing, Infant Giant Planets
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Detection of a giant gap in a cirumstellar disk around PDS 70 with Subaru HiCIAO 
(Hashimoto+ 2012; Dong+ 2012)

Existence of gas giant planets  
which are massive enough to open the gap 
were predicted.



Hα emission from Objects in PDS70 Disk

15(Apai et al. 2016; center panel of Figure 2) in which PDS 70b is
detected at the highest S/N.

3.1. Astrometry of PDS 70b

We measured astrometry via centroiding on the source, and
established uncertainties through repeating the analysis on
injected planets to establish measurement uncertainties. We
converted image coordinates to on-sky positions via a
platescale calibration of 7.851±0.015 mas pixel−1 and true
North calibration of 0°.9±0°.3 E of N (Close et al. 2013). On
May 3 we detected PDS 70b at a separation of 183±18 mas
and PA of 148°.8±1°.7. On May 4, we detected PDS 70b at a
separation of 193±12 mas and PA of 143°.4±4°.2. Both of
these positions are consistent within 1-σ of each other and with
the most recent SPHERE astrometry of 192±8 mas
separation and PA of 147°±2°.5 (Müller et al. 2018).

3.2. HB Luminosity of PDS 70b and the Mass
Accretion Rate of a Growing Planet

On each night and in the combined data we compared the flux
in a 5-pixel radius aperture centered on PDS 70b to the mean and
standard deviation of identical measurements carried out on the
injected planets to measure the Hα contrast (and uncertainty) of
PDS 70b. On May 3 and 4 we measured contrasts of PDS 70b in
Hα to the optical continuum of (1.04±0.70)×10−3, and
(1.40±0.66)×10−3, respectively. In the combined image, we
measured a contrast of (1.14±0.47)×10−3. The contrasts listed
above correspond to the brightness ratio of PDS70b in Hα to
PDS70 in the adjacent continuum. This non-standard definition
of contrast is chosen because it eliminates the need to correct for
variable accretion onto PDS 70, as well as the star’s variable
chromospheric activity. While the star is also optically variable,
between the two nights we measured less than 5% variability in
both filters, which is substantially smaller than the photometric

measurement uncertainties for PDS 70b, and hence no correction
for optical variability of PDS 70 is needed.
Following the strategy in Close et al. (2014), we converted

the Hα luminosity to a mass accretion rate. Briefly, the
calculation follows the conversion from Hα luminosity, to
accretion luminosity, to accretion rate as outlined in Rigliaco
et al. (2012). The R-band apparent brightness of the star is
somewhat uncertain (∼0.4 mag), and we adopt here R=11.7
(Henden et al. 2015). We also assume a planetary radius
equivalent to that of Jupiter, a mass of 5–9 MJup (Keppler
et al. 2018), and taking into account our photometric
uncertainty, calculate a mass accretion rate of MPDS70b �˙

M10 yr8.7 0.3
Jup

1� o � . To account for a different radius of PDS
70b, the mass accretion rates listed here should simply be
multiplied by RPDS70b/RJupiter. For illustrative purposes, we
account for up to 3.0 mags of optical extinction from the
circumplanetary+circumstellar disks and interstellar medium,
as well as the wider mass range found in Müller et al. (2018),
and find a plausible range for the mass accretion rate of
M M10 yrPDS70b

8 1
Jup

1� � o �˙ (see Figure 5). Note that in this
example the lower limit is still dominated by the measurement
uncertainties, but the substantial amount of extinction sig-
nificantly raises the upper limit to 10−7 MJup yr

−1. While this
choice of extinction is arbitrary, it is not extreme, especially if
the circumplanetary disk is viewed at a significant inclination.

4. Discussion

4.1. Probability of a False Positive Result

To establish the probability of a false positive detection on
both nights in 2018, we analyzed the spatial distribution of
speckles in the final SDI+ images. Over the image area
between 0 1 and 0 3 from PDS 70, we counted the speckles of
similar brightness to the point source at the position of PDS
70b (including the source itself), and found 7 such sources for

Figure 1. Left panel: MagAO Hα SDI+ image of PDS 70. PDS 70b is the only clearly detected point source at >95% confidence. Right panel: schematic false-color
diagram of the components of the PDS 70 system. The image is assembled from the Hα image tracing accretion onto the planet (red) and the infrared image (blue)
showing the planet’s thermal emission and starlight scattered by the disk (Müller et al. 2018). Note that the primary star also has Hα emission that is not shown here
due to the difficulty in capturing the extreme contrast ratio.
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MagAO Hα SDI on 6.5 Mag-Clay telescope

Wanger et al. (2018, ApJL)
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PDS 70

LETTERS NATURE ASTRONOMY

P Cygni profile with a blue-shifted emission and a red-shifted 
absorption component, which is quite common and a sign of mag-
netospheric accretion21,22. The Hα line profile from PDS 70 b and 
the other source do not exhibit these features, and show just a single 
Gaussian-like profile.

The fact that the line shape, velocity offset and the line widths dif-
fer from what is expected from reflected starlight excludes reflected 
light as the origin and indicates that the line emission is locally gener-
ated. The multi-epoch astrometry (Table 1) of the new point source 
reveals that it orbits in the direction of the Keplerian rotation of the 
circumstellar disk and is co-moving with its host star, which makes 
it improbable to be a background object. We therefore identify this 
second source of Hα emission as the location of a second, forming 
planet, PDS 70 c. The significant difference between the line-of-sight 
radial velocity of Hα emission from the accreting protoplanets com-
pared with their Keplerian velocities, 4.3 km s−1 and 3.4 km s−1 for 
PDS 70 b and c, indicates that the dynamics of planetary accretion 
are different from the orbital dynamics of the planets. This is also the 
case for accreting stars, where the line-of-sight velocity of the accret-
ing material is different from the system velocity.

The K–L colour and non-detection in the H-band imply that 
PDS 70 c is redder than PDS 70 b, which could be either due to a 

lower temperature and mass or due to obscuration by dust from the 
disk. Comparing the K–L colour of PDS 70 c to evolutionary models 
indicates that the planet has a mass within the range of 4–12 MJ after 
having included possible biases from the circumstellar disk and 
extinction (see Methods). There is a high likelihood that the esti-
mated mass of the companion, even by including some of the biases, 
is overestimated due to possible other structures around the planet 
(Fig. 3) such as additional scattered starlight, a circumplanetary disk 
or potential streamers that connect the planet to the circumstellar 
disk. Detailed hydrodynamical modelling of the system may put a 
better constraint on the planet masses.

We estimated the mass accretion rates of both companions using 
an empirical relation between the Hα 10% width, which is the full 
width at 10% of the maximum, and the mass accretion rate10,11. The 
derived 10% widths are 224 ± 24 km s−1 and 186 ± 35 km s−1 for plan-
ets b and c, which indicate a mass accretion rate of 2 × 10−8±0.4 MJ yr−1 
for b and 1 × 10−8±0.4 MJ yr−1 for c. The combined mass accretion rates 
of the planets are comparable to the stellar accretion rate, which is 
5.5 × 10−8±0.4 MJ yr−1. A previous estimate of the accretion rate of 
planet b, based on the Hα luminosity8, estimated the mass accre-
tion of PDS 70 b to be 1 × 10−8±1 MJ yr−1. The estimate of ref. 8 based 
on the absolute Hα luminosity needs to take the extinction into 
account, which was chosen as 3.0 magnitudes to include the effects 
of a possible circumplanetary disk and the extinction by the circum-
stellar disk. Their measurement is consistent with the low accretion 
rate found here, which is not affected by extinction as it is based on 
the width of the Hα line instead of the luminosity. At the current 
accretion rate, it would take 50–100 Myr to form Jupiter-mass plan-
ets, which is much longer than the typical disk lifetime of 10 Myr. 
The accretion rates of young stars are significantly decreasing near 
the end of their formation when they exhibit episodic accretion 
bursts23. A similar scenario of long-term variable accretion might 
apply to the planets in this system. Short-term variability is due to 
the accreting gas dynamics, which for example could be a rotating 
hotspot on the planet surface or an orbiting accretion funnel from 
the circumplanetary disk.

Based on the wide gap in the disk and the low accretion rate of 
the star, PDS 70 was already predicted to contain a multi-planet 
system18 where the planets block the mass flow towards the star. 
Hydrodynamical modelling of viscous disks suggests that a single, 
massive planet is only able to open a small gap (<15 au)1,2. In con-
trast, multi-planet systems are thought to be able to carve large 
gaps in disks with azimuthal asymmetries2,3, where the gap width 
is governed by the dynamical and viscous timescales of the disk. 
Detailed hydrodynamical modelling will be necessary to constrain 
the disk–planet interaction of the PDS 70 system. Another indica-
tion of a planet at a larger orbital distance came from the 870-μm 
ALMA observation of the HCO+ molecule that shows a hole in the 
disk structure, while the dust continuum does not show this9. We 
suspect that this is caused by PDS 70 c since the location of the hole 
and PDS 70 c coincide.

Assuming that the orbits of the planets and the disk are copla-
nar (at an inclination of 49.7°; ref. 18), angular separations to the 
host star imply orbital distances for PDS 70 b and c of 20.6 ± 1.2 au 
(consistent within the 1σ uncertainties of earlier measurements6,7) 
and 34.5 ± 2 au, respectively, suggesting that the planets are in or 
near a 2:1 mean motion resonance if the orbits are circular. Mean 
motion resonance migration is proposed as an early orbital evolu-
tion scenario for massive gas giant planets24. During a migration-II 
scenario, in which planets are massive enough to carve a gap in the 
disk, the inward migration speed depends inversely on the mass of 
the planet25. If the inner planet is more massive than the outer, the 
latter will migrate towards the inner planet until it is captured in 
resonance, locking their relative orbits26. A specific version of such 
an orbital evolution scenario is suggested for the gas giant planets 
in the early Solar System as the Grand Tack hypothesis13. While the 
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Figure 3.2: Same as Fig. 3.1 but the vertical axis is shown in spatial distance from the
shock front. Note that the vertical axis is converted from time as

∫ t
0 v dt, where v is gas

velocity.
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The shock-heated gas is hot (~7x104K) enough to dissociate  
and also ionize hydrogen, producing a number of electrons.

Aoyama, Ikoma, & Tanigawa (2018, ApJ)
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Those free electrons collide with and excite hydrogen atoms,  
resulting in hydrogen line emission.

Aoyama, Ikoma, & Tanigawa (2018, ApJ)
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Figure 1. Simulated and observed spectral emission pro-
files around the Hα line for PDS 70 b (upper panel) and c
(lower panel). The observed profiles, which were obtained
with MUSE/VLT by Haffert et al. (2019), are indicated by
red lines. As for the simulated profiles, the raw data are
shown by orange lines, while the data smoothed with a filter
of R = 2500 are shown by blue bars. Note that the quantities
of the vertical axis differ between the observed and calculated
data; the observed data are the signal-to-noise ratio, whereas
the raw and smoothed calculation data are the energy flux
per unit wavelength and just the energy flux, respectively.
Also, the calculated profiles have been artificially shifted by
−2.5 Å and −2.2 Å for PDS 70 b and c, respectively, so as to
coincide with the observed ones.

Secondly, it turns out that an increase in the number
density results in increasing the Hα full width. This is
not due to pressure broadening, which is negligibly small
relative to the Doppler and natural broadening, but due
to the effect of absorption. The Hα radiation, which
comes out deep down below the shock front, propagates
upward through the shock-heated gas toward the shock
front. During the propagation, part of the Hα radiation

is absorbed (Aoyama et al. 2018). The higher the gas
density, the stronger the absorption of Hα radiation near
the line center. Such a decrease in the line-peak intensity
results in a reduction in the Hα full width because the
latter is measured from the former.
The observational results from Haffert et al. (2019)

are indicated by the black line for PDS 70 b and by
the blue line for PDS 70 c with the 1σ errors indicated
by the same-color shades. From this figure, we obtain
possible ranges of v0 and n0 of the accretion flow to-
ward the two protoplanets (see Section 4.1 for further
discussion).

3.2. Hα luminosity

The values of the observed Hα luminosity for the
two protoplanets reported by Wagner et al. (2018) and
Haffert et al. (2019) are listed in Table 1. In our model,
we assume that a strong shock occurs at the surface of
the protoplanet so that the Hα luminosity is given by

LHα = 4πR2
PffFHα10

−A, (1)

where RP is the planetary radius, ff is the fractional area
of planetary surface where the accretion flow eventually
emits Hα radiation, which is termed the filling factor,
and FHα is the Hα energy flux per unit area. The factor
10−A represents extinction of the Hα radiation (other
than interstellar absorption) on the way from the pro-
toplanet’s emission surface to the observer. The extinc-
tion is caused by the circumstellar disk, a wind above
the disk, the accretion flow towards the protoplanet and
so on. The exact values of ff and A are poorly known.
Figure 3 shows the calculated value of LHα as a func-

tion of the protoplanet mass MP and the planetary mass
accretion rate Ṁ ; the latter is given by

Ṁ = 4πR2
Pff µ

′n0v0, (2)

where µ′ is the mean weight per hydrogen nucleus. Also,
since the pre-shock velocity is assumed to be the free-fall
one, the planetary mass is related to v0 as

MP =
RPv20
2G

, (3)

where G is the gravitational constant. Here we have as-
sumed RP = 2 RJ and ff = 1. In this figure, the Hα
luminosity is found to be almost proportional to proto-
planet mass and mass accretion rate (i.e., LHα ∝ ṀMP)
for the following reason: From Eqs. (1)–(3),

LHα = Ṁ
2GMP

RP

FHα(v0, n0)

µ′n0v30
10−A. (4)

Aoyama et al. (2018) found FHα is roughly proportional
to n0v30 . Note that although being absent in Eq. (4),
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(lower panel). The observed profiles, which were obtained
with MUSE/VLT by Haffert et al. (2019), are indicated by
red lines. As for the simulated profiles, the raw data are
shown by orange lines, while the data smoothed with a filter
of R = 2500 are shown by blue bars. Note that the quantities
of the vertical axis differ between the observed and calculated
data; the observed data are the signal-to-noise ratio, whereas
the raw and smoothed calculation data are the energy flux
per unit wavelength and just the energy flux, respectively.
Also, the calculated profiles have been artificially shifted by
−2.5 Å and −2.2 Å for PDS 70 b and c, respectively, so as to
coincide with the observed ones.

Secondly, it turns out that an increase in the number
density results in increasing the Hα full width. This is
not due to pressure broadening, which is negligibly small
relative to the Doppler and natural broadening, but due
to the effect of absorption. The Hα radiation, which
comes out deep down below the shock front, propagates
upward through the shock-heated gas toward the shock
front. During the propagation, part of the Hα radiation

is absorbed (Aoyama et al. 2018). The higher the gas
density, the stronger the absorption of Hα radiation near
the line center. Such a decrease in the line-peak intensity
results in a reduction in the Hα full width because the
latter is measured from the former.
The observational results from Haffert et al. (2019)

are indicated by the black line for PDS 70 b and by
the blue line for PDS 70 c with the 1σ errors indicated
by the same-color shades. From this figure, we obtain
possible ranges of v0 and n0 of the accretion flow to-
ward the two protoplanets (see Section 4.1 for further
discussion).
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The values of the observed Hα luminosity for the
two protoplanets reported by Wagner et al. (2018) and
Haffert et al. (2019) are listed in Table 1. In our model,
we assume that a strong shock occurs at the surface of
the protoplanet so that the Hα luminosity is given by

LHα = 4πR2
PffFHα10

−A, (1)

where RP is the planetary radius, ff is the fractional area
of planetary surface where the accretion flow eventually
emits Hα radiation, which is termed the filling factor,
and FHα is the Hα energy flux per unit area. The factor
10−A represents extinction of the Hα radiation (other
than interstellar absorption) on the way from the pro-
toplanet’s emission surface to the observer. The extinc-
tion is caused by the circumstellar disk, a wind above
the disk, the accretion flow towards the protoplanet and
so on. The exact values of ff and A are poorly known.
Figure 3 shows the calculated value of LHα as a func-

tion of the protoplanet mass MP and the planetary mass
accretion rate Ṁ ; the latter is given by

Ṁ = 4πR2
Pff µ

′n0v0, (2)

where µ′ is the mean weight per hydrogen nucleus. Also,
since the pre-shock velocity is assumed to be the free-fall
one, the planetary mass is related to v0 as

MP =
RPv20
2G

, (3)

where G is the gravitational constant. Here we have as-
sumed RP = 2 RJ and ff = 1. In this figure, the Hα
luminosity is found to be almost proportional to proto-
planet mass and mass accretion rate (i.e., LHα ∝ ṀMP)
for the following reason: From Eqs. (1)–(3),
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Figure 2. The full width at 10 % (left panel) and 50 % (right panel) of the maximum of the protoplanet’s Hα emission line.
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Figure 3. Color contour plot of the protoplanet’s Hα lumi-
nosity as a function of protoplanet mass and mass accretion
rate. As indicated in the figure, the lines and shaded areas
represent the observed maximum likelihood values and 1σ er-
rors of Hα luminosity for PDS 70 b, 1.4±0.6×10−6L" (black
dashed line; Wagner et al. 2018) and 1.6 ± 0.14 × 10−7L"
(black solid line; Haffert et al. 2019), and PDS 70 c, 7.6 ±
1.3× 10−8L" (blue line; Haffert et al. 2019). Here, we have
assumed the protoplanet radius RP = 2RJ, the filling factor
ff = 1, and the extinction A = 0.

the filling factor ff affects LHα somewhat, because
FHα/(n0v30) is roughly constant but varies with n0 due
to optical-depth effects, and n0 depends on ff as shown

in Eq. (2). However, ff is still less important than the
other parameters for LHα.
In Fig. 3, like in Fig. 2, we indicate the observational

results from Wagner et al. (2018) and Haffert et al.
(2019). Infra-red observations estimate the masses of
PDS 70 b and c at 2-17 MJ (Müller et al. 2018) and
4-12 MJ (Haffert et al. 2019), respectively. According
to Fig. 3, in those ranges of protoplanet mass, the mass
accretion rate for PDS 70 b is ∼ 1×10−7 MJ yr−1 for the
data from Wagner et al. (2018) and ∼ 1×10−8 MJ yr−1

for the data from Haffert et al. (2019), while that for
PDS 70 c is ∼ 1× 10−8 MJ yr−1. We discuss the differ-
ence in estimated mass accretion between the present
and previous studies in Section 4.2.
Note that we have assumed that all of the accreting

gas falls onto the surface of the protoplanet, like the
above studies (Wagner et al. 2018; Haffert et al. 2019).
Since the focus of this study is on the effect of accre-
tion shock on the Hα emission, detailed treatment of
accretion flow toward the protoplanetary system includ-
ing the circumplanetary disk is beyond the scope of this
study. A further detailed investigation is done in our
forthcoming paper (Aoyama et al. in prep.).

4. DISCUSSION

4.1. Gas accretion rates for PDS 70 b and c

Combining the above three kinds of observational da-
tum such as the Hα luminosity, 10% full width, and
50% full width, we could narrow the possible ranges of
the mass accretion rate and protoplanet mass for the
two accreting protoplanets. In Fig. 4, we show again
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⬅ Our theoretical model reproduces observation.

⬆Higher velocity yields larger width (Doppler broadening)
⬆Higher density yields larger width (Absorption)
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Figure 4. Properties of accretion shock on the protoplanetary surface inferred with three different observational constraints
including the Hα luminosity, 10 % full width and 50 % full width. The red and blue lines correspond to the maximum likelihood
values of the Hα 10% width and 50% width, respectively (see also Fig. 2). The black dotted lines represent the observed Hα
luminosity for two choices of the uncertain parameter ff10

−A (see Eq. [1]), namely A− log ff = 2 and 3.

Table 1. Properties of PDS70b and c

PDS 70 b PDS 70 c

Hα observation

10% full-width [km s−1] 224± 24[1] 186± 35[1]

50% full-width [km s−1] 123± 13[1] 102± 19[1]

Luminosity [10−7L"] 1.6± 0.14[1] 0.76± 0.13[1]

14± 6[2] non-detection[2]

Estimated properties in this study[3]

MP [MJ] 12 10

Ṁ [10−8MJ yr
−1] 4 1

ff [10
−3] 0.50 0.33

Estimated properties in previous studies

MP [MJ] 2–17 4–12[4]

Ṁ [10−8MJ yr
−1] 2[5][6] 1[5][6]

Note—[1]Haffert et al. (2019), [2]Wagner et al. (2018)

, [3]§4.1, [4]Müller et al. (2018), [5]Haffert et al. (2019),
[6]Natta et al. (2004)

the mass accretion rate and protoplanet mass for the
two accreting protoplanets. In Fig. 4, we show again
the v0-n0 relationships for PDS 70 b and c derived from
our models with the three different observational con-
straints. Since the theoretical estimate of the Hα lumi-
nosity depends on two uncertain parameters such as ff
and A (see Eq. [1]), we show the v0-n0 relationships for
two different choices of 10Af−1

f or A− log ff . Note that

theoretical modeling of TTS accretion shock with ff =
∼ 10−5–10−1 reproduces observed Hα excesses of TTSs
(e.g. Herczeg & Hillenbrand 2008). Also, Wagner et al.
(2018) assumed 0 ! A ! 3 as a likely range of A.
The intersection point of the two lines of the maxi-

mum likelihood values of the 10% and 50% full widths
is (v0, n0) = (145 km s−1, 6 × 1019 m−3) for PDS 70 b
and (130 km s−1, 3× 1019 m−3) for PDS 70 c. To repro-
duce the observed Hα luminosity, the value of 10Af−1

f

comes out to be 2 × 103 and 3 × 103 for PDS 70 b and
c, respectively.
To convert (v0, n0) to (MP, Ṁ), we assume A = 0

and RP = 2RJ. Then, substituting the values of
v0, n0, and ff estimated above into Eqs. (2) and (3),
we obtain (MP, Ṁ) as (12MJ, 4 × 10−8MJ yr−1) and
(10MJ, 1 × 10−8MJ yr−1) for PDS 70 b and c, respec-
tively. The estimated values are listed in Table 1. The
assumption of A = 0 would be a reasonable one, given
the gas falling onto the protoplanet is depleted of dust
and thus optically thin in late stages of planet forma-
tion. Also, the resultant value of ff ∼ 10−3 is similar to
that for the case of accretion shocks for low-mass stars
(Herczeg & Hillenbrand 2008). However, given the im-
portance of the filling factor, detailed numerical simula-
tions of protoplanetary gas accretion should be done for
determining the exact value of ff .

4.2. Comparison with previous models

Wagner et al. (2018) and Haffert et al. (2019) also es-
timated the mass accretion rate onto PDS 70 b and/or
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Picture of Accretion Flow of PDS70b & c
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Vertical Flow onto Protoplanet

Convergence of Accretion Flow

Issues to Be Examined

Most of the accreting gas flows vertically 
and directly onto the central protoplanet 
with the help of the protoplanet’s intrinsic 
magnetic field.

The accretion flow converges to quite 
narrow regions of the protoplanetary surface 
and experiences strong shock heating, 
resulting in hydrogen line emission. 

- No detailed model of such accretion flow 
- More samples other than PDS70 is 

needed.

Protoplanet

Magnetic field

Accretion flow
Hill sphere

CPDDeccretion flow



Summary

•Subaru has made important contributions to understanding of 
the formation of giant planets through exoplanet observations.  

•The bulk and atmospheric composition of giant exoplanets 
have been observationally constrained.  

•The origin of heavy elements in gas giant planets remains a 
mystery, which is related to the late-stage accretion and 
migration.  

•Recent observation is capable of accreting gas giants both 
indirectly and directly, which is of great help in understanding 
the formation of gas giants.  

•Characterization of the atmospheres of gas giants and direct 
detection of infant gas giants by Subaru are expected.
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