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The two key questions for GI 
depend on infall and irradiation:

1.Does the disk fragment?
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Thermodynamics and infall 
control gravitational instability
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What is an “irradiation 
dominated” disk?

Background / stellar 
radiation is more 
important than  
dissipation of 
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What distinguishes extreme stellar 
systems from extreme solar systems?

A Faint Companion to the Star ζ Vir 3

TABLE 2
Observations and Astrometric Distance Between Primary and companion for the ζ Vir System

Epoch MJD Wavelength Observing Method Separation (mas) PA (degrees East of North)

1) 53168.2839 H-band Lyot Coronagraph 1846 ± 9 144.7 ± 0.1
2) 53507.3742 J , H, K-bands Lyot Coronagraph 1830 ± 3 146 ± 1.0
3) 54257.5378 J , H, K-bands Lyot Coronagraph 1814 ± 16 147.4 ± 0.1
4) 54657.1548 1.1 - 1.8 µm (IFS) APLC + IFS 1790 ± 12 149.8 ± 0.1
5) 54904.4445 1.1 - 1.8 µm (IFS) APLC + IFS 1779 ± 12 151.0 ± 0.2

mas on the sky and a dispersing prism provides a spectral
resolution (λ/∆λ)∼32.
The IFS focal plane consists of 4×104 spectra that are

formed by dispersing the pupil images created by each
microlens. To build a data cube, the data pipeline uses a
library of images made in the laboratory with a tunable
laser, which spans the operating wavelength band of the
instrument. Each image contains the response of the
IFS to laser emission at a specific wavelength—a matrix
of point spread functions. Each laser reference image
is effectively a key showing what regions of the 4 × 104

spectra landing on the detector correspond to a given
central wavelength. Each laser reference image is cross
correlated with the focal plane spectra to extract each
wavelength channel.
The pixel scales for each instrument were calculated

at by imaging four binary stars (HIP107354, HIP171,
HIP88745, and WDS11182+3132) with high quality or-
bits with small astrometric residuals (Hartkopf et al.
2001). The pixel scale is calculated by performing a least
squares fit between these predicted separations and the
pixel separation in our data.

3. THE COMPANION

Here we report the discovery of a faint stellar compan-
ion to ζ Vir, hereafter ζ Vir B. The discovery image is
shown in Figure 1. To our knowledge, the existence of
this companion has not been reported previously.

3.1. Common Proper Motion Analysis

The astrometric measurements for the pri-
mary/companion separation are presented in Table 2.
For the first and third epochs, the astrometric positions
of the two stars were obtained from images in which the
primary star was occulted. In these cases, a centroid
to each PSF was calculated as part of a best fit radial
profile measurement. With coronagraphic imaging,
the exact position of the occulted star is difficult to
determine. The uncertainty can be estimated using
binary stars, in which one of the binary members
is occulted (Digby et al. 2006). For all but the first
epoch, we used a physical mask with a superimposed
grid (Sivaramakrishnan & Oppenheimer 2006), which
produces fiducial reference spots indicating the position
of the host star to within ∼10 mas. The second, fourth
and fifth epochs contained fully unocculted data with
sufficiently high signal-to-noise to measure the position
of both the primary and the companion. ζ Vir A, listed
as a high-proper motion star, has a proper motion of
283 mas yr−1 (Perryman et al. 1997). If these two
objects were not associated with each other, we could
expect a ∼1.35′′ change in separation over the 4.75 year
course of observations. Instead, we report a ∼200 mas

Fig. 1.— A 60 s H-band (1.65 µm) image of the the star ζ
Vir taken on 2004 June 12 (UT) at the AEOS telescope. In this
discovery image, the adaptive optics system is on, and the star
has been coronagraphically occulted behind our 455 mas occulting
mask. A faint stellar companion, ζ Vir B, 7 magnitudes fainter
than the host star and sharing common proper motion with the
host star, is apparent at the bottom left of the image.

southwesterly change in the position of the companion
(see Figure 2) relative to the host star. Since the relative
separation between the host star and the companion is
far less than the ∼1.35′′ change in separation if the two
were not mutually bound, we are confident that these
two objects share common proper motion. Moreover,
this westerly change reflects the orbital motion of ζ Vir
B over the 4.75 year observing baseline.

3.2. Photometry

Aperture photometry of the companion was performed
on images from the Lyot Project in which ζ Vir was oc-
culted behind our coronagraphic mask. The flux was
summed in apertures of radii of 270 mas, 340 mas, and
300 mas, for the J , H , and K-band images respectively,
followed by sky subtraction. Zeropoints for the J , H
and K data were derived by performing large (760 mas)
aperture photometry on unocculted, unsaturated images
of ζ Vir A taken immediately prior to the occulted ob-
servations. We calculate J , H , and K-band photomet-
ric zero points of 20.990 ± 0.017, 20.639 ± 0.078, and
19.932±0.069, respectively. Assuming a distance of 22.45
pc (Perryman et al. 1997), Table 3 shows our calculated
absolute J , H , and K-band magnitudes of 8.99 ± .06,
8.41± .14, and 8.14± .17, respectively for ζ Vir B.

Hinkley + 10, Marois+ 10,Lafrieniere +11, Janson+11, Ireland+11
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Fragments like to grow!

Kratter et al, 2008, 2010,  Kratter, Murray-Clay & Youdin, 2010
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GI predicts a population of more 
massive objects

The Astrophysical Journal, 729:128 (20pp), 2011 March 10 Currie et al.

also Rafikov 2011).16 Detailed numerical simulations confirm
that this rapid growth phase can be reached if collisional
fragmentation and gas drag are properly treated (Kenyon &
Bromley 2009). The Dodson-Robinson et al. planet–planet
scattering simulations also were conducted assuming gas free,
planetesimal-free conditions and assumed that planets could not
further grow after scattering. However, gas drag and dynamical
friction from planetesimals are critically important as they
promote orbit circularization and stability (e.g., Goldreich et al.
2004; Ford & Chiang 2007).17 Cores with masses sufficient for
rapid gas accretion can circularize after being scattered to the
outer disk (Bromley & Kenyon 2011; S. Kenyon 2010, private
communication). Simulations by E. Thommes et al. (2011, in
preparation) show that the HR 8799 planet cores could acquire
most of their gas after scattering.

The mass ratio and semimajor axis distribution of wide plan-
ets and low-mass brown dwarfs may help constrain the forma-
tion mechanism for HR 8799’s planets (Kratter et al. 2010).
Core accretion preferentially forms planets with smaller masses
and orbital separations, while disk instability has difficulty pro-
ducing lower-mass gas giants and forming them close to the
star (e.g., Rafikov 2005; Kratter et al. 2010). Therefore, if
HR 8799bcde formed by core accretion (disk instability), they
should comprise the high-mass extrema (low-mass tail) of a pop-
ulation continuous with radial-velocity-detected planets (brown
dwarf companions). Using our new results for the masses of
the HR 8799 planets, we update Kratter et al.’s plot comparing
planet and brown dwarf distributions. We also add the planet-
mass companions to 1RXJS1609.1-210524, and 2M J044144b
(Todorov et al. 2010; 5–10 MJ , 15 AU); the planet/brown dwarf
companion to GSC 06214-00210B (14 MJ , ∼300 AU; Ireland
et al. 2011); and the low-mass brown dwarf companion GJ 758B
(25–40 MJ , 44 AU; Currie et al. 2010).

As shown by Figure 15, the revised masses for the HR 8799
planets and the addition of HR 8799e expand the space between
them and brown dwarf companions (asterisks). Visually, they
join with the distribution of closer-separation planets plausibly
formed by core accretion. The other new companions (red
triangles) are continuous with brown dwarfs that may form by
disk fragmentation.

While core accretion—especially when coupled with
planet–planet scattering—may form the HR 8799 planetary sys-
tem, HR 8799-like systems are still plausibly uncommon. The
Gemini Deep Planetary Survey of 85 nearby, young (mostly
solar-mass) stars was typically sensitive to 2 MJ planets at
40–200 AU yet failed to detect any (Lafreniere et al. 2007b).
Similarly, nondetections from the deep (M < 1 MJ) survey from
Kasper et al. (2007) showed that the giant planet populations
detected at small separations (a ! 4 AU) by RV surveys cannot
extend to separations larger than ∼30 AU. More massive stars
like HR 8799 likely have more massive disks, which aid gas gi-
ant planet formation. However, their disks also dissipate much
more rapidly (Currie et al. 2009): even if critical core masses are

16 At first glance, Equation (17) in Rafikov (2011) appears to imply that the
limiting distance for core accretion in shear-dominated growth is comparable
to Dodson-Robinson et al.’s estimate (44 AU versus their 20–35 AU).
However, Rafikov’s result of 44 AU is valid for a Minimum Mass Solar Nebula
case (Hayashi 1981). Adopting initial assumptions more comparable to those
that Dodson-Robinson et al. assume—e.g., a disk more massive than the
Minimum Mass Solar Nebula or a longer-lived one with τdisk = 5 Myr instead
of 3 Myr—implies that gas giants can in some cases form by core accretion at
separations comparable to HR 8799c and b.
17 In fairness, they clearly acknowledge that their study does not consider
planet–planet scattering in a gaseous disk, which may result in a more
favorable outcome for core accretion.
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Figure 15. Updated version of the mass ratio vs. orbital separation plot from
Kratter et al. (2010) incorporating our revised masses for HR 8799bcd (magenta
dots). We also include HR 8799e, assigned a mass of 7 MJ from Marois
et al. (2011), and displayed as the leftmost magenta dot. The β Pic planet
is specifically identified as a green dot (Lagrange et al. 2010). Fomalhaut b
is a downward-pointing magenta triangle (Kalas et al. 2008; Chiang et al.
2009). Substellar companions discovered after or not included in the Kratter
et al. (2010) publication—1RXJS1609.1-210524, GJ 758B, 2M J044144b, and
GSC 06214-00210B—are plotted as red triangles. Black crosses, purple crosses,
and purple squares denote radial velocity, transit, and microlensing-detected
planets around stars with three mass bins: M# ! 0.4 M", M" = 0.1–0.4 M",
and M# < 0.1 M". For direct comparisons and simplicity, we plot the same
population of exoplanets not detected by direct imaging as that used by Kratter
et al. (2010; e.g., we do not include planets discovered by RV or transits since
the publication of this paper). Black asterisks denote the sample of substellar
companions listed in Zuckerman & Song (2009). Jupiter and Saturn are plotted
as blue diamonds.
(A color version of this figure is available in the online journal.)

reached, the leftover mass of gas may be small. Moreover, rapid
core growth results from being able to fragment and then dynam-
ical cool the surrounding planetesimal population. The current
state-of-the-art simulations show that this requires Pluto-mass
cores to start with (e.g., Kenyon & Bromley 2009), yet the for-
mation time for Pluto-mass objects at wide separations may
be long (e.g., Rafikov 2011). Thus, forming HR 8799-like sys-
tems by core accretion is difficult, though not impossible, and
probably happens infrequently.

5.4. Implications for the Atmospheres of Other Substellar
Companions: A Possible Fundamental Difference Between

Planetary-mass Objects and M > 15–20 MJ Brown Dwarfs

In some ways, the difficulty in reproducing the IR SEDs
of the HR 8799 planets mirrors difficulties in modeling other
planetary-mass objects detected prior to HR 8799bcde. In
particular, 2M 1207b also appears discrepant compared to
standard atmosphere models as noted in Mohanty et al. (2007)
and discussed in this work. Like HR 8799b, 2M 1207b is
noticeably underluminous (∼2.5 mag) in the near-IR (Mohanty
et al. 2007, this work).

To explain 2M 1207b’s properties, Mohanty et al. (2007)
propose that the object is occulted by an edge-on disk with
large, gray dust grains. Alternatively, Mamajek & Meyer (2007)
propose that 2M 1207b’s properties can be explained as resulting
from a recent protoplanet–protoplanet collision. Comparing
high-resolution spectra of 2M 1207b to the DUSTY atmosphere
models from Allard et al. (2001), Patience et al. (2010) identify
a problem similar to that noted for modeling HR 8799b from
Bowler et al. (2010) and this work. Namely, allowing the object
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Figure 15. Updated version of the mass ratio vs. orbital separation plot from
Kratter et al. (2010) incorporating our revised masses for HR 8799bcd (magenta
dots). We also include HR 8799e, assigned a mass of 7 MJ from Marois
et al. (2011), and displayed as the leftmost magenta dot. The β Pic planet
is specifically identified as a green dot (Lagrange et al. 2010). Fomalhaut b
is a downward-pointing magenta triangle (Kalas et al. 2008; Chiang et al.
2009). Substellar companions discovered after or not included in the Kratter
et al. (2010) publication—1RXJS1609.1-210524, GJ 758B, 2M J044144b, and
GSC 06214-00210B—are plotted as red triangles. Black crosses, purple crosses,
and purple squares denote radial velocity, transit, and microlensing-detected
planets around stars with three mass bins: M# ! 0.4 M", M" = 0.1–0.4 M",
and M# < 0.1 M". For direct comparisons and simplicity, we plot the same
population of exoplanets not detected by direct imaging as that used by Kratter
et al. (2010; e.g., we do not include planets discovered by RV or transits since
the publication of this paper). Black asterisks denote the sample of substellar
companions listed in Zuckerman & Song (2009). Jupiter and Saturn are plotted
as blue diamonds.
(A color version of this figure is available in the online journal.)
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