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ABSTRACT

We have obtained Far Ultraviolet Spectroscopic Explorer and Hubble Space Telescope STIS spectra of HR
4796A, a nearby 8 Myr old main-sequence star that possesses a dusty circumstellar disk whose inclination has
been constrained from high-resolution near-infrared observations to be �17� from edge-on. We searched for
circumstellar absorption in the ground states of C ii k1036.3, O i k1039.2, Zn ii k2026.1, Lyman series H2, and
CO (A-X) and failed to detect any of these species. We place upper limits on the column densities and infer upper
limits on the gas masses assuming that the gas is in hydrostatic equilibrium, is well mixed, and has a temperature
Tgas � 65 K. Our measurements suggest that this system possesses very little molecular gas. Therefore, we infer
an upper limit for the gas-to-dust ratio (�4.0) assuming that the gas is atomic. We measure less gas in this system
than is required to form the envelope of Jupiter.

Subject headings: circumstellar matter — planetary systems: formation — stars: individual (HR 4796A)

1. INTRODUCTION

Planets, asteroids, and comets are believed to form in cir-
cumstellar disks around stars with ages less than a few hun-
dred Myr. Current (uncertain) models suggest that Jovian
planets form either via rapid gravitational collapse through
disk instability within a few hundred years (Boss 2000) or via
coagulation of dust into solid cores within the first �1 Myr
and accretion of gas into thick hydrogen atmospheres within
the first �10 Myr (Ruden 1999). At present, the timescales on
which giant planets form and accrete their atmospheres have
not been well constrained observationally. Studies of objects
with ages �10 Myr afford the opportunity to constrain the
timescale for gas dissipation around young stars and therefore
the timescale for giant planet formation.

Although the circumstellar disks around pre–main-sequence
stars possess both gas and dust, the circumstellar disks around
main-sequence stars may be gas-poor. Millimeter searches for
CO around stars with ages 1–10 Myr suggest that within a
few Myr, less than a Jupiter mass of molecular gas remains in
the circumstellar environment (Zuckerman, Forveille, &
Kastner 1995). However, CO may be depleted in the outer
regions of disks because it freezes out onto dust grains at
temperatures Tgas � 20 K. Since gas with interstellar or solar
abundance is mainly composed of hydrogen and H2 does not
freeze onto grains, recent searches for circumstellar gas have
focused on H2. Infrared Space Observatory (ISO) searches for
emission from the S(0) and S(1) transitions of H2 at 28 and
17 �m, respectively, suggest that 50–2000 M� of H2 exists
around � Pic, 49 Cet, and HD 135344 (Thi et al. 2001).
However, Far Ultraviolet Spectroscopic Explorer (FUSE )
searches for H2 absorption in the Lyman band toward �
Pic place upper limits on the column density of H2, NðH2Þ �
1018 cm�2, which is 3 orders of magnitude lower than that
inferred from ISO (Lecavelier des Etangs et al. 2001). The Thi
et al. (2001) results not only apparently conflict with the ul-

traviolet (UV) H2 measurements but also with millimeter
emission-line studies, which suggest that � Pic possesses less
than 10�5 M� CO (Liseau & Artymowicz 1998). Ground-
based follow-up of ISO H2 detections toward Herbig Ae and
T Tauri stars yielded upper limits that were smaller than ISO
detections (Richter et al. 2002), suggesting that the H2 must lie
in an extended cloud. However, an H2 cloud around � Pic
should have produced a detectable UV absorption line (Jura
2004). Recently, fluorescent H2 Lyman-band emission has
been detected from the surface layers of the circumstellar disk
around the �10 Myr old star TW Hydrae (Herczeg et al. 2002)
using the Hubble Space Telescope (HST ) Space Telescope
Imaging Spectrograph (STIS). We have carried out a FUSE and
STIS search for circumstellar molecular and atomic gases
around the �8 Myr old (Stauffer, Hartmann, & Barrado y
Navascués 1995) debris disk object HR 4796A, another
member of the TW Hydrae association, to help constrain the
gas dissipation timescale.

HR 4796A is a main-sequence A0 V star with a Hipparcos
distance of 67.1 pc (see Table 1 for a summary of stellar
properties) and a fractional dust luminosity LIR=L� ¼ 5� 10�3

(Jura et al. 1998). Submillimeter observations suggest that it
possesses �0.25 M� of dust (Greaves, Mannings, & Holland
2000), more circumstellar dust than any other main-sequence
A-type star in the Yale Bright Star Catalog (Hoffleit & Warren
1991). High-resolution scattered light imaging has resolved
a narrow, dusty ring at 70 AU from HR 4796A with an incli-
nation of �17� from edge-on (Schneider et al. 1999). High-
resolution mid-infrared imaging has resolved the disk in
thermal emission (Koerner et al. 1998; Jayawardhana et al.
1998). The presence of a central clearing (Jura et al. 1998) and
of a brightness asymmetry from the two lobes of the disk
(Telesco et al. 2000; Weinberger, Becklin, & Schneider 2000)
have led to speculation that the circumstellar disk possesses a
planetary companion at �70 AU (Wyatt et al. 1999). Black-
body fitting to the IRAS fluxes suggests a grain temperature of
Tdust ¼ 110 K (Jura et al. 1995).

Previous studies of circumstellar gas around HR 4796A
have not been very successful. Searches for millimeter and
submillimeter emission from CO (J ¼ 3 ! 2, J ¼ 2 ! 1, and
J ¼ 1 ! 0), used as a tracer for H2, have failed (Zuckerman

1 National Research Council Resident Research Associate, Jet Propulsion
Laboratory, M/S 169-506, California Institute of Technology, 4800 Oak Grove
Drive, Pasadena, CA 91109; christine.chen@jpl.nasa.gov.

2 Leiden Observatory, P.O. Box 9513, 2300 RA Leiden, Netherlands;
kamp@strw.leidenuniv.nl.

985

The Astrophysical Journal, 602:985–992, 2004 February 20

# 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.



et al. 1995; Liseau 1999; Greaves et al. 2000), perhaps because
the angular size of the source as measured in the infrared
is significantly smaller than the beam of available telescopes.
Another possibility is that circumstellar molecular gas is
not present because it is rapidly photodissociated under the
intense stellar UV field of the central A0 V star. Holweger,
Hempel, & Kamp (1999) have detected two narrow, circum-
stellar Ca ii K absorption features, one component close to
the stellar velocity and another weaker one blueshifted by
�10 km s�1, which they attribute to possible circumstellar gas.

2. OBSERVATIONS

HR 4796A was observed with FUSE for 12.4 ks on 2002
April 25 in histogram mode, using the low-resolution 3000 �
3000 aperture, which covers the wavelength range between 905
and 1187 Å. This wavelength coverage allows us to search for
circumstellar absorption in the ground states of C ii k1036.3
and O i k1039.2, and in Lyman series H2. The FUSE satellite
has four channels (LIF 1, SIC 1, LIF 2, and SIC 2), which
form two nearly identical ‘‘sides’’ (labeled 1 and 2) that each
consist of an LIF grating, an SIC grating, and a detector. Each
detector is divided into two independent segments (A and B),
separated by a small gap. The eight partially overlapping
spectra that fall on different portions of the two detectors
(LIF 1A, LIF 1B, etc.) cover the entire wavelength range.
A description of the on-orbit performance of FUSE is given
in Sahnow et al. (2000) with a conservative estimate for
the spectral resolution (R ¼ k=�k ¼ 15; 000) of the spectro-
graph. The data were calibrated at Johns Hopkins using the
CALFUSE, version 1.8.7, pipeline.

HR 4796A was observed with STIS in echelle mode on the
HST for 930 and 550 s on 2002 August 22, with the E140H
and E230H gratings, respectively, using the 0B2� 0B09 slit.
The spectra covered the wavelength regions 1425–1620 Å
and 1880–2155 Å with a spectral resolution R ¼ k=�k ¼
220; 000. This wavelength coverage allowed us to search for
circumstellar absorption in the ground state of Zn ii k2026.1
and in CO (A-X). The data were calibrated at the Space
Telescope Science Institute using the standard STIS software
package CALSTIS, executed under the OPUS pipeline.

We observe absorption in the ground states of Si ii at
1526.14 Å, Fe ii at 1608.45 Å, and Zn ii at 2026.14 Å along the
line of sight to HR 4796A (see Fig. 1). The Si ii and Fe ii lines

possess two absorption components, one at about �5 km s�1

and another at about �15 km s�1, consistent with the Ca ii

results from Holweger et al. (1999). We believe that both gas
components are interstellar. Circumstellar gas in Keplerian
orbit at 70 AU from an A0 V star would have a velocity of
�5:5 km s�1. Therefore, any circumstellar gas features would
be indistinguishable from interstellar lines on the basis of line
width. However, circumstellar gas at 70 AU from an A0 V star
should be radiatively pumped, populating the excited fine-
structure lines. We observe no absorption in the Si ii� line at
1533.43 Å, suggesting that the Si ii gas is interstellar. Since the
Fe ii line has the same velocity structure as the Si ii line, this
material is probably also interstellar. Even though the Zn ii line
possesses only one velocity component, its velocity is similar
to that of the Si ii and Fe ii components near the stellar velocity.
We observe no absorption in the H2 Lyman (5, 0) band or the

CO A-X (1, 0) band toward this star. The 3 � upper limits on
the H2 line-of-sight column densities in the J ¼ 0 and J ¼ 1
rotational levels are measured, from the P(1) and R(0) tran-
sitions at 1036.54 and 1038.16 Å, to be NðJ ¼ 0Þ � 1015 cm�2

and NðJ ¼ 1Þ � 3:7� 1015 cm�2, using wavelengths and
oscillator strengths from Abgrall et al. (1993). The 3 � upper
limits on the CO line-of-sight column densities in the J ¼ 1
and J ¼ 2 rotational levels are measured, from the R(0) and
R(1) transitions at 1544.45 and 1544.39.73 Å, to be
NðJ ¼ 1Þ � 1:2� 1013 cm�2 and NðJ ¼ 2Þ � 2:4� 1013 cm�2

using wavelengths and oscillator strengths from Morton &
Noreau (1994). Similarly, we observe no absorption in C ii

k1036.3 and O i k1039.2 and no circumstellar absorption in
Zn ii k2026.1, a tracer for atomic hydrogen in the interstellar
medium (ISM) (York & Jura 1982). The 3 � upper limits
on these column densities are NðC iiÞ � 1:4� 1014 cm�2,
NðO iÞ � 2:8� 1015 cm�2, and NðZn iiÞ � 2:6� 1012 cm�2

and are estimated using oscillator strengths from Morton
(1991). We calculate equivalent width upper limits assuming
circumstellar line widths of 5.5 km s�1 for the STIS data. We
calculate equivalent width upper limits assuming circumstellar
line widths of two resolution elements, after binning the data to
a resolution of 0.05 Å or �29 km s�1 for the FUSE data. In-
terstellar gas properties are summarized in Table 2.

3. DISK VERTICAL STRUCTURE

Circumstellar gas in the low-density environments around
Vega-type stars is primarily heated via photoelectrons ejected
from dust grains by stellar UV photons and primarily cooled by
radiation from the [C ii] fine-structure line at 157.5�m (Kamp&
van Zadelhoff 2001). HR 4796A possesses an M-type com-
panion, located 7B7 away from the star. The companion has a
ROSAT 0.1–2.4 keV luminosity LX ¼ 1:5� 1029 ergs s�1

(Jura et al. 1998), which corresponds to an X-ray flux of
FX � 2� 10�4 ergs s�1 cm�2 at the position of HR 4796A. We
estimate the photoelectric and X-ray heating rates for the gas
around HR 4796A to determine whether X-ray heating plays
an important role in this circumstellar environment.
The photoelectric heating rate for micron-sized silicate

grains, like the ones found around HR 4796A (Augereau et al.
1999; Li & Lunine 2003), is

�pe ¼ 2:5� 10�4���nH ð1Þ

(Kamp & van Zadelhoff 2001), where nH is the number den-
sity of hydrogen, � is the grain cross section per hydrogen

TABLE 1

HR 4796A Properties

Quantity Adopted Value Reference

Primary spectral type .................................. A0 V 1

Distance (pc)............................................... 67.1 	 3.4 2

Effective temperature, TeA (K) ................... 10,000 	 500

Stellar radius, R� (R
) ................................ 1.7 2

Stellar luminosity, L� (L
).......................... 21 2

Stellar mass, M� (M
) ................................ 2.4

Rotational velocity, v sin i (km s�1) ........... 152 	 8 3

Fractional dust luminosity, LIR=L� ............. 5 � 10�3 2

Estimated age (Myr) ................................... 8 	 2 4

Grain temperature (K)................................. 110 2

Dust distance, R0 (AU)............................... 70 	 1 5

Dust mass, Mdust (M�)................................ � 0.25 6

References.—(1) HoEeit & Warren 1991; (2) Jura et al. 1998; (3) Royer
et al. 2002; (4) Stauffer et al. 1995; (5) Schneider et al. 1999; (6) Greaves et al.
2000.
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Fig. 1.—Interstellar Si ii k1526.71, Fe ii k1608.45, and Zn ii k2026.14 lines obtained with STIS. The vertical lines indicate the wavelengths of the Si ii, Fe ii, and
Zn ii lines at the star’s velocity.

TABLE 2

Interstellar Gas Properties

Species

Wavelength

(Å)

Ground State Energy

(cm�1)

Wk

(mÅ)

N

(cm�2)

v
(km s�1)

Si ii ............ 1526.14 0.00 65 � 2.4 � 1013 �5.0

1526.14 0.00 20 � 7.4 � 1012 �14.4

Fe ii ........... 1608.45 0.00 14 � 9.9 � 1012 �5.5

1608.45 0.00 15 � 1.1 � 1013 �14.6

Zn ii ........... 2026.14 0.00 7 � 3.8 � 1011 �6.0



nucleus, � is the photoelectric efficiency, and � is the 912–
1110 Å photon flux measured in units of the Habing field
(FH ¼ 1:2� 107 cm�2 s�1). At a distance of 70 AU from HR
4796A, we estimate � ¼ 460 from our FUSE spectra, roughly
consistent with a Kurucz stellar atmosphere with TeA ¼
10; 000 K, log g ¼ 4:0, and solar metallicity (Fajardo-Acosta,
Telesco, & Knacke 1998). For large silicate grains, the dust
UV cross section � ¼ 2:34� 10�21=� cm2 H atom�1, where �
is the gas-to-dust ratio and � ¼ 0:06 for low temperatures. If
the gas-to-dust ratio is 4 [� ¼ 5:85� 10�22 cm2 (H atom�1)],
� ¼ 0:06, and � ¼ 460, then the photoelectric heating rate is
�pe ¼ 4:0� 10�24nH ergs cm�3 s�1.

The X-ray heating rate for a cold neutral gas is

�X ¼ fh�XFXnH; ð2Þ

where fh (�0.3) is the fraction of the absorbed X-ray energy
that heats the gas, �X is the X-ray cross section due to all atoms
per hydrogen nucleus, and FX is the X-ray flux. If the bulk of
the X-ray energy is carried by 0.5 keV photons, then the cross
section �X ¼ 1:65� 10�21 cm2 (Maloney, Hollenbach, &
Tielens 1996). If FX � 2� 10�4 ergs s�1 and �X ¼ 1:65�
10�21 cm2, then �X � 9:9� 10�26nH ergs cm�3 s�1, sug-
gesting that X-ray heating is not significant in the optically
thin regime. X-ray heating in more gaseous circumstellar disks
is even less important, because the disk becomes optically
thick to the X-ray radiation.

Kamp & van Zadelhoff (2001) have derived an analytic
approximation for the gas temperature assuming that the gas is
heated by photoelectrons ejected by dust grains and is cooled
via [C ii] line emission at 157.7 �m. In this case, the gas
temperature is given by

Tgas ¼
91:98 K

log 2 �CA10h�10=2:5� 10�4���� 1ð Þ½ � ; ð3Þ

where �C is the carbon abundance, and A10 and h�10 are the
Einstein A-coefficient and energy carried by the photon in the
C ii transition. For the 157.7 �m [C ii] line, A10 ¼ 2:4�
10�6 s�1 and h�10 ¼ 1:27� 10�14 ergs. If the circumstellar
environment around HR 4796A possesses a solar carbon
abundance, then �C ¼ 4:6� 10�4 and the gas temperature
Tgas ¼ 65 K. If the carbon abundance is interstellar, �C ¼
1:4� 10�4, then the cooling via carbon emission will be less
efficient and the circumstellar gas will be hotter. In Figure 2,
we plot the gas temperature as a function of the circumstellar
gas mass (or gas-to-dust ratio) as inferred from equation (3).
For HR 4796A, this approximation only holds for the outer
portions of the disk. For example, O i is an important coolant
at the inner edge of the disk midplane. In addition, this ap-
proximation breaks down for HR 4796A models with a gas-
to-dust ratio larger than a few. In higher gas-to-dust ratio
models, the implied gas densities are large enough to allow
CO to become self-shielding, unlike the circumstellar disk
models around Vega, because the HR 4796A circumstellar
disk is more compact. In these cases, the cooling also becomes
more complicated.
We assume that the circumstellar gas is in hydrostatic

equilibrium. In this model, the gas number density, n, can be
written as a function of the height above the disk midplane, z,

nðzÞ ¼ n0e
� 1=2ð Þ z=Hð Þ2 ; where

H

R
¼ kTgasR

�GM�

� �1=2

; ð4Þ

H is the disk thickness parameter, R is the distance to the star,
M� is the stellar mass, and � is the mean molecular weight of
the gas. If the gas is primarily H2 with ½He�=½H2� ¼ 0:2, then
� ¼ 3:9� 10�24 g. If the gas is primarily H i with
½He�=½H2� ¼ 0:1, then � ¼ 2:2� 10�24 g. Since HR 4796A is
not viewed edge-on, successful detection of circumstellar gas
(or the establishment of meaningful gas mass upper limits) via
absorption line studies requires that the disk thickness pa-
rameter, H � R sin i. Smaller thickness parameters lead to less
puffed-up disks that provide fewer gas atoms and molecules
along the line of sight. The inclination and the radius of the
HR 4796A disk have been measured to be �17� from edge-on
and 70 AU, respectively (Schneider et al. 1999), suggesting
that a disk thickness parameter of �10 AU is necessary. If the
gas is molecular, M� ¼ 2:4 M
, and Tgas ¼ 65 K, then the
thickness parameter H ¼ 6:1 AU at R ¼ 70 AU and our
line of sight intercepts the gas at 3.4H above the disk. If the
gas is atomic, then the thickness parameter H ¼ 8:1 AU at
R ¼ 70 AU and our line of sight intercepts the gas at 2.5H
above the disk.

4. GAS MASS ESTIMATES

We estimate the gas mass upper limits from our line-of-
sight column density upper limits for molecular and atomic
gases assuming that the gas species are well-mixed and in
hydrostatic equilibrium (i.e., if the gas is molecular, we as-
sume a disk thickness parameter H ¼ 6:1 AU for both CO and
H2, despite the fact that CO molecules are more massive than
H2 molecules. If the gas is atomic, we assume a disk thickness
parameter H ¼ 8:1 AU for C ii, O i, and Zn ii). To estimate the
circumstellar gas mass from the column density upper limits,
we must assume a particular gas mass surface density, �. For
simplicity, we assume that the gas and dust have the same
radial distribution. If the dust and gas are not cospatial, then

Fig. 2.—Gas temperature, estimated from eq. (3), plotted as a function of
the gas-to-dust ratio or gas mass (dotted line). The circumstellar gas mass
upper limit inferred from the Zn ii line at 2026.14 Å is plotted as a function of
gas temperature (solid line). In these simple models, the gas has a constant
temperature throughout the disk. Both relationships constrain the circumstellar
gas mass as a function of temperature.
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photoelectric heating will not effectively warm the gas and the
gas temperature will be significantly colder than 65 K:

�ðRÞ ¼ �0

d
R

R0

� ��2:5

; R < R1;

e�ðR�R0Þ2=�R2
0 ; R1 � R � R0;

R

R0

� ��2:5

; R > R0 ð5Þ

8>>>>>><
>>>>>>:

(Klahr & Lin 2001), where R0 ¼ 70 AU is the peak of the dust
distribution, �R0 ¼ 10 AU, and d ¼ 0:9 (which corresponds to
R1 ¼ 68:1 AU). We can write an expression for the gas den-
sity from equations (4) and (5):

nðr; zÞ ¼ �ðrÞffiffiffiffiffiffi
2�

p
HðrÞ

e� 1=2ð Þ z=H rð Þ½ �2 : ð6Þ

We estimate the column density by integrating the mass
density in equation (6) along the line-of-sight. If the line of
sight is at inclination i from the disk midplane, then the esti-
mated column density, N, is

N ¼ 1

ms cos i
ffiffiffiffiffiffi
2�

p
Z Rout

Rin

�ðRÞ
HðRÞ e

� sin2ið ÞR2=2 HðRÞ½ �2 dR; ð7Þ

where ms is the mass of the species of interest, i ¼ 17�,
Tgas ¼ 65 K, M� ¼ 2:4 M
, Rin ¼ 60 AU, and Rout ¼ 80 AU.

If we set the estimated column density to be less than or
equal to the observed column density upper limit, we can
establish an upper limit for �0. Once �0 is known, estimating
the circumstellar gas mass upper limit only requires inte-
grating the mass surface density. For molecular gas around
HR 4796A, the gas mass in species s can be written as

Mgas � 2:9� 10�4 N

1015 cm�2

� �
ms

�

� �
M�; ð8Þ

where N is the measured column density. The J ¼ 0 and
J ¼ 1 H2 column density upper limits listed in Table 3 suggest
H2 gas masses of �2:5� 10�4 and �9:1� 10�4 M�, re-
spectively. This result suggests that the HR 4796A circum-
stellar disk possesses very little molecular gas.

The nondetection of H2 around HR 4796A may not be
surprising because HR 4796A, an A0 V star, produces a high
UV photon flux that is capable of rapidly photodissociating
molecular gas. Therefore, we also searched for absorption due
to circumstellar O i, C ii, and Zn ii, a tracer for atomic hy-
drogen in the ISM (York & Jura 1982). We can estimate the

gas mass assuming that the bulk of the gas is predominately
atomic:

Mgas � 3:3� 10�5 N

1015 cm�2

� �
ms

�

� �
M�: ð9Þ

We list gas mass upper limits for each of the atomic species in
Table 3 using equation (9). We also infer atomic hydrogen
disk mass upper limits assuming that the composition of the
circumstellar gas is approximately solar;

MH � 1:4� 10�8 1

�s

N

1012 cm�2

� �
M�; ð10Þ

where �s is the abundance of the species of interest. For
�O ¼ 8:1� 10�4, �C ¼ 4:6� 10�4, and �Zn ¼ 3:8� 10�8

(Gray 1992), we find MH � 1:0 M�. Since submillimeter
continuum measurements estimate �0.25 M� of dust around
HR 4796A (Greaves et al. 2000), our hydrogen gas mass
upper limit corresponds to a gas-to-dust mass ratio of �4.0.

If circumstellar gas is in hydrostatic equilibrium, then any
gas mass estimates are dependent on the inferred gas tem-
perature. The density depends on the exponential of �(1/H )2;
therefore, small changes in the disk thickness parameter can
lead to dramatic changes in the inferred gas mass. We plot the
inferred H i mass from our Zn ii column density upper limit as
a function of gas temperature in Figure 3. For example,
changing the gas temperature from 65 to 28 K corresponds to
changing the disk thickness parameter from 8.1 to 5.3 AU and
the inferred H i mass from �1.0 to 40 M�. This corresponds
to a gas-to-dust ratio �160, approximately the interstellar
gas-to-dust ratio.

5. THE GAS TEMPERATURE AND DISK CHEMISTRY

Kamp & van Zadelhoff (2001) have produced detailed nu-
merical models of circumstellar gas heating and cooling
around main-sequence A-type stars to calculate the gas tem-
perature and chemistry. Given a prescribed gas and dust den-
sity distribution, these models solve the chemistry and energy
balance of the gas self-consistently on a two-dimensional
grid. The computation proceeds along a number of rays
originating at the star’s position under various angles. Typi-
cally, 500 radial grid points and 30 angles covering about 3
scale heights are considered. The heating in low-density disks,
like the one found around HR 4796A, is dominated by pho-
toelectrons ejected from circumstellar dust grains by stellar
UV photons. Kamp & van Zadelhoff (2001) use ATLAS9
models to estimate stellar photospheres and assume that cir-
cumstellar dust grains are large silicate grains with radius

TABLE 3

Circumstellar Gas Upper Limits

Species

Wavelength

(Å)

Ground State Energy

(cm�1)

Wk

(mÅ)

N

(cm�2)

Mgas

(M�)

MH

(M�) Gas-to-Dust Ratio

C ii.................. 1036.33 0.00 � 160 � 1.4 � 1014 � 2.4 � 10�5 � 4.5 � 10�3 � 0.018

O i .................. 1039.23 0.00 � 250 � 2.8 � 1015 � 6.4 � 10�4 � 0.051 � 0.20

Zn ii ................ 2026.14 0.00 � 5 � 2.6 � 1012 � 2.4 � 10�6 � 1.0 � 4.0

H2 (J ¼ 0)...... 1036.54 0.00 � 260 � 1.0 � 1015 � 2.5 � 10�4 � 2.5 � 10�4 � 1.0 � 10�3

H2 (J ¼ 1)...... 1038.16 118.16 � 300 � 3.7 � 1015 � 9.1 � 10�4 � 9.1 � 10�4 � 3.6 � 10�3

CO (J ¼ 1)..... 1544.45 3.85 � 4 � 1.2 � 1013 � 4.1 � 10�5 N/A N/A

CO (J ¼ 2)..... 1544.39 11.58 � 4 � 2.4 � 1013 � 8.3 � 10�8 N/A N/A
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a ¼ 3 �m and density 	 ¼ 3:0 g cm�3. They assume a dust
UV extinction cross section �UV ¼ 2:34� 10�21=� cm2

(H atom)�1 and a fixed fraction of vibrationally excited H2,
fH�

2
¼ 1:0� 10�5.
We have improved the Kamp & van Zadelhoff (2001)

models by making the following changes: (1) including
cosmic-ray reactions, (2) decreasing the temperature for the
CO freeze-out to �20 K, (3) including an escape probability
formalism for line photons (Tielens & Hollenbach 1985,
hereafter TH85), and (4) calculating the statistical equilibrium
for C ii following the approach used for O i and CO by Kamp &
van Zadelhoff (2001). Cosmic-ray reactions are added to make
the code more general. This change does not affect the result

described here because the chemistry around main-sequence
A-type stars is driven by stellar photons. The escape proba-
bility formalism is necessary because the main cooling lines,
such as [O i] and CO, become optically thick for disks with
gas-to-dust ratios of 10 and 100. The escape probability of a
line photon, �, is conservatively estimated from the line optical
depth toward the star at each grid point. Since the optical depth
perpendicular to the disk is much lower than the optical depth
in the disk midplane, our estimates yield reasonable lower
limits for the line cooling and therefore reasonable upper limits
for the gas temperature. We also include a model that does not
contain the one-dimensional escape probability approximation,
to estimate the possible error arising from this approach.

Fig. 3.—(a–c) Gas temperature structure in a slice perpendicular to the disk for models with gas-to-dust ratios of 2, 10, and 100, calculated using the one-
dimensional escape probability formalism discussed in the text, and (d ) the temperature structure for a model with a gas-to-dust ratio of 100 calculated using
� ¼ 1:0.

CHEN & KAMP990 Vol. 602



We have modeled the circumstellar gas around HR 4796A
using the model described above with a gas density distribution

nðrÞ ¼ ni
R

Ri

� ��2:5

e� 1=2ð Þ z=Hð Þ2 ; ð11Þ

where Ri is the inner disk radius and ni is the gas density at Ri.
We assume that the density distribution is fixed a priori with
a disk thickness parameter H / R and H=R ¼ 0:12. For
HR 4796A, we further assume Ri ¼ 60 AU and an outer disk
radius Ro ¼ 80 AU. The disk thickness parameter H ¼ 8:4 at
70 AU is approximately consistent with our estimate for an
atomic gas scale height, H ¼ 8:1 AU (see x 4). We fix the dust
mass Mdust ¼ 0:25 M� and calculate the gas chemistry and
temperature distribution assuming gas-to-dust ratios of 2, 10,
and 100. An additional gas-to-dust ratio = 100 model is cal-
culated assuming a constant escape probability, � ¼ 1. The
model parameters are summarized in Table 4.

The calculated temperature structures for the HR 4796A
circumstellar disk models are shown in Figure 3. Deep inside
the disk, [O i] and [C ii] cooling balance photoelectric heating
and heating by H2 formation. With increasing gas mass, fine-
structure line cooling becomes more efficient while photo-
electric heating remains constant. The photoelectric heating
rate does not change because the dust mass is fixed in all of
the models. Thus, more massive disk models possess signifi-
cantly cooler top layers. Since the one-dimensional escape
probability is only a crude approximation to the actual escape
probability, we also model the HR 4796A disk with � ¼ 1 for
a gas-to-dust ratio of 100 (in which the [O i] 63 �m line has an
optical depth of �10 at 80 AU). In addition to escape along
the line of sight to the star, line radiation can also escape
perpendicular to the disk and through the outer radius.
Therefore, models that include the one-dimensional escape
probability approximation yield an upper limit to the disk
midplane gas temperature, while models with � ¼ 1 yield a
lower limit. The gas temperatures estimated with and without
the one-dimensional escape probability approximation differ
by less than a factor of 2 or by less than 30% in the disk
thickness parameter.

In Table 5, we list the predicted gas temperatures averaged
over 1 scale height at 70 AU and the predicted H i, H2, Zn ii,
C ii, and CO gas column densities assuming a line of sight
inclined 17

�
from the disk midplane. The column densities

estimated from these detailed heating and cooling models
suggest that the measured column densities are not con-
straining and that the gas-to-dust ratio = 100 model is
allowed for all species, except for C ii. The measured C ii

column density, NðC iiÞ ¼ 1:4� 10
14 cm�2, is most consis-

tent with the Mgas ¼ 0:5 M� model calculated using the one-
dimensional escape probability approximation, which predicts
NðC iiÞ ¼ 1:5� 10

14 cm�2. This result is consistent with the
simple analytical estimate for the gas mass, Mgas � 1:0 M�.

6. DISCUSSION

In general, the simple analytic model and the detailed
chemical model estimate similar temperatures and gas masses
for the circumstellar disk around HR 4796A. The discrepancy
between the predicted Zn ii column densities from the simple
analytical model and the detailed chemical model may be due
to (1) the lack of detailed structure in the simple model and
(2) the different surface density distributions used. In the
simple model, the entire disk is assumed to be either atomic or
molecular even though the disk possesses a more complicated
chemical structure. For the low gas-to-dust ratio case, the
upper regions of the disk are predominantly atomic, while the
midplane consists of cooler molecular material. The line of
sight intercepts the upper layer of atomic hydrogen but few
molecules of cooler H2. The surface density distribution, �, in
the simple analytic model peaks at 70 AU; however, the
surface density distribution in the detailed chemical model
peaks at the inner edge of the disk, where the disk thickness
parameter is smaller. Scattered light imaging of the HR 4796A
disk suggests that the dust distribution peaks at 70 AU.

The circumstellar disk around HR 4796 probably possesses
�1.0 M� of H i, which corresponds to a gas-to-dust ratio
�4.0, although a gas-to-dust ratio of 100 cannot be defini-
tively ruled out. The atmosphere of a giant planet contains
approximately 275 M� of H2 (Tholen, Tejfel, & Cox 2000).
This is substantially more than either the � 1.0 M� circum-
stellar gas we infer to exist around HR 4796A or even the

TABLE 5

Model-predicted Gas Temperatures and Column Densities

Model

Averaged Tgas (70 AU)

(K)

Predicted NH

(cm�2)

Predicted NH2

(cm�2)

Predicted NZn ii

(cm�2)

Predicted NC ii

(cm�2)

Predicted NCO

(cm�2)

1................. 61 1.1 � 1018 2.3 � 1013 4.2 � 1010 1.5 � 1014 4.2 � 106

2................. 45 5.3 � 1018 8.4 � 1013 2.0 � 1011 7.5 � 1014 1.1 � 108

3................. 52 5.3 � 1019 1.0 � 1015 2.0 � 1012 7.3 � 1015 9.9 � 109

4................. 22 . . . . . . . . . . . . . . .

TABLE 4

HR 4796A Model Parameters

Model

Mgas

(M�) Gas-to-Dust Ratio

�

[cm2 (H atom)�1] Escape Approach

1............... 0.5 2 1.17 � 10�21 TH85

2............... 2.5 10 2.34 � 10�22 TH85

3............... 25.0 100 2.34 � 10�23 TH85

4............... 25.0 100 2.34 � 10�23 � = 1
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�5:0 M� gas that would exist if the gas-to-dust ratio were
interstellar. Therefore, there is currently not enough circum-
stellar gas around HR 4796A to form the atmosphere of a
Jovian planet. If Jupiters exist around HR 4796A, they must
have formed within �8 Myr, significantly less time than is
required by multistage accumulation (10–100 Myr).

7. CONCLUSIONS

We have obtained UV spectra (in 905–1187 Å, 1425–
1620 Å, and 1880–2155 Å) of the nearby, debris disk object
HR 4796A using FUSE and STIS on HST. We argue the
following:

1. The X-ray flux from the M dwarf companion HR 4796B
does not significantly heat circumstellar gas around HR 4796A.
The estimated X-ray heating rate is at least �40 times smaller
than the estimated photoelectric heating rate.

2. Circumstellar gas around HR 4796A may be warmed to
a temperature Tgas � 65 K by photoelectric heating if the gas-
to-dust ratio is 4, suggesting a molecular gas disk thickness
parameter H ¼ 6:1 AU and an atomic gas disk thickness
parameter H ¼ 8:1 AU at 70 AU from the star. This is
approximately consistent with detailed heating and cooling
models, which suggest a maximum gas temperature, Tgas, of
61 K, for a gas-to-dust ratio of 2, assuming a one-dimensional
approximation for the escape probability of line photons.

3. The circumstellar disk around HR 4796A possesses very
little H2. We estimate that �1:1� 10�3 M� of H2 exists

around HR 4796A, assuming that gas is in hydrostatic equi-
librium, is well mixed, and has a temperature Tgas ¼ 65 K.
4. We estimate that �1.0 M� of atomic hydrogen exists

around HR 4796A. This corresponds to a gas-to-dust mass ratio
�4:0, assuming that gas is in hydrostatic equilibrium, is well-
mixed, and has a temperature Tgas ¼ 65 K.
5. Measurements of C ii column density may provide the

strongest constraint on the gas mass in the HR 4796A cir-
cumstellar disk. While the measured H2, CO, and Zn ii column
densities are consistent with the column densities predicted for
the gas-to-dust ratio = 100 model, the measured C ii column
density NðC iiÞ ¼ 1:4� 10

14 cm�2 is most consistent with the
gas-to-dust ratio = 2 model.
6. The circumstellar disk around HR 4796A is too gas-

depleted to support the formation of giant planets. Any Jovian
planets in this system must have formed on a timescale �8Myr.
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