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ABSTRACT

This work is a detailed study of extrasolar giant planet (EGP) atmospheres
and spectra. Models representative of the full range of systems known today
are included. from the extreme close-in EGPs to Jovian-like planets at large
orbital radii. Using a self-consistent planar atmosphere code along with the latest
atomic and molecular cross sections. cloud models. Mie theory treatment of grain
scattering and absorption. and incident stellar fluxes. [ produce an extensive set of

theoretical EGP atmosphere models and emergent spectra.

The emergent spectra of EGPs strongly depend upon their outer atmospheric
chemical compositions, which in turn depend upon the run of temperature and
pressure with atmospheric depth. Because of qualitative similarities in the
compositions and spectra of objects within several broad temperature ranges.
EGPs fall naturally into five groups, or composition classes. Such a classification
scheme. however preliminary, brings a degree of order to the rich variety of EGP

svstems known to exist today.

Generic models that represent the EGP classes, as well as a set of specific
models for a number of important systems that have been detected. are provided.
Furthermore, the effects on emergent EGP spectra of varving kev parameters
such as surface gravity. cloud particle sizes, orbital distance, etc. are modeled. A
discussion of current and future ground-based and space-based missions to detect
and characterize EGPs in light of theoretical spectral models is included to facilitate

an understanding of which systems are most likely to be studied successfully.
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1 EXTRASOLAR PLANETS: A NEw FIELD IN ASTRONOMY AND

PLANETARY SCIENCES

Since the first detection of an extrasolar giant planet (EGP) by radial velocity
measurements in 1995 (51 Pegasi b; Mavor & Queloz 1995). a great variety of
EGPs has been revealed. To date. there are roughly 100 known planets orbiting

nearby stars. and many hundreds more are expected within the next decade.

While it is not often that a new subfield of astronomy and planetary sciences
is undertaken with such intensity. as has been the case these past few vears. the
existence of planets in orbit about other stars should not come as a great surprise.
There has never been a good physical reason for believing that planets exist only
around our main sequence star. with the countless others standing barren of such
bodies. But what did come as a great surprise was the proximity of the gas giant.
51 Peg b. to its main sequence star. At 0.05 AU. it is 100 times closer to its star
than Jupiter is to the Sun. Our familiar notion of the gas giants at large orbital
distances and terrestrial planets at small distances has forever been shattered by
531 Peg b and its kin. The radial velocity method clearly favors the detection of
massive objects at small orbital distances, but this fact does not make the discovery

of 51 Peg b any less astonishing.

To date, detections of EGPs have been via Doppler spectroscopy of their
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central stars. Because such detections do not reveal the inclination of the planet’s
orbit. only the minimum or projected mass (Msini) can be inferred. Currently.
the range of known Msini ranges from less than half a Saturn mass to over 10
Jupiter masses. Some of the more massive objects may turn out to be mass brown
dwarfs or even M-dwarfs in nearly face-on orbits, but a firm collection of EGPs
is now in hand. One object. HD 209458b. actually transits its primary. revealing
its edge-on orbit and. hence. its mass of 0.69M . However. with the majority of
EGPs, we are not so fortunate. and accurate astrometric measurements will need
to be made to obtain orbital inclinations. What is noteworthy is the fact that the
majority of close-in EGPs have a projected mass under 1My, even though the more
massive objects are more likely to be detected by this method. The more massive
objects detected tend to be found at larger distances. many bevond 1 AU. The
absence of massive close-in objects is a subject that many dynamicists are trving
to understand. It seems that the very existence of close-in EGPs is a consequence

of planet-disk interaction and migration, not in situ formation.

The mass of an EGP is just one parameter. Just as important to its general
structure and even more important in determining the character of its outer
atmosphere is the orbital distance of an EGP from its primary. To date. EGP
semimajor axes cover the range. 0.038 AU to ~ 5.5 AU. a range that is expected to
expand outward as detection techniques and instrumentation continue to improve.
Orbital eccentricities are near zero for close-in objects, as expected due to the tidal
dissipation of their orbits. But for EGPs at larger orbital distances, eccentricities
are spread from ~ 0.03 to 0.9. The most eccentric EGP. HD 80606b. has an

eccentricity of 0.927!

The central stars around which planets have been found range from main
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sequence spectral types F7 to K2. which is in part a function of the target lists
of the radial-velocity searches. The stellar metallicities vary significantly as well.
with [Fe/H] ranging from ~ -0.6 to +0.4; the majority are above solar metallicity

([Fe/H] = 0).

The modeling of EGP atmospheres is important for at least two major reasons.
From the theorist’s perspective. a physical understanding of EGPs is itself a
worthy endeavor. Since the emergent spectra of EGPs are determined largely
by the outer atmospheres of these objects. when the colors and. ultimately. the
spectra of EGPs are measured. theoretical atmospheres will be essential in the
interpretation of the data. and, hence. to our knowledge of the physical nature of
EGPs. From an observer’s perspective—and this is the more pressing of the two
perspectives—theoretical spectral models are important to EGP spectral searches
and imaging. Observers need to know which regions of the spectrum provide the
greatest chance for detection, while avoiding those regions in which attempts are
likely to be futile. So even at this very early stage. observation and theory are

working together.

A host of exciting ground-based and space-based missions for the detection.
characterization, and imaging of EGPs are well underway or under serious
consideration, many of which I will review in Chapter 9. Ground-based
interferometric endeavors include astrometry with the Very Large Telescope
Interferometer (VLTI: Paresce 2001), astrometry and differential phase methods
with the Keck Interferometer (van Belle & Vasisht 1998; Akeson & Swain 2000),
and nulling interferometry with the Large Binocular Telescope Interferometer
(LBTT: Hinz 2001). Ground-based differential direct imaging with ARIES on the
MMT (Freed et al. 2002) and with TRIDENT (Marois 2002) will attempt to
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“subtract out” starlight by differencing images in two or more narrow bands in
which only the planetary spectrum is expected to differ substantially. Such imaging
techniques may work well in conjunction with adaptive optics systems on large

ground-based telescopes.

Masses of new EGPs will be revealed when new transits are detected by the
many ground-based programs in operation. such as STARE (Brown & Charbonneau
1999), OGLE (Udalski et al. 2002). TEMPEST (Baliber & Cochran 2001). and
many others. Space-based instruments. such as Kepler (Koch et al. 1998), MOST
(Matthews et al. 2001). COROT (Antonello & Ruiz), and MONS (Christensen-
Dalsgaard 2000) will be able to detect transits with very high photometric precision.
Additionally, such sensitive instruments should be able to discern reflected light
from EGPs that do not transit their primaries, depending upon the details of
the planetary phase functions. The eventual microarcsecond astrometry of the
Space Interferometry Mission (SIM; Unwin & Shao 2000) could reveal the orbital
inclinations and. hence, the masses of virtually all known EGPs within the next
decade. Perhaps of even greater import are space-based coronagraphic imaging
missions, which may include Eclipse (Trauger et al. 2000; Trauger et al. 2001). the
Jovian Planet Finder (JPF; Clampin et al. 2001), the Extra-Solar Planet Imager
(ESPI; Melnick et al. 2001), ECLIPSE. and NIRcam on the Next Generation Space
Telescope (NGST: Rieke et al. 2002). Such advanced instruments are specifically
designed for high-contrast imaging and/or spectrophotometry of EGPs. These
missions should provide fundamental EGP atmospheric data. which in combination

with theoretical models is certain to forward our understanding of these systems.
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1.1.  Atmospheres of EGPs

Despite the different formation scenarios of brown dwarfs and EGPs. their
atmospheres share many attributes. Both are composed primarily of molecular
hyvdrogen and helium gas. with a mix of heavier elements. mostly in molecular form.
Furthermore. their atmospheric temperatures and densities can be comparable.
despite notable differences in their temperature-pressure (T-P) profiles. and both
EGPs and brown dwarfs are mostly convective. with an outer atmospheric radiative
zone. Condensates, from silicates and iron grains to water clouds are expected to

exist in a large subset of EGPs and brown dwarfs.

While there are many similarities with brown dwarfs, external stellar
irradiation can have an overwhelming influence on EGP atmospheres. particularly
for the very close-in objects. while most brown dwarfs (including those in binary
systems) experience little or no external radiation. At the very least, the heating of
an EGP atmosphere by such irradiation alters its equilibrium chemical composition
and. hence, its emergent spectrum. Furthermore, the spectrum of an EGP will
differ from that of a brown dwarf due to the reflection of starlight by condensates
in its outer atmosphere and/or due to Rayleigh scattering, phenomenona largely
responsible for the visible and near-infrared spectra of the giant (and other) planets
of our Solar System. While one cannot cleanly split the emergent spectrum of an
EGP into reflected light and emitted light, due to multiple scattering, absorption
and re-emission. the vast majority of the flux in the visible region for an EGP of
moderate to large orbital distance is reflected star light. EGPs just are not hot

enough to emit large thermal fluxes in this region of the spectrum.

Early investigations of EGP atmospheres and spectra neglected thermal

emission and concentrated on albedo and reflection spectra for a range of EGP
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compositions. using planar radiative transfer codes. Marley et al. (1999) used
T-P profiles of isolated brown dwarfs, while Sudarsky et al. (2000) used both
isolated and more nearly isothermal profiles to bracket the effects of compositional
differences on the albedo and reflection spectra of EGPs. Albedo and reflection
models provide useful spectral information for the full range of EGPs. although

they are most accurate for objects at moderate to large orbital distances.

The move toward fully self-consistent atmosphere models of close-in EGPs
was begun by Seager & Sasselov (1999) and Goukenleuque et al. (2000) using
modified planar stellar atmosphere codes. With incoming fluxes at both boundaries
(the outer due to the central star and the inner due to the internal luminosity
of the EGP). the T-P profile is adjusted iteratively until the net flux at every
depth zone is the same (or nearly so). Relative to a brown dwarf atmosphere
of similar temperature, the resulting profile is more isothermal due to outer
atmospheric heating by the incident stellar flux. Seager & Sasselov explored the
differences between cloud-free and dusty atmospheres and used basic equilibrium
gas abundances without the alkali metals. A similar approach was taken by
Goukenleque et al. . except that their deep silicate cloud layer acted as a reflecting
layer at the lower boundary; radiative processes within and below the cloud were

not considered.

Additional self-consistent modeling of EGPs was completed by Seager.
Whitney, and Sasselov (2000; hereafter SWS) and Barman, Hauschildt, and Allard
(2001: hereafter BHA). SWS used a planar atmosphere code to model close-in
EGPs, as in their previous work. but they also produced theoretical optical
photometric light curves and polarization curves using phase functions from their

separate 3-D Monte Carlo calculations. The effects of various condensates and
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particle sizes on the variability were investigated. BHA used a planar atmosphere
code to model a range of EGP orbital distances from generic close-in objects to
those at 1 AU. Both cloud-free and dusty atmospheric compositions were explored.
Both groups assumed condensate layers with infinite scale heights (i.e. extending
vertically to the lowest pressures of their models). Such models provide upper
limits to the effects of condensates on the emergent spectra of EGPs. and along

with the cloud-free models, they likely bracket the actual emergent spectra.

Unlike many stars. the temperatures in the outer atmospheres of EGPs and
brown dwarfs generally are not high enough to ionize atoms or molecules thermally.
However, the ultraviolet irradiation of EGPs by their central stars can excite or
ionize atomic and molecular species directly from their ground states. Of particular
importance in EGP atmospheres are the alkali metals. sodium and potassium.
which are abundant in close-in EGPs. In brown dwarfs. the presence of these atoms
in neutral form results in very strong resonance line absorption responsible for
much of the character of the visible emergent spectra (Burrows et al. 2000: Burrows
et al. 2002; Tsuji et al. 1999). Such absorption is also expected in hot EGPs. where
the abundances of sodium and potassium are also quite substantial, although the
degree of absorption could be reduced slightly due to the ionization of these atoms

in the outermost atmosphere, since their ionization potentials are so low.

Unlike brown dwarfs, whose temperatures are not expected to vary significantly
as a function of latitude or longitude, EGPs have a day side and a night side.
Hence. an EGP atmospheric T-P profile may be a strong function of the angle
from the substellar point, particularly for slow-rotating or close-in objects. This
dependence surely will be a function of the planet’s rotational period, although

a proper understanding would require a radiative-hvdrodynamic treatment, since
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winds will transport material from the higher-temperature day side to the night
side of the planet. While such complex meteorology is bevond the scope of the
present work. it is possible to compute the equilibrium temperature of the planet.
the temperature it would have in the absence of an intrinsic luminosity. based on a
few parameters: the stellar luminosity (L.). the Bond albedo of the planet (Ag).

and the orbital distance of the planet (a). The result is:

€q = 167oa?f

where o is the Stefan-Boltzmann constant and the factor f is equal to unity for

(1.1)

re-emission by the planet over its entire surface or equal to 0.5 for re-emission from
only the illuminated hemisphere. This factor may tend toward unity for a planet
that is rotating very quickly if the heat is redistributed well. For a slow rotator.
this factor might be closer to 0.5 since re-radiation from the day side would be
significantly greater than that from the night side. Note that for massive and/or
voung EGPs with sufficiently large orbital distances. Tog > Teq because of their

significant internal fluxes (where Togrefers to (F/a)'/* for an object in isolation).

1.2.  An In-Depth Study of EGP Systems

The present work is a detailed study of EGP atmospheres and spectra, including
individual models representative of the full range of systems known today. Using a
self-consistent planar atmosphere code (Hubeny & Lanz 1995) along with the latest
atomic and molecular cross sections. cloud models, Mie theory treatment of grain
scattering and absorption. and incident stellar fluxes (Kurucz 1994), I produce an

extensive set of theoretical EGP atmosphere models and emergent spectra.

The emergent spectra of EGPs strongly depend upon their outer atmospheric

chemical compositions, which in turn depend upon the run of temperature and
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pressure with atmospheric depth. Because of qualitative similarities in the
compositions and spectra of objects within several broad temperature ranges.
EGPs fall naturally into groups, or composition classes. a major conclusion of this
work. Such a classification scheme. however preliminary. brings a degree of order

to the rich variety of EGP systems known to exist today.

A “Jovian” class of EGPs (Class I) exists at low temperatures (g 150 K).
Such planets are characterized by tropospheric ammonia clouds and strong gaseous
methane absorption. Somewhat warmer Class II. or “water class™ EGPs are
affected by condensed H,O. as well as water and methane vapor. When the
outer atmosphere of an EGP is too hot for water to condense. radiation generally
penetrates more deeply. In these objects. designated Class III. “clear” or “gaseous,”
due to a lack of condensation in their outer atmospheres, ro-vibrational molecular
absorption is very strong. In those EGPs with exceedingly small orbital distance
and outer atmospheric temperatures in excess of ~ 900 K (Class IV'). strongly
pressure broadened resonance lines of sodium and potassium are expected to
dominate the visible spectrum, while molecular absorption in the infrared remains
strong. The very hot Class V EGPs orbit even closer to their primaries (~ 0.03
AU) than Class [V EGPs. These extremely close-in “roasters” are hot enough
and/or have a low enough surface gravity that silicate and/or iron clouds condense
high in the outer atmosphere and can have substantial effects on the emergent

spectrum.

[ begin in Chapter 2 with the basics of atmosphere modeling, including a
discussion of numerical techniques and constraints. In Chapter 3, [ review some
basic equilibrium chemistry and explore the compositions of EGPs and brown

dwarfs. discussing gas-phase species as well as condensates. [ also present a simple
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ionization model for close-in EGPs. Chapter 4 delves into the actual atomic and
gaseous opacities and their relevance in high-temperature and low-temperature
EGPs. In Chapter 3. a discussion of Mie theory and the opacities of condensates is
presented. Additionally. [ compare condensate opacities with those of the gas-phase

opacities in EGP atmospheres.

Chapter 6 begins my presentation of EGP model atmospheres and spectra.
In particular. this chapter defines and describes the five different classes of EGPs.
from the cold Class I Jovian-types to the hot “roasters™ with orbital periods of
only a few days. Chapter 7 is an extensive presentation of a number of prominent
EGP systems. Atmosphere models and emergent spectra are provided for every
such system. Planet-to-star flux ratios. of central importance to any campaign
aiming to detect EGPs directly, are provided for most of these systems as well.
As an important testbed for the theory of giant planet atmospheres. Jupiter
provides us with important constraints on composition, T-P structure. etc. So [
end this chapter with an in-depth discussion of Jupiter’s atmosphere and [ compare
models of Jupiter’s geometric albedo spectrum with that obtained observationally.
In Chapter 8. the effects on emergent EGP spectra of varying key parameters
such as surface gravity, cloud particle sizes. orbital distance. ionization depth.
etc. are modeled. I conclude with Chapter 9. a discussion of current and future
ground-based and space-based missions to detect and characterize EGPs. Where
appropriate, [ investigate the sensitivities of these instruments in the context of my
theoretical models in order gain an understanding of which systems are most likely

to be studied successfully.



2 NUMERICAL MODELING OF EXTRASOLAR GIANT PLANETS

(EGPs) AND BROWN DWARFS

Numerical atmosphere modeling entails the combination of a radiative transfer
technique with atmospheric structure and boundary constraints. Because the
atmospheric temperature-pressure structure is almost always strongly coupled

to the transfer of radiation. most methods converge on a self-consistent solution
through an iterative process. The minimum requirements for a converged model
include the satisfaction of hydrostatic equilibrium and a constant net flux of
radiation throughout the atmosphere (constant to within some very small traction.
such as 0.1%). Often. additional constraints must be met. such as a requirement
that the temperature at every pressure depth zone not vary by more than some

minuscule fraction from the previous iteration.

There is a rich history of stellar atmosphere modeling, and these same basic
techniques are used for brown dwarfs and EGPs. But unlike most stars. save the
latest M-dwarfs. the outer atmospheres of substellar objects commonly contain
condensed species. such as grains in relatively hot objects or water or ammonia
clouds in cool EGPs. The usual treatment of the scattering of radiation in
stellar atmospheres (by the Feautrier method and some other radiative transfer
techniques) assumes forward-backward scattering symmetry (and often simply

isotropic scattering), but condensates in brown dwarfs and EGPs typically
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scatter strongly in the forward direction. Relative to isotropic scattering, forward
scattering reduces the albedo of an atmosphere. because on average more scattering
events are required for a photon to emerge from the atmosphere before being
absorbed by some species. A strictly proper treatment of the transfer of radiation
in these objects must allow for such scattering asvmmetry. although a useful
approximation that allows one to maintain symmetric scattering numerically is
used by most researchers: the asymmetry in the scattering of radiation is accounted
for by reducing the actual scattering cross section by 1 — g, where g signifies the
averaged cosine of the scattering angle. In an optically thick medium. this so-called

“transport cross section” mimics the effects of asymmetric scattering.

Because the outer atmospheres of brown dwarfs and EGPs are thin compared
with the radii of these objects, [ use a planar geometry for modeling both isolated
and irradiated objects. A one-dimensional planar atmosphere code is the simplest
means for the self-consistent modeling of EGPs. and virtually every consistent EGP
atmosphere study to date has made use of such geometry. However. a 2-D or 3-D
spherical atmosphere code would be more appropriate simply because. in reality.
the incident radiation does not impinge evenly on the surface of an EGP. Unlike
an isolated brown dwarf, it is likely that the atmospheric temperature-pressure
structure of an EGP will vary substantially as a function of latitude and longitude.
While a planar code cannot account for such variation. an approximate means of
accounting for the different amounts of external flux received by a planet along its
surface is to take a suitable average. No such adjustment would be necessary if it
were a plane that was being irradiated. In that case, the total energy per second
received by the plane would simply be mR?F, where F is the incident flux and R
is the radius of the plane (or disk). If this same flux were received instead by a

hemisphere. the energy would be distributed unevenly over an area of 27 R2. In
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this case. the average energy received per unit area would be F/2, not F. When
using a planar code. one can account for this difference by weighting the incident
flux by a factor of 1/2. Finally, if we want the average energy per second per unit
area received by the full sphere (i.e. giving equal weighting to the night side of the
planet). the adjustment is F/4. Such “redistribution” over the full sphere may be
appropriate for a very fast rotator. Unless stated otherwise. in this work I choose
to redistribute the incident energy over the front hemisphere of the planet only.
However, some researches have chosen to redistribute over the full sphere. while
others have chosen not to redistribute at all. I will point out these differences when

comparing my models with others’ results.

2.1. Feautrier Method

The Feautrier method (Mihalas 1978) is perhaps the most common approach to
radiative transfer in stellar atmospheres, and it is used for my isolated brown
dwarf models as well. This planar, second-order technique is a “two-stream”
approach. treating an inward- and outward-directed radiation field (as a function

of u = cosf).

The fundamental transfer equation, separated into upward (/*) and downward

(I7) components. is given by

ua;[a(”) =I"(p) — S(u), (2.1)
T
and
_“a[a(u) =1"(p) — S(p). (2.2)
T

where [ is a function of frequency and atmospheric depth as well, though I've

dropped these subscripts here for clarity.
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Using the symmetric and antisymmetric averages (the Feautrier variables).
| - )
w(p) = $[I7 (1) + I (1), (2.3)

and
| _ ;
e(p) = [ () = I (p)]. (2.4)
two first-order equations are constructed. the first by adding egs. (2.1) and (2.2).

which vields
du(p)
Har

and the second by subtracting them. which gives

= u(p) — S(p). (2.3)

a,
7 2(7#) = v(p). (2.6)

By substituting eq. (2.6) into eq. (2.3), our desired second-order differential

equation is obtained:

2621‘(#) _ 5 -
22 = u(u) - S(u). (2.7)
The source function is given by
1 : ! ! !
Stu) = ST+ 30 [ RGsi)W)aw (2.8
2 Ja

where R(u.p') is the azimuth-independent angular redistribution function
(azimuthal symmetry is assumed) and o is the single-scattering albedo.

O = Ogcat/Text (Where o, is the scattering cross section and o.., is the extinction
cross section). ST. the thermal part of the source function, is given by (1 — o)B.

where B signifies the Planck function.

2.2. True Asymmetric Feautrier Method

A straightforward extension of the Feautrier technique that allows for true

asymmetric scattering can be derived by separating the source funtion into upward-



and downward-propagating rays (Mihalas 1980: Milkey et al. 1975). Such an
approach is quite suitable for atmospheres with ices or grains. but a drawback

is the difficulty in integrating the asymmetric redistribution of radiation into a
fully self-consistent atmosphere code. I use this method to model Jupiter's albedo

spectrum given atmospheric details from the Galileo probe (see §7.7).

Dropping frequency and depth subscripts for clarity. the upward and downward

components of the transfer equation are

#a[;('u) =["(u)—S*(pu) - ST (2.9)
T
and
—#813(#) =I"(u) — S (p) - ST. (2.10)
T

where the scattering components of the source function are given by

1

570 = 50 [ [RWw.s)I" () + Rl =) 0]t (211)

and

1
570 = 50 | [Rmi)*(6)+ R—p =) G0) it (212

-~

Forming symmetric and antisvmmetric averages. and using the Feautrier

variables, u = %([+ +/7)and v = %([+ — 7). eqs. (2.9) and (2.10) are rewritten

as
dv .
W2 )~ L (5% + () - ST (2.13)
and
Ou(p
W28 ) = 2 1S () - S~ (2.14)

Since R(p.p') depends only upon the angle between y and 4. the following

symmetries exist:

(3]
—
ot
N

R(p, i) = R(—p, —1t') (2.



R(—p. 1) = R(p. —4t'). (2.16)

With the definitions. R™(u.y') = R(p.p') + R(—p.p') and
R (p.p') = R(pu. ') — R(—p. '), egs. (2.13) and (2.14) become

. 1
u.a—t =u- l0/ R (p. i Yu(p)dy' — ST (2.17)
ar 2 /o
and
a 1 ! ! ! !
ua—u =v- ;0/ R™(p.p)u(u')dy'. (2.18)
T < Jo

In order to test the asymmetric Feautrier code, I compared the resulting
spherical albedos for uniform atmosphere models with those derived employving
both Monte Carlo and analytic techniques. Van de Hulst (1974) derived a solution
for the spherical albedo of a planet covered with a semi-infinite homogeneous
cloud layer. Given a single-scattering albedo of 0 (= 0scat/0ert) and a scattering
asymmetry factor of ¢ =< cosf > (the average cosine of the scattering angle), van

de Hulst’s expression for the spherical albedo is

(1 - 0.139s)(1 — s)

A = 21
1+1.170s (219)
where
1 — 1/2
s:[ ”} : (2.20)
1-o0g

Figure 2.1 shows the spherical albedo (see §7.7) of a homogeneous, semi-infinite
atmosphere as a function of scattering asymmetry factor and single scattering
albedo. Along with van de Hulst’s semi-analytic curves are my asymmetric
Feautrier results. as well as those from a Monte Carlo model (Sudarsky et al. 2000)
using a Henyey-Greenstein scattering phase function,

1-¢°
(1 + g% —2gcosf)3/2

p(f) =
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For nearly all values of g and o. the agreement is verv good. differing by under
1%. There are slightly larger variations when both g and ¢ approach unity due
to the finite number of angles and depth zones used in our numerical models. but
in actual planetary or EGP atmospheres. this corner of parameter space is rarely

realized.

2.3. Discontinuous Finite Element Method

The Feautrier method is appropriate for hot EGPs at large orbital radii and
isolated brown dwarfs. but when the incoming intensity at the upper boundary of
an EGP overwhelms the source function by many orders of magnitude, a method
that solves directly for the specific intensity appears to be numerically favorable.
The discontinuous finite element (DFE) method. described by Castor et al. (1992),
is quite suitable. In the present work, this is the method used for all EGP models.
The technique exploits step discontinuities in the intensity at each depth zone. as

is summarized below.

Unlike the Feautrier method, the DFE method treats inward- and outward-
propagating rays separately. Following Castor et al. , considering a given frequency
and angle, the optical depth (7,) along a given ray is equal to t,/u. where ¢, is
the vertical optical depth. The optical depth between two discretized depth zones
is assumed to be a simple linear function of optical depth. Hence (dropping the

frequency subscripts for clarity),

—~~~
[ AV]
3]
(V)

~

I(r) = Lqug(T) + 13+1U3+1(T),

where 7 is within 74 and 74.,, I§ represents the intensity at the top of the step
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discontinuity. [} at the bottom. and u® and u® are given by

Td+1 — T
u(t) = —— 2.23
i) =1 (2.23)
and
T—T4 Py
ub, (1) = S (2.24)
L/

where A7y.y/2 = 7441 — 7y4. A system of equations for [ and I8 is obtained by
substituting eq. (2.22) into the transfer equation. then forming two projections
by multiplying first by u4. then by uf_.,. After integrating from 7y — € to 744y — €
(because terms with J functions arise due to the step discontinuities). taking the

limit € = 0, and enough algebra. the resulting equations are:

B +18-215 2 1 )
dHATdfl/z t= E(Sd — L)+ 5(5d+1 = i) (2.25)
and
., -1 1 9
Sry =308~ 1D+ 5 (San ~ L) (2.26)

The S — I terms of this system have the coefficients given by the matrix.

(2.27)

[2 ] L | N
Lte W

Castor et al. find that the numerical stability of the system is improved when this

matrix is replaced by the unit matrix. So equations 2.25 and 2.26 take the simpler

form.,
I, +18 =208
=5,-15 2.28
ATap1y2 47 (2.28)
and
132+1 - [:1‘ b
= = — } 2.2
ATgr1)2 Sast = Lisy (2.29)

Elimination of I from equations 2.28 and 2.29 yields the relation for I%:

(ATF 12+ 20 g2+ 205, — 2015 = Aryr1/2Sa+ Atgiry2(ATasrj2 +1)Sasr. (2.30)



and the relation for [} then is

(573+1/2‘*‘237’:&1/2+2)15—2(AT¢1+1/2+1)13 = Mga12(ATae12+1)Sa—A740 125441
(2.31)
The final specific intensity at a given depth zone is then formed as a linear

combination of [ and I8.

[ = AT 12 + [5 ATy
! ATyero+ A7umip

(2.32)

Castor et al. show that this method results in the same order of accuracy as the
Feautrier method (second order), provided that the optical depth increments vary

smoothly.

As pointed out by Ivan Hubeny (private communication), one must be
cognizant of the fact that the above derivation assumes that the optical depth
increases along each given ray of interest. In the context of plane parallel
atmospheres. where optical depth increases downward. the optical depth decreases
along an outgoing ray. So equations 2.3 and 2.31 must be solved separately for
the incoming and outgoing intensities. In the outgoing ray case. one may either
reverse the entire grid of depth indices, or rewrite equations 2.3 and 2.31 so that

the quantities at depth point d + 1 are replaced by those at depth d. and vice-versa.

2.4. Direct Solution of the Transfer Equation

Under most circumstances. an iterative approach to solving the transfer equation
is necessary because the atmospheric temperature/pressure structure is strongly
coupled to the absorption and emission of radiation. However. in the rare case
where a T-P profile has been obtained observationally (e.g. Jupiter). one may

choose to solve the transfer equation directly.
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Consider the system of first-order equations of the asymmetric Feautrier
method (§2.2). This system is discretized for numerical computation by replacing
the derivatives with difference quotients. and by substituting Gaussian quadrature

sums for the integrals. The principal equations then become

Udi — Ud—1. 1 T .
lli—————_\Td =ug; — 50 Ej w; R (1. ptj)ua; — Sy (2.33)
and
Ud+1.i — Ud. .
Li— ATd___ = Uq; — "U E ~°J ~ (i #_) Uqj - (2.34)

where d signifies a given depth zone (d = 1...., D), and i and j signify angular bins
(i. = 1.....N). Ary.s equals 744y — 74 and A7y equals %(AT,H_% +Ar,_1). To
achieve numerical stability, A7 is staggered by half a zone in eq. (2.34) relative to

eq. (2.33). The w; are the Gaussian weights.

The upper boundary conditions are given by the relations. u;, — vy, = I, and

Ug; — Uy, _ L _ _ . -
,ul-_”'.S;_l_ =u,; - I - §Gij [uw - [J ] R™ (. p15) (2.33)
J

-

where /;” and [ signify the incident intensity as a function of angle at the surface.

The lower boundary conditions are given by up, + vp; = I;” and

Up; —Up-14 - ¢
#i—w =[- —Up, — UZUUJ —UD,)}R (l‘ivﬂj)- (2-36)

where I and I signify the outward-traveling intensity at the base of the

atmosphere

The system of equations can be represented by angle matrices (A4, By, Cy. ...)
and column vectors (uy and v4) such that equations (2.33) and (2.34) can be

written as

Agvy 1 +Bajus+Cyvy =0 (237)
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and

Dguy + Eqvy + Fyvy.; = 0. (238)

Given D depth zones and N angles. the system results in a block matrix
containing {2 x D]* submatrices. each of order N. Implementing the boundary
conditions described above. this syvstem is solved directly via LU decomposition

and substitution.

2.5.  Achieving Radiative Equilibrium Via Accelerated Lambda Iteration

In order for an atmosphere model to achieve convergence. it must be in radiative
equilibrium. The temperature-density structure is adjusted so that at every depth
zone. the net flux throughout the atmosphere is a constant determined by the inner
boundary condition. Arriving at the correct structure is nontrivial given the global
nature of the problem. the temperature and pressure dependences of the opacities.
the onset of convective transport, etc.. but the Accelerated Lambda Iteration
(ALI) method of Rybicki & Hummer (1991) is an efficient iterative technique for
achieving convergence. Below is a brief summary of the method used to arrive at a

self-consistent atmosphere model.

Radiative equilibrium requires that the absorption and thermal emission of

radiation are equal at everv atmospheric depth zone. Hence.
<
/ (kyBy, — K, Jv)dv = 0, (2.39)
0

where B is the Planck function and .J is the mean intensity. Additionally, a

constraint on the value of the flux itself is given by the constraint,

* 0K,
= 9.
/(; 37',, dv Hg, (....40)



where A, is the second moment of the intensity and Hy = aTeﬁ-*/-lTr is the
prescribed inner boundary flux. Rewritten in dimensionless form, and linearized
with respect to temperature and density. a combination of these two constraints

assures that any converged model is in radiative equilibrium.

Since the temperature and density corrections required to reach radiative
equilibrium are coupled to .J. an iterative procedure is required. The formal
solution of the transfer equation can be written as J = .\[S], where S is the
source function and .\ is a matrix operator (the Lambda matrix) that acts on
the source function to produce the mean intensity. Unfortunately, we do not
know the form of the Lambda matrix. but an approximate form. the so-called
approximate Lambda matrix (\\*) can be derived from the matrix elements of the
Feautrier or DFE schemes (Rybicki & Hummer 1991: Hubeny 1992). .\* is usually
in the form of a diagonal matrix to treat the local coupling of the source function
with intensity directly, leaving the coupling of more distant zones to the iterative
process. Rewriting the full Lambda operator in terms of .\*. a process known as
operator splitting or “the method of deferred corrections.” .\ = \* + (\ —.\"). The

iterative solution to the transfer equation can then be written.
J' =\ [S+ 7 = NS, (2.41)

where J*~! has been substituted for .\[S*"!] and i refers to the iteration number.
The iterative procedure for arriving at an atmosphere in radiative equilibrium first
entails solving the transfer equations. given an initial model temperature-density
structure, which may simply be based upon the Milne approximation for a gray
atmosphere. The J*=! — \*[S*~!] terms are determined, and the temperature
and density corrections are made in each zone. bringing the atmosphere closer to

radiative equilbrium (if all goes well). Based on the updated temperature-density
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structure. new values for the source function and opacities are determined as
functions of depth and frequency. and the .\*[S] terms are computed. The transfer
equations are solved again. and the entire process is repeated. The iterative
temperature and density corrections result in a diminution of the difference between

the \*[S'] and \*{S*"!] terms until. ultimately, the difference approaches zero.

In regions of high opacity. where radiative transport is insufficient for the
transport of energy. a steep temperature gradient results in convection. As in most
atmospheric modeling, a simple mixing-length treatment of convection is utilized in
the present work. Such a treatment assumes that the convective elements are rising
and falling bubbles. This convective flux (see below) must be taken into account so
that the sum of the radiative and convective fluxes (the true total net flux) in each

zone throughout the atmosphere is constant.

Generally, convection does not occur in the thin outer atmosphere, but deeper
down at high pressure. Specifically, a region will be convective if the actual
temperature gradient is of greater magnitude than the adiabatic gradient. which is
the change in temperature with respect to pressure that an outward moving bubble
would follow under the condition of no radiative losses. As described in detail in

Kurucz (1970), the convective flux is given by

1 /1 d InT d InT
chw =3\T T conv - . 2.42
2 (h) Pett [(d lnP)actual <d 1nP>bubble] (2-42)

where (I/h), the ratio of the mixing length to the pressure scale height, is the

mixing length parameter (set to unity for my fiducial models), ¢, is the specific

heat at constant pressure. and v, is the convective velocity.
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Figure 2.1 Comparison of Asymmetric Feautrier code results to Monte Carlo and
analytic solutions for deep. homogeneous atmosphere. The spherical albedo is
plotted as a function of the single-scattering albedo (= 0sc01/0cz¢) and the average

value of the cosine of the scattering angle (g = < cosé >).



38

3 ATMOSPHERIC COMPOSITION

The emergent spectra of EGPs are determined mainly by their outer atmospheric
chemical compositions. But unlike stars, whose atmospheres are dominated by
gaseous species (grain formation occurs only in the coolest M dwarfs) most EGPs
also contain condensed species that contribute substantially to the opacities. Some
condensates. such as water ice or iron grains. are formed homogeneously (i.e. from
a single species), while the formation of others such as forsterite or gehlenite is
heterogeneous. resulting in the depletion of several gas-phase species. The largely
unknown meteorology in EGP atmospheres and condensate sedimentation. or
“rain-out,” makes the depth-dependent composition modeling of EGPs a difficult

task.

Any method useful in determining compositions of EGP atmospheres must
be capable of treating the gaseous. liquid. and solid phase species simultaneously.
Additionally, the rain-out of species must be handled appropriately, because the
removal of a given species to deeper layers by such sedimentation can alter chemical
reactions drastically. [ use results from the chemical equilibrium code of Burrows
and Sharp (1999), which includes a prescription to account for the rain-out of
species in a gravitational field. My fiducial models assume an Anders and Grevesse
(1989) solar composition of 27 elements (H, He, Li. C, N. O, F, Ne, Na, Mg, Al, Si.
P, S, Cl, Ar, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Rb, Cs), resulting in approximately
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300 molecular gas-phase species and over 100 condensates. From this large set of
species. only some have the requisite abundances to have significant effects on the

emergent spectra and/or temperature-pressure (T-P) structure.

3.1. Chemical Abundances in EGPs and Brown Dwarfs

The equilibrium gas-phase and condensed-phase abundances of species at a given
pressure, temperature. and elemental composition are obtained by minimizing the
total free energy of the system (Burrows & Sharp 1999). The abundances of most
species are highly dependent on temperature. as well as moderately dependent on
pressure. As an example. consider the balance of CO and methane. the dominant

equilibrium forms of carbon, which are governed by the reaction.

For exothermic reactions. such as this one. an increase in temperature at a given
pressure favors the reactants, so equilibrium favors CO over CH, with increasing
temperature. But at increased pressure (for a fixed temperature), the side of the
reaction with less molecules is favored (Le Chatelier’s Principle), which results in a
greater CH; abundance at the expense of CO. The analogous reaction that governs

N2 and NHj abundances. the dominant equilibrium forms of nitrogen. is
N + 3H2 — '21VH3. (32)

So at high temperatures. N, is favored, but the equilibrium shifts toward NHj
with increasing pressure. Figure 3.1 depicts the equal abundance boundaries for
CO-CHy and for N,-NHj3 in temperature-pressure space. Upward and to the right
of these curves in T-P space, the abundances move strongly in favor of N; and CO.

and downward and to the left in favor of NH; and CH;.



40

At the temperatures and pressures of brown dwarfs and EGPs. H,O is the
main reservoir of oxvgen and is the third most abundant species, behind H, and
He. The H,O abundance is reduced somewhat at high atmospheric temperatures

because CO competes for oxygen (Eq. 3.1) and because silicates form.

TiO and VO. important molecular species in the atmospheres of M dwarfs.
form at temperatures greater than ~1700-2000 K in brown dwarf atmospheres. as
do CrH and FeH. The alkali metals persist to much lower temperatures (~ 1000 K).
and sodium and potassium are particularly important both in brown dwarfs and
the hotter of the EGP classes. Lithium. rubidium. and cesium are present as well.
albeit in lower abundance. Sulfur appears in the form of H,S at low-to-moderate
abundance over a large range in temperature and pressure, while phosphorous is in

the form of PHj.

3.2. Composition Profiles

The pressure and temperature dependences of the gas-phase abundances become
clear upon examination of the number fractions of major species in the atmosphere
of an EGP or brown dwarf. Figure 3.2 is a plot of a number of gas-phase mixing
ratios as a function of atmospheric pressure for an EGP in close orbit around its
primary, while Figure 3.3 depicts these abundances for an isolated brown dwarf of

similar temperature, T,g = 1000 K.

With a mixing ratio of ~ 1073 . H,O is the 3rd most abundant species (trailing
only H, and He) in both the EGP and brown dwarf atmospheres. Water is the
dominant carrier of oxygen for the full range of pressures. The H, mixing ratio
(not shown in the figure) for the EGP and the brown dwarf is near 0.83 throughout

their atmospheres. dropping off slightly at depth, while that of He remains close to
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0.16 (also not shown).

In the brown dwarf, CH; is clearly the primary carrier of carbon in the outer
atmosphere, but a transition to the dominance of CO at depth occurs at just under
1 bar. This can be contrasted with the EGP atmosphere. where CO is dominant
at very low pressures (~ 1 microbar) and at pressures greater than ~ 3 millibars.
though between these regions the methane abundance is actually greater. This
competition for carbon is explained by both the temperature and the pressure
dependence of the equilibrium abundances, as discussed in the previous section. At
high temperatures and at low pressures. carbon is favored, and at a given pressure
the outer atmosphere of the EGP is hotter than that of the brown dwarf due
to irradiation by its primary. Hence. the CO abundance is greater. Deep in the
atmosphere, at very high temperature, the CO abundances of the EGP and brown

dwarf are quite similar, as expected.

The N, to NHj ratio varies far less than that of CO to CHy in these objects,
because N, takes up most of the nitrogen at a much lower temperatures than CO
takes up carbon. For lower temperature EGPs and brown dwarfs. the storyv is

different. but for these objects, N, dominates at all pressures.

Although their abundances are quite low. sodium and potassium are strong
absorbers in the visible region of the spectrum. For both the EGP and the brown
dwarf, the Na and K abundances are negligible in the outermost atmosphere. but
at depths of a few tenths of a bar in pressure, the mixing ratios of both rise rapidly
in the EGP. This occurs at deeper pressures (~ 1 bar) in the brown dwarf. Again,
the difference is due to the fact that the atmosphere of the EGP is hotter at low
pressures than that of the brown dwarf. For those EGPs that orbit their stars most

closely (~ 0.05 AU), the alkali metal abundances become significant at even lower



pressures.

The abundances of cool EGPs are far different than those of the hot. close-in
objects. Figure 3.4 is a plot of a number of gas-phase mixing ratios as a function
of atmospheric pressure for a cool EGP (Teq ~ 200 K). CHy, H2O (% 1 bar).
and NHj abundances are high and nearly constant. while CO and N, abundances
are very low throughout the atmosphere. The alkali metals are altogether absent.
Note that the temperature is low enough in the outer atmosphere of a distant/old
EGP for water to condense. which explains the drop in its gas-phase abundance for

pressures under ~ 1 bar. as seen in Figure 3.4.

3.3. Condensation and Rainout

The condensation and gravitational settling of species results in compositions
that differ significantly from those of a true equilibrium scenario. Condensation
sequesters most of the heavier elements, such as silicon. magnesium, calcium.
aluminum. and iron, in compounds that settle, or rain out, leaving the upper
atmosphere depleted of species that would otherwise contribute to the molecular
chemistry. Condensates are verv important in their own right as well, often
providing substantial absorption and scattering opacity in the visible and infrared

spectral regions (see §5.4).

Some of the more refractory species expected to exist in EGP (and brown
dwarf) atmospheres are calcium-aluminum compounds, such as Ca;Al,SiO;
(gehlenite). and aluminum oxides, such as AlO3 (corundum). Since both calcium
and aluminum are less abundant than silicon or oxygen, the formation and
gravitational settling of these condensates should consume most of the calcium

and aluminum, thereby depleting the upper atmosphere of these metals. The
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atmospheric temperature and pressure at which this occurs depends on the details
of the particular T-P profile. For a given mass. the T-P profile of an irradiated
object (vs. an isolated object) will tend to intersect with the condensation curve of
the refractory species at a lower temperature and pressure. so the condensate will

settle higher (at lower pressure) in the atmosphere.

Another refractory species. TiO. can condense into the calcium titanates
(Ca3Ti»O7. CayTizOyo: Lodders 2002) and/or into titanium oxides (Ti,O3. TizOs.
TiyO;) in EGP atmospheres. Iron is expected to condense mainly in a homogeneou;
manner rather than as FeS or some other heterogeneous species. because the
condensation temperature for pure iron is quite high (~1500-2300 K, depending
significantly on pressure). In contrast. the homogeneous condensation of VO is

unlikely because vanadium condenses into solid solution with titanium-bearing

condensates (Lodders 2002).

The silicates are somewhat less refractory, so in general. they will appear
higher in the atmosphere (i.e. at lower temperature and pressure). The exact
composition of the silicates is unknown. although some common species include
MgSiOj (enstatite) and Mg,SiOy (forsterite). Of these two possibilites, forsterite
is more likely to exist in EGP and brown dwarf atmospheres because it has a
higher condensation temperature and so will consume most of the magnesium. the
limiting element. And although Mgy AlO4 (magnesium-aluminum spinel) condenses
at even higher temperatures, it is unlikely to form in abundance because most
of the aluminum will be consumed by the formation of corundum and/or other
aluminum compounds. In brown dwarf and giant planet atmospheres. forsterite
will condense within the ~ 1500-2000 K range, depending upon atmospheric

pressure. I should mention that forsterite and enstatite are only two species in the
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olivine (Mg,Fe;_.SiO3) and pyroxene (Mg, Fe,_2,510,) sequences. respectively.
The optical properties of other such species have been explored by Dorschner et
al. (1993). If iron has not been fully removed by homogeneous condensation and
rain out—and it is unlikely that homogeneous condensation will consume all the

iron—then some of these iron-bearing species are likely to form.

At cooler temperatures (~700-1100 K). sulfide and chloride condensates are
expected to sequester the alkali metals. Sodium will end up in Na,S and/or NaCl
(Lodders 1999), while potassium is likely to be in the form of KCIl. Due to the
low abundances of the alkalis. thick clouds are unlikely, but “cirrus-like” layers are

certainly possible.

At lower temperatures, H,O will condense homogeneously for atmospheric
temperatures below ~ 200-250 K. Hence, many EGPs at large orbital distances will
contain water clouds. as will cool brown dwarfs. Even if only a small fraction of
H,0 condenses. as governed by the degree of supersaturation (Cooper et al. 2002),
the high abundance of H,O and its large reflectivity in ice or liquid form indicates

that condensed H,O is important to the emergent spectra of EGPs.

At very low temperatures (~ 150-200 K), NH; and NH,;SH condense. NH;SH
condenses at somewhat higher temperatures than ammonia, so a laver of this
heterogeneous material is expected to appear between a water cloud and an
ammonia cloud in cold EGPs. Such is the case for the standard model of Jupiter
(see §7.7). However, I do not model an NH,SH layer because the optical constants

for this material over a broad wavelength range are not available.



3.4. Gravitational Settling Versus True Equilibrium

The presence of a gravitational field affects the abundances (or even the very
existence) of several species relative to that of a true equilibrium scenario. The
removal of condensates by gravitational settling, or rain-out. after their formation
results in a different equilibrium than the true equilibrium case. where the

condensates would continue to react chemically with the gas-phase species.

[mportantly, the alkali metal abundances are higher in a rain-out scenario
than they are in the true equilibrium case. In the true equilibrium case. NaAlSi;Og
(high albite) and KAISi3;Og (high sanidine) can condense. lowering the gas-phase
abundance of sodium and potassium (Burrows & Sharp 1999). But in the more
realistic rain-out scenario. the aluminum is consumed by other species that
condense at higher temperature. such as Ca,Al,SiO; (gehlenite). Gravitational
settling then removes the aluminum from the upper atmosphere, thereby inhibiting

the formation of sodium- and potassium-bearing condensates.

Another important species, iron condenses and settles gravitationally. This
prevents the formation of FeS, which would otherwise form at low temperature.
As a result, sulfur is mainly in the form of H,S for most EGPs and brown dwarfs.

although NH,;SH can form in the outer atmospheres of low-temperature objects.

The abundances of many other condensates and gas-phase species under a true
equilibrium scenario are discussed by Burrows and Sharp (1999). In this work, [
assume their rain-out abundances for my entire model set, since this approach is

most realistic.
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3.5. Photoionization of Alkali Metals

In the outer atmosphere of a close-in EGP. ultraviolet irradiation from the central
star will photoionize any species with a sufficiently low ionization threshold. Most
notable are the alkali metals. sodium and potassium. When in their neutral form.
the resonance lines of these metals can result in deep, broad optical absorption
(Burrows et al. 2000: Tsuji et al. 1999: Sudarsky et al. 2000). Such strong
absorption may be reduced if the outer atmospheric sodium and potassium atoms
are substantially ionized. an effect that will be particularly important in the case
of the transit radius or transmission spectrum (Seager & Sasselov 2000) of a Class
V' EGP that transits its primary, such as the HD 209458 system. The depth in the
atmosphere to which ionization occurs depends on several variables. including the
amount of ultraviolet stellar flux, the star-planet distance. the planet’s gravity. its
composition, and the presence of high clouds or non-equilibrium species that can
absorb ultraviolet radiation. An approximate calculation of the ionization depth at
the subsolar point in the planet’s atmosphere is straightforward. as this is simply

the planar analog to an H II region.

Let us consider the ionization of sodium gas in the outer atmosphere of an
EGP. The number of ionizing photons per second per unit area at the planet’s

orbital distance is given by

V= 1 / Ludl/. (33)

C dma? J, hv
where L, is the stellar luminosity per unit frequency interval. a is the orbital
distance of the planet, v, is the ionization threshold frequency of sodium (from
its ground state), and v, is the frequency above which ultraviolet photons are
no longer transparent to H, or other abundant species capable of absorbing

high-energy photons (thereby shielding the neutral sodium at higher frequencies).



47

In equilibrium, the number of ionizations per second, per unit volume must equal

the number of recombinations. Assuming that two-body radiative recombinations

dominate,

{
V= ni(n.()a(T(l))dl. .
v /0 (OneDa(T(D)d (3.4)

where [ is the depth (in units of length) measured from the top of the gaseous
planetary atmosphere. n; is the number density of sodium ions. n, is the number
density of electrons, and «a(T(l)) is the volume recombination coefficient. Using

hydrostatic equilibrium and the ideal gas law, Eq. (3.4) is rewritten as

V= é OPTa(T(P))f(P)Q(ne/n,-)y(P)“PdP. (3.5)
where P is the atmospheric pressure. g is the surface gravity, f(P) is the mixing
ratio of sodium atoms, k is Boltzmann’s constant, and x(P) is the mean molecular
weight. The ratio of free electrons to sodium ions. (n./n;), will be a function of
pressure depth if free electrons originate from species other than sodium. such as
potassium or H,. For a simple back-of-the-envelope calculation. one can assume
that (n./n;) = 1 and ignore the pressure and temperature dependences of the other

variables to obtain:

24T guN]"
P~ [ kTgu ] . (3.6)

af?
For T = 1000 K, f =3x107% a = 1.3 x 107!2 cm® s~! (Verner & Ferland 1996),

257!, P ~ 5 mbar. Such an analvtic

and .V = 3 x 10'" ionizing photons cm~
calculation is of limited use for an actual EGP atmosphere calculation. mainly
because the volume recombination coefficient and mixing ratio of sodium are strong

functions of atmospheric depth.

In a more rigorous approach, I make use of both two- and three-body
recombination processes, because at ion concentrations in the 10'° - 102 ¢m™3

range and above, three body recombinations can be significant (Motley & Jassby
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1970). I use the temperature-dependent two-body recombination rates of Verner &
Ferland (1996) and the three-body rates from Gudzenko et al. (1974). With the

addition of three-body recombinations. Eq. (3.4) is augmented:
{
V= / [ni(l)ne(l)a(T(l)) + ni(l)ne(l)23(T(l))] di. (3.7)
0

The three-body recombination coefficient, 3(T'({)). is a rather steep function of
temperature. scaling roughly as T-%2 (Gudzenko et al. 1974). Rewriting this
equation in a fashion similar to Eq. (3.3) yields

_ [P [TP)(T(PN (PP (ne/n)P  T(PYHT(PYS(P) (nefni)P*
=[] Egu(P) ¥ Fgu(P) 4

(3.8)

Clearly. the pressure depth of ionization will be a function of angle in the
planetary atmosphere. with the night side remaining largely un-ionized except
along some of the limb. The integrals of Eq. (3.8) can be calculated numerically in
spherical geometry by using an additional factor of (r?> — R? cos?8)~'/?r along with
a change of the independent variable from P to r. the distance from the center of
the planet. R is the radius of the planet, and 4 is the angle of incidence of the
ionizing radiation relative to the normal at the planet’s “surface” (at R). Figure
(3.5) shows the results of a numerical calculation for the ionization of sodium in the
atmosphere of a close-in Class IV “roaster” as a function of angle from the subsolar
point (@, the central angle). Note that the limb of the planet is ionized to several
degrees on the night side. This particular calculation ignored the free electrons
produced by potassium and molecular hydrogen. A Kurucz model stellar spectrum
(Kurucz 1994) was scaled to simulate the incident flux from a GOV star at 0.043
AU. and I set v, to 2.708 x 10'® Hz, the frequency below which H, essentially is

transparent to ultraviolet radiation (Draine 2000).

In fact, in a recent theoretical study of the transit radius of HD 209458b
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(Fortney et al. 2002), the above calculation is used as a guide to the ionization
depth of sodium in the planet’s atmosphere. To lowest order, the observations
of HD 209458b in the vicinity of the sodium resonance doublet (Charbonneau et
al. 2002) can be reproduced with this ionization model. It should be noted. however.
that other recombination processes. such as charge transfer-reactions (Plane 1991:
Helmer & Plane 1992). may be at least as important as the recombination rates
used above. In §8.5. [ explore the effects of alkali photoionization on the emergent

spectra of close-in EGPs.
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Figure 3.1 Equal abundance boundaries for CO-CH, and for N,-NHj in temperature-
pressure space. Upward and to the right of these curves in T-P space, the abundances

move strongly in favor of N, and CO, and downward and to the left in favor of NHj

and CH,.
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Figure 3.2 Plot of gas-phase number fractions in the atmosphere of a close-in EGP
(35 Cancri b). Due to the scale of the plot, Hy (~ 0.83) and helium (~ 0.16) are

not shown.
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with Tog= 1000 K. Due to the scale of the plot. H, (~ 0.83) and helium (~ 0.16)

are not shown.
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Figure 3.1 Plot of gas-phase number fractions in the atmosphere of a cool EGP (Teq
~ 200 K). Due to the scale of the plot. Hy (~ 0.83) and helium (~ 0.16) are not

shown.
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in the atmosphere of a close-in EGP. A planet in a 0.045 AU orbit around a GOV

star (a scaled Kurucz model) was assumed. See text for details.
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4  ATOMIC AND MOLECULAR SCATTERING AND ABSORPTION

Gaseous opacities are primarily responsible in the formation of EGP and brown
dwarf spectra. Unlike most stars. where H™ opacity. electron scattering, and/or
a relative lack of molecular species results in a reasonably smooth continuum
interspersed with many atomic lines. large scale variations with wavelength (due
to molecular bands) are seen in the spectra of brown dwarfs and are expected in
most EGPs as well. Even though the atmospheres of these gas giants are composed
mainly of hydrogen (H;) and helium, the ~ few percent of heavier elements produce

the largest effects.

4.1.  Molecular Absorption

In the visible and infrared. molecular absorption is due mainly to ro-vibrational
transitions. which are a very strong function of wavelength. My temperature-
and pressure- dependent gaseous opacities are obtained from a variety of sources.
a combination of theoretical and experimental data as referenced in Burrows et
al. (1997). Additionally. for this study, the CH, opacity was extended continuously
into the visible wavelength region using the data of Strong et al. (1993) and a
methane absorption spectrum from Karkoschka (1994). These two data sets were
then extrapolated in temperature and pressure by scaling with existing temperature

and pressure dependent near-infrared CH, data (Burrows et al. 1997 and references
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therein).

Gas-phase molecular species common in the atmospheres of EGPs and brown
dwarfs include H,, H,O. CHy, CO, N,. NH3. H»S, PH;, TiO, VO, CrH, FeH. and
some lower abundance molecules. Figures 4.1 and 4.2 portray some molecular
opacities of particular importance to EGP atmospheres. At a temperature of 1600
K and pressure of 1 bar. Figure 4.1 depicts the opacities in cm? per molecule for
water. methane, and CO. At this same pressure and a temperature of 200 K. a
regime relevant to cool EGPs. Figure 4.2 shows the opacities for water. methane.
and ammonia. Clearly, these species can be important opacity sources over a
broad range of wavelengths. (Note that ammonia can absorb at visible wavelengths
as well, but these opacities are not present in the available ammonia database.
However, water and methane are more optically active in the visible.) Figures
4.3 and 4.4, analogous to Figures 4.3 and 4.4, show the opacities further into the

infrared, out to 30 pum.

Even when no permanent dipole moment exists, such as with the H, molecule,
high gas pressures in EGP atmospheres can induce temporary dipole moments via
collisions. This Collision Induced Absorption (CIA) is responsible for broad H,-H,
(and H,-He) absorption bands in the gas giants of our Solar System (Zheng &
Borvsow 1995; Trafton 1967), likely to exist in many EGPs as well. CIA should
be especially important in cloud-free gaseous objects, where incident radiation
is absorbed deep in the atmosphere at many wavelengths. Figure 4.5 shows the
H,-H, CIA opacity as a function of wavelength for a variety of temperatures
and pressures. At relatively low temperatures, broad H,-H, CIA bands peak at
~ 0.8, 1.2, 2.4, and 15 pm. At higher temperatures, the CIA opacity becomes

somewhat more uniform with wavelength. As pressure increases, the cross section
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per molecule increases at all wavelengths.

4.2, Atomic Species

Important atomic species include He. Li. Na. K. Rb, and Cs. Most other elements
either form into gas- or solid-phase molecules or are too low in abundance to have
significant effects on the T-P structure or emergent spectra. As a noble gas, helium
contributes to the opacity only via Hp-He CIA. but the story with the alkali metals
is far different. Strong pressure-broadened lines of neutral sodium and potassium
are expected to dominate the visible spectra of the close-in Class IV and V EGPs.
Figure 4.6 depicts the LTE (local thermodynamic equilibrium) absorption cross
sections per atom of Na. K. Li, Rb, and Cs. The prominent resonance doublet of
sodium appears at 5890/5896 A\, while that of potassium occurs at 7665/7699 A.
Due to their lower abundances, Li, Rb, and Cs will not have nearly the effect on
the emergent spectra of EGPs as Na and K. but as in brown dwarfs, their lines will

be present.

4.3. Total Gaseous Absorption Opacities

The total gaseous absorption opacities are calculated by weighting the atomic and
molecular opacity of each species by its equilibrium abundance, all as a function of
temperature and pressure. The resulting product is a large opacity table within
which interpolation can yield the frequency-dependent total opacity at any point

in the EGP or brown dwarf atmosphere.

Because both the gaseous abundances and their opacities can vary substantially
with temperature and pressure, the spectral region that dominates the opacity will

differ for objects of different temperature. As an illustration of this fact, Figure 4.7
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shows the P = 1 bar total gas opacity for two very different temperatures. 200 K

and 1600 K. For a hot atmosphere. the visible region is overwhelmed by the sodium
and potassium resonance lines, vet for a cool atmosphere. the visible is canvassed

by weaker methane absorption. These visible opacities (in cm? gram~!) differ by

up to several orders of magnitude, but there are regions in the infrared where the

opacity of the cool atmosphere is greater than that of the hot atmosphere. due

mainly to methane and ammonia.

Such differences in the dominant opacity regions are often true of a single
object at various atmospheric depths. That is. the outgoing flux at depth
may escape through certain opacity windows that are closed off higher in the
atmosphere, at lower pressure and temperature. Coherence in frequency will be
lost upon absorption and re-emission. and the bulk of the outgoing flux ultimately

will find its way out of the object between the peaks in opacity.

1.4. Rayleigh Scattering

Rayleigh scattering is a conservative scattering process by atoms and molecules.

Although strong in the ultraviolet/blue, the scattering cross sections quickly fade
toward the red region of the spectrum (x A~*). Ravleigh scattering has little effect
on the spectra of isolated brown dwarfs. but irradiated EGPs reflect a fraction of

the incident intensity in the ultraviolet/blue. (See §8.1 for a study of this effect.)

The Rayleigh scattering cross sections are derived from polarizabilities, which
are in turn derived from refractive indices. The refractive indices are readily

available at 5893 A (Weast 1983) and are assumed not to vary strongly with



wavelength. The Rayleigh cross sections are derived via.

8 4fn-1 :
agayzgﬂ'k (271'[.0) . (4.1)

where £ is the wavenumber (27/A) and Ly is Loschmidt’s number. the number of

molecules per cubic centimeter at STP (= 2.687x10'9).



60

log,, opacity [cm? per molecule]

i n n 1 i N n i 1 i i L " i " i "
1 2 3 4 5 6
wavelength [microns]

Figure 4.1 Water, methane, and CO absorption cross sections at T = 1600 K, P =1

bar. Note that these opacities have not been weighted by the molecular abundances.
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Figure 4.2 Water, methane, and ammonia absorption cross sections at T = 200 K,

P = 1 bar. Note that these opacities have not been weighted by the molecular

abundances.
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Figure 4.3 Water. methane. and CO absorption cross sections at T = 1600 K. P

1 bar (out to 30 um). This plot is an extended version of Figure 4.1.
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Figure 4.4 Water. methane, and ammonia absorption cross sections at T =

P =1 bar (out to 30 um). This plot is an extended version of Figure 4.2.

200 K.
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Figure 4.5 H,-H, collision-induced absorption (CIA) cross sections at various

temperatures and pressures.
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Figure 1.6 LTE absorption cross sections of the alkali metals, lithium. sodium.
potassium, rubidium, and cesium. The strong pressure-broadened resonance lines
of sodium and potassium are expected to dominate the visible spectra of hot EGPs.
In comparison, lithium, rubidium, and cesium have lower abundances in the outer

atmospheres of hot EGPs.
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Figure 4.7 Depiction of the differences in total, abundance-weighted gaseous
opacities in hot and cold EGP atmospheres at P = 1 bar. The opacity in the
visible region of a hot atmosphere is up to several orders of magnitude larger than
that of a relatively cold atmosphere. In contrast, there are regions in the infrared

where the total opacity of the cold atmosphere is greater.
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5 MIE THEORY AND OPTICAL PROPERTIES OF CONDENSATES

Condensed species in substellar objects range from ammonia ice in low temperature
EGPs to silcate. iron. and aluminum compounds at high temperatures. Some

of the condensates relevant to EGP atmospheres include NHj3 (< 150-200 K).
NH;SH (g 200 K), H,O (g 250-300 K), low-abundance sulfides and chlorides (g
700-1100 K), silicates such as Mg,SiO, and/or MgSiO3 (g 1600-2000 K). iron or
iron-rich compounds (g 1700-2200 K). and aluminum or calcium compounds (g
1700-2200+ K). Additionally. photochemical processes in the upper atmosphere
due to irradiation by a central star can produce non-equilibrium condensates.
Stratospheric hazes may be composed of polvacetylene (Bar-Nun et al. 1988) and
other aerosols. Chromophores, those non-equilibrium species which cause the
coloration of Jupiter and Saturn. might include P; (Noy et al. 1981) or organic
species similar to Titan tholin (Khare & Sagan 1984). Brown Dwarf atmospheres
can contain a similar host of silicate. iron, and aluminum compounds. However.
only the lowest temperature T-Dwarfs will contain condensed water, since the
temperatures are simply too high in most objects. Due to the absence of ultraviolet
irradiation. isolated brown dwarfs are not expected to contain significant levels of

photochemical products.

Condensates can have large effects on the emergent spectra of EGPs and

brown dwarfs. The optical properties of most condensates are relatively featureless
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in comparison with molecular bands and atomic lines. Hence. the presence

of condensates tends to “gray” the spectrum by shallowing the troughs and
shortening the spectral peaks. providing opacity at the wavelengths at which the
radiation would otherwise escape. In EGPs, condensates are the principal source
of scattering of incident irradiation. and if located in the outer atmosphere. their
presence increases the reflected light in the visible and near-infrared region of the
spectrum. One exception is the presence of non-equilibrium photochemical species
with absorptive optical properties in the UV/blue, a region of the spectrum that in
the absence of these species can be quite reflective due to the Rayleigh scattering

of incident radiation.

Of course, those condensates that are higher in the atmosphere generally will
have a greater effect on emergent spectra than those that reside more deeply, unless
the high condensed layer is very optically thin. The presence and location of a
particular condensed species is determined largely by an object’s T-P profile. and
by the tendency of the condensate to settle (to “rain out” due to the gravitational
field) at a depth in the atmosphere near the region where the T-P profile crosses
the condensation curve. Hence, a given low-temperature EGP atmosphere (Teq <
150 K) might consist of an ammonia cloud deck high in the troposphere and a
water cloud deck somewhat deeper, with purely gaseous regions above, beneath.
and between the clouds. Similarly, a higher-temperature atmosphere (~1200 K)
might consist of a tropospheric silicate cloud deck above a deeper iron cloud deck.
Depending upon the wavelength region and the amount of condensate in the upper
cloud, the presence of deeper clouds may or may not have a recognizable effect on
the emergent spectrum. If for all wavelengths the cloud deck resides at 7, > 1.

there will be little effect on the emergent spectrum.
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3.1.  Mie Theory

The scattering and absorption of electromagnetic radiation by condensed species in
planetary and brown dwarf atmospheres is a very complex problem. The scattering
properties of ices. grains. and droplets of various sizes. shapes. and compositions
cannot be described accurately by simple means. Most often. these scattering
properties are approximated by Mie Theory, which describes the solution of
Maxwell’s equations inside and outside a homogeneous sphere with a given complex
refractive index. A full description of Mie Theory is quite lengthy, so here [ present

only the computational method and relevant equations.

As per van de Hulst (1957). the scattering and extinction coefficients are

_ O scat 2 > 2 2 -
Quea =25 =5 2_:1(2n+ D[l an > + | ba ] (5.1)
and
Oext 2 = p -
Qexe = ~25 = 5 3 (20 + 1) Re(an + ba). (5.2)
n=1

where a is the particle radius, r is the size parameter (= 27a/\). and a, and b,
are the Mie coefficients. As per Deirmendjian (1969), for numerical computation
these coefficients can be expressed in terms of the complex index of refraction.

M = Nyeal — INimag. and Bessel functions of fractional order:

) 2ot 4 2]y (@) = Ty ()
“T [*"5;"” + -;-] [J,H_%(I) + (—1)ni.1_,,-i(z)] — Ty s (2) + (=) (2)
(5.3)
and
b = [m.4n(mr) + f] Jn+%(z) - Jn_%(z)

[mAn(ma) + 2] [Jos1 (2) + (- 1)y (@)] = o
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The scattering asymmetry factor, g =< cosé >, is obtained by taking the first

moment of the normalized scattering phase function, p(6):

1 1
g= 3/ p(0) cosfd(cos ), (5.6)
</
which can be expressed in terms of the Mie coefficients as
1 & [nn+2) 2n+1 .
= nGro g + 0,07, ——Re(anby)| . 7
=T e~ [ n+1 Re(antn +babit) + n(n+1) elanby) (57)

where the asterisks signifv complex conjugation.

The infinite sums in Eqgs. (5.1). (5.2). and (5.7) are truncated between 50 and
200 terms depending on the value of the size parameter. Large size parameters
require more terms in order to produce accurate asymmetry factors and scattering
and extinction coefficients. For size parameters larger than ~ 75. variations in Q..
Qsca and g are much reduced. I use an asymptotic form of the Mie equations for
large x outlined fully by Irvine (1964) to find the limits of the scattering coefficients
and asymmetry factors. (The extinction coefficient. Q.,., simply approaches 2.0.)
Interpolation between the full Mie theory results and these asymptotic limits vields
the coefficients for large size parameters. However. inherent assumptions in the
asvmptotic form of the Mie equations render them inadequate for the computation
of the scattering coefficients in the weak-absorption limit (n;mee < 1073), in which

case I use the geometric optics approximation (Bohren & Huffman 1983),

Quea = 2 — 3 Limag [Pt = (P2 = 1)) 2. (5.8)

real — real —
3 Nreal

Figure 3.1 shows the Mie theory results for the visible and near-infrared

extinction and scattering coefficients of H,O ice spheres of radii 0.3, 5, and 50 pm.
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The major oscillations in Q.;; (and Q,..) as a function of wavelength are due to
interference between diffracted and directly transmitted light. The magnitude of
Qeze tends to be largest when the wavelength is of the same order as the particle
size. A finer rippled structure. due to internal reflection and surface waves. is also
prominent where the wavelength and particle size are of the same order. These
minor oscillations are very rarely observed in nature because they are washed out
both by a distribution of particle sizes and because particle shapes deviate from
spheres. In fact. a distribution of particle sizes can wash out the major oscillations

as well.

Figure 5.2 shows the scattering asvmmetry factors for 0.5 um. 5 pm. and 50
pm HyO ice spheres. Overall. the degree of forward scattering is greater for larger
particle sizes. Indeed. as the size parameter (z = 2wa/\) becomes very small. the

Ravleigh scattering limit of forward-backward scattering symmetry is reached.

3.2. Optical Properties of Condensates Relevant to EGP Atmospheres

The principal condensates to which I have applied the Mie theory (roughly in
order of increasing condensation temperature) include NHj ice. H»O ice and
liquid, chromium. MgSiOj (enstatite), Mg,SiO, (forsterite), MgAl,Oy (magnesium-

aluminum spinel), iron, Al,O3 (corundum), and Ca;Al,SiO; (gehlenite).

The optical constants (complex indices of refraction) for ammonia ice, H,O ice.
and H,O liquid were obtained from Martonchik et al. (1984), Warren (1984), and
Warren (1991). respectively. The constants for enstatite, magnesium-aluminum
spinel. iron. and corundum were obtained from Dorschner et al. (1995), Tropf
& Thomas (1990), and Gervais (1990), respectively. The indices for iron were

provided by Aigen Li (private communication, 2002). Those for forsterite shortward



of ~ 33 um were taken from Scott & Duley (1996); longward of this wavelength.
the indices were provided by Aigen Li. For gehlenite, the real index was taken from
Burshtein et al. (1993) and an absorbance spectrum (Rossman & Taran) was used

to derive the imaginary index:

o =A TIW) ]
k(A) = 47rZlog [[0(/\)] . (5.9)

where [y()\) is the incident intensity on a slab of gehlenite of thickness z. and [(\)

is the transmitted intensity.

Figures 5.3 and 5.4 depict the real and imaginary indices of refraction for
many of the condensates thought to exist in EGPs and brown dwarf atmospheres.
Some of these condensates have relatively strong absorption features. which for
a distribution of particle sizes is generally evident from the magnitude of the
imaginary index of refraction. H,O ice has broad absorption features at ~ 1.3, 2.
and 3, and 4.5 um. Those of water in liquid form mirror these quite well. with
only small displacements, mainly to shorter wavelengths. The silicates. MgSi,O;
and MgSiO3 have broad features near 10 and ~ 20 um and at < 0.2 and 0.35 um,
respectively. MgAl,O, absorbs strongly only in the infrared. and especially around

15 and 20 um.

Figure 5.5 shows the optical properties of ammonia ice. along with some
nonequilibrium condensates that are relevant to Jupiter (and perhaps to many
EGPs as well), including phosphorus (Noy et al. 1981), tholin (Khare & Sagan
1984), and polyacetylene (Bar-Nun et al. 1988). Ammonia ice, a principal
condensate at low temperatures. exhibits little relative absorption in the blue and
visible spectral regions. However, it can provide absorption in the infrared with
particular strength near 2.0, 2.25, 3, 4.3, 6.2, 9.5 um and elsewhere. P, and tholin

are chromophore candidates for the coloration of Jupiter and Saturn, due to their
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large imaginary indices of refraction in the ultraviolet/blue and their plausibility
of production. A somewhat vellowish allotrope of phosphorus, Py was produced
in the laboratory by Noy et al. (1981) by ultraviolet irradiation of an Hy/PHj
gaseous mixture. [t is believed that this same process may be responsible for its
production in Jupiter. Tholin is a dark-reddish organic solid (composed of over 75
compounds) synthesized by Khare and Sagan (1984) by irradiation of gases in a
simulated Titan atmosphere. It is believed that a tholin-like solid may be produced
similarly in giant planet atmospheres. Polyacetylenes, polymers of C,H,. were
investigated by Bar-Nun et al. (1988) and likely are an optically dominant species
in the photochemical stratospheric hazes of giant planets. where hydrocarbons are

abundant (Edgington et al. 1998; Noll et al. 1986).

2.3. Particle Size Distributions

Cloud particle sizes are not easily modeled and are a strong function of the
unknown meteorology in EGP atmospheres. Inferred particle sizes in Solar System
giant planet atmospheres can guide EGP models, although they range widely from

fractions of a micron to tens of microns.

[ have investigated various particle size distributions. A commonly used

6
n(a) x (i) exp [—6 (i)} . (5.10)
Qg ag

which reproduces the distributions in cumulus water clouds in Earth’s atmosphere

distribution is

fairly well if the peak of the distribution is ag ~ 4um (Deirmendjian 1964).

Stratospheric aerosols—at least those in Earth’s stratosphere—can be



represented by the “haze” distribution (Deirmendjian 1964),

a a\'? .
n(a) x —exp | —2 (—) . (5.11)

) Qp

In the present work. I use a “cloud” distribution with various modal particle sizes.
My fiducial modal particle radius for water and ammonia is 5 um. as informed
by Deirmendjian (1964) as well as measurements of the atmosphere of Jupiter.
(But a “haze™ distribution is used when modeling the polyacetylene distribution in
Jupiter’'s outermost atmosphere.) For grains such as silicates and iron. my fiducial
modal particle size is 10 um, a value in broad agreement with recent cloud models

for EGPs and brown dwarfs (Cooper et al. 2002; Ackerman & Marley 2001).

53.4. A Sample of the Results: Condensate vs. Gas Opacities

The wavelength-dependent scattering and absorption opacities for some of the cloud
species used in my fiducial EGP models are presented in Figures 5.6 and 5.7. For
comparison. total gaseous absorption opacities at the same level in the atmosphere
at which the clouds resides are plotted. Figure 5.6 pertains to the atmosphere of
a Class V roaster. Silicate (forsterite) and iron clouds reside near 10 mbar. where
the atmospheric temperature is ~ 1600 K. For both forsterite and iron. a “cloud”
particle size distribution with a modal size of 10 um is used. At a temperature of
1600 K. the dominant gaseous opacity sources are sodium. potassium, water. and
CO. In the visible region, the cloud opacities overwhelm the gas-phase opacities,
the only exceptions being the sodium and potassium line cores. Forsterite is a
strong absorber in the visible and near infrared, while scattering due to forsterite
and iron is roughly an order of magnitude weaker. In the mid-infrared (3> 5 um),
the gaseous opacities dominate. Given that this comparison plot corresponds to

the outer regions of the atmosphere, it is obvious that the clouds will have an effect



on the visible and near-infrared spectrum of an EGP. However, the magnitude of
this effect will depend largely upon the vertical extent of the cloud. Since the
condensates have a limited vertical extent (on the order of a pressure scale height).
and the gases do not. the presence of gases above the cloud generally will reduce
the influence of the cloud on the emergent spectrum. In the case of optically thin
clouds high in the atmosphere. the formation of the spectrum will also depend

strongly on the deeper gaseous regions.

Figure 5.7 pertains to the atmosphere of a cooler Class II EGP. I compare the
opacities due to a water (ice) cloud at 1 bar and 250 K with those of the gas-phase
species. A “cloud” particle size distribution with a modal size of 5 um is used,
assuming that 10% of the total water abundance in the cloud region condensed. At
a temperature of 250 K. the dominant gaseous opacity sources are water, methane.
and ammonia. Scattering is the primary contribution of the condensed water in the
visible and near-infrared regions. Hence, one should expect that the presence of a
water cloud in an EGP atmosphere will result in reflection of incident radiation
from the EGP’s central star, the degree of which will depend upon the height and
thickness of the cloud. I'll discuss the effects of clouds on actual EGP emergent

spectra in Chapters 6 and 7.



ant & Qlcn

A (um)

Figure 5.1 Mie theory extinction and scattering results for ice spheres of radius 0.3,
3. and 30 um. Q. is depicted by the thick curves, and Qs by the thin curves. The

degree of extinction tends to be largest when the wavelength is of the same order as

the particle size.
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Figure 5.2 Mie theory scattering and asymmetry factor results for ice spheres of
radius 0.5. 5. and 50 um. Overall, the degree of forward scattering is greater for

larger particles.
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Figure 5.4 Imaginary indices of refraction for condensates relevant to the
atmospheres of EGPs. Generally, for a distribution of particle sizes, absorption

features are evident from the magnitude of this index.
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Figure 5.5 Imaginary indices of refraction for ammonia ice and candidate

nonequilibrium species relevant to Jupiter. and perhaps to EGPs as well.
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Figure 5.6 Absorption and scattering opacities of forsterite and iron compared with

the total gaseous opacity at T = 1600 K. P = 10 mbar. A Deirmendjian “cloud”

particle size distribution with a median size of 10 um was used. The opacities shown

are the cross sections per gram of the total atmosphere.
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Figure 5.7 Absorption and scattering opacities of condensed water (ice) compared
with the total gaseous opacity at T = 250 K, P = 1 bar. A Deirmendjian “cloud”
particle size distribution with a median size of 5 um was used, assuming that 10%
of the total water abundance in the cloud region condensed. The opacities shown

are the cross sections per gram of the total atmosphere.



83

6 CLASSES OF EXTRASOLAR GIANT PLANETS

What do extrasolar planets look like? ['ll discuss and portray the atmospheric
structures and emergent spectra of the EGP classes in this chapter. leaving models

of specific EGP systems and parameter studies for Chapters 7 and 8.

Due to qualitative similarities in the compositions and spectra of objects
within several broad effective temperature ranges. EGPs fall naturally into groups,
or “composition classes.” At low temperatures (< 150 K) is a class of “Jovian”
objects (Class I) with tropospheric ammonia clouds and strong gaseous methane
absorption. Somewhat warmer Class [I, or “water class” EGPs are affected by

condensed H5O. as well as water and methane vapor.

When the upper atmosphere of an EGP is too hot for water to condense.
radiation generally penetrates more deeply. In these objects, designated Class III,
“clear” or “gaseous,” due to a lack of condensation in the upper atmosphere, the
ro-vibrational molecular absorption bands of water and methane are very strong.
Additionally, the resonance lines of sodium and potassium present themselves
in the visible (at ~ 0.6 um and ~ 0.77 pum, respectively) and collision-induced

absorption (CIA) by H, molecules affects the infrared.

In those EGPs with exceedingly small orbital distance and outer atmospheric

temperatures in excess of ~ 900 K (Class IV), strongly pressure-broadened
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resonance lines of sodium and potassium are expected to dominate the visible
spectrum. while molecular absorption in the infrared remains strong. Tropospheric
silicate and iron layers are expected to exist, but in all but the hottest (> 1400
K) or lowest gravity close-in EGPs (Class V), these layers are too deep to have
significant effects on the emergent spectra. The very hot Class V' EGPs differ in
important ways from Class [V EGPs. These extremely close-in “roasters” are hot
enough and/or have a low enough surface gravity that silicate and/or iron clouds
condense very high in the atmosphere at pressures less than 100 millibars. in
contrast to the deep clouds of Class IV objects. Hence, grains can have substantial
effects on the emergent spectra of Class V roasters. Futhermore. at such high
temperatures, nearly all the carbon is taken up by CO, so methane features in

Class V EPGs are very weak or nonexistent.

Figure 6.1 depicts sample temperature-pressure structures for Classes [
through V. Also shown are the condensation curves for the principal condensates.
ammonia, water, forsterite (a representative silicate). and iron. The intersection
of a T-P profile with a condensation curve indicates the approximate position of
the base of a condensate cloud. (For clarity, the smooth T-P profiles of cloud-free
models are shown.) The Class [ profile intersects the ammonia condensation
curve at roughly one bar. At greater pressures, the temperature is too high for
ammonia condensation to occur. This profile also intersects the water condensation
curve at nearly 10 bars, indicating the presence of water clouds at this depth. Of
course. a whole variety of Class I objects with differing T-P profiles will exist,
and the ammonia and water condensation curves will be intersected at different
pressures for each object, but by definition. Class [ EGPs have an ammonia
cloud that is well above a water cloud. The warmer Class II profile crosses only

the water condensation curve, indicating the existence of a water cloud in the
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upper atmosphere. Classes IV and V intersect the silicate and iron condensation
curves, but at quite different pressures. Figure 6.1 is a general guide to the T-P
structures and approximate positions of the various principal condensate clouds in
the atmospheres of a full range of EGPs. However. more model-specific details are

offered in Chapters 7 and 8

6.1. Jovian Class [ EGPs

Class I EGPs orbit at distances of at least a few AU from their central stars. With
Teq < 150 K. the spectrum of such a cool. Jovian-like gas giant at 10 parsecs is
shown in Figure 6.2. Methane and ammonia are the dominant gaseous species.
because at these low temperatures, carbon is predominantly in the form of CH,
rather than CO, and nitrogen is in NHj, as opposed to N,. The visible and
near-infrared spectrum is comprised mostly of reflected stellar light, since such an
object is far too cool to emit significant thermal radiation at short wavelengths.
This reflection is provided mostly by the upper ammonia cloud. with some
additional contribution in the blue due to Rayleigh scattering. Some ammonia ice
absorption features are also indicated in Figure 6.2 by the {NH3} symbols, where
the imaginary index of refraction is rather large (~ 1.5, 1.63, 2, and 2.2 um). The
upper atmosphere is largely depleted of H;O. which has condensed and settled into
a cloud layer at several bars pressure. Provided that the upper ammonia cloud is
optically thick (here I assumed a particle size distribution peaked at 3 microns.
with a condensate abundance at 10% of the total ammonia abundance). one should
not expect to see substantial effects from gaseous or condensed H,O in the visible

or near infrared emergent spectrum.

Lower abundance condensates almost certainly exist as well. These include
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an NH;SH cloud at pressures between those of the ammonia and water clouds. as
well as very low abundance non-equilibrium photochemical solids or liquids within
and above the ammonia cloud layer. [ do not include these in the general Class I

model. but see §7.7 for their effects in specific Jupiter models.

In our present-day Solar System. both Jupiter and Saturn are Class [ objects.
but it is important to note that not all EGPs orbiting at several AU will be
Class I planets. Young and/or massive objects may have high enough effective
temperatures (defined as (F/o)!/* for an object in isolation) that ammonia will
remain in gaseous form. Therefore. those hotter objects will be Class II (or even

Class III).

6.2. Water Class II EGPs

Class II EGPs generally orbit at a distances of ~ 1 to 2 AU. or somewhat farther
out for an object with an early-tvpe central star. Outer atmospheric temperatures
(< 250 K) are below that of the water condensation curve, producing an upper
tropospheric cloud layer of H,O. Figure 6.3 shows an example spectrum of a Class
II EGP. Reflection in the visible and near-infrared is provided primarily by the
water cloud, which I have assumed to be comprised of a particle size distribution
peaked at 5 microns. While scattering by this H,O condensate layer elevates the
emergent spectrum. the spectrum is dominated by the gaseous absorption features
of water. methane. and to a lesser extent, ammonia. Among the gaseous water
absorption features. one may discern condensate absorption features at ~ 1.3. 2.

and 3.05 microns, depending in part upon the thickness of the clouds.
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6.3. Gaseous Class III EGPs

Class I[II EGPs are too warm to contain condensed H,O. but are too cool for silicate
or iron grains to exist in their outer atmospheres. In the absence of principle
condensates, [ label this class as the “gaseous™ or “clear” class. Typically orbiting
at distances less than about 1 AU. such objects have equilibrium temperatures
between ~ 350 K and 800 K. Although an isolated object with Teq ~ 350 K is
likely to contain water clouds. stellar irradiation keeps the temperature of a Class

[II EGP high enough that its profile never reaches the condensation curve.

A purely gaseous EGP is expected to have a very low albedo. Rayleigh
scattering does have an impact in the blue and visible regions of the spectrum.
but the majority of the spectrum is made up almost entirely of absorption and
emission. Figure 6.4 shows an example spectrum of a Class III EGP. Gaseous
water and methane absorption are strong, while ammonia absorption is weakening
compared with Class II. The alkali metals, particularly the sodium and potassium
resonance lines at ~ 0.6 pum and ~ 0.77 pm, respectively, appear with modest
intensity. Due to the absence of clouds. the incident radiation penetrates deeply

between the near-infrared ro-vibrational absorption bands. Here, collision-induced

pum, and longward, keeps the flux peaks lower than they would be otherwise.

The slope of the visible spectrum is a combined consequence of the A~
dependence of Rayleigh scattering and the incident stellar spectrum. The later the
stellar spectral type. the flatter the slope will be if the spectral energy distribution

of the star falls off rapidly with decreasing wavelength.

It is worth mentioning that low-abundance sulfide or chloride condensates

could exist in the troposphere at a few bars pressure or less. Based on theoretical



88

abundances, thick clouds are verv unlikely. but even a cirrus-like layer could provide

significant reflection, reducing the deep absorption troughs seen in Figure 6.4.

Figure 6.5 provides a comparison of the T-P structure of a Class III model
with that of a cloud-free brown dwarf of the same effective temperature and gravity.
As expected. the EGP profile is more isothermal in the outer atmosphere. while
it is somewhat cooler than the brown dwarf deeper in the atmosphere. Figure
6.6 depicts the emergent spectra associated with these profiles out to 30 yum. By
construction, both integrated emergent fluxes are identical. but the individual

spectral energy distributions differ significantly.

Most striking is the visible region. Here, Rayleigh scattering of the incident
radiation keeps the EGP flux high relative to that of the brown dwarf. Only
modest sodium and potassium lines appear in the EGP spectrum, compared with
very strong lines for the brown dwarf. This fact is not due to a dominance of
Rayleigh scattering cross sections; the alkali cross sections are actually much larger.
Rather, the equilibrium abundances of the alkalis are very low in the outermost
atmospheres of both the EGP and the brown dwarf. The alkali absorption in a
brown dwarf of this effective temperature occurs at pressures of > 1 bar, but the
strong impinging radiation on the EGP in the visible region is reflected by Rayleigh
scattering higher in the atmosphere, producing emergent flux in the visible, before
this pressure region is well probed. So although alkali absorption occurs in both
objects at moderate pressures, strong alkali absorption is seen only in the emergent
spectrum of the brown dwarf. This is not the case if the outer atmosphere is at

higher temperature, as we will see with Class IV objects (§6.4).

In the near-infrared, the peak-to-trough variations in the molecular absorption

are greater in the brown dwarf than the EGP, which is expected due to the more
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isothermal profile of the EGP. In the case of the brown dwarf. more flux escapes in

the Z, J, and to a lesser degree. the H band. But bevond the A band. the EGP

infrared flux is somewhat higher.

6.4. Close-In Class IV EGPs

The close-in Class IV EGPs are those orbiting their stars well within the distance
at which Mercury orbits the Sun. Many are roughly 0.1-0.2 AU from their central
stars. or even closer for late-tvpe stars. Giant planets at such small orbital distances
are quite exotic by the standards of our Solar System. and their spectra are as well.
With atmospheric temperatures in the 1000 K range, the alkali metal abundances
increase substantially and CO takes up much of the carbon in the low-pressure

outer atmosphere.

Figure 6.7 shows a Class [V EGP spectrum. Perhaps most striking is the
strong absorption due to the sodium (0.6 um) and potassium (0.77 um) resonance
lines. These lines are strongly pressure-broadened and clearly dominate the visible
spectral region. Also present are the lithium (~ 0.67 um), rubidium (~ 0.78, 0.795

pm; not labeled). and cesium doublets (~ 0.85, 0.895 um; not labeled).

CO absorption is very strong in the 4.4-5.0 micron region, as well as at ~ 2.3
pm. This comes at the expense of methane. which competes for carbon. However.
methane absorption is still visible, particularly the 3.3-um v; fundamental feature.
Although methane absorption is weaker, water absorption remains very strong,
and. as for Class III objects, Hy CIA absorption affects the near-infrared. At these
high temperatures, N, takes up most of the nitrogen. so ammonia abundances are

very low.

Silicate and iron clouds do form, but too deeply (> 10 bars) to affect the
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emergent spectrum significantly. Figure 6.8 shows the effect of a silicate cloud on
the T-P profile. Despite the changes in the T-P structure at depth, the emergent
spectrum is nearly identical to the cloud-free model. Both spectra are shown in

Figure 6.9.

The very strong alkali absorption shown here is likely an upper limit since the
neutral alkali abundances could be reduced somewhat by ionizing ultraviolet flux
(see §3.5 and §8.3) or scattering by low-abundance, nonequilibrium photochemical
products. In any event. strong alkali lines are expected to be prominent features of

close-in Class I\V" EGPs.

6.5. Class V Roasters

The hottest of all EGPs are the extremely close-in Class V EGPs, or “roasters.”
These objects orbit their stars around 0.05 AU. The first EGP discovered. 31

Pegasi b, is good example of a roaster. Many of these objects have equilibrium
temperatures that rival hot brown dwarfs (> 1400 K). Silicate and iron clouds
can form quite high in the atmospheres of these EGPs, especially for low-mass.

low-gravity roasters, and they have significant effects on the emergent spectra.

Figure 6.10 shows the emergent spectrum of a Class V roaster. Like Class
IV EGPs, Class V objects have strong alkali metal absorption lines. although
their strengths can be reduced somewhat due to reflection by condensates at
altitude, and/or if the outer atmosphere becomes close to isothermal. Water and
CO absorption remain strong, but unlike Class IV objects, where some methane
absorption is seen, methane features in the visible and near infrared are either very

weak or nonexistent, even at the 3.3-um fundamental.

The presence of high clouds in Class V. EGPs results in smaller wavelength-
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dependent flux variations relative to Class [V EGPs. This is mainly a result

of cloud opacity blocking the flux windows between the molecular absorption
features, thereby reducing the flux peaks. As a result, the absorption troughs
are not as deep, since some of the blocked flux escapes in these spectral regions.
Additionally, clouds reflect some of the incident stellar radiation, increasing the
incident flux where the scattering opacity is high. a phenomenon that tends to be

more noticeable in the vicinity of the gaseous absorption troughs.
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Figure 6.1 Temperature-Pressure (T-P) profiles of EGPs over the full range in
effective temperature. The profiles shown represent the different EGP classes.
The corresponding emergent spectra are depicted in Figures 6.2, 6.3, 6.4. 6.7. and
6.10. Condensation curves for four high-abundance condensates (ammonia, water,
a silicate, and iron) are also shown. The intersection of these curves with the T-P
profiles indicates the positions of cloud bases. (For clarity, cloud-free T-P profiles

are shown here.)
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Figure 6.2 Emergent spectrum of a Class [ (“Jovian”: ~ 5 AU) EGP. The
temperature in the outer atmosphere is cold enough (g 150 K) that ammonia
condenses into ice, which provides significant reflection. The upper troposphere
is depleted of water, which is condensed into a cloud layver at a pressure of a few-
to-several bars. Methane and ammonia absorption dominate the visible and near-

infrared spectrum. Note that ‘{NH,}" indicates a feature of condensed ammonia,

while ‘NHj’ indicates that of gaseous ammonia.
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Figure 6.3 Emergent spectrum of a Class II (“water class™: ~ 1-2 AU) EGP. A
water cloud resides in the upper troposphere, but the temperature at every pressure
is hot enough that ammonia remains in gaseous form. Reflection by water keeps the
emergent flux higher than it would otherwise be in the visible and near-infrared.
Gaseous absorption by methane, water, and ammonia produce strong spectral

features. Note that ‘{H,O} indicates a feature of condensed water, while ‘H,0’

indicates that of gaseous water.
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~ 0.5 AU) EGP. These

objects are too warm for water to condense. but too cold for a silicate layer to

appear in the upper troposphere. In the absence of any high-abundance, principal

condensates, the ro-vibrational molecular absorption features are very strong. Of

particular importance are absorption by gaseous water, methane, and molecular

hydrogen (collision-induced). Additionally, alkali metal lines appear in the visible.
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Figure 6.5 Comparison of the T-P structure of a Class III EGP (thick curve)
with that of a brown dwarf (thin curve) with the same surface gravity and total

integrated emergent flux. The outer atmosphere of the EGP is more isothermal due

to irradiation by the primary.



97

log,, F [ergs s=! cm-2 Hz"!)

10
log,, Wavelength [microns]}

Figure 6.6 Comparison of the emergent spectrum of a Class I[II EGP (thick curve)
with that of a cloud-free brown dwarf (thin curve) of the same effective temperature
and surface gravity. By construction, the integrated emergent fluxes are identical.
but the spectral energy distributions differ significantly. (Fluxes shown are at the

objects’ surfaces.)
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Figure 6.7 Emergent spectrum of a Class [V EGP (~ 0.1 AU). The visible spectrum
is dominated by strong pressure-broadened sodium and potassium resonance lines.
while gaseous water, methane, and carbon monoxide absorption are strong in the

infrared. Silicate and iron clouds exist at depth. but they have no significant effects

on the visible or near-infrared emergent spectra.
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Figure 6.8 Effect of a deep silicate cloud on the T-P structure of a Class [\" EGP.
The resulting T-P profile (thick curve) differs from that of a cloud-free model (thin

curve), but only at depth.
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Figure 6.9 Emergent spectrum of a Class [V EGP with its deep silicate cloud (thick
curve) relative to that of a cloud-free model (thin curve). Silicate clouds in Class

IV EGPs form too deeply to have significant effects on their emergent spectra.
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Figure 6.10 Emergent spectrum of a Class V EGP (a “roaster”; ~ 0.05 AU). Like
Class IV objects, these EGPs have strong alkali lines, but scattering and absorption
by silicate and iron grains high in the atmosphere alter the character of the spectrum.

Furthermore, nearly all of the carbon resides in carbon monoxide, so methane

features are verv weak or nonexistent.



7 SpecIFic EGP MODELS

Models of specific EGP systems will prove to be invaluable both to inform
observational attempts and in the interpretation of the resulting data. Like any
subfield of astrophysics, the accuracy and improvement of EGP models will in
part depend upon the availability of observational data in order to constrain the
rich variety of consistent theoretical models that are possible. At this early stage.
assumptions must be made with respect to metallicities, gravities. inner boundary
fluxes, cloud scale heights, cloud particle sizes, etc. When modeling a specific EGP
svstem with some well-measured parameters (semimajor axis. stellar spectral type.
etc.), I choose one set of values based on the available data, but in Chapter 8 I also
explore the effects on the emergent spectra and T-P structures with variation in
some of these parameters. As mentioned in Chapter 2, some aspects, such as cloud

patchiness and atmospheric winds are not tackled in the current modeling effort.

To date. there are roughly 100 known EGPs. [ model a representative sample
of these that encompasses a full range of EGP atmospheric temperatures. A broad
set of Kurucz model stellar spectra (Kurucz 1994) is utilized to simulate the central
stellar spectrum for each planetary system modeled. These spectra were scaled and
normalized according to available effective temperatures and gravities of the actual

stars (Santos et al. 2001; Ryan 2001).

For the purpose of modeling the atmospheres and emergent spectra of these
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objects. the mass and age determine the intrinsic luminosity and. hence. the inner
boundary flux. Unfortunately. we do not know the actual planetary masses or
the ages of most of the systems discovered to date. We do know the minimum
planetary masses. as given by the radial velocity method (Msini), but we do
not know the orbital inclination (i) for most systems. Only with a transit (e.g.
HD 209458b) or an astrometric measurement (e.g. € Eridani. preliminary) can
we discern the inclination and mass. The ages are difficult as well. Detailed
spectroscopy of the central star may result in an estimated age, but such work has
vet to be completed for most systems. The inner boundary is of little consequence
to the emergent spectra of closely orbiting EGPs so long as the flux corresponds to
Teff< 500 K, but it can be quite important in the modeling of planets with larger
orbital distances. I use Msini and, where available, estimates of the primary’s
age along with evolutionary models (Burrows et al. 1997) as guides to my chosen
inner boundary fluxes. In all cases, I'll state what inner boundary condition was
used. Chapter 8 contains a study of the effects of the inner boundary flux on the

emergent spectra.

While I do not tackle the complex photochemistry of nonequilibrium species
that are likely produced by the ultraviolet irradiation of molecules in the outermost
atmospheres of EGPs, I do explore the effects of some such candidate products
based on the optical properties of species that were derived experimentally in an
attempt to explain the colors of Jupiter and Saturn (Noy et al. 1981; Khare &
Sagan 1984: Bar-Nun et al. 1988). Both gaseous and condensed species likely
are produced, but the condensates generally will have greater effects on the
emergent spectra of EGPs. As in the atmosphere of Jupiter, stratospheric hazes
and tropospheric chromophores, or impurities within and above the principal cloud

layers, can alter the emergent spectra substantially, particularly in the ultraviolet
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and blue regions of the spectrum (even if present in relatively small amounts). In

§7.7. I detail these effects on Jupiter’'s albedo spectrum.

7.1. The Upsilon Andromeda System

The Upsilon Andromeda system (Butler et al. 1999) is currently known to be
comprised of three EGPs in orbit around an F7 main sequence star of distance ~
16.5 parsecs. The innermost planet (v And b) has an Msini of 0.71M jand is in a
roughly circular orbit (e ~ 0.03) about its primary at only 0.039 AU. v And c is
somewhat more massive (Msin: = 2.11 M) and has an elliptical orbit (e ~ 0.2)
with a semimajor axis of 0.83 AU. With Msini = 4.61Mj, v And d is even more
massive and has a semimajor axis of 2.50 AU. It has a significant eccentricity of ~
0.4, so its periastron is actually 1.5 AU and its apastron is 3.5 AU. Since we do not
currently know the inclinations of their orbits. we know only the minimum masses
of these planets. However. if we assume that the orbits are roughly coplanar. as
indicated by our own solar system and theory of planet formation. the ratios of the

Msini are also the ratios of the planetary masses.

The emergent model spectra for the planets in the Upsilon Andromeda system.
along with an estimated spectrum of the primary (a scaled Kurucz model stellar
spectrum), are shown in Figure 7.1. An accompanying plot, Figure 7.2. depicts the

T-P profiles of these planets.

v And b is a Class V “roaster” with silicate and iron clouds high in the
atmosphere. Using the models of Cooper et al. (2002) as a guide, I choose a cloud
particle size distribution that is peaked at 10 microns for both forsterite and iron.
Each of these clouds has a vertical extent of one pressure scale height. The iron

cloud base resides at ~ 20 mbar, while the forsterite condenses at slightly lower
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pressures (~10 mbar). Given the prescribed vertical extents of these clouds. they
overlap spatially. At pressures where the condensation curves of forsterite and iron
are relatively close. as in this case. one might reasonably argue that a number of
species from the olivine sequence. in addition to forsterite. could form (as discussed
in §3.3). For this fiducial model of v And b. I do not include such species. The
mixing ratio of the condensed forsterite is set equal to the elemental mixing ratio of
magnesium (~ 3.2 x 107%). Similarly for the iron cloud. the condensate is assumed

to consume all the iron (mixing ratio ~ 5.4 x 1073).

Figure 7.3 is a comparison of a cloud-free version of v And b (thin curve)
with that of my fiducial model (thick curve). Both models have a lower boundary
flux equal to that of an isolated object with Tg= 500 K and a surface gravity
of 3 x 10% cm s™2. The primary effect of removing the clouds is a somewhat
lower temperature in the outer atmosphere (P g 0.1 bar) and a slightly hotter
atmosphere deeper (P > 0.1 bar). At large depth, in the convective region (P > 30
bars), these high clouds appear to have essentially no effect. A comparison of the
fiducial spectrum (thick curve) and cloud-free spectrum (thin curve) is depicted
in Figure 7.4. The removal of the clouds results in a wider variation from peak to
trough throughout most of the spectrum. This is expected to be the case because
condensates produce a relatively gray extinction in comparison with strongly
wavelength-dependent gaseous absorption. In this same vein. removal of the clouds

also deepens the sodium resonance line somewhat.

While the presence of clouds in v And b (and other roasters) has significant
effects on the T-P structure and emergent spectra relative to cloud-free models.
these effects are not so drastic as those predicted in hot EGPs by some researchers,

such as Barman, Hauschildt. & Allard (2001; hereafter BHA). The main differences
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are the vertical extent of the clouds and the cloud particle sizes. My clouds
have a finite scale height like those observed in Earth’s atmosphere and in the
atmospheres of other planets in our Solar System. BHA use a “dusty” model

in which the condensates extend to the lowest pressure of their atmosphere
model, an assumption that was also made by Seager, Whitney, & Sasselov (2000).
Furthermore. BHA assume that a large number of condensates form at these
very low pressures. including (in addition to forsterite and iron) enstatite. spinel.
diopside. akermanite. and others. As detailed in §3.3, some of these species should
not form because one or more of their elements will be consumed by a condensate
that forms at higher temperature). Furthermore, gravitational settling should
prevent any such species from remaining suspended at such low pressures (~ 1-10
microbars). BHA do suggest that the nature of their spatial treatment of clouds

provides an upper limit to the effect of clouds in EGP atmospheres.

The other difference between my cloud layers and those of BHA is
approximately two orders of magnitude in the cloud particle sizes. BHA assume
an interstellar size distribution, while [ use some model results from Cooper et
al. (2002) as guide to my chosen fiducial median sizes (10 pm). This choice
of particle size is also supported broadly by other recent cloud modeling work
(Ackerman & Marley 2001). While the scattering and absorption cross sections
as functions of particle size need to be explored by Mie theory (see Chapter 3), a
simple geometric argument quickly illuminates the lowest-order changes in opacity:
the cross section of a particle of radius a scales as a?, while its volume scales
as a3. Hence, for a given amount of condensate material, the total opacity will
vary roughly as a™!. Due to the strongly wavelength-dependent details of Mie
theory, it turns out that this is a very rough approximation, but it is clear that

decreasing the particle size by two orders of magnitude can increase the cloud
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opacity substantially (unless the particles become so small that the Rayleigh

scattering limit is approached).

v And c is a Class III EGP. That is, no principal condensates are expected to
appear in its outer atmospherele. Since it is more massive than v And b. [ have
chosen a higher surface gravity of 10* cm s~2. Using evolutionary models (Burrows
et al. 1997) as a guide. [ have chosen an inner boundary flux to be equivalent to
that of an isolated of object with Tog= 200 K. Its much larger orbital distance
and lack of condensates to reflect incident radiation result in a spectrum that is a
few-to-several orders of magnitude lower than that of v And b. However. in the 4-3

pm region, a lack of opacity reduces this difference to only 1-2 dex.

v And d contains condensed H,O in the outer atmosphere, and so it is a Class
IT EGP. It’s Msini is roughly twice that of v And c, so I have chosen a surface
gravity of 2 x 10" cm s72 and a lower boundary flux of T,g= 250 K. Its semimajor
axis is three times that of v And c. yet its flux at Earth is actually larger at
some wavelengths shortward of 2 microns. This due to the fact that scattering by
the condensate reduces the depths of the molecular absorption features. In the
windows between these features, v And c still has the higher flux. The rather large
eccentricity (e ~ 0.4) of v And d means that its atmospheric temperature will vary
from periastron to apastron. At periastron, it is likely that its outer atmospheric
temperature will be too high for water to condense, rendering v And d a Class III
object, like v And c. At apastron, the water clouds of my fiducial model will reside

somewhat deeper and will have a greater column depth (i.e. thicker clouds).

Of interest in any observational campaign in which direct detection is desired.
Figure 7.5 shows the visible and near-infrared phase averaged contrast between the

planetary and stellar fluxes for v And b, ¢, and d. This quantity is an average for
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the planetary flux emerging into all solid angles divided by the stellar flux (uniform
in solid angle) at the same distance from the system. In each case, a planetary
radius equal to that of Jupiter is assumed. For v And b, the planet-to-star flux
ratio is greater near 4 pm, where it approaches 3 x 10~*. For comparison. it is
worse than 1073 throughout the visible. For ¢ And ¢ and d. the planet-to-star Aux
ratio is greatest in the ~ 4.1 to 4.8 um range, where it is ~ 107 and 3 x 107,
respectively. Elsewhere, it is below 107¢ (below 107® throughout most of the
visible). Since these numbers are based on a phase-averaged ratio, they are a bit
pessimistic compared with what one would expect to observe at full phase. which
could improve the ratios by over a factor of two, depending upon the details of the

planetary phase function (Seager et al. 2000).

7.2.  The Transiting Planet. HD 209458b

HD 209458b was discovered by the usual radial velocity method (Henry et al. 2000:
Mazeh et al. 2000) to have an orbital distance of only 0.045 AU (e = 0) about a
GOV star, but subsequent dramatic photometry (Charbonneau et al. 2000: Henry
et al. 2000) revealed that it transits its primary. At the time of this writing,
HD 209458b is still the only transiting EGP certain to exist (there are several
candidates currently under analysis). But such an event should not be a very
rare occurrence, at least for Class V roasters. A transit will be observed if the
inclination of a planet’s orbit is greater than cos™![(R. + R,)/a], where R, is
the stellar radius. R, is the planetary radius. and a is the orbital distance of the
planet. Depending on the details of the system, a transit should be observed for
roasters with orbital inclinations greater than ~ 84 degrees. Assuming a random
distribution of orbital inclinations, a transit should occur for approximately 10%

of these systems. This prediction is based upon the fact that the probability of a
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given orientation per solid angle is constant. So the integrated probability for a
system being between 0 and : degrees (P[0°,:]) is just 1-cosi, while P[¢,90°] = cosi.
and cos(84°) ~ 0.1. Of course, such a fortunate orientation immediately reveals the
mass of the planet. A good estimate of the radius of the planet can be obtained
from the photometric transit depth. since the percentage decrease in the stellar flux
is approximately given by (R,/R.)%. (A more detailed analysis may take account
of the ingress and egress.) Given the mass and radius of the planet. its surface
gravity is inferred. With a mass of 0.69M j(Mazeh et al. 2000: Cody & Sasselov
2002) and a radius of 1.35R j, HD 209458b has a surface gravity of ~ 980 cm s72.

A Class V roaster, the atmosphere of HD 209458b is expected to have high
silicate and iron clouds with bases at ~ 5-10 mbar. My fiducial model has a surface
gravity of 980 cm s~2 and an inner boundary flux corresponding to Teg= 500 K.
Figure 7.6 depicts the model spectrum along with an estimated spectrum of the
primary (a scaled Kurucz model). Figure 7.7 shows the T-P profile of HD 209458b.
and the phase averaged planet-to-star flux ratio is depicted in Figure 7.8. As with
v And b, this ratio is largest near 4 um, where for HD 209438b it approaches
1073, The sodium and potassium absorption keeps the ratio low in the visible, but
between the resonance lines (~ 0.7 zm) the ratio is approximately 3 x 107, as it
is blueward of the sodium line near 0.4 um. One caveat is that nonequilibrium
photochemical products tend to absorb strongly in the ultraviolet and blue regions
of the spectrum (e.g. Jupiter), so the contrast at such short wavelengths is quite

uncertain for HD 209458b and other roasters.

Recent landmark observations of the HD 209458b transit by Charbonneau et
al. (2002) in the vicinity of the sodium resonance doublet revealed a photometric

dimming of this region of the spectrum relative to adjacent bands. This has been
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interpreted as the first detection of sodium in the atmosphere of an EGP (and.
importantly, the first detection of an EGP atmosphere) and it is in general accord
with theoretical predictions (Hubbard et al. 2001). However. the level of absorption
inferred is less than one would expect from basic theoretical models assuming a
solar abundance of sodium in neutral form. A few possible explanations have
surfaced, including the existence of a cloud layer at very low pressure. ionization of
sodium by radiation from the primary (Fortney et al. 2002). or non-LTE effects in

the outermost atmosphere.

Barman et al. (2001) champion the non-LTE explanation. They hypothesize
that a reduction in photon absorption in the resonance doublet of neutral sodium
occurs, not because there is a lower than expected sodium abundance. but because
the level populations of sodium deviate from the Saha-Boltzmann distribution.
While this is a plausible explanation in principle, it requires shielding of the
neutral sodium from the intense ultraviolet irradiation. which in turn requires a
strong ultraviolet absorber high in the atmosphere. Without such an absorber.
the incident irradiation could ionize beyond the Barman et al. outer non-LTE
region. eliminating their effect. In their model, heavy metals such as Mg, Ca, and
Al exist in gaseous form in the outermost atmosphere to provide the necessary
shielding. Their justification of the existence of these gases at such low pressure is
their particularly hot T-P profile, which is above the condensation temperatures
of forsterite, enstatite, gehlenite. and other species that will consume these metals
if the outer atmosphere is somewhat cooler. In fact, my fiducial model for HD
209458b is several hundred degrees Kelvin cooler in the outermost atmosphere,
indicating the likelihood that the elevated temperature of the Barman et al. is
produced by the same heavy metals that are providing their shielding. Using

abundances that account for the condensation and rainout of such species, the
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outer atmosphere should be clear of these metals. In addition to my model results.
work by others on close-in EGPs (Seager et al. 2000: Goukenleuque et al. 2000)

does not reproduce the Barman et al. atmospheric temperatures or compositions.

A more natural explanation of the Charbonneau et al. (2002) observational
result is the photoionization of sodium in the outer atmosphere of HD 209458b. As
outlined in §3.5. such ionization may occur down to ~ 1 mbar near the limb of the
planet. Treating this problem with the correct spherical geometry, and including
the opacities of the high forsterite cloud, this is deep enough in the atmosphere
to account for the reduction in flux observed by Charbonneau et al. (Fortney et

al. 2002).

7.3. Orbiting a Cool Star: The GJ 876 System

The GJ 876 system (a.k.a. Gliese 876: Marcy et al. 1998; Delfosse et al. 1998)

is comprised of two planets orbiting at 0.13 AU and 0.21 AU about a late main
sequence star of spectral type M4. The more massive and first of the two planets
discovered, GJ 876 b (Msini = 1.89My), has the wider orbit (with e ~ 0.10). while

GJ 876 ¢ (Msini = 0.56M ) has the more eccentric orbit (e = 0.27).

GJ 876b and c are both Class III planets because their temperatures are
too cool for a silicate layer to appear in the troposphere, but too hot for H,O
to condense. The result of such a “clear” atmosphere is a strongly wavelength-
dependent emergent spectrum, which is governed largely by the gaseous molecular
absorption bands of water. methane, and ammonia. Given their similarities in
composition, GJ 876b and c are expected to have very similar spectra. The factor
of ~ 3 difference in their Msin: implies somewhat different surface gravities and

lower boundary fluxes, but both objects are close enough to their star that the
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T-P structure in their outer atmospheres is determined more strongly by the stellar

irradiation than by their intrinsic luminosities.

For GJ 876b, I use an inner boundary flux corresponding to Tog= 150 K and
a surface gravity of 6 x 10° cm s~2. For GJ 876¢c, [ use an inner boundary flux
of Tog= 100 K and a surface gravity 1/3 that of GJ 876 b. or 2 x 10° cm s™2.
The emergent spectra of the two planets, along with an estimated spectrum of
the primary (a scaled Kurucz model stellar spectrum). are shown in Figure 7.9.
An accompanying plot, Figure 7.10, depicts the planetary T-P profiles. Given
their similarities in composition, GJ 876b and c are expected to have very similar
emergent spectra. One caveat is that, while the T-P profile of GJ &76b never
crosses the water condensation curve, it does come within ~ 10 K of it near about
1 mbar. Given a somewhat lower incident irradiation than that of my scaled
Kurucz model for GJ 876, or given an observation of GJ 876 b at apastron, some
water condensation may occur in its outermost atmosphere, rendering it a Class II
EGP. However. I retain the Class-III designation for my fiducial model of GJ 876 b
for its given semimajor axis and any reasonable range in surface gravity or lower

boundary flux.

Figure 7.11 depicts the phase-averaged planet-to-star flux ratios for GJ 876b
and c. For both planets, this ratio peaks near 1.4 um, where it reaches a value of
~ 1073, In contrast, in the visible region, the M-dwarf stellar flux overpowers that

of either planet by a factor of at least 108.

7.4. 31 Pegasi b and Tau Bootes b

In 1995, Mayor & Queloz discovered the first EGP, 51 Pegasi b (Msini = 0.45 Mj),

via the radial velocity method. The discovery of such a planet around another star
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would alone cause a great deal of excitement in the astronomical community, but
the fact that its orbital period was only 4.23 days at a minuscule 0.05 AU was
nothing less than astonishing. Perhaps the fact that this planet orbited a solar-type
star made the observation even more dubious to some. After all. this is a much
different beast than the giant planets of the Solar System we know. Scrutiny of this
and subsequent similar discoveries has come and gone. The 51 Peg b observation is
not due merely to non-radial stellar pulsations (Gray 1997: Gray & Hatzes 1997),
nor is the radial velocity variation due to a nearly face-on orbit of two identical
stars (Black & Stepinski 2001; Stepinski & Black 2001). And although 51 Peg b
remains to be detected directly, most everyone in the astronomical community now
accepts it and the other roasters as a bona fide planets. (The transit observation

of the subsequent and similar HD 209458b system convinced most researchers.)

The 7 Boo system (Butler et al. 1997) gained popularity when Cameron et
al. (1999) claimed a detection in reflected light near 0.48 um. This detection was
not confirmed by another group, Charbonneau et al. (2000), who constrained the
albedo to be low in this region (g 0.3 assuming a phase function and a highly
inclined orbit). If Cameron’s detection were true, 7 Boo b would have to have
had an albedo as high as Jupiter in this region and a troubling radius of ~
1.8M y—troubling because such a large radius would be well out of bounds relative
to theoretical models for a high gravity planet (Guillot et al. 1996; Burrows et
al. 2000b). This detection was later retracted by the authors, but 7 Boo b remains
a particularly interesting object because, with Msini = 4.14Mj, it is much more

massive than most of the other roasters known.

Since they orbit their primaries so closely, 51 Peg b and 7 Boo b are both

Class V roasters, but these systems do differ. 51 Peg b orbits a G2-2.5V Sun-like
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star at 0.05 AU, while 7 Boo b orbits a hotter F7V star at 0.046 AU. Additionally.

their projected masses differ by about a factor of 10.

As the prototype EGP. 51 Peg b has been modeled by a number of researchers
(Seager & Sasselov 1998; Goukenleuque et al. 2000: BHA), and the model T-P
structures and emergent spectra vary considerably. In all cases. a self-consistent
planar atmosphere code is used. Perhaps the greatest difference is between
the models of Goukenleuque et al. and BHA. Specifically, BHA’s atmospheric
temperature at P = 1 mbar is above 1650 K (“AMES-Cond™ model; cloud-free).
while that of the most analogous Goukenleuque et al. model is under 900 K. At P =
1 bar, the temperature of the BHA model is ~ 2000 K, while that of Goukenleuque
is ~ 1400 K. To first order, this difference can be explained by the fact that
Goukenleuque et al. redistribute the incident energy per second over the surface
of the full sphere (weighting the incident flux by a factor of 1/4. as described in
Chapter 2), while BHA treat only the substellar point of the planetary atmosphere

(no weighting of the incident flux).

In order to investigate the dependence of the T-P structure using my own
models, I ran a cloud-free 51 Peg b model with no flux weighting, one with
a weighting of 1/4. and one with a weighting of 1/2. The flux weighting of
1/2 corresponds to the irradiation of the day-side hemisphere only, the default
weighting used in the present work. The resulting T-P profiles are depicted in
Figure 7.12. For my 1/4-weighted model, the atmospheric temperature at 1 mbar
is 965 K, and at 1 bar it is 1830 K. For my unweighted model, the temperature at
1 mbar is 1390 K, and at 1 bar it is 2370 K. So for my models, this difference in
the flux weighting results in a 35% difference in the temperature at 1 mbar and a

25% difference at 1 bar. The difference between the Goukenleque et al. and BHA
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models at 1 mbar is 60%. while at 1 bar this difference is a more modest 35%.

Hence. while differences in the incident flux weighting can in part explain the T-P
structure differences in the models of the various researchers. this is certainly not
a complete explanation. Other less obvious differences must exist as well, such as
atmospheric composition. opacities. incident flux (bevond the weighting issue). or

the inner boundary condition implemented.

My fiducial model of 51 Peg b has a silicate (forsterite) cloud base at 20 mbar
and an iron cloud base at 30 mbar. [ assume a cloud height of one pressure scale
height, an inner boundary flux of Tog= 500 K, and a low surface gravity of 10° cm
s~2, due to the small Msin: (0.45My) of 51 Peg b. In order to achieve numerical
convergence of the 51 Peb b model, I found it necessary to attenuate the clouds
to 10% of the elemental iron and magnesium abundances. This should be taken
into account when comparing the T-P structure and emergent spectrum of 51 Peg
b with those of other roasters, for which such an adjustment to the condensate

concentration has not been made.

Tau Boo b (Butler et al. 1997) orbits at only 0.046 AU from a hot F7 main
sequence star. For my fiducial 7 Boo b model. I use a surface gravity of 10* cm

~? (an order of magnitude larger than that used for 51 Peg b) and an inner

s
boundary flux of Tog= 500 K. As can be seen in Figure 7.13, the T-P profiles of r
Boo b (both with and without clouds) and 51 Peg b are fairly similar, especially
considering their very different surface gravities and primary spectral types. This
can be explained quite simply: The same object orbiting a hotter star naturally
would have a higher temperature at a given pressure, but on the other hand,

hydrostatic equilibrium dictates that pressure increases with surface gravity. So in

this case, the two effects work against each other, resulting in T-P profiles that are
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actually closer to each other in some regions than they would be if either the surface
gravities of the two planets were the same, or if the planets orbited similar stars.

Gravity and temperature also have implications for the positions of cloud decks in
these and other atmospheres. A cloud deck will reside deeper in an atmosphere as
surface gravity increases. but higher in an atmosphere with increasing temperature.
For 51 Peg b and 7 Boo b, the profiles are so close that they are coincident with the
condensation curves at essentially the same pressures. As a result. these planets

should condense clouds at very similar atmospheric pressures.

The atmosphere model of 7 Boo b is particularly interesting because it has
a convection zone at low pressures, toward the top of the forsterite cloud around
10 mbar. This is the only such model for which such a low-pressure convective
region has resulted, and it persists with either fine or coarse zoning within the
cloud region. The strong incident flux from the primary (F7V at 0.046 AU) in
combination with the opacity of the forsterite cloud results in a steep temperature
gradient and. hence. the onset of convective energy transport. as depicted by the
dashed portion of the T-P profile of 7 Boo in Figure 7.13. The model spectra of 7
Boo b and 51 Peg b are shown in Figure 7.14, and the planet-to-star flux contrasts

are depicted in Figure 7.15.

7.5. The 35 Cancri System and its New Long-Period Planet

The 55 Cancri system is made up of at least two EGPs orbiting a G8 main sequence
star. The inner planet (Butler et al. 1997) has a nearly circular orbit (e =~ 0.03)
at 0.11 AU, with Msinz = 0.84Mj. The recently discovered outer planet (Marcy
et al. 2002) is the first EGP found to orbit its primary at a distance greater than

Jupiter’s distance from the Sun. This object has a semimajor axis of ~ 3.5 AU, an
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eccentricity of 0.16. and Msin: of 4.0Mj. The outer object has been designated. 55
Cancri d (rather than c), because judging by the radial velocity residuals. a third
planet of sub-Jupiter mass may exist at 0.24 AU. Currently, Marcy et al. consider
the existence of this third planet to be a good possibility, but not a firm detection
because the additional periodicity may be due to rotating inhomogeneities on the

stellar surface.

35 Cancri b is a Class IV planet. My fiducial model of this EGP assumes
a surface gravity of 3 x 10° cm s™2 and an inner boundary flux of Tog= 500 K.
A silicate cloud resides at depth, with a base at 20 bars and a vertical extent of
one pressure scale height. As detailed in §6.4, this deep cloud does not have a

significant effect on the emergent visible and near-infrared spectrum of 55 Cnc b.

35 Cancri d is a Class II object. One might estimate that. with an orbital
distance greater than that of Jupiter and a primary cooler than our Sun, 35 Cnc
d would be a Jovian-like Class I object with ammonia clouds. However, because
of its large minimum mass, such a planet will be intrinsically hotter than Jupiter,
even for a relatively late age (Burrows et al. 1997). Even with a conservative inner
boundary flux corresponding to Tyg= 150 K. the atmosphere of 35 Cnc d is too

warm for ammonia to condense.

Figure 7.16 depicts the spectra of 35 Cnc b and d. An accompanying plot.
Figure 7.17, shows the T-P profiles of these planets. The Class IV designation of 55
Cnc b is clear due to its strong sodium and potassium resonance features and the
methane absorption at 3.3 um. The spectrum of 55 Cnc d exhibits strong molecular
absorption features in the visible and near-infrared, but a water cloud between ~
0.6 and 1.6 bars (one pressure scale height) reduces their strengths considerably.

Note that this water cloud is deeper and more optically thick than that of v And d
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(§7.1) simply because the T-P profile of 35 Cnc d intersects the water condensation
curve at significantly higher pressure. However, whether a water cloud is high and
optically thin or relatively deep and optical thick. the basic result of an elevated

visible and near-infrared spectrum holds.

Figure 7.18 shows the phase-averaged planet-to-star flux ratios for 35 Cnc
b and d out to 30 microns. 33 Cnc d has an unusually large angular separation
from its primary of ~ 0.43”, making it an enticing candidate for direct detection.
A good bet may be between 4.2 and 4.8 um, where there is little opacity and
the planet-to-star flux ratio is better than 1075. Between ~ 5 and 6 pm. the
methane, water, and ammonia opacities strengthen, but beyvond a strong methane
band between ~ 7 and 8 um. the planet-to-flux ratio improves substantially.
There are a number of striking differences between 55 Cnc b and d. In the visible
region, the strong sodium and potassium lines of 55 Cnc b contrast with the
methane-dominated spectrum of 55 Cnc d, whose continuum is provided by both
Rayleigh scattering and scattering off condensed H;0. In the near-infrared. the
troughs and peaks of 55 Cnc d (due to gaseous H,O and methane) vary more
widely than those of 55 Cnc b. This effect can be explained largely by H,O opacity
differences at high and low temperatures, revealed by quick comparison of Figures
4.3 and 4.4. Additionally, the methane opacity is stronger in the lower temperature
55 Cnc d due to a higher equilibrium abundance of this molecule. Between ~ 4
and 5 microns, CO opacity in 535 Cnc b closes the gaping opacity window seen in
this region of the 55 Cnc d spectrum. Toward longer wavelengths. the 55 Cnc d

planet-to-star flux ratio continues to increase, while that of 55 Cnc b is fairly flat.
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7.6. Some Other EGPs of Interest

In addition to the systems chosen above, many more deserve specific attention
due to their interesting orbital parameters. masses. primaries, and/or proximity. [
model a few of these in the present work, including HD 114762b. ¢ Eridani b. and

HD 83443 b.

The massive HD 114762 b (Latham et al. 1989) is often referred to as a brown
dwarf, not a planet. It has a projected mass of 11Mj(Marcy et al. 1998). and its
mass has been estimated to be as high as 145M j(Han et al. 2001). which of course
would make this object a low-mass star, but this result is quite controversial.
Whatever its mass, HD 114762b orbits its FOV primary at a distance of ~ 0.3 AU
with an eccentricity of 0.335. Due to the unconstrained mass of this object (at the
high end). I model HD 114762b with a range of inner boundary fluxes and surface
gravities informed by evolutionary models of isolated objects (Burrows et al. 1997).
Figure 7.19 depicts the visible emergent spectra for four different models of HD
114762b. From top to bottom near the Na-D line (or bottom to top near 1 um)
the inner boundary fluxes (in terms of T,g) and surface gravities of the models are
300 K. 3 x 10* em s~2; 500 K, 10% cm s72; 700 K, 2 x 10° cm s~2; and 1000 K,

3 x 10° cm s~2. Note that a transition from a Class III object to a Class IV object
takes place between the last two models. I expect that HD 114762b is a Class III
object unless its mass is over ~ 60 Mj, in which case it clearly should be called a
brown dwarf rather than a planet. The spectrum out to 5 um of my fiducial HD
114762b model (inner boundary flux of 500 K. surface gravity of 10°> cm s72) is

shown in Figure 7.21.

Epsilon Eridani is a controversial, but potentially very important, EGP

because of its wide orbit around a star that is only 3.2 parsecs away from Earth.
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If it is real. its separation from its K2V primary is ~ 1 arcsecond, significantly
larger than that of any other system. The radial velocity detection of € Eri b
(Hatzes et al. 2000) is considered marginal by many, but its orbital parameters are
Msinz = 0.86 My, a = 3.3 AU. and e ~ 0.61, a very eccentric orbit. This system
is probably under 1 Gyr of age (Greaves et al. 1998), indicating that € Eri b is
quite a bit warmer than Jupiter if its mass is ~ 1Mj. Indeed. an astrometric
study claimed a mass of 1.2 £0.33 M j(Gatewood 2000). Using a fiducial lower
boundary flux corresponding to Tog= 170 K and a gravity of 3 x 10° cm s72. ¢
Eri b is a Class [I EGP. The resulting spectrum from 0.4 to 30 gm is shown in
Figure 7.20. A water cloud resides at ~ 1 bar pressure in € Eri b’s atmosphere. but
given the large eccentricity of this EGP, the cloud will be higher in the atmosphere
at apastron and deeper at periastron. Even at apastron, it is unlikely that the
atmospheric temperature will be quite low enough for ammonia to condense. In

fact, an atmosphere model for € Eri b at 5.3 AU indicates that the T-P profile falls

just short of the ammonia condensation curve.

HD 83443 b (Mayor et al. 2000) is a Saturn-mass (Msini = 0.35M) planet
with the smallest orbital distance of any EGP known to date. However, unlike
most known roasters, HD 83443b orbits a later-type main sequence star (K0V).
Therefore, despite its status as the most closely-orbiting roaster, it is a little cooler
than its brethren. Because it is cooler, its silicate and iron clouds are somewhat
deeper than in most roasters. In my fiducial model, the silicate (forsterite) cloud
resides at ~ 30 mbar and an iron cloud is located near 0.1 bar. I use a lower
boundary flux corresponding to Tog= 500 K and a gravity of 900 cm s~2. Initially.
due to radial velocity residuals, this system was believed to have another planet
orbiting at 0.174 AU, with Msin: = 0.17Mj. However, follow-up measurements

failed to reveal such a planet (Bulter et al. 2002).
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Figure 7.21 depicts the visible and near-infrared spectra of HD 83443b. HD
114762b. and € Eri b. The T-P profiles for each of these objects are given in Figure

22,

=1

7.7. Jupiter and Jovian-Class Planets

Jupiter is important both as a testbed for the theory of giant planet atmospheres
and as a representative for Class I EGPs. Accurate full-disk geometric albedo
spectra of Jupiter have been obtained (Karkoschka 1994;: Karkoschka 1998), and
space-based and ground-based studies have provided a fair amount of information
concerning Jupiter’'s atmosphere. [ model the full-disk albedo spectrum of Jupiter
in order to compare with the Karkoschka geometric albedo spectrum and the

published Bond albedo of 0.343 (Hanel et al. 1981).

Before getting to the specifics of Jupiter's atmosphere. it will be useful to
review the theory of albedos. While the albedo of an object refers generally to the
fraction of light that the object reflects, the geometric albedo refers specifically to
the reflectivity of the object at full phase (® = 0, where ® represents the object’s
phase angle) relative to that of a perfect Lambert disk of the same radius under
the same incident flux. Since planets are essentially spheres, the factor projecting a
unit surface onto a disk orthogonal to the line of sight is given by cos ¢sin 6. where
¢ is the object’s longitude (defined to be in the observer-planet-star plane) and 6
is its polar angle (3 - latitude). The geometric albedo is given by integrating over
the illuminated hemisphere:

Ay = — / 1(6.8.® = 0) cos ¢ sin 6dS , (7.1)
o=~

7r1inc £ Je=0

where [;,;. is the incident specific intensity, 7/l is the incident flux, and

I{(¢,0,% = 0) is the emergent intensity. More generally, I = I(g, 8, ®; ¢q, 8), but



at full phase all incident angles (@, 6y) are equal to the emergent ones.

The spherical albedo, Ay, refers to the fraction of incident light reflected
by a sphere at all angles. Stated as a function of wavelength, it is obtained by
integrating the reflected flux over all phase angles. The flux as a function of phase
angle (F(®)) is given by the more general form of Eq. (7.1). Assuming unit radius
(Chamberlain & Hunten 1987),

F(®P) =/2¢ /0 [(9,0.®: 0, 0) cos osin §dSD. (7.2)
= —% =0

The spherical albedo is obtained by integrating F(®) over all solid angles:

1 2 T
4, = f F(®)dQ) = / F(®) sin ®d®. (7.3)
W[inc ir [inc 0

Note that the spherical and geometric albedos are related by 4, = A,q, where

2 m
9= Fo =0 /O F(®) sin ®d® (7.4)

is known as the phase integral.

The important Bond albedo, Ag, is the ratio of the total reflected and total
incident powers. It is obtained by weighting the spherical albedo by the spectrum

of the illuminating source and integrating over all wavelengths:

1p = j;)oo -'ls.z\[inc,kd/\ (
T P Lpend) ‘

~1
(S]]
N

where the A subscript signifies that the incident intensity varies with wavelength.

The asymmetric Feautrier albedo code (§2.2) produces the spherical albedo.,
due to an equivalence between uniform planar radiation onto a unit sphere and
uniform radiation from 27 steradians onto a plane with unit area. From the

spherical albedo, I derive the geometric and bond albedos.



123

With the above definitions out of the way, let us review the basics of the
Jovian atmosphere. At visible and near-infrared wavelengths, Jupiter's upper
troposphere and stratosphere shape its albedo spectrum. According to the standard
model, a somewhat heterogeneous cloud deck extends from ~ 0.3 to 0.7 bars in
the troposphere (West et al. 1986; Griffith et al. 1992). Although the bulk of the
cloud deck consists primarily of particles at least 10 pum in size, a layer of smaller
particles (~ 0.5-1.0 um) resides near the cloud tops (West et al. 1986: Pope et
al. 1992). Beneath this upper cloud deck is a NH;SH and NHj cloud layer at ~ 24
bars, and an H,O cloud condenses somewhat deeper. Above the NHj cloud deck.
a stratospheric haze resides at pressures near ~ 0.1 bar. [t is worth mentioning
that the Galileo probe results deviated from this standard model. One difference
relevant to the albedo and reflection spectra is a tropospheric haze inferred from
the probe data, likely composed primarily of NHj, above a somewhat deeper NHj
cloud deck (Banfield et al. 1998), but it is not known whether the probe entry

location is characteristic of the planet as a whole.

In addition to H,, abundant gaseous species in the upper troposphere include
He and CH,, with mixing ratios relative to H, of 0.156 and ~ 2.1 x 1073,
respectively (Niemann et al. 1996). Gaseous NHj3, H,O. H,S, and PH; are present

in small mixing ratios.

It has been suggested that the color differences of Jupiter’s belts and zones are
largely due to the visibility of chromophores residing within the NH; cloud deck
(West et al. 1986). No appreciable altitude differences between the belts and zones
are found, although the zones likely contain thicker upper cloud and/or haze layers
than the belts (Chanover et al. 1997; Smith 1986). Jupiter’s ultraviolet/blue albedo

is depressed substantially from what one would expect from the increase with
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frequency of the Rayleigh scattering cross sections. and Raman scattering cannot
account for the albedo in this wavelength region. This depressed UV /blue albedo
likely is produced by the large imaginary refractive indices of the tropospheric

chromophores and, to a lesser degree, stratospheric aerosols (West et al. 1986).

Due to the large optical depth of Jupiter’s upper ammonia cloud deck at
visible and near-infrared wavelengths, a two-cloud model of the atmosphere suffices
(West 1979; Kuehn 1993). I model the top of the upper cloud deck (~ 0.35 bar)
with a “cloud” distribution (§5.3) peaked at 0.5 pm. Deeper in the cloud. from 0.45
to 0.7 bar, a particle distribution peaked at 30 pm is used. This size distribution is

also used in the lower cloud, spanning from 2 to 4 bars.

In addition to NHj condensation, a small mixing ratio of a chromophore.
either tholin (2 x 107®) or Py (5 x 1079), is added to the upper cloud. As inferred
from limb darkening observations, the condensed chromophore becomes well mixed
in the upper ammonia cloud. and perhaps deeper as well (West et al. 1986: Pope
et al. 1992). As per Noy et al. (1981), the peak of the chromophore particle size
distribution is set to 0.05 um. However, the nature of the size distribution and

whether the chromophore adheres to the ammonia ice particles are as vet unclear.

Gaseous abundances are modeled using the Galileo Probe Mass Spectrometer
values (Niemann et al. 1996) as a guide. The H,, He, and CH; abundances are
taken directly from the Probe results. However, the tropospheric NH; abundance
varies considerably with depth. At ~ 0.4 bar, its mixing ratio has been found to be
~ 5 x 107%