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ABSTRACT

Some X-ray observations of cooling-flow clusters show soft X-ray absorption exceeding that expected along
the line of sight through our own Galaxy. This absorption appears at the position of the cooling flow and
covers a similar solid angle at the center of the cluster. The inferred absorbing column densities correspond to
a hydrogen mass exceeding 10'' M, prompting suggestions that the absorbing material is condensed gas
accumulated from the cooling flow. We explore the characteristics of cold atomic clouds embedded in an
X-ray—emitting cooling flow and find that, if they cover the central 100 kpc of the cluster, they should already
have been detected in H1 21 cm emission. Dust in cooling-flow clouds can catalyze molecule formation,
making them unobservable at 21 cm, but dusty molecular clouds should radiate detectable, optically thick CO
rotational lines, which likewise have not been seen. X-ray transient heating of grains prohibits most of the CO
from condensing onto grain surfaces and thus ensures that the CO lines are optically thick. Ionized X-ray—
absorbing gas would radiate profusely in optical, UV, or X-ray emission lines. We report limits on Ho and
[Fe x] 6374 A surface brightnesses from deep long-slit spectroscopy that rule out ionized columns thicker
than 10?' cm~2 and cooler than 1.5 x 10° K. Limits on O vit Lya do not allow the X-ray-absorbing gas to
be at higher temperatures.

One remaining possibility is that dust in the hot intracluster medium absorbs the soft X-rays. The soft
X-ray opacity of dust is similar to its optical opacity. Optical extinctions inferred from the deficits of back-
ground galaxies and quasars counted behind clusters might be consistent with the dust column densities
inferred from soft X-ray absorption. If dust is the culprit, limits on the 100 um luminosities of clusters imply
that the dust-to-gas ratio must be higher at ~1 Mpc, at which large grains can survive for longer than 10° yr,
than in the cores of clusters, where sputtering destroys grains on a much shorter timescale. However, dust at
~1 Mpc in quantities sufficient to produce significant soft X-ray absorption represents a large fraction of the
total metal content of a cluster. Submillimeter continuum observations should eventually determine whether
dust is widespread in the intracluster media of clusters of galaxies.

Subject headings: cooling flows — dust, extinction — galaxies: clusters: general — intergalactic medium —

X-rays: galaxies

1. INTRODUCTION

The X-ray—emitting gas at the centers of many clusters of
galaxies can cool in less than a Hubble time. When this fact
was first noticed, it seemed natural that the intracluster
medium (ICM) in such clusters should flow gradually toward
the cluster center as its inner regions cooled and condensed in
a “cooling flow” (Fabian & Nulsen 1977; Cowie & Binney
1977, see Fabian 1994 for a review). In the intervening years,
many investigators have tried, and failed, to identify the cooled
gas once it has dropped below the threshold of X-ray observ-
ability. A cooling flow of ~102 M yr~! deposits 102 M
within the central 100 kpc of a cluster over a Hubble time.
Normal star formation appears to occur at no more than 10%
of this rate (Fabian 1994). Recombination line luminosities
limit the total mass of 10* K ionized hydrogen to less than
108 M, (Heckman et al. 1989). Atomic 21 cm observations
limit the total mass of optically thin H 1 to less than 10!°-10**
My (McNamara, Bregman, & O’Connell 1990; hereafter
MBO), and carbon monoxide observations limit the mass in
clouds similar to Galactic molecular clouds to less than

! Hubble Fellow.

10°-10'° M, (O’Dea et al. 1994; hereafter OBMTS). If cooling
flows exist, the ultimate mass sink is virtually undetectable.
Soft X-ray spectroscopy of clusters has suggested a possible
solution to this “mass sink problem.” The X-ray-absorbing
columns toward many clusters of galaxies exceed those
expected from Galactic absorption alone. The amounts of
excess absorption measured by White et al. (1991) with the
Einstein Solid State Spectrometer indicate cool hydrogen
columns of 102°-102! ¢cm~2 that appear to correlate with the
magnitudes of the cooling flows in these clusters. Since these
two parameters can amplify one another in simultaneous fits,
this apparent correlation should be interpreted cautiously.
Allen et al. (1993), using the ROSAT Position Sensitive Pro-
portional Counter (PSPC), have thoroughly studied the cluster
Abell 478, the most heavily self-absorbed in the White et al.
(1991) sample. The cool temperature and high brightness of the
X-ray gas at the center of Abell 478 indicate that this cluster
harbors a large cooling flow, the spectrum of which compli-
cates the analysis of soft X-ray absorption. Allen et al. find that
excess absorption equivalent to a hydrogen column density
2 10%! cm ™2 covers the central 200 kpc of the cluster. Since the
absorption appears to be centered on the cluster, its origin is
unlikely to be Galactic. The total amount of cool absorbing
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mass implied exceeds 10*> M 5. Cooling-flow proponents have
argued that this X-ray—absorbing material, in some very cold
and difficult to detect gaseous form, is the long-sought mass
sink for cooling flows (White et al. 1991; Daines, Fabian, &
Thomas 1994; Ferland, Fabian, & Johnstone 1994, hereafter
FFJ).

Cool clouds with the column density and covering factor
required to produce the X-ray self-absorption have still not
been detected in any other band (Jaffe 1992; OBMTS; Anton-
ucci & Barvainis 1994; McNamara & Jaffe 1994; Braine et al.
1995). Intracluster clouds are least detectable when they are
cold and molecular, but the absorbed X-ray power, which can
reach several times 10*3 ergs s !, must reemerge somewhere in
the electromagnetic spectrum. Two recent calculations evalu-
ating the temperatures and emission-line fluxes expected from
X-ray—irradiated moiecular gas (OBMTS; FFJ) have arrived
at conflicting conclusions about the detectability of cold, X-
ray—absorbing clouds in cooling flows. The cloud temperatures
predicted by OBMTS imply that the covering factor of cold
clouds must be <1. The models of FFJ predict much colder
clouds that can potentially evade detection even if they com-
pletely cover the cluster core.

This paper investigates whether cold, X-ray-irradiated
clouds covering the inner 100-200 kpc of cooling-flow clusters
can indeed escape current infrared, submillimeter, and radio
limits. Section 2 outlines the thermal and chemical structure of
such clouds, which can be either atomic or molecular, depend-
ing on the amount of dust they contain. The current H121 cm
limits, discussed in § 3, imply that if cold, absorbing clouds
cover the cooling-flow region, they must be mostly molecular
and therefore dusty. Section 4 demonstrates that CO emission
from molecular intracluster clouds should already have been
detected if the clouds have a high enough covering factor to
produce the X-ray absorption. Section 5 discusses whether
X-ray absorption can arise in the hot ICM and evaluates one
remaining possible source of X-ray opacity, dust grains in the
outer parts of the cluster.

2. COLD CLOUDS IN THE ICM

Whatever blocks the soft X-rays in cooling-flow clusters
absorbs a dilute but hard X-ray spectrum. In a steady state, the
obscuring objects must reradiate a flux identical to the one
absorbed. Cool clouds in pressure equilibrium with the hot gas
at a radius of 100 kpc in a 100 Mg yr~! cooling flow intercept
X-ray radiation so dilute that the clouds remain mostly
neutral. Within the cloud, as the ionizing radiation attenuates,
deeper layers are progressively cooler, and the collisionally
excited emission lines that reemit the absorbed X-ray energy
belong to the far-infrared, submillimeter, and radio bands. This
section examines the physical processes that govern the behav-
ior of cold, X-ray-irradiated gas, in order to determine the
emission-line fluxes from the surfaces of cooling-flow clouds.
We first explore X-ray energy deposition into neutral gas and
identify the relevant cooling mechanisms. Then we sketch the
thermal structure of cooling-flow clouds, assess their line-
emitting properties, and explain why the calculations of FFJ
and OBMTS disagree.

2.1. X-Ray Energy Deposition

Following FFJ, we construct an incident spectrum assuming
(100 M yr™Y)M o cools from 107-® K to low temperatures
within a cooling radius of (100 kpc)r;oo. The X-ray flux at this
radius is (1.0 x 10™* ergs cm ™2 s~ )M, 0715 , With roughly

equal power per logarithmic frequency interval from 100 eV to
10 keV (FFJ).2 The spectral energy flux thus follows the
approximate form Fy ~ (2.2 x 10 % ergscm~?s ™ })E~ !, where
E is the photon energy. The requirement that the cooling time
be of order one Hubble time at the cooling radius implies an
ambient hydrogen density ~2 x 1073 ¢cm ™3, Clouds at 10* K
in pressure equilibrium with the cooling flow at r,, then have
ionization parameters U ~ 10~%-°~10~7-3, where U is the ion-
izing photon density divided by the total hydrogen density (n;;)
at the cloud’s surface.> These clouds will therefore be mostly
neutral, with fractional ionization dropping into the cloud as
the X-rays abate.

Most of the absorbed X-rays photoionize the inner shells of
metals, so X-ray energy deposition into cooling-flow clouds
varies linearly with the total metallicity. Cold clouds of solar
abundances and total hydrogen column density Ny have keV
optical depths ~(Ny/4 x 10*! cm™2)(E/1 keV) 2. Since
intracluster media appear to have metallicities ~0.3 solar, FFJ
assumed metal abundances in cooling-flow clouds were
similar. At these lower metallicities, even higher Ny is needed
to produce the observed absorption.

Combining the two approximations for spectral energy flux
and X-ray optical depth yields a useful expression for the local
energy deposition rate per hydrogen nucleus at a column depth
Ny, inside a cooling-flow cloud,

- _ N, -t _
Hyep(Ny) ~ (8.8 x 10727 ergs s 1)(@#2’) M 007160 -
4y

Since Fy oc E™1, changes in metallicity do not strongly affect
H,.,, which depends primarily on the power-law index of the
absorption cross section per H atom and only weakly on its
normalization. This formula reproduces the X-ray energy
deposition rates calculated by a CLOUDY photoionization
model (Ferland 1993) with FFJ parameters to within a factor
of 2 from Ny = 10'° to 10!5 cm 2. Not all of this energy goes
into heating the gas. Most of the X-ray photoelectrons created
within grains fail to escape, heating the grains instead. For
Galactic depletions and grain sizes, a fraction f, ~ 3 of the
energy absorbed from ~ 1 keV X-rays goes into grain heating
(Voit 1991b).

X-ray photoelectrons ejected from gas-phase atoms and
those that escape grains heat neutral gas inefficiently. These
fast electrons transfer their energy mostly by ionizing and
exciting H, He, and H, through a cascade of secondary ioniza-
tion electrons. In atomic gas of low ionization (X, = n,/ny <
1073), X-ray photoelectrons deposit 10%—15% of their energy
as heat (e.g., Xu & McCray 1991). The remainder converts into
H and He line emission. The heating rate per H nucleus in
atomic cooling-flow clouds is then

- _ N -1
Hheat.HO(N]-[) ~ (11 X 10 27 ergs s 1)<m72>

x (1 _f;;)MIOOrl_OZO‘ (2

X-ray heating in molecular clouds is more efficient. About 40%
of the X-ray photoelectric energy ionizes H, (Cravens, Victor,

2 Even if the ICM is not actually cooling and flowing, this expression still
adequately describes the flux at 100 kpc in a “cooling-flow ” cluster.

3 Tonization parameters of cooling-flow clouds within 10 kpc of the cluster
center can potentially be much higher (Donahue & Voit 1991; Voit, Donahue,
& Slavin 1994).
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& Dalgarno 1975; Voit 1991a), which recombines through the
reactions

Hf +H,>H} +H,
H} +e">H,+H,
—-3H,

(Henry & Lane 1969). The 11 eV of recombination energy left
over after dissociation passes mostly into heat, but some is
radiated away in H3 vibrational lines (Glassgold & Langer
1973). Here we follow Glassgold & Langer (1973) and assume
an overall X-ray heating efficiency of 1 in molecular gas, so

102! cm™

a _fg)MIOO rigo- (3)
Note that the heating rate per H, molecule is 2H, ., g,

-1
Hy oo 1,(Np) ~ (29 x 10727 ergs s“)(%)

2.2. Chemical Structure

X-rays that penetrate deeply into a cold cloud produce
multiple ionization and dissociation events per photon. Dust
in the cloud catalyzes molecule formation, helps block disso-
ciating UV radiation, and accretes metals from the gas phase.
Together X-rays and dust determine the chemical structure of
cooling-flow clouds. The following paragraphs outline ioniza-
tion balance, molecular balance, and dust formation processes
in these clouds.

2.2.1. Ionization Balance

In both atomic and neutral gas for which X, < 1072, ~40%
of the X-ray photoelectric energy deposited into the gas phase
goes into ionization of H or H, (Xu & McCray 1991; Voit
1991a). The ionization rate per hydrogen atom in neutral gas is
~0.4H,.,/(13.6 €V), and the ionization rate per molecule in
molecular gas is ~0.8Hy.,/(15.4 eV). At low cloud tem-
peratures (T; < 100 K), ionized hydrogen recombines at the
rate (3.0 x 107! cm® s~ Yn, T;9%, where T,,, is the cloud
temperature in units of 10 K (Ferland 1993). Near a column
depth Ny ~ 10'° cm ™2 in an atomic cloud, the fractional ion-
ization is thus

N
X ~107H =5
e~ 10 (10‘9 cm ™2

so nonthermal electron cascade dominates X-ray energy depo-
sition. In deeper layers, photoionization of C and Si dominates
the supply of free electrons (FFJ).

2.2.2. Molecular Balance

Hydrogen molecules form on cold dust grains at the rate
(1 x 10717 cm® s~ YYnyo TYZ x4, where y, is the dust-to-gas
ratio in Galactic units (Hollenbach & McKee 1979). In a dust-
free medium, H, forms primarily through the reactions (Shull
& Beckwith 1982):

-1/2
0.8 Ay1/2 .—1
> T io Ml/OO T100 > )

H°+e ->H™ +hv,
H_+H0—'H2+e*.

FFJ include these reactions in their models of dust-free
cooling-flow clouds and find that the majority of the hydrogen
remains atomic to a column Ny =4 x 10%! cm™2. At this
depth, ~30% of the Hisin H,, and ~3% of the Cis in CO. To
become fully molecular at these column densities, cooling-flow
clouds must be dusty.
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X-ray dissociation of H, scales with the energy deposition
rate. In a neutral molecular gas, aside from the 26.1 ionizations
per keV of X-ray energy absorbed, there are 8.8 triplet excita-
tions and 2.4 dissociative excitations (Voit 1991a). These events
all dissociate H,. In addition, about 10% of the 22.2 singlet
excitations per keV lead to dissociation, giving a total of 39.5
dissociations per keV and an X-ray dissociation rate of

, o N .
Riiss.i,(Np) ~ (22 x 1071 5 1)(1()T§F>

x (1 —fg)Mwo"x_ozo - 0
Balance with H, formation on dust grains implies

Nyo N i - TN 1
72~ 004 gazs) (=1 T Meoric.
(6)

Thus, dusty cooling-flow clouds can be highly molecular at
modest column depths.

Nonionizing ultraviolet radiation from the central galaxy of
the cooling flow cluster can also dissociate H, by exciting
Lyman-Werner band (singlet) transitions; however, this radi-
ation does not penetrate deeply enough to affect the disso-
ciation rate in the X-ray-absorbing layers. International
Ultraviolet Explorer observations have shown that the central
galaxies in large cooling flows have 1000-2000 A luminosities
of ~10*3 ergs s~ (Crawford & Fabian 1993), giving UV fluxes
of ~107 5 ergs cm~2 s~ ! at the cooling radius, about 10 times
the UV flux produced by the cooling ICM (FFJ) and 100 times
less than the standard Habing (1968) interstellar UV field.
Adopting the photodissociation coefficient for unshielded H,
from Tielens & Hollenbach (1985) gives a UV photo-
dissociation rate of ~3 x 10713 7!, Although this is higher
than the X-ray dissociation rate at Ny ~ 10'® cm ™2, H, self-
shielding quickly reduces this rate to negligible levels. Since
Nyo/2ny, ~ x4 * when UV dissociation balances H, formation
in cooling-flow clouds at 10 K, a column N, < (10'?
cm ™ ?)y; ! suffices to drive the UV dissociation rate well below
the X-ray rate (Shull 1978).

2.2.3. Dust Formation

Molecules form much more quickly in dusty clouds than in
dust-free clouds. Since the cooling time in the hot ICM exceeds
the sputtering time for submicron-sized grains by over an
order of magnitude, clouds that condensed out of the hot ICM
should be virtually dust free. Nevertheless, some of the gas
within the central galaxies of many cooling-flow clusters
appears to be dusty. Dust lanes (Sparks, Macchetto, & Golom-
bek 1989; McNamara & O’Connell 1992) and reddening (Hu
1992) are common, and emission-line ratios indicate significant
depletions of calcium (Donahue & Voit 1993). Most authors
have assumed that the dusty gas came originally from a gas-
rich spiral galaxy stripped of its ISM as it passed through the
cluster core, perhaps merging with the central galaxy (e.g.,
Sparks, Macchetto, & Golombek 1989). Recently Daines et al.
(1994) and Fabian et al. (1994) have suggested instead that dust
might form in gas-phase reactions deep inside intracluster
clouds.

The gas that red giant winds and supernovae introduce into
the Galactic ISM initially contains dust. Inside cold molecular
clouds, conditions are ripe for further accretion of gas-phase
metals onto the original grains. Periodically, though, super-
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novae drive shocks through the ISM that destroy the dust
grains in a given parcel of interstellar material (e.g., Tielens et
al. 1994; Jones et al. 1994). The ubiquity and regularity of ISM
dust in the face of continual buffeting by shocks have led to the
speculation that gas-phase processes somehow reconstruct
dust in the ISM (Jura 1987; Seab 1987; Draine 1994; Jones et
al. 1994).

Gas-phase processes that would create dust in cooling-flow
clouds must first create the complex molecules from which dust
forms. FFJ have shown that penetrating X-rays inhibit mol-
ecule formation in dust-free cooling-flow clouds. Even at
depths of Ny~ 4 x 102! cm™2, only a few percent of the
carbon and oxygen is in molecular form. In these models, dis-
sociation processes operate more rapidly than molecule forma-
tion processes. Although we do not understand the gas-phase
reactions that might form dust in our own interstellar medium,
it appears that, in the intracluster environment, at least some
dust is needed to promote the kind of rapid molecule forma-
tion that potentially produces additional dust.

Once a cooling-flow cloud has been seeded with dust grains,
the amount of dust in the cloud can increase either through
accretion onto existing grains or through gas-phase dust for-
mation. If metal atoms incident on dust grains always stick, the
time required to achieve y; ~ 1 is ~(10° yr)TY3 x; . Hydro-
gen molecule formation happens only slightly faster, so this
timescale can be considered the limiting one for dust forma-
tion. Matter that condenses out of the hot ICM can generate
Galactic dust-to-gas ratios in <10° yr if y, > 10~ * initially or
if mixing with dust-bearing material follows condensation.

2.3. Cooling Mechanisms

X-ray energy deposited deep within cooling-flow clouds
reemerges in a variety of channels determined by the chemical
structure of the cloud. In highly neutral atomic clouds, more
than 80% of the X-ray energy ionizes and excites atomic
hydrogen and helium. Recombination and de-excitation rera-
diate this energy through the usual hydrogen recombination
lines. The remaining energy, deposited directly as heat, col-
lisionally excites the fine-structure transitions of O 1, Si 11, and
C 1, which cool the gas. In highly neutral molecular clouds,
~33% of the absorbed X-ray energy passes into heat through
H, ionization/dissociation, and ~60% of the X-ray energy
directly excites electronic, vibrational, and rotational tran-
sitions of H, and He. Thermal energy exits molecular clouds
primarily in the rotational lines of CO. Far-infrared contin-
uum emission from collisionally heated dust grains can assist
in cooling both atomic and molecular gas. The next few para-
graphs describe how these coolants operate in the deeper
layers of cooling-flow clouds.

2.3.1. Fine-Structure Lines

The [O1] 63 pum, [Sin] 35 um, and [C 1] 610 um and 370 um
lines provide most of the cooling in neutral cooling-flow clouds
colder than 100 K; carbon is too neutral for [C 1] 158 um to
be important (FFJ). Since the ionization level is low, collisions
with H 1 dominate the collisional excitation rates. Figure 1
shows the optically thin cooling per H atom from these lines
for FFJ abundances of O, C, and Si and collisional excitation
rates from Tielens & Hollenbach (1985). The cooling per H
converges at low temperatures when ny = 10® cm ™3 because
the critical densities for H 1 collisional de-excitation of the
upper levels of C 1 are 470 cm ™3 and 2800 cm ™3 (Tielens &
Hollenbach 1985).
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F1G. 1.—Optically thin line cooling per H atom. Cooling per H atom from
the fine-structure lines of C 1, O 1, and Si 1 in an atomic gas of pressure
ny T =29 x 10° cm ™3 K is given. Cooling curves for gas at constant densities
of 103, 10*, and 10° cm™~2 are also shown. These curves converge at low T
when the gas density is higher than the critical densities of the C I transitions
(~10% cm™3). As the local heating rate drops below 1072° ergs s~ ! per H
atom, at Ny ~ 10'° cm ™2 in atomic cooling-flow clouds, the gas temperature
rapidly drops to 20 K. Optically thin cooling applies as long as the cooling
lines are not thermalized.

When the C 1 lines become optically thick, cooling decreases.
Assuming T,;, ~ 1, FFJ abundances, and thermal line widths,
the optical depth of the C 1610 um line is 75, ~ (1.2 x 1072°
cm?)TY2 Ny. Neutral carbon line cooling in clouds much
thicker than 10?° cm ™2 cannot exceed the blackbody flux in
the optically thick portions of the C 1 lines. As the internal
radiation field in the line approaches the blackbody field at the
gas temperature, thermal coupling to the radiation field keeps
the cloud temperature nearly constant throughout the opti-
cally thick region. Although [O 1] 63 um becomes optically
thick if 743 ~ (6.9 x 1072 ¢m?)Ny > 1, its higher critical
density (4.7 x 105 cm™3; Tielens & Hollenbach 1985) keeps
[O 1] photons from coupling strongly to the gas temperature
unless Ny > 102 cm ™2,

2.3.2. Molecular Lines

The primary coolants in molecular clouds are the CO rota-
tional lines. Their critical densities depend on the rotational
quantum number J, according to the relation n_(J) ~ (3 x 103
cm ™~ 3)T;; I3 (Hollenbach & McKee 1979), so we expect the
rotational levels through J =2 in molecular cooling-flow
clouds to be thermally populated. Higher J levels can also be
thermalized if the levels leading up to them are effectively thick
(i.e., T > ng/ny,). If the FFJ carbon abundance is all in CO with
a thermal velocity dispersion, the optical depth of the
J—J + 1 transition is t; ~ (5 x 1071° ecm )T Y*Ny f;,
where f; is the fraction of CO in level J.

Since the temperatures that determine CO level populations
depend on radiative cooling, this thermal balance problem is
usually solved self-consistently using escape probability
methods under the assumption that temperatures throughout
the cloud are uniform (Goldreich & Kwan 1974; Scoville &
Solomon 1974). OBMTS modeled cooling-flow clouds using
cooling functions computed by Goldsmith & Langer (1978). In
deriving these cooling functions, which include secondary cool-
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ants such as C1and H,0, Goldsmith & Langer (1978) employ
escape probability methods, assuming that velocity gradients
within the emitting cloud are linear. Optical depths in clouds
with smooth velocity gradients are proportional to the quo-
tient of the thermal width and the velocity gradient and do not
depend on position within the cloud. Thermal broadening in a
static cooling-flow cloud with Ny ~ 4 x 102! cm~2 and
ny, Ty ~ 3 x 10° K creates an effective velocity gradient in CO
lines of 2ny,(2nkT,/28my)"?/Ny ~ (6 km s~! pc™Y)T;i2
When ngo/nyg ~ (2.4 x 1074T L2, this velocity gradient
parameter corresponds to the one used by Goldsmith &
Langer (1978). Interpolating between the Goldsmith & Langer
cooling functions for 10° cm ™3 gas at 3 K and 10* cm ™3 gas at
30 K gives a cooling rate of (2.2 x 10728 ergs s 1)T>;3 per H
nucleus and a corresponding molecular line flux of (8.8 x 1077
ergscm ™2 s 1)T32 illustrated in Figure 2.

The models of FFJ invoke molecular line cooling functions
derived by Hollenbach & McKee (1979), who also rely upon
escape probability methods. Since the source function is pre-
sumed constant throughout the line-forming region, the
assumption of constant temperature is implicit in these cooling
functions. For a cooling-flow cloud of Ny = 4 x 10?! cm ™2,
thermal line widths, and nco/ny = 2.4 x 10~4, the Hollenbach
& McKee (1979) CO cooling function gives (2.4 x 10728 ergs
s~ 1T3;3 per H nucleus, corresponding to a flux of (9.6 x 1077
ergs cm ™2 s™Y)T3;3. Although Hollenbach & McKee (1979)
approximate various molecular parameters assuming gas tem-
peratures exceed 100 K, their cooling rate, shown as a flux in
Figure 2, does not differ much from our interpolation of the
Goldsmith & Langer (1978) cooling rates.
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FiG. 2—Optically thick molecular line cooling. Molecular line cooling
fluxes from a 4 x 10?! cm~2 cloud with neo/ny = 2.4 x 10™* and thermal line
widths are shown. The curve GL78 illustrates the cooling fluxes derived from
Goldsmith & Langer (1978), and the curve HM?79 illustrates the cooling fluxes
derived from Hollenbach & McKee (1979). Also shown are total fluxes from
optically thick *2CO lines, summed up to J = 8-7 and summed over all J, with
widths Avpyyy = 2.355(kT,,/28m,;)*/>. When the major cooling lines are opti-
cally thick, the total cooling flux depends only weakly on Ny. Dotted lines
show the expected range of X-ray heating fluxes in molecular cooling-flow
clouds. Equilibrium cloud temperatures when CO is optically thick range from
15 to 30 K. Even in the extreme limit in which all the !>CO rotational lines are
optically thick, the gas temperature still does not drop below 10 K. When
supersonic turbulence broadens the CO lines, more flux can emerge in lower
lying rotational transitions, reducing the equilibrium temperature but increas-
ing the detectability of cooling-flow clouds in the CO 1-0 and 2-1 lines.
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More crudely, we can estimate CO line cooling of a cooling-
flow cloud by assuming all the CO lines up to a certain J are
emitting at the blackbody limit. For thermal line widths, the
flux in the J - J — 1 transition whenz;_; > 1is

2nhv§ (Int,_,)'?
Fyx—3 kT _ | UrwHM

4

(nt,_,)
eO.SS.’/T‘:lol_ 1 TCII/%) ’ (7)

~ (3.6 x 107% ergscm ™2 s 1)J*
where Avpwuy = 2.355(kT,,/28my)" /2. Figure 2 shows total CO
line cooling fluxes assuming (1) all CO rotational lines are
thermalized (an extreme limit) and (2) only CO lines up to
J =8-7 (n,, ~ 10° cm~3) are thermalized (more appropriate
for cooling-flow clouds). The curve-of-growth factor
(Int,_,)"? is taken to be unity in both cases. The proximity of
the second curve to the more sophisticated cooling functions
demonstrates that molecular cooling-flow clouds cool mainly
through optically thick CO lines with J < 9. Because the
primary cooling lines are optically thick, the total cooling flux
increases slowly as Ny rises. Supersonic turbulence that
broadens the lines to Avs km s~! increases the optically thick
cooling flux by a factor 7.8Avs T;/?, lowering the equilibrium
temperature for a given flux and shifting more of the power
into lower lying rotational lines.

2.3.3. Gas-Grain Cooling

Since grains embedded in cooling-flow clouds remain rela-
tively cold, they can assist in cooling the gas. Gas-grain inter-
actions cool molecular gas of pressure ny, T = 3 x 10> cm ™3
K at the rate

(2.3 x 10727 ergs s“)(l - h);(,, TY?
72'10
per H nucleus, where T}, is the dust temperature in units of 10
K (Hollenbach & McKee 1989). If radiative heating cannot
raise the grain temperature above the gas temperature, dust
converts thermal energy into infrared photons.

Optical/UV radiation from galaxies in the cluster core
impinges on dust at 100 kpc radius with a flux ~1073-10"4
ergs cm ™~ % s~ 1. Grains at ~10 K absorb this radiation with an
efficiency Q,4; ~ (1-10)a,, where a, is the grain radius in
microns, and reradiate the incident flux in the far-infrared with
a Planck-averaged efficiency ~ 10 3a, (Draine & Lee 1984).
Stellar radiation thus heats intracluster dust to 6-20 K. Deeper
than Ny ~ 10%! cm ™2 into a cloud with y,; ~ 1, extinction
reduces this radiative heating.

Gas-grain cooling can be important only in cooling-flow
clouds colder than 20 K and thicker than 102! ¢cm ™2, Because
dusty clouds remain optically thin in the far-infrared to very
large column depths, gas-grain cooling is not blackbody-
limited like molecular line cooling. However, reradiating an
absorbed X-ray flux of ~(107% ergs cm~2 s™*)F5 via dust
emission requires a cloud thicker than

T -1
(4.4 x 1022 cm‘z)(l - #) X ‘TLL2F5 .

c10

Such a cloud with Ty, < T;;o ~ 1 would produce ~3Fj,
mag of optical extinction.

2.4. Thermal Structure

In a steady state, heating balances cooling. When the optical
depths of the major cooling transitions are less than n,/ny,

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...452..164V

T995ApJ; - ~4527 “164V!

r

No. 1, 1995

radiative trapping is not important, and equating the heating
and cooling rates per unit volume at each depth sets the equi-
librium temperature. At higher optical depths, thermalization
of the major lines allows photons generated at one depth to
heat gas at another depth. Radiation thermally couples these
regions, and balance between heat flux in and cooling flux out
determines the equilibrium temperature, which does not vary
much with depth.

2.4.1. Neutral Atomic Gas

Equating the X-ray heating rate for atomic gas (H,, 1) and
the sum of the optically thin fine-structure line cooling rates for
FFJ abundances gives the equilibrium temperatures pictured
in Figure 3. Although this calculation is crude, it predicts a
thermal structure that differs only modestly from that calcu-
lated by FFJ from Ny ~ 10'° cm~? to beyond 10*! c¢m ™2
However, deeper than Ny~ 102° cm™2, the [C 1] fine-
structure lines should thermalize, and local thermal balance no
longer applies. From this depth to Ny = (102! cm~2)N,,, the
integrated X-ray heating flux (§ 2.1) is

(1.1 x 107 ergs em ™2 s ™)1 — f)M 1007165 In (10N 5,) .

Setting N,; = M0 = 7100 = 1 and f, < 1 gives a fiducial
heating flux F,, = 2.6 x 10~° ergs em~ 251, Figure 4 com-
pares this fiducial flux, plus fluxes 3 times greater and smaller,
with optically thick line cooling fluxes from C 1 and O 1,
assuming their line widths are thermal. Deep inside fully
atomic clouds, gas temperatures cannot fall much below 10 K,
unless turbulence broadens the cooling lines, enabling more
flux to escape without violating the blackbody limit. Gas tem-
peratures inside static atomic cooling-flow clouds should level
off between 10 and 20 K.

2.4.2. Neutral Molecular Gas

The most important rotational lines of CO become optically
thick and thermalized at Ny ~ 10'® cm~2 in a molecular
cooling-flow cloud of near solar abundances. From here to

100 l_lll{lll T T ll||lll T T T llllll 1

i Optically Thin Cooling ]

sol \ % __ FEstimated T,

I N R FFJ T, 1
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\M/ . .
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N

F1G. 3.—Equilibrium temperatures in optically thin atomic cooling-flow
clouds. Solid line traces the equilibrium temperature T, as a function of Ny, in
an atomic cooling-flow cloud with FFJ abundances. Equating the estimated
heating rate H, yo = (1.1 x 10727 ergs s™')}N/10*' cm~?)~! and the
cooling function from Fig. 1 for n, T = 2.9 x 10° cm ™3 K sets T,,. Dotted line
shows the function T, (Ny) from FFJ.
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F1G. 4—Optically thick atomic line cooling. The atomic fine-structure line
fluxes from a cloud in which the [O 1] 63 um and 145 um lines and the [C 1]
370 um and 610 um lines have all become optically thick are shown.The line
widths are assumed to be Avpwym = 2.355(kT, /A, my)'/?, where A, is the
atomic weight. Dotted lines show the range of X-ray heating fluxes expected in
atomic cooling flow clouds. Temperatures inside atomic cooling-flow clouds
with thermal line widths fall into the range 10 to 20 K and cannot drop much
below 10 K unless the lines are turbulently broadened.

depth N,,(10%* cm~2), X-rays deposit a total heat flux (§ 2.1)
(29 x 107 ergs cm ™2 s )1 — £, )M 100 710 In (100N ,,) .

Figure 2 illustrates how the fiducial heating flux F = 1.3
x 1073 ergs cm ™2 s~ ! and fluxes 3 and 1 times F_, relate to
the various molecular line cooling fluxes discussed earlier. The
resulting range of equilibrium temperatures runs from 25 to 51
K for the Goldsmith & Langer (1978) cooling function and
from 16 to 30 K for the Hollenbach & McKee (1979) cooling
function. Even in the extreme limit where all the CO lines are
thermalized, the equilibrium temperature stays above 10 K.
Turbulence that increases the line widths over their thermal
values can lower the equilibrium temperature by boosting the
CO 1-0 and 2-1 fluxes.

2.5. Contrasts between Previous Models

Current H 1 21 cm and CO 1-0 line observations strongly
constrain the covering factors of cooling-flow clouds if their
temperatures are 20 K or greater but do not impose such
stringent limits if cloud temperatures are close to the micro-
wave background temperature. Although the models of FFJ
and Fabian et al. (1994) predict that cooling-flow cloud tem-
peratures can drop below 4 K, calculations of thermal balance
in molecular cooling-flow clouds by OBMTS find equilibrium
temperatures an order of magnitude higher. Here we discuss
why these two temperature estimates disagree.

Unlike FFJ, the OBMTS calculation considers cooling-flow
clouds that are molecular and, by implication, dusty. When
X-rays are absorbed, OBMTS assume 50% of their energy
converts into heat. The actual conversion efficiency should be
somewhat lower. Up to half of the X-ray energy could go
directly into grain heating (§ 2.1), and Glassgold & Langer
(1973) find that only one-third of the remainder ends up as
heat. In a 6 keV ICM with ny =2 x 1073 cm ™3 at 100 kpc,
OBMTS find a heating rate ~3 x 10727 ergs s™! per H
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nucleus at Ny = 102! cm ™2, similar to the rate found in § 2.1,
except for the factor 1 —f,. Equating X-ray heating at this
depth with the cooling functions of Goldsmith & Langer
(1978), OBMTS find equilibrium temperatures of 20—-40 K, in
agreement with those determined in Figure 2. Since small
changes in temperature produce large changes in the molecular
cooling rate, modest inaccuracies in X-ray heating efficiencies
do not alter equilibrium temperatures significantly.

In the models of FFJ, dust-free gas remains primarily atomic
to Ny = 4 x 102! cm ™2, so FFJ use the analytic fit of Shull &
Van Steenberg (1985) to compute the X-ray heating efficiency.
This formula is valid for X, > 104, the lowest fractional ion-
ization considered by Shull & Van Steenberg (1985), but drops
to zero as X, — 0, whereas the actual heating efficiency should
remain near 10% (Xu & McCray 1991). The FFJ model there-
fore underestimates the heating rate by a factor of 2 to 3 at high
Ny, at which X, ~ 1076, Equilibrium temperatures deter-
mined by FFJ are similar to those we estimate when assuming
optically thin cooling and are even lower at high Ny, reflecting
this underestimate of the heating rate. However, line cooling at
high Ny in cooling-flow clouds should not be optically thin,
and optically thick cooling predicts equilibrium temperatures
no lower than 10 K (Fig. 4).

Dusty cooling-flow clouds, modeled by Fabian et al. (1994),
become fully molecular at columns less than 10%2° cm ™2,
depending on the dust-to-gas ratio. It is not clear whether these
models include dissociative recombination of H; via Hf as a
heat source. When carbon becomes fully molecular, equi-
librium temperatures plunge to ~3 K. At this point (N, ~ 102°
cm ™ 2) the models terminate without considering how energy
deposited into deeper layers escapes. In these clouds, the CO
lines should be optically thick, and Figure 2 shows that the
equilibrium temperatures of such clouds should remain above
10 K, even if the clouds convert only 1% of the incident X-ray
flux into heat.

The FFJ and Fabian et al. (1994) models use escape prob-
ability techniques to account for radiative trapping, but deep
inside cooling-flow clouds, the assumptions underlying these
techniques break down. Escape probability computations of
optically thick cooling rates presume that the source function,
and therefore the excitation temperature, is constant through-
out the optically thick region. At the densities of cooling-flow
clouds, the [C 1] and low-lying CO lines are thermalized, so the
excitation temperature equals the gas temperature. FFJ and
Fabian et al. (1994) balance local heating and locally deter-
mined optically thick cooling to find the equilibrium gas tem-
perature at a given depth. Their results show that the local
heating rate drops quickly enough with increasing Ny to
produce a significant temperature gradient across the optically
thick zone, violating the assumption of a constant source func-
tion. If the source function decreases into the cloud, photons
will diffuse from the cloud’s warmer layers into the cooler inte-
rior, providing heating not accounted for in the escape prob-
ability treatment. Furthermore, since the line widths in the cool
inner region are significantly narrower than those further out,
the escape probability formalism severely overestimates the
odds that a photon produced near the cloud’s center will
escape. If line widths throughout a cooling-flow cloud are
thermal and all the important cooling transitions are optically
thick, dT,/dNy will be positive in an optically thick zone in
which heating and cooling balance. Since X-ray heating drops
rapidly with depth, this gradient need not be very large, so the
constant temperature and global flux balance assumptions
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provide good estimates of equilibrium temperature. Thus,
cooling-flow cloud temperatures should be near 20 K, as pre-
dicted by OBMTS, and such clouds should be detectable.

3. LIMITS ON ATOMIC GAS

The deepest searches for H 1 in cooling-flow clusters usually
take advantage of the Arecibo telescope’s enormous collecting
area and appropriate beam size of 3:3 at 21 cm. Arecibo obser-
vations show that nearby clusters contain no more than 10°-
10'° M, of optically thin H 1 (e.g., McNamara, Bregman, &
O’Connell 1990), but the amount of optically thick H 1 can be
much larger if cooling-flow clouds are cold. These measure-
ments can also be used to limit the covering factors of atomic
gas within the cooling radii of these clusters. The expected
signal is the product of the total 21 cm flux from the surface of
an atomic cooling-flow cloud and the beam covering factor. At
the distances of nearby cooling-flow clusters (z ~ 0.01-0.06),
the Arecibo beam subtends an area with a radius less than 200
kpc, so the beam covering factor (fy,) and the covering factor
of X-ray—absorbing clouds (fy) in the cooling flow should be
about the same. Since temperatures deep within X-ray—
irradiated cooling-flow clouds are well regulated, 21 cm flux
limits impose strong upper limits on f;;. This section shows
that fi;; < 0.1.

3.1. Theoretical Expectations

The brightness temperature in the core of an optically thick
21 cm line from a cloud at typical interstellar densities equals
the gas temperature at which the line becomes opaque. Atomic
cooling-flow clouds have dropped to ~20 K at Ny ~ 4 x 10*°
cm ™2, and the 21 cm optical depth of a homogeneous H 1 cloud
with thermal line widths reaches unity at Ny = (1.5 x 10*°
cm~2)T33. H 1 lines from such clouds therefore have charac-
teristic temperatures of 20 K in both emission and absorption.
Integrating the 21 cm transfer equation over the FFJ relation
for Ny(T), we obtain a total 21 cm line flux of 24.5 K km s ™!
over a baseline temperature of 2.735 K. If the baseline tem-
perature is >20 K, the 21 cm line from an FFJ cloud has an
absorption equivalent width of 1.2 km s~!. Turbulent line
widths increase both the integrated line flux and the absorp-
tion equivalent width.

In a large beam, the detectability of emission or absorption
features depends on A"y;, the average number of optically
thick H 1 clouds along a line of sight through the cooling flow.
Since two superposed clouds are unlikely to cover each other
in velocity space, the integrated line flux or equivalent width
equals the flux or width per cloud times A"y . Atomic clouds
can produce the observed X-ray absorption only if fy; ~ 1,
implying A4 'y, 2 1.

3.2. Observational Limits

McNamara et al. (1990) observed 11 nearby cooling-flow
clusters from Arecibo without detecting H 1 21 cm emission.
The typical rms noise in each 9 km s~ ! channel was <1 mJy in
flux, corresponding to <8 mK in brightness temperature. Over
a line width of (300 km s~ *)v;90, the 3 o limit on the beam-
averaged 21 cm brightness is less than (1.25 K km
s~ Yo% 0.y, Where o, is the rms noise in millijanskys. This
limit implies Ay, < 0.05035 0y, Other Arecibo emission-
line observations (Burns, White, & Haynes 1981; Valentijn &
Giovanelli 1982) yield similar limits, and 21 cm absorption-line
studies find f;; < 0.2 (Jaffe 1992; O’Dea, Gallimore, & Baum
1995). A recent VLA study of three clusters also limits optically
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thin H 1 masses to less than 10°~1° M and finds f;;, < 0.36
(Dwarakanath, van Gorkom, & Owen 1994).

Because of uncertainties in determining the instrumental
baseline structure over the effective bandwidth of ~2000 km
s~ 1, the emission-line limits derived from MBO are valid only
up to v390 ~ 3 (B. McNamara, private communication). The
velocity dispersions of nearby cooling-flow clusters (500-800
km s~ 1) correspond to full line widths ~ 1200-1900 km s~ !,
but clouds at these speeds would be moving transonically
through the intracluster medium. In ~ 108 yr, ICM drag slows
clouds of Ny ~ 102! cm™2 to speeds similar to turbulent
velocities in the ICM. Daines et al. (1994) argue that since the
H 1 line width in the EO galaxy M86 implies motions with a
Mach number of 0.4 (Bregman & Roberts 1990), intracluster
turbulence might produce H 1 line widths ~500-800 km s~ 1.
The MBO bandwidth of ~2000 km s~ ! suffices for lines this
wide, contrary to the claim in Daines et al. that MBO could
detect only lines narrower than ~400 km s~ !. Limits on f;;,
imposed by the MBO data are therefore much more stringent
than those given by Daines et al. (1994). Figure 5 displays the 3
o limit on A"y, and the projected radius of the Arecibo beam
(ry) forleach cluster, assuming a Hubble constant of 75 km s ™!
Mpc™".

To rule out extraordinarily wide emission lines from clusters,
O’Dea & Payne (1991, 1995) have observed 14 clusters at
Arecibo with a bandwidth of 7000 km s~ !. They detect nothing
at rms noise levels as low as 0.2 mJy (for A2063). The expected
flux density is (10 mJy)A "y v300. Even if the H 1 full width is
2000 km s~ !, these observations rule out f;, > 0.3 at the 3 ¢
level.

3.3. Dust Requirements

The 21 cm limits imply that cold clouds cannot cover
cooling flows unless hydrogen forms molecules at Ny < 4
x 10'° cm ™2 If fy ~ 1 in cold clouds, the average column
density of H 1 across the Arecibo beam must be <4 x 108
cm ™ 2, Molecule formation rapid enough to turn a cooling-flow
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FiG. 5—Limits on H 1 clouds. The 3 ¢ limits on the average number of
atomic clouds /", along lines of sight through cooling flows derived from the
Arecibo observations of MBO are shown. The quantity r, is the projected
half-power radius of the Arecibo beam at the distances of these clusters,
assuming H, = 75km s~ Mpc™'.
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cloud molecular at this small a depth requires a nearly Galactic
dust-to-gas ratio (see § 2.2.1). Hydrogen in the dusty cooling-
flow clouds (x; = 1) modeled by Fabian et al. (1994) goes from
atomic to molecular at Ny ~ 2 x 10'® cm 2. Carbon in these
clouds goes entirely into CO at Ny ~ 3 x 10'® cm ™2 The next
section shows that CO flux limits constrain the covering
factors of molecular cooling-flow clouds also to be <1.

4. LIMITS ON MOLECULAR GAS

None of the recent high-sensitivity searches for CO rotation-
al lines from the centers of cooling-flow clusters other than the
Perseus cluster have detected strong emission (Bregman &
Hogg 1988; Grabelsky & Ulmer 1990; OBMTS; McNamara
& Jaffe 1994; Braine & Dupraz 1994; Antonucci & Barvainis
1994). Applying the usual Galactic CO luminosity to H, mass
conversion factor to these nondetections constrains the H,
masses at the centers of these clusters to be less than 108-10'°
M, but this conversion factor is not necessarily universal (e.g.,
Maloney & Black 1988). Processes that heat and disturb
Galactic molecular clouds, like star formation, magnetohydro-
dynamic wave dissipation, and cosmic-ray ionization, might
not operate in intracluster molecular clouds. However, X-ray
heating sufficient to keep cloud temperatures above 10 K is
unavoidable (§ 2.4.2; see also Braine et al. 1995). This section
compares the minimum integrated brightnesses of CO lines
expected from molecular cooling-flow clouds with the observ-
ational limits. We find that the average number of molecular
clouds (#"y,) along a line of sight through a cooling flow is
significantly less than unity. We also show that X-rays inhibit
condensation of CO onto dust grains, so that the low-lying CO
lines remain optically thick and strongly emitting.

4.1. Theoretical Expectations

The CO observations mentioned above have beam sizes
(< 1) that fall well within the cooling radii of nearby clusters.
The value of 1 — e #": in the beam is therefore a good
measure of the molecular cloud contribution to fy. Assuming
that line widths are thermal minimizes the CO 1-0 and 2-1 line
fluxes expected from molecular cooling-flow clouds, which
must then be at about 20 K (§ 2.4.2). Because the total flux
radiated by a cooling-flow cloud flux must balance the
absorbed flux, turbulent broadening increases the integrated
CO 1-0 line flux from a cooling flow cloud, even though it
lowers the brightness temperature in the line core.

The integrated brightness of a thermalized, thermally
broadened CO line is 2(2kT,,/28my) /> T,, F (7o), Where F, is a
saturation factor that depends on the line center optical depth
7o. When 14 > 1, F,,(t0) & (In1,)!/? (Spitzer 1978). In LTE at
20 K, about 13% of the CO molecules have J = 0. Thus, the
line center J = 1-0 optical depth is ~10* in a cloud with
Ny ~ 10?! cm ™2 and a solar abundance of C in CO. Setting
F,, ~2and T, = 20 K, we find an intensity of ~9 K km s™!
for each optically thick CO line from the surface of an individ-
ual cloud. The expected beam-averaged signal is Ay, times
this amount.

4.2. Observational Limits

Recent CO observations of clusters probe down to rms noise
levels of a few mK, imposing 3 ¢ limits <1 K km s™! on the
integrated CO brightnesses of clusters. McNamara & Jaffe
(1994) looked for CO J = 2-1 emission in six clusters and
obtained 3 ¢ intensity limits of less than 0.419-0.989 K km s~ L
assuming a line width vs0, = 1 inside their 680 km s~ band.
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Braine & Dupraz (1994) observed eight clusters in J = 2-1 (665
km s~! bandwidth) and J = 1- 0 (1330 km s~ ! bandwidth).
Assuming v;0, = 1, they obtained 3 ¢ limits of <0.24-1.05 K
km s~ ! for J = 2- 1 and of <0.39-0.66 K km s~ * for J = 1-0.
The larger bandwidth in J = 1-0 constrains lines with v34¢ = 2
to be less than <0.65-1.09 K km s~ . Bregman & Hogg (1988)
and Grabelsky & Ulmer (1990) limit the CO 1-0 intensity to
similar levels over a similar bandwidth in 11 clusters, some of
which are in the Braine & Dupraz (1994) sample, and OBMTS
limit the 1-0 line emission from three more clusters to levels
about the same as those in the other surveys. Figure 6 shows
the upper limits from the four surveys for intracluster CO
J =1-0.

Since the integrated CO brightnesses of these objects are
consistently less than 1 K km s ! for line widths <600 km s~ *,
the molecular covering factor must be f, < 0.1. Molecular line
widths in clusters are unlikely to be much larger than 600 km
s~ 1 (see § 3.2). In NGC 1275 at the center of the Perseus cluster,
where intracluster CO has been detected (Lazareff et al. 1989;
Mirabel et al. 1989; Braine et al. 1995), its line width (<400 km
s~ 1) is much thinner than the bandwidth observed. To rule out
very broad lines observationally, Antonucci & Barvainis (1994)
have constrained the brightnesses of emission lines with widths
of up to 2500 km s~ ! in five clusters. Their 3 ¢ limits on the
brightness temperature of CO 1-0 at line center over the base-
line established at +1300-2000 km s~ ! are ~9 mK and rule
out A"y, = 1 for line widths of 1000 km s~ *. One of the objects
in their sample is A478, the same cluster in which Allen et al.
(1993) found very strong soft X-ray absorption.

4.3. Condensation of CO onto Dust

Fabian et al. (1994) have suggested that cooling-flow clouds
might be so cold, quiescent, and long-lived that all the CO
condenses onto grains. If molecular cooling-flow clouds with
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F1G. 6—Limits on H, clouds. The 3 ¢ limits on the average number of
molecular clouds .4y, along lines of sight through cooling flows are shown.
These limits were derived from CO J = 1-0 intensity limits, assuming cloud
temperatures of 20 K, thermal line widths, highly optically thick CO 1-0 lines,
and overall line widths of 600 km s ™. Symbols denote upper limits calculated
from the data of Braine & Dupraz (1994) (BD94), Grabelsky & Ulmer (1990)
(GU90), Bregman & Hogg (1988) (BH88), and OBMTS. The quantity r, is the
projected half-power radius of each beam at the distances of the clusters,
assuming H, = 75kms~* Mpc™ 1.
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Ju, ~ 1 are to evade current observational limits, condensation
of CO would have to be quite complete. The J = 1-0 tran-
sition in our standard cooling-flow clouds will not become

optically thin unless the fraction of CO in the gas phase drops
below 10~ 2. If all the metal-bearing molecules condense onto
grains, the only coolants left are H,, He, or grains. X-ray
heating via photoionization of H, and He would then raise the
gas temperature until heating is balanced by gas-grain cooling
or H, line emission. However, condensation of molecules onto
grains is unlikely to be so complete. Transient heating of grains
and grain surfaces by X-rays in cooling-flow clouds unbinds
CO from grain surfaces much more rapidly than cosmic-ray
heating of grains in Galactic molecular clouds, in which gas-
phase CO is abundant. The following paragraphs evaluate
X-ray transient heating of grains to estimate CO desorption
rates in cooling-flow clouds and show that X-ray desorption
operates faster than condensation, keeping the CO in the gas
phase.

4.3.1. Condensation Rates

Carbon monoxide molecules in molecular clouds at a
pressure of 3 x 10° K cm~3 encounter a dust grain within
~(2 x 10'? §)y;*TY3. Let us assume that CO molecules
always stick when they collide with a grain. Then CO in molec-
ular cooling-flow clouds can potentially condense onto dust
grains in ~ 10° yr. If there is a solar abundance of carbon in
CO, the flux of CO molecules i 1mp1ngmg on a gram surface is
~(5 x 10* cm ™2 s™HT;§/% Dust grains a, mlcrons in size
therefore grow on a tlmescale ~(7 x 103 5)TY2 a,

4.3.2. X-Ray Transient Heating

Photons in the 1 keV range impinge on grams in coohng—
flow clouds with a flux ~(1.4 x 10* cm ™2 s~ )M o0 71¢5- Not
all are absorbed. Since 1 pm grains are margmally optically
thick at 1 keV, smaller gralns absorb photons of this energy
about once every ~(2 x 10° s)M ;55 100 a; 3. Between X-ray
absorption events, accretion of CO onto small grains increases
their X- -Tay Cross sections. The maxunum time between X-ray
captures is ~(2 x 10'! s)M 5730, by which time even the
smallest grains have grown to ~0.002 ym.

As grains smaller than 0.05 um absorb X-rays, their tem-
peratures temporarily rise above 25 K (Leger, Jura, & Omont
1985, hereafter LJO; Voit 1991b). At these temperatures, grains
with CO mantles cool primarily by shedding CO molecules.
Since the binding energy of CO onto grains is ~0.1 eV (LJO), a
keV photon can expel ~10* CO molecules from a single grain.
Averaged over time, transient heating induces an evaporative
CO flux from the grain surface ~(4 x 107 cm™2
s M 00T1c0a, - This flux exceeds the condensing flux even
at the minimum radius of 0.002 um. Chemical explosions
ignited in the CO mantle when the grain temperature rises
above 27 K can raise the evaporative flux even further (LJO).
Transient heating thus prohibits substantial CO depletion
onto small grains in cooling-flow clouds.

4.3.3. X-Ray Spot Heating

Although X-ray impacts do not alter the global tem-
peratures of large grains (>0.1 um) appreciably, small regions
surrounding the sites of X-ray absorption briefly become warm
enough to unbind CO before the photon’s heat input diffuses
throughout the rest of the grain. Capture of 1 keV photon
within a grain releases two or more sub-keV electrons. These
electrons deposit ~35-60 keV um~! into heat before they
either stop within the grain or escape from its surface (LJO;
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Dwek & Smith, private communication quoted in Voit 1991b).
A 500 eV electron travels ~0.01 um before it stops. The tem-
perature of the heated cylinder surrounding the electron’s path
declines as the heat diffuses outward. Following the analysis of
cosmic-ray spot heating by LJO, we assume that the radius of
this hot cylinder expands as r.,; =~ 1.70,¢,, where o, = 1.1
x 1072 cm? s~ ! is the thermal diffusivity and ¢, is the time
since the heating event. Given a heat capacity of (2.2 x 10* ergs
cm ™3 K™23)T 3 for grain material at temperature 50 K <
T.,, < 150 K (LJO), we find T, ~ 120¢7,°43, where t,, =
t,/107 115,

Molecules within the disks at which hot cylinders intersect
the grain surface evaporate as long as the evaporation rate
exceeds the diffusion rate. Carbon monoxide molecules evapo-
rate on a timescale of ~(1.4 x 10715 s) exp (1030 K/ T.,» (LJO),
so evaporation proceeds until t;; X 1, when r_, ~ 60 A As
the grain cools evaporatively, thermal energy diffuses toward
the grain surface as well as away from the electron’s path. If
CO molecules cover the grain surface, a disk 60 A in radius
encompasses ~ 10* molecules. The available thermal energy
(~500 eV) can unbind only about half of these molecules, so
evaporative cooling halts CO desorption before thermal diffu-
sion does.

Each keV X-ray absorbed within ~0.01 um of the surface of
a large grain produces, on average, one hot cylinder that inter-
sects the grain surface. If CO molecules cover the grain, each
X-ray absorption in this surface layer releases 103 or more CO
molecules. Since the 1 keV optical depth of this layer is ~ 1072,
the induced evaporative flux of CO from the grain surface is
(14 x 10° cm™2 s™ )M, 4orib. This is sufficient to keep
most of the CO in the gas phase and rules out the nearly
complete condensation needed to render the CO rotational
lines optically thin. This should not be surprising. Evaporation
through X-ray spot heating in cooling-flow clouds is 3 orders
of magnitude faster than the cosmic-ray spot heating thought
to keep CO in the gas phase in Galactic molecular clouds
(LJO).

5. DUST IN THE HOT GAS

The previous two sections have shown that atomic or molec-
ular clouds that cover the cooling-flow regions of clusters
should already have been detected. If X-ray self-absorption in
clusters is real, then either (1) the X-ray absorption comes from
ionized gas, (2) the X-ray absorption comes from solid state
particles in the hot medium, or (3) the X-ray emission comes
from unresolved filaments of low covering factor spatially cor-
related with clouds of cool absorbing gas (Antonucci & Bar-
vainis 1994). In this section we examine options (1) and (2). We
rule out ionized gas because it would be emitting optical, UV,
or X-ray lines profusely, and these lines are not seen. The
second option is more difficult to dismiss. The amount of dust
needed to make the ICM marginally optically thick in soft
X-rays would also make it marginally optically thick in the
optical band. We discuss how the required extinction might be
consistent with surveys that find a deficit of background
objects behind clusters, and we show that far-IR flux limits
prohibit the absorbing dust from being in the central parts of
the cluster.

5.1. Hot Gas Only

Gas cool enough for oxygen K-shell electrons to remain
bound can absorb soft X-rays. In coronal ionization equi-
librium, the fraction of oxygen nuclei with bound electrons
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drops off rapidly above 3 x 10° K (e.g., Shull & Van Steenberg
1982). When T < 3 x 10° K, CNO nuclei retain one or more
electrons, and radiative cooling is very efficient. At cooling-
flow pressures, the luminosity radiated by ionized absorbing
gas would be orders of magnitude higher than that from the
cooling flow, making it very unlikely, on theoretical grounds,
that the absorbing gas is ionized. To eliminate this possibility
observationally, we have calculated the expected surface
brightnesses of several emission lines at various temperatures,
assuming an absorbing column of 102! cm~ 2 Comparing
these expectations with the Ho and [Fe x] 6374 A limits from
deep Palomar long-slit spectra, we can rule out ionized absorb-
ing gas at temperatures less than 1.5 x 10° K in several clus-
ters. At higher temperatures, an enormous O vim Lya
luminosity should have been detected but is not.

5.1.1. Line Emission from Ionized Gas

We have used the code CLOUDY 84.12a (Ferland 1993) to
calculate cooling functions (in ergs cm3 s~ 1) for individual lines
emitted by a solar abundance plasma in coronal equilibrium at
temperature T. Multiplying these cooling functions by the
density (3 x 10° K cm~3)T ! and the column density 103!
cm”? and then dividing by 4z sr gives the expected surface
brightnesses of these lines, pictured in Figure 7. On the right
side of Figure 7 we show the corresponding luminosities,
assuming an emitting area of m(100 kpc)®>. When 10°
K < T < 10° K, the UV emission lines are extremely lumi-
nous. Pistinner & Sarazin (1994) have compiled a large list of
UV line brightnesses expected from ionized absorbing gas in
cooling flows. Observations with the Hubble Space Telescope,
the International Ultraviolet Explorer, the Hopkins Ultraviolet
Telescope can potentially constrain ionized absorbing columns
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F1G. 7—Surface brightnesses of absorbing H 11 gas. A 102! cm ™2 column of
ionized gas at the pressure of the cooling flow shines brightly in emission lines.
The variation of surface brightnesses of selected lines with temperature is
illustrated, assuming N,, = 1, solar metallicity, and coronal ionization equi-
librium at a pressure of 3 x 10° K cm™3. Cooling functions for the following
lines were calculated using CLOUDY 84.12a (Ferland 1993): Ha, C 1v 1550 A,
O v1 1036 A, O v Ly« at 653 eV, [Fe vir] 6087 A, and [Fe x] 6374 A. Our
long-slit spectroscopic limits on Hoa and [Fe x] rule out N,, 2 1 in ionized gas
at temperatures below 1.5 x 10° K. Along the right axis we show line lumi-
nosities, assuming N,, ~ 1 over a radius of 100 kpc. O vt Lya luminosities of
greater than 103 ergs s ™! are not seen, ruling out higher temperature gas.
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at these temperatures. When 1.5 x 10° K < T <3 x 10° K,
the O vir Lya luminosity from the central 100 kpc exceeds
10*3 ergs s~ *. The equivalent width of this line with respect to
the underlying cooling-flow spectrum from § 2.1 is ~250 eV.
Such strong O vii lines have not been seen in ASCA spectra of
cooling-flow clusters (Fabian et al. 1994).

5.1.2. Optical Spectroscopic Limits

Tonized X-ray absorbing gas at T < 1.5 x 10° K can be
ruled out in several cooling-flow clusters for which we have
deep ground-based spectroscopic observations. The Palomar
and Las Campanas long-slit observations described in
Donahue & Stocke (1994) tightly constrain the off-nuclear
surface brightnesses of Ho and [Fe x] 6374 A in A1795,
2A0335+096, and PKS 0745—191. We report these limits
here. The data comprise a subset of the original observations
(A1795, 4500 s at PA 345 on 1992 December 31; 2A0335 + 096,
8100 s at PA 140 on 1992 December 31; PKS 0745 — 191, 8400
s at PA 235 and 3000 s at PA 180 on 1992 December 19). We
analyzed the residual sky spectra, summed in 10” bins along a
2" slit, in the sky-subtracted, flux-calibrated images. We con-
verted the rms variation of the residual sky (o, in erg s™!
cm~2 A1) near the redshifted wavelengths of Ha and [Fe x]
into a 3 o surface brightness limit equal to

30,ms(10 A/d)'"?

20 arcsec? ®)
where d is the dispersion of the spectrograph in units of A per
pixel.

The 3 ¢ surface brightness limits on both Ha and [Fe x]
away from the emission-line nebulae in these clusters are <2-
4 x 10”8 ergs s™! cm ™2 arcsec ™! (see Table 1). Because these
limits are derived from sky-subtracted images, they do not
constrain an absolutely smooth and uniform distribution of
emission-line surface brightness. However, since absorbing gas
at intermediate temperatures must have a small filling factor,
its distribution ought to be clumpy rather than smooth. These
limits on the brightnesses of Ha and [Fe x] constrain the
column density of ionized X-ray absorbing gas at
T < 1.5 x 10°K to be less than 102! cm 2.

The faintest detected nebular surface brightnesses in A1795
and 2A0335+096 are consistent with our upper limits farther
off nucleus. In A1795, where the slit was aligned along the
extended nebula, the Ha surface brightness drops off to
52+ 14 x 10 B ergss™! cm~2 arcsec™ ! in a 2" x 2" square
~70 hs¢ kpc off-nucleus. The faintest Ha surface brightness
associated with the 2A0335+096 nebular system is
4.5+ 026 x 1078 ergss™* cm~2 arcsec™ ' ina 2" x 2" square
~24 hsd kpc away from the bright nucleus. In PKS
0745— 191, the nebular region seems to have a harder “edge ”;

TABLE 1
SURFACE BRIGHTNESS LiMITS ON OPTICAL EMISSION LINES

Projected Radius

Cluster (h54 kpe) He? [Fe x] 6374 A®
PKS 0745—-191...... 65 1.9 x 10718 1.9 x 10718
PKS 0745—-191...... 115 1.7 x 10718 2.1 x 10718
A1795 .o, 93 39 x 10718 3.5 x 10718
2A0335+09%6......... 43 27 x 10718 2.7 x 10718
2 In units of ergs cm ™2 s~ ! arcsec 2.

Vol. 452

we could have detected emission ~ 3 times fainter in a 2” x 2"
box, but we did not. The Ha surface brightness of the nebula in
PKS 0745 — 191 drops below detectable limits at ~26 h3s! kpc
at a surface brightness of ~1.2 £ 0.14 x 107 !7 ergs s~ cm 2
arcsec ™. The equivalent width of the emission there is ~ 10 A
and would be detectable even if it were fainter.

5.2. X-Ray/Optical Connection

Apparently, X-ray absorption in clusters of galaxies does not
come from gas-phase metals in ionized, atomic, or molecular
gas. We now consider whether the absorption can come from
metals in solid state form. Dust grains with a Mathis, Rumpl,
& Nordsieck (1977) size distribution absorb soft X-ray photons
and optical photons with about equal efficiency (e.g., Laor &
Draine 1993). If grains are responsible for the X-ray absorp-
tion, we would expect them to cause a comparable amount of
optical extinction.

The evidence for optical extinction associated with clusters is
tantalizing but inconclusive. There appear to be deficits of
distant galaxies (Zwicky 1957; Karachentsev & Lipotvetskii
1969; Bogart & Wagoner 1973; Szalay, Hollosi, & Toth 1989)
and quasars (Boyle, Fong, & Shanks 1988; Romani & Maoz
1992) behind clusters of galaxies. The implied area-averaged
extinctions range from Az ~ 0.2 mag (Boyle et al. 1988) to
Ag ~ 0.5 (Romani & Maoz 1992). Because these surveys indi-
cate extinction extending over projected radii greater than 1
Mpc at the distance of the cluster, absorbing dust would have
to be present well outside the cooling-flow regions of clusters
and should produce a similarly extended soft X-ray absorption
signature. In Galactic dust, 4z ~ 0.4 corresponds to a color
excess E(B—V) ~ 0.1 (Spitzer 1978). Dust of this kind distrib-
uted through the ICM of a cluster would cause a dispersion in
E(B—V) among otherwise identical cluster members. Fergu-
son (1993) has analyzed the colors of 130 elliptical galaxies in
19 clusters and 256 elliptical galaxies in poor groups and the
field and finds that the excess reddening in clusters can be no
greater than E(B—V) = 0.06.

Dust in the intracluster medium, however, might be quite
unlike Galactic dust. Sputtering in a hot ICM of density ny
destroys grains a, um in size in ~(6 x 10'3 s cm ) 'a,
(Draine & Salpeter 1979). Small grains disappear first, and all
grains smaller than 1 um sputter away in less than a Hubble
time if ny > 10™* cm ™3, These grains will only be long-lived at
the outskirts of the cluster, far from the cooling flow. In Galac-
tic dust, the X-ray opacity comes mostly from large grains,
while the UV opacity comes mostly from small grains. When
only those grains larger than 0.1 um are left, the extinction
curve is grayer than Galactic, and a given amount of extinction
produces much less reddening.

5.3. Dust Optical Depths in the ICM

The ICM density outside the cluster core radius r, ~ 200
kpc typically declines proportional to [1 + (r/r.)*]" ! (e.g.,
Sarazin 1988). To simplify the following calculations, we will
ignore the fact that central densities in cooling-flow clusters
continue to rise inside r,. The hydrogen column density
through the center of a cluster with this density profile is Ny ~
(1.6 x 10?! cm~2)n_5 7,00, Where n_5 is the central electron
density in 1073 cm ™3 and 7,00 = 7./(200 kpc). At this column
density, Galactic extinction produces optical depths ~
0.5n_3 7200 at 5000 A and ~0.3n_537,90 at 400 eV (Laor &
Draine 1993).
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Large grains contain most of the dust mass and are therefore
responsible for the bulk of the X-ray and optical absorption.
The optical depth of large grains in the ICM can be estimated
assuming that grains of radius a, yum contain a fraction 0.01y,
of the ICM mass in solid state form with a density of ~2 g
cm ™3, The geometrical cross section per H atom is then
~(6.3 x 107%* cm?)y,a, !, giving a geometrical optical depth
~0.10y,a, 'n_37,00. The absorption cross sections of large
grains (2 0.3 um) from the optical through the soft X-ray band
are similar to their geometrical cross sections (Laor & Draine
1993). Grains with a, ~ 0.3 produce optical and X-ray opa-
cities similar to the values for Galactic dust.

The mass column density in grains needed for marginal
optical thickness in both bands is ~10~% g cm™3. Over the
central 1 Mpc of the cluster, the total dust mass implied by
optical/X-ray absorption is ~10'2 M, similar in magnitude
to the total mass of metals in the entire cluster. Such a large
dust mass is theoretically unpalatable, but it cannot be ruled
out categorically.

5.4. Far-Infrared Continuum Limits

Electrons in the hot ICM collisionally heat dust grains,
causing them to radiate in the far-infrared and submillimeter
bands. In plasmas hotter than ~3 x 107 K, the equilibrium
dust temperature (T;) depends primarily on electron density
because dust grains are marginally transparent to hot electrons
(Dwek 1987; Dwek, Rephaeli, & Mather 1990). Dwek (1987)
finds T; ~ 15n%18 K. Gas at ICM temperatures thus cools at
the rate n,ny A, xz, where A; = 3—6 x 1072 ergs cm® s ™! and
xa is the dust-to-gas ratio in Galactic units (Dwek 1987). The
low end of this range applies when all the grains are large. The
infrared luminosity from the ICM when y, is constant is then
~(5.0 x 10*5 ergs s~ 1Y)n2 5 x47300, Where 7,40 = 7,/(200 kpc).

Dust with y, ~ 1 at r < r, would radiate copiously at 100
um and would exacerbate the “mass sink problem ” by a factor
of order 10?> (Dwek et al. 1990; Hu 1992; Bregman 1992).
Within the cores of cooling-flow clusters, n_; > 3. The far-IR
luminosity then exceeds (4.5 x 10*® ergs s~y 7300 and, at
T; ~ 20 K, falls largely within the IRAS 100 um band (Dwek et
al. 1990). IRAS observations toward the central dominant gal-
axies of clusters find far-IR luminosities of ~ 10*4-10*5 ergs
s~! (Bregman, McNamara, & O’Connell 1990; Grabelsky &
Ulmer 1990), implying x, < 10~ 2. Hence, ICM dust within the
cluster core cannot be marginally optically thick.

If dust is continually injected into the ICM, sputtering main-
tains y, < 1072 at the center of the cluster, but as the ICM
density drops with radius, sputtering decreases, and y,; can rise
(Dwek et al. 1990; Hu 1992). At r > r, = 3r.n'/3, the ICM
electron density is lower than 10™% cm ™3, and large grains can
survive for longer than 10° yr. Following Hu (1992), let us
assume, somewhat arbitrarily, that y,ocng' inside r, and
Xa = Xao = const. outside r,. Then the dust luminosity from
r<r,is

_ tan”13n'3
(2.2 x 10*° ergs s~ Hn¥%r3q0 x.,o(l T *),
-3
and the luminosity from r > r,is
(3.2 x 10%% ergs s~ Y% 3 r300 Xao

172
<§ 3nt/2

—————— _tan"!3n%3).
2 T+9n_, 0 "3>
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Since the typical dust temperature at r, is ~ 10 K, the bulk of
this flux emerges longward of the IRAS 100 ym band. The
5000 A dust optical depth through the entire cluster is

n/2 — tan~ ! 3n!/3
72 —tan '3 JraoTze0-

Although interstellar cirrus severely complicates measure-
ments of far-IR fluxes from clusters (e.g., Wise et al. 1993), Hu
(1992) has shown that dust can exist at » ~ r, in quantities
sufficient to produce the optical extinction without over-
producing IRAS 100 um flux.

Submillimeter continuum observations might soon be able
to confirm or deny the presence of intracluster dust with large
column densities. Current estimates of the opacity of Galactic
grains at 1 mm are inexact, ranging over more than an order of
magnitude centered on ~ 1072 cm? g (Draine 1990), about
10~* times the optical/soft X-ray opacity. Adopting this value
gives a continuum brightness temperature of ~1 mK for a
layer of 10 K dust with a 5000 A optical depth of unity. Annis
& Jewitt (1993) have limited the 0.8 and 1.1 mm fluxes over an
18” beam at the centers of 11 clusters to < 12-60 mJy at the 3 ¢
level, corresponding to brightness temperature limits of <0.7-
3.5 mK. However, their chopping technique does not allow
them to detect continuum flux distributed over more than 100
kpc.

~ (0‘1 +0.1n_,

6. SUMMARY

Some cooling-flow clusters of galaxies appear to contain soft
X-ray-absorbing material with Ny~ 102! cm™2 partially
covering the central 100 kpc or more. The corresponding mass
of ~10'? M is comparable to the amount that would con-
dense out of a 100 M yr ! cooling flow over a Hubble time,
prompting suggestions that the absorbing clouds are cooling-
flow condensates. Whatever absorbs the X-rays must reradiate
an equivalent flux somewhere in the electromagnetic spectrum,
but identifying the absorbing material has proven to be quite
difficult.

In atomic cooling-flow clouds, in which infrared fine-
structure line cooling balances X-ray heating, the H 1 21 cm
line becomes optically thick in a layer at a temperature of ~20
K. If we assume thermal line widths, the 21 cm line fluxes from
the surfaces of these clouds are minimized. Nevertheless,
current 21 cm observations constrain the covering factors of
such clouds to be less than 0.1. To avoid 21 cm detection, cold
intracluster clouds with a high enough covering factor to
produce the X-ray absorption must be molecular. Dust is
needed to catalyze molecule formation in X-ray-irradiated
clouds. Since dust grains form from molecules, it is extremely
difficult to form dust, and therefore molecules, at Ny < 10%!
cm ™2 in pristine clouds that have condensed out of a dust-free
ICM, although “seed dust” can promote the formation of
additional dust.

Molecular clouds in the ICM radiate CO J = 1-0 lines that
are least detectable when the line widths are thermal. Flux
balance requires molecular cloud temperatures to be ~20 K,
and current CO observations constrain the covering factors of
these clouds also to be less than 0.1. These limits relax some-
what if more than 99% of the CO condenses onto dust, but
X-ray transient heating of small grains and spot heating of
grain surfaces prevent such complete condensation. Appar-
ently the covering factors of cold clouds, be they atomic or
molecular, are too small to produce the observed soft X-ray
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absorption. These low covering factors do not necessarily
eliminate the possibility that large amounts of material con-
dense out of cooling flows into cold clouds. At a characteristic
Jeans column density of 3 x 10?2 cm ™2, a condensed mass of
10'2 M, covers ~3.5 x 10 kpc? or about 3% of a region 200
kpc in radius.

The hot ICM itself is too highly ionized to absorb soft
X-rays but could be more opaque at <1 keV if it contained a
cooler ionized component or dust grains. Line emission from
ionized gas with Ny ~ 102! cm ™2 in pressure equilibrium with
the cooling-flow region would be extremely luminous. Spec-
troscopy of optical emission lines rules out ionized absorbing
gas at less than 1.5 x 10° K, ASCA spectra rule out ionized
absorbing gas at 1.5-3 x 10° K, and hotter gas would be too
highly ionized to absorb soft X-rays significantly.

Dust in the ICM is one possibility we cannot rule out. Dust
absorbs soft X-rays and optical photons with comparable effi-
ciencies. Background counts of galaxies and quasars behind
clusters of galaxies are consistent with optical depths in both
the optical and soft X-ray bands of 0.2-0.5. The necessary
amount of obscuring dust cannot lie entirely inside the cores of
clusters without producing a 100 um flux that would have been

detected by IRAS, so it must be distributed more widely
throughout the ICM. If dust is indeed responsible for soft
X-ray absorption in clusters, then there should be some excess
absorption away from the cluster core, and the spectral depen-
dence of soft X-ray extinction should be flatter than that of
purely gaseous absorbing material. The required dust mass,
~10'? Mg, comparable to the entire metal content of a
cluster, is uncomfortably large but not impossibly large. Con-
tinuum emission from this large a dust mass, spread over the
central ~1 Mpc of a cluster, lies near the current limits of
submillimeter detectability.
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