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ABSTRACT

We searched for molecular gas in a heterogeneous sample of five radio-loud galaxies (three of which are
inferred to be in cooling flow clusters) using the Swedish-ESO Submillimeter Telescope. We do not detect CO
in emission in any of the cluster sources at a 3 g level of typically 15mK. White et al. (1991) have suggested
that the apparent low-energy X-ray absorption toward cooling flow clusters is due to column densities of
Ny ~ 10%* cm™? in these clusters with a spatial covering factor of order unity and a total mass of M ~ 102
M. Our limits are inconsistent with these column densities and spatial covering factor unless the molecular
gas is very cold (kinetic temperature close to 2.7 K) or there only a few clouds along each line of sight. We
calculate the heating by X-rays from the intracluster medium and derive constraints on the equilibrium tem-
peratures of the molecular clouds. We estimate minimum temperatures in the range ~20-30 K. These calcu-
lations suggest that it is not possible to cool the clouds sufficiently to explain the nondetections of molecular
gas as a result of low temperature (kinetic temperature close to 2.7 K).

We find that clouds of atomic and molecular hydrogen require strict fine-tuning of parameter space in order
to satisfy the requirements for the large column densities Ny ~ 102! cm™2, unit covering factor, and a small
number of clouds along the line of sight. The combination of these constraints with the additional requirement
that the optical depth in H 1 be very large is inconsistent with the clouds being atomic. Clouds of molecular
hydrogen are not currently ruled out, but the range of parameter space is shrinking. Currently the only way
molecular gas can be responsible for the X-ray absorption and still be consistent with our observations is if (1)
there is of order one cloud along the line of sight and (2) the optical depth in *2CO 1 — 0 is less than 10.

In addition, we present a VLA image of NGC 4696 which shows a diffuse radio morphology comparable to
that of the dust lane and emission line complex and suggest this object is a member of the class of
“amorphous cooling flow radio sources.” The '2CO 1 — 0 line is detected in emission in PKS 0634 —206, a
classical double radio galaxy which is rich in extended optical emission line gas. The estimated molecular gas
mass is M, ~ 3 x 10° M, and is much larger than that of the ionized component detected in Ha suggesting

that the emission-line nebula is radiation bounded.
Subject headings: cooling flows — galaxies: ISM

1. INTRODUCTION

In the standard “cooling flow” models of the intracluster
medium, hot (107-108 K) gas with a cooling time less than the
Hubble time cools and falls quasi-hydrostatically into the
center of the cluster potential well (e.g., Fabian, Nulsen, &
Canizares 1984, 1991; Sarazin 1988). There, it is expected to be
accreted by the central dominant galaxy of the cluster. Indeed,
radial profiles of temperature and density in the intracluster
gas inferred from X-ray imaging and X-ray spectroscopic
observations, show unequivocally that cooler, denser gas (10°-
107 K) does exist in the centers of clusters (e.g., Fabian et al.
1981; Stewart et al. 1984; Canizares, Markert, & Donahue
1988; Mushotzky & Szymkowiak 1988; Mushotzky 1992;
Bohringer et al. 1992). Typical mass accretion rates inferred in
these cooling flow clusters are 100 M year ~! within a region
100 kpc in radius. However, such large accretion rates imme-
diately raise an as yet unsolved problem: determining the ulti-
mate fate of the inflowing material. The total amount of mass
detected in gas at temperatures less than 10° K in central
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dominant galaxies is less than 10° Mg, and the limit in the rate
of star formation with a normal IMF is typically 0.1 times the
X-ray—-determined mass accretion rates. The lack of compelling
evidence for the existence of cooling flows at any wavelength
regime other than X-rays has led to considerable skepticism of
the cooling flow model (e.g., Baum 1992; Sparks 1992).
Recently, White et al. (1991) reported the discovery of large
amounts of cold X-ray—absorbing matter distributed over the
inner few 100 kpc of some clusters of galaxies. The presence
and distribution of this gas were inferred because the Einstein
Observatory Solid State Spectrometer data require a significant
excess absorption in addition to a cooling flow component in
some clusters. Additional evidence for the presence of the X-
ray—absorbing component comes from data obtained with the
Einstein IPC (Wang & Stocke 1993), BBXRT (e.g., Mushotzky
1992; Miyaji et al. 1993), and ROSAT PSPC (Allen et al. 1993).
White et al. (1991) applied simple arguments and came to the
conclusion that the absorbing component was likely to be in
the form of either atomic or molecular hydrogen. To produce
the X-ray absorption observed, the cold gas must have a high
spatial covering factor. However, to have avoided detection in
the numerous searches for cold matter that have been con-
ducted in recent years, the cold gas must (1) be very cold indeed
and (2) have a very low covering factor in velocity space. White
et al. (1991) estimate a total mass for the absorbing gas of
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~3 x 10**-10*? M,. This then constitutes a significant frac-
tion of the total mass predicted to have cooled out of the
cooling accretion flow during the lifetime of the cluster.

The presence of this cold gas has profound implications for
our understanding of clusters. In addition, its ability to survive
in the hot ICM for ~5 x 10° yr has important implications for
the strength and configuration of the magnetic field; thermal
conduction and evaporation/ablation of the cold gas by the
hotter surrounding medium must be suppressed. Clearly, a
result as far-reaching as this one requires independent confir-
mation outside the X-ray spectral regime.

In this paper we report the results of a search for CO in three
cooling flow clusters. We also report observations of two
powerful radio galaxies in the which there is evidence that the
host galaxy has acquired gas from a companion. We consider
the effects of X-ray heating and estimate equilibrium tem-
peratures for the molecular clouds in cooling flow clusters. We
examine the effects of cloud temperature and covering factor
on detectability of the clouds and generalize our discussion to
include results from other searches.

2. SEST OBSERVATIONS AND REDUCTION

We searched for J =1 —0 line emission of '>CO in five
radio galaxies (Table 1) and J = 2 — 1 emission in one of the
objects with the Swedish-ESO Submillimeter Telescope
(SEST). At the redshifts of the sources, the CO J = 1 — 0 line
was expected at frequencies of 96—-114 GHz, where the half-
power beamwidth of the telescope is 43—51". The observations
were made in 1990 May. The telescope was equipped with dual
polarization cooled Schottky receivers which covered fre-
quency ranges of 80-116 GHz and 220-260 GHz. Typical total
single-sideband system temperatures were 400-700 K. A
detailed description of the SEST is given by Booth et al. (1989).

The CO data were obtained by switching between two
beams symmetrically displaced to each side of the telescope
axis and separated by 4’ on the sky. Pointing was checked
every 2-3 hr by making observations of SiO masers and
planets, and the overall pointing accuracy is estimated to be
~7". Antenna temperatures (T%) were calibrated using a stan-
dard chopper wheel technique, switching between sky and an
ambient load, which corrects for first-order atmospheric losses
and ambient temperature losses (Ulich & Haas 1976; Kutner
& Ulich 1981). The CO intensities quoted in this study are
main beam brightness temperatures (7,,,), which are the cali-
brated antenna temperatures divided by the main beam effi-
ciency 1, (see Downes 1989). For the SEST, #,,, at 110 GHz
was 0.74 and 0.54 at 230 GHz. To convert the data to the T%
scale (Kutner & Ulich 1981), an efficiency due to forward
scatter and spillover 7., = 0.92 should be used, where T% =
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T%/ns,. Relative calibration uncertainties are estimated to be
about 10%. Velocity resolution was provided by a broadband
acousto-optical spectrometer which was split to accept both
polarizations. The total bandwidth available for each polariza-
tion was 500 MHz (1300 km s~ ') with a spectral resolution of
0.7 MHz (1.8 km s~ ') per channel. The data were further
reduced off-line using the DRAWSPEC data reduction
package developed by Harvey Liszt at NRAO. To improve the
signal-to-noise ratio of the data, the spectra were boxcar-
smoothed to final velocity resolutions of 5-10 km s~ !, giving
an rms noise level of ~4-7 mK (T,,). Since beam-switching
produced spectra with fairly flat baselines, removal of linear or
second-order polynomials from the data was generally suffi-
cient.

3. SEST RESULTS

A summary- of the observational parameters and basic
results are presented in Table 2. We assume H, = 75 km s !
kpc™! and g, = 0.1 throughout. The derived parameters are
calculated in the following way.

For the nondetections, the 3 ¢ upper limit to the flux integral
(the integrated CO line intensity) is given by

v 1/2
I/VCO =3 O Vlinc(ﬂﬂ> K km S_l (1)
I/iine

where o, is the channel-to-channel rms noise, vg,, is the
smoothed velocity channel spacing, and ¥}, is the width of the
line (with a rectangular profile assumed for simplicity). This is a
good approximation since, if the line is Gaussian, the correct
line integral is obtained with V};,, ~ 1.06 FWHM.

In our Galaxy, the *2CO 1 - 0 is optically thick and an
empirical relationship between CO flux integral and column
density of molecular hydrogen Ny, has been derived,

Ny, ~ 2.8 x 10*°Wo cm ™2 )]

(e.g., Bloemen et al. 1986; Scoville & Sanders 1987; Young &
Scoville 1991), though its application to other galaxies is con-
troversial (e.g., Maloney & Black 1988; Sage & Isbell 1991).
We adopt this conversion here with the implicit understanding
that the resulting column densities are highly uncertain.

The total mass of molecular hydrogen within the SEST
observing beam is given by integrating spatially over the

Gaussian beam giving
2
nr
Mmol = m NHz my, (3)

where my, is the mass of the hydrogen molecule and r is the
HWHM of the SEST beam at the distance of the source.

TABLE 1
SOURCE LisT

RA. Decl. Dy Scale
Source Other Name (B1950.0) (B1950.0) References Zg References (Mpc) (kpc arcsec™!)
) ) 3) (C) (%) ©) Y () )
0634—206......... 06"34m23:27 —20°32'18"5 1 0.056 1 230 1.0
0745—191......... 07 45 18.45 —19 1011.6 1 0.1028 1 430 1.7
0915—118......... 3C 218 09 15 41.20 —11 5304.9 1 0.0547 4 217 1.0
1246—410......... NGC 4696 12 46 03.49 —410217.8 2 0.0106 5 43 0.2
1934—-638......... 19 34 47.59 —63 4937.8 3 0.183 3 791 2.7

REFERENCES.—(1) Baum et al. 1988 and references therein; (2) Our VLA core position; (3) Fosbury et al. 1987; (4) Smith & Heckman 1989; (5)

Dawe et al. 1977; Davies et al. 1987.
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TABLE 2
OBSERVATIONAL PARAMETERS AND RESULTS
Time® A Velocity Resolution? Veore’ W, f Trcx® M,.° )
Source® (minutes) (mK) (kms™?Y) (km s™1) (Kkms™) (mK) M) Notes'
) @ 3 (C] 5 © 0] @® )
0634—20......... 280 37 9.58 16321 0.71 + 0.14 0+1 3 x 10° 1
0745—19......... 188 43 10.00 29236 <0.57 0+1 <8 x 10°
0915—11......... 152 5.0 9.55 15472 <066 20+4 <2 x 10°
0915—11......... 152 5.0 7.64 15524 —-041+014 20+4 2
1246—-41......... 208 5.2 9.16 2900 <0.66 0+1 <7 x 107
1246—-41......... 144 14 110 2908 <1.80 0+1 <2 x 108 3
1934—63......... 232 71 10.73 49892 <099 6+1 <5 x 10'°
2 Source name.
® Total integration time in minutes.
¢ Channel-to-channel rms of the main beam temperature T ,.
4 Smoothed velocity channel width in km s 1.
¢ Relativistically correct velocity v,,,, of the center of the central channel of the spectrum
2 _ g2
v =L,
fo+f
where c is the speed of light, z is the redshift, f, is the rest frequency of the CO transition, and fis the redshifted frequency f = fo/(1 + 2).
f Integrated CO line intensity ([ T,,,dV) in K km s™*. Upper limits are 3 5, assume a velocity width of 200 km s~ * (for a rectangular line
profile) and are calculated using eq. (1). . o
£ Main beam brightness temperature of the continuum radio emission T weighted by the covering factor of the radio source within the
SEST beam cp. )
b Mass of molecular gas calculated using eq. (4) and assuming a covering factor of unity.
! Notes.—(1) Emission; (2) absorption;(3) J = 2-1 transition.
Putting the expression for the mass in a more useful form gives OFF spectrum, combine terms, and obtain
M g1 = 10.6007; scc Ditpe N, 20 Mo @) ON — OFF _ el — e NTeo — Tog) ©)

where 0 is the SEST beam FWHM, Dy, is the luminosity
distance in Mpc, and Ny, _,, is the column density in units of
102° cm ™2, Values or 3 ¢ upper limits for the mass of molecular
gas are given in Table 2 and range from 7 x 10’ M in NGC
4696 to 5 x 10'° M in PKS 1934 —634.

The apparent optical depth of any CO seen in absorption
against the continuum radio source is given by

1:=—1n<1—ATT>, (5)

where AT is the depth of the line and T is the Rayleigh-Jeans
brightness temperature of the radio continuum.

In the case where the CO is not detected, we estimate a limit
on the covering factor ¢, of the molecular hydrogen within the
SEST beam assuming the CO is optically thick using the fol-
lowing simplified picture. Recall that our observational tech-
nique includes beam switching between the ON (source)
position and OFF position in order to remove the contribu-
tion of the atmosphere to our spectra. Here we assume that the
atmosphere is correctly removed and we consider only
“astronomical ” contributions to our observed spectra. The
measured brightness temperature in the OFF position spec-
trum contains only the microwave background with Rayleigh-
Jeans radiation temperature T,,. The measured brightness
temperature in the ON position spectrum contains a contribu-
tion from the microwave background: T, (1 —c/)+
TogCre ", and a contribution from the CO which has
Rayleigh-Jeans radiation temperature Tio:Teoc (1 —e™),
where 7 is the optical depth of the CO. For our purposes we
can neglect the contribution from the continuum radio source
since it is typically less than a few mK (see Table 2). We sub-
tract the OFF spectrum from the ON spectrum, divide by the

OFF Toss

The maximum measureable difference in the spectrum is
between the baseline (r = 0) and the peak of the line (z > 1)
and is given by 3 0, = ¢ (Tco — Tiig)/ Tiwg, Where 3 o is our
upper limit on the height of the CO line. Inverting for the
covering factor gives

(< 30T o
TCO - ’Ii’kg

4. DISCUSSION OF RESULTS FOR INDIVIDUAL SOURCES

Except for the following, our results are nondetections: (1)
we detect 12CO 1 — 0 in emission in PKS 0634 —206, a clas-
sical double radio galaxy which is rich in extended optical
emission-line gas and (2) we detect two blueshifted 12CO 1 —» 0
absorption features at the ~2 ¢ level toward Hydra A (3C
218), a powerful radio galaxy in a cooling flow in the poor
cluster Abell 780. Below we discuss the significance and impli-
cations of the results for the individual sources. Gaussian fits to
the detections are given in Table 3.

4.1. 0634 —206

0634 — 206 is a powerful, classical double radio galaxy with a
total extent of ~870 kpc with a complex, filamentary emission
line nebulae extending ~20” (~20 kpc) from the galaxy
nucleus (e.g., Schilizzi & McAdam 1975; Fosbury et al. 1984;
Kronberg, Wielebinski, & Graham 1986; Hansen, Norgaard-
Nielsen, & Jorgensen 1987; Baum et al. 1988; Hansen 1989;
Baum, Heckman, & van Breugel 1990). The kinematics of the
emission-line gas appear to be dominated by rotation, with a
(projected) rotational velocity of ~270 km s~ !. However,
some nonsystematic motions (indicative of infall or outflow?)
appear to be present (Tadhunter, Fosbury, & Quinn 1989;
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TABLE 3
GAUssIAN Fits To THE DETECTIONS

Peak® FWHM®  Center v,,,*  Center cz* V,— Voo
Source® (mK) (kms™?) (kms™Y) (kms™1) (km s~ 1) Notes®
1) ) 3) @ () ©6) 7
0634—20......... 6.8 +4.1 94 + 60 16096 + 26 16552 +220 + 326 1
0915—11. —149 + 6.8 28 + 16 15604 + 7 16032 +347 + 37 2
0915—11......... —149 4+ 9.5 17+ 13 15778 + 5 16216 +173 + 35 2

2 Source name.

® Peak of the Gaussian in units of main beam brightness temperature (mK).

¢ Full width to half-maximum.
4 Center heliocentric velocity, v

corr

(see Table 2 for the definition).

© Center heliocentric velocity, cz, given to ease comparison with other work.
f The difference between the galaxy velocity and the CO velocity. Positive values are blueshifted and are

motions away from the galaxy.
8 NoTes.—(1) Emission; (2) absorption.

Baum et al. 1990). Baum, Heckman, & van Breugel (1990,
1992) have suggested that the emission line gas was tidally
acquired.

Figure 1 shows that we have detected CO in emission. The
flux integral is 5 g above the noise. The line is resolved, though
the signal-to-noise ratio is not high enough for the FWHM to
be accurately determined (see Table 3).

The SEST beam has a FWHM of 4775 which is comparable
to the total extent of the emission-line nebula. The total mass
in molecular gas is roughly M, ; ~ 3 x 10° M. We note that
similar masses have been found in other powerful radio gal-
axies (e.g, Mazzarella et al. 1993). Baum & Heckman (1989)
estimate the total mass of the Ha-emitting gas to be M;,i,eq ~
3 x 10°f M, where (f) is the volume filling factor of the
ionized gas. When measured, the volume filling factor in 10* K
gas tends to be in the range 107 to 10~6 (e.g., van Breugel
1988; Baum 1992). Thus, we find that the mass in molecular
gas is likely to be much greater than that of the warm gas,
suggesting that the emission-line nebula is radiation- (and not
matter-) bounded. Our detection of this large amount of
molecular gas is consistent with the hypothesis that ~10° M
of cold material was acquired from a gas-rich galaxy, e.g., a
spiral galaxy. The detection of larger amounts of molecular
rather than ionized gas is consistent with a model for the
emission-line clouds in which they are the thin ionized skins of
dense molecular clouds. Clearly, it will be of interest to search
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Fi1G. 1.—0634—206. SEST spectrum showing the detection of 2CO 1 -0
in emission.

for molecular gas in other radio galaxies with extended
emission-line nebulae.

42. PKS0745—191

PKS 0745—191 is a powerful radio source with an amorp-
hous and filamentary morphology (Baum & O’Dea 1991)
embedded in one of the largest known cooling flows, M ~ 500
M yr~ ! (Fabian et al. 1985; Arnaud et al. 1987). The extended
emission-line nebula is one of the most luminous known in a
cooling flow (e.g.,, Romanishin 1987; Johnstone, Fabian, &
Nulsen 1987; Baum et al. 1988; Heckman et al. 1989). At the
redshift of this source, our observing beam FWHM corre-
sponds to 85 kpc. This is well within the cooling radius of the
cluster, though it is larger than the observed extent of the
emission-line nebula ~23 kpc. Our upper limit on the total
mass of molecular gas within our observing beam is M, <
8 x 10° M.

This is strictly a limit on the amount of gas with FWHM
<650 km s~ (i.e., Doppler-broadened line width which is no
more than about half of our total velocity bandwidth of 1300
km s~ !). However, our detection in 0634 —206 has a FWHM
of ~100 km s~ ! (Table 3) and the detection of NGC 1275 has
a FWHM of ~270 km s~ ! (Mirabel et al. 1989; Lazareff et al.
1989). Unless 0745—191 is very different from these two
objects, it seems unlikely that we could have missed the CO
because the line widths are too broad.

4.3. 0915—11,Hydra A,3C 218

Hydra A is a powerful radio source associated with a cD
galaxy in Abell 780 (e.g., Baum et al. 1988; Taylor et al. 1990).
The cluster is a luminous X-ray source and appears to have a
cooling flow with a large mass accretion rate M ~ 400 M, per
year (David et al. 1990, converted to our value of the Hubble
constant). The radio source also exhibits extremely high
Faraday rotation measures with values of several thousand rad
m~2 (Kato et al. 1987; Taylor et al. 1990; Taylor & Perley
1993). The galaxy possesses a system of emission-line filaments
with a global S-shaped morphology and a maximum observed
extent of ~15” (14 kpc) (Baum et al. 1988; Hansen 1989). The
S-shaped morphology of the emission-line gas combined with
the rapidly rotating “disklike ” feature centered on the nucleus
(Simkin 1979), and the emission-line “bridge” between the
nucleus and a secondary nucleus to the SE has led Hansen
(1989) to suggest that the emission-line gas has been tidally
acquired.

Our SEST beam has a linear resolution of 45 kpc. We do not
detect any CO in emission or absorption at the velocity of the
cD (Fig. 2). However, because the cD velocity is offset to near
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Fi1G. 2—Hydra A (0915—11). SEST spectrum showing the marginal detec-
tion of two blueshifted *2CO 1 — 0 features in absorption against the contin-
uum radio source. A DC level of 20 mK has been subtracted from the
spectrum.

the red edge of our spectrum, we are not sensitive to weak
broad features with FWHM 2100 km s~*. Our upper limit
corresponds to a limit on the mass of M, < 2 x 10° M.

G. B. Taylor (1992, private communication) detects H 1
absorption in a 45” beam toward the core and inner hot spots
of Hydra A at velocity cz ~ 16,261 km s~!. Note that the
resolution of the SEST at 115 GHz and the VLA at 21 cm in
the D-configuration are similar. We very tentatively detect at
the 2 o level two features in absorption against the radio con-
tinuum source (see Table 3). We see such negative features only
in Hydra A which has a Rayleigh-Jeans continuum brightness
temperature of 20 mK, by far the largest in our source list (see
Table 2). McNamara & Jaffe (1993) also report a possible 2 ¢
detection of an absorption feature toward Hydra A in their
J =2 — 1 data at velocity cz ~ 16,110 km s~ . The velocity of
the McNamara & Jaffe possible absorption feature does not
agree with any of our two features, but instead falls between
our features. The lack of agreement in velocity among Taylor’s
H 1 line, our two possible J =1 — 0 lines, and the possible
McNamara & Jaffe J = 2 — 1 line suggests that either (1) all
three of the tentative CO features are spurious or (2) there is a
system of very weak CO absorption features.

At 90 GHz, the total flux density within our observing beam
is S ~ 0.65 Jy and is dominated by only three components of
the radio source, the core and the two inner hotspots, with
roughly equal flux densities (based on an extrapolation from 8
and 15 GHz; Taylor et al. 1990; G. B. Taylor 1992, private
communication). Thus, if the CO absorption features are real,
the absorbing material must lie in front of one or more of these
radio components. The inferred optical depths for both of our
possible absorption features (from eq. [5]) is © ~ 1.4 assuming
that the material covers all the bright radio emission. If instead
the absorbing material lies in front of only one or two of the
three radio components, then the required optical depth will
be higher. From equation (10), the thermal line width is
FWHM ~ 0.18 km s~ ! for a kinetic temperature of 20 K,
while the observed line widths are ~20-30 km s~ ! (Table 3).
Thus, the observed line width implies the existence of many
clouds along the line of sight or a single, very turbulent cloud
complex. We have inspected the broad-band and emission-line
CCD images of Hydra A from Baum et al. (1988) for a clue as
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to the identity of the absorbing clouds. There are no visible
galaxies or emission-line gas at the location of the two hot-
spots. Thus, the nature of the CO absorption features is
unknown, though they could be produced in undetected gal-
axies or in molecular clouds in the ICM. Confirmation of these
tentative detections is important.

44. 1246 —41, NGC 4696

NGC 4696 is the central dominant galaxy in the Centaurus
cluster of galaxies. It has been suggested that there is a cooling
flow in this cluster which deposits about 20 M per year
(Fabian et al. 1982a; Matilsky, Jones, & Forman 1985; Cani-
zares et al. 1988; Thomas, Fabian, & Nelson 1987—converted
using our adopted distance). This mass accretion rate over a
period of 10°-10'° yr would be expected to deposit
~2 x 10'°-10'* M, of gas in the cluster center. We note that
using the Parkes telescope with a 14’ beam, Jenkins (1983)
placed an upper limit on the mass of optically thin atomic
hydrogen in NGC 4696 of My; < 5 x 108 M. The galaxy has
a prominent “boomerang-shaped ” dust lane with an angular
size of roughly 20” x 3” and an emission-line nebula of similar
dimensions (e.g., Fabian et al. 1982a; Jorgensen et al. 1983;
Norgaard-Nielsen & Jorgensen 1984; Jedrzejewski 1985;
Sadler 1987; Johnstone et al. 1987; Sparks, Macchetto, &
Golombek 1989). Sparks et al. (1989) and de Jong et al. (1990)
have independently suggested that there is no cooling flow in
NGC 4696 and instead the evaporation of dust in the dust lane
and/or in the galaxy is responsible for cooling the X-ray-
emitting gas and mimicking the appearance of a cooling flow
(but see also Canizares et al. 1993).

Our SEST beam FWHM for the 1 — 0 transition corre-
sponds to 9.2 kpc at our adopted distance of NGC 4696 (43
Mpc for our Hubble constant). Based on extinction and
emission-line maps of the dust lane, Sparks et al. suggest that
the gas and dust are well mixed and the dust exhibits a Galac-
tic extinction law. They estimate an associated gas mass for the
dust lane of 22 x 107 M, where we have converted to our
adopted distance to NGC 4696. De Jong et al. suggests that
most of the dust in NGC 4696 is in a diffuse distribution of
molecular clouds (total mass of molecular gas M,,,; ~ 2 x 10°
M ) with a radius of 10 kpc (roughly twice the FWHM of the
SEST beam), and that only about 10% of the dust in NGC
4696 is contained in the dust lane. Based on our upper limit in
the 1 — 0 transition we estimate an upper limit to the mass of
molecular gas of M,,,; S 7 x 10" M within the SEST beam.
Thus, the molecular gas content of the dust lane estimated by
Sparks et al. and the scenario suggested by De Jong et al. (with
most of the gas outside the SEST beam) are consistent with our
data.

We also observed NGC 4696 in the 2 — 1 transition but
failed to detect it. The SEST beam is a factor of 2 smaller at this
higher frequency, so we give the constraints for this smaller
region adopting a conservative (2 — 1) (1 — 0) intensity ratio of
unity. The mass in molecular gas is then M,,,; < 2 x 108 M.

Our relatively low limit on the molecular gas mass (~ 108
M) is consistent with the “warming” or “evaporation”
models for the X-ray emission. It is inconsistent with the
~2 x 10'°-10'* M of accreted gas expected naively in the
standard “cooling flow ” scenario unless another sink for the
gas exists (e.g., low-mass star formation: Fabian, Nulsen, &
Canizares 1982b; Sarazin & O’Connell 1983; White & Sarazin
1987; Westbury & Henriksen 1992) or less than 10~ 3 of the
cooling gas ultimately reaches the central galaxy. See also the
caveats discussed in § 5.
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FI1G. 3—1246—41 (NGC 4696). VLA image at 1.4 GHz showing the
amorphous radio morphology. The contour levels are —8.0, 8.0, 10.0, 15.0,
20.0, 25.0, 30.0, 40.0, 50.0, 75.0, 100.0, and 125.0 mJy per beam. The clean beam
is 376 x 171at 9°4.

4.4.1. VLA Image of NGC 4696

Although NGC 4696 is a bright extended radio source (e.g.,
Harnett 1987; Sadler, Jenkins, & Kotanyi 1989) there are no
published radio images. Since this is the only one of the sources
discussed in this paper which does not have a published radio
image, we present one here. We observed NGC 4696 with the
VLA* as part of a study of the radio properties of central
dominant galaxies in cluster cooling flows (see O’Dea & Baum
1986). We obtained snapshot observations at 20 cm with a
subarray containing about half of the antennas in the A con-
figuration on 1986 February 26. The data were calibrated,
cleaned, and self-calibrated in the standard way within AIPS.

The resulting VLA image is shown in Figure 3. The total flux
density in the image is about 3 Jy. Our uv coverage is sparse
and there is large scale emission with about 1-2 Jy in flux
density which is detected on short baselines, but which is not
apparent in our image. Thus, this image is only a rough repre-
sentation of the brighter, more compact radio features of the
source.

The radio morphology source is diffuse and amorphous and
is dominated by an overall Z shape though there are additional
filamentary structures. The total extent visible in our image is
about 25”. The overall shape and extent of the radio source (in
this image) are comparable to that of the dust lane and
emission-line filament system. Thus it would appear that there
is an interconnection between the radio plasma, the dust lane,
and the 10* K emission-line gas, though at this point it is not
clear what the exact relationship is.

O’Dea & Baum (1986) and Burns (1990) noted that radio
sources in cooling flows tend to have distorted or amorphous
morphology. In addition, Baum & O’Dea (1991) suggested that
many of the properties of PKS 0745 — 191, including its amorp-
hous radio morphology, are due to the location of the radio
source at the center of the rich, dense ICM with an inferred
cooling flow. We suggest that NGC 4696 is also a member of
this class of amorphous “cooling flow ” radio sources. Other

* The Very Large Array is operated by the National Radio Astronomy
Observatory which is operated by Associated Universities, Inc., under coop-
erative agreement with the National Science Foundation.
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examples include 3C 317 (e.g., Baum et al. 1988; Burns 1990;
Zhao et al. 1993), 3C 84 (e.g., Noordam & de Bruyn 1982;
Pedlar et al. 1990; Burns et al. 1992), and 2A 0335+ 096 (Baum,
O’Dea, & Sarazin 1984.

4.5. 1934—-638

The radio structure of 1934 —638 consists of a small double
radio source with separation ~42 mas (~ 112 pc) (Tzioumis et
al. 1989) making it one of the “compact double ” radio sources
(e.g., Phillips & Mutel 1982; Hodges & Mutel 1987). The radio
spectrum has a simple convex shape peaking near 1.4 GHz
(e.g., Kellerman 1966; Wills 1975; Kuhr et al. 1981; Tzioumis
et al. 1989); thus, it is also one of the GHz peaked—spectrum
(GPS) radio sources (e.g., Peacock & Wall 1982; Gopal-
Krishna, Patnaik, & Steppe 1983; Fanti et al. 1990; O’Dea,
Baum, & Stanghellini 1991). O’Dea et al. (1991) have suggested
that GPS radio galaxies contain very dense and clumpy cir-
cumnuclear regions which tightly confine the radio source and
restrict its expansion. Optical CCD images and spectra suggest
that PKS 1934—638 is interacting with a companion
(Heckman et al. 1986; Jauncey et al. 1986; Fosbury et al. 1987).

This source has the largest redshift of the five we have
studied, and our observing beam FWHM is also very large
(~146 kpc). Thus, the limit of M, ,; S5 x 10'°® M that we
place on the mass of molecular gas is not very restrictive.

5. CONSTRAINTS ON GAS IN COOLING FLOWS

5.1. Molecular Hydrogen

The properties of the warm T ~ 10* K clouds in the ICM
have been discussed by, e.g., Loewenstein & Fabian (1990)
from a theoretical point of view and by Baum (1992) from an
observational point of view. The properties of putative cooler
clouds have been discussed by Loewenstein & Fabian (1990),
Jaffe (1992), Fabian (1992), and by White et al. (1991). White et
al. have suggested that the apparent low-energy X-ray absorp-
tion toward cooling flow clusters is due to column densities of
Ny ~ 10%! cm™2 in these clusters. They suggest the gas is dis-
tributed in cold, optically thick clouds (see also Loewenstein &
Fabian 1990) with a spatial covering factor of order unity and
corresponds to a total mass of M ~ NynR?my~
1011-10'2R2,, M of gas, where R, is the radius of the
cooling region in units of 100 kpc and my is the mass of a
hydrogen atom.

Considerable effort has also gone into detecting molecular
gas in cooling flows. So far 24 clusters have been searched but
not detected in CO (this paper; Jaffe 1987; Bregman & Hogg
1988; Grabelsky & Ulmer 1990; McNamara & Jaffe 1993;
Antonucci & Barvainis 1993). Antonucci & Barvainis (1993)
used a very wide bandwidth to search for very broad lines.
O’Dea & Baum (1987) also searched for OH in absorption
toward NGC 1275 with negative results. Here we discuss the
constraints the CO observations place on the molecular com-
ponent of the ICM. We give our derived constraints for the
sample of 24 clusters in Table 4.

Equation (6) shows that the signal in our spectrum can be
considerably reduced if the covering factor of the gas is very
low. The covering factor can be decomposed into two parts:
Cs ~ Copatial Cvet» WHETE Cypayia i @ purely spatial covering factor
which is required to be of order unity by the X-ray observa-
tions and c,., is a covering factor in velocity

N los A Vcloud

) 8
A Vensemble ( )

Cyel ™~
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TABLE 4

CONSTRAINTS ON MOLECULAR GAS

CONSTRAINTS ON MOLECULAR GAs IN THE ICM

b
O.“
(mK) Reference® c(107%)* N,,* Transition

Cluster®
1) () 3) © ) 6)

CL0016+16 ..... 1.9 1 29 5.8 1-0
MKWi1........... 1.5 2 2.3 30 1-0
A262 .............. 41 3 6.2 8.2 1-0
2A 03354096 .... 20 2,3 3.0 4.0 1-0
A478 2.3 1 35 7.0 1-0
A496 2.7 1,3 4.1 54 1-0
0745—191 ........ 43 4 6.5 8.6 1-0
A978 ..ol 42 3 6.3 84 1-0
50 4 7.5 10.0 1-0

18.0 5 6.8 9.0 21

323 5 12.2 16.1 21

0.5 2,3 0.8 10.0 1-0

2.8 3 42 5.6 1-0

11 6 16.5 220 1-0

52 4 7.8 104 1-0

14.0 4 53 7.0 2-1

1.9 3 29 38 1-0

139 5 53 6.9 21

33 3 50 6.6 1-0

1.9 1 29 5.8 1-0

59 3 89 11.8 1-0

20.3 5 7.7 10.1 2-1

13 1,2,3 20 2.6 1-0

309 5 11.7 154 21

19 3 29 38 1-0

326 5 12.3 16.3 21

* Source.

® Channel-to-channel rms o, in the main beam (Rayleigh-Jeans) brightness
temperature. If several values have been reported, the lowest is given.

¢ Reference for o,: (1) Antonucci & Barvainis 1993 (using very wide
bandwidth); (2) Bregman & Hogg 1988; (3) Grabelsky & Ulmer 1990; (4) This
paper; (5) McNamara & Jaffe 1993; (6) Jaffe 1987.

4 Upper limit on covering factor from eq. (7), assuming a kinetic tem-
perature for the CO of 20 K (see § 6) and converting to Rayleigh-Jeans tem-
perature using eq. (9).

¢ Upper limit on the number of clouds along the line of sight through the
cluster (eq. [11]).

f The rotational level transition.

where AV, ..muie 1S the total velocity spread in the ensemble of
clouds in the ICM and N, is the total number of clouds along
the line of sight through the cluster.

The X-ray data by themselves do not constrain the velocity
distribution or velocity covering factor of the hypothesized
molecular clouds. Thus, a possible scenario is that there are
only a few clouds along any line of sight through the cluster. In
this case, at any given velocity in the spectrum, the covering
factor of the clouds within the SEST beam will be much
smaller than unity. This will cause us to underestimate the
mass of molecular gas.

Based on our calculations of equilibrium temperature in the
clouds (§ 6) we adopt a CO kinetic temperature of TX, = 20 K.
We assume that the *2CO 1 — 0 line is optically thick, and that
the kinetic temperature is equal to the excitation temperature.
Recall the Rayleigh-Jeans temperature is given by

Teo = % (ehv/krl;‘o — 1)t ©)

and the thermal velocity width of an individual cloud is given
by

AV;hermal = 0-04(Tgo)1/2 km s ! . (10)
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Using the Rayleigh-Jeans temperature in equation (7), the
covering factor is given by ¢, < 1.5 x 10™*g, where o, is in
units of mK. Using the observed limits ¢, from Table 4, we
estimate an upper limit to the corresponding apparent cover-
ing factor which would be required to be consistent with all the
nondetections of CO. Assuming a spatial covering factor of
unity, we find typical upper limits to the covering factor of
C; ™~ €y S 4.5 x 107*. Combining equations (7), (8), (9), and
(10), we derive the following conservative upper limit on N,

o AY,
N 1 0 7.4 c ensemble
ol = 0) < <3 mK)(lOOO km s"l)

» T _1/2[(85.53/150 —1)71—-0.148]"' (11a)
20K

o AV,
N. (2 1 ] c ensemble
w22 1) <3 6<20 mK><1000 km s—1>

« TS _1/2[(311.06/%‘0 —1)"t—0017]"* (11b)
20K '

For a kinetic temperature of 20 K, we obtain typical upper
limits of Ny, < 6 and N, < 10 for the 1 - 0 and 2 — 1 tran-
sitions, respectively (Table 4). However, the velocity width may
not be as small as the thermal width (0.076 km s~ 1!). If the line
velocity width in the clouds is 1 km s~ !, then the upper limit
drops to N, < 0.5 and N, < 0.8 for the 1 >0 and 21
transitions, respectively.

We also consider the maximum optical depth permitted in a
single cloud, for a given choice of line width and cloud tem-
perature, under the constraint that the cloud must not produce
more than the observed column density of hydrogen. The
optical depth in the 12CO 1 - 0 and 2 — 1 lines is given by

W1 —>0)= 15 x 1015 Neo ( _ -ssumey (129
Vcloud
W2 1) = 1.0 x 10-15 Neo_ (y _ ,-1106m)  (12p)
AVcloud

where No is the column density of CO molecules, € is the
fraction of molecules which are in the lowest rotational level of
the transition, and T, is the excitation temperature of the CO.
The total number of clouds N, along the line of sight through
the cluster is given by the total column density of hydrogen
inferred from the X-ray observations (White et al. 1991)
divided by the column density of a “typical” single cloud.
Thus, we can write down an expression for the number of
clouds of molecular gas along the line of sight which add up to
provide the column density of hydrogen inferred by White et
al. (1991). To do this, we (1) assume that the ratio of molecular
hydrogen to CO is 104, (2) express the cloud velocity line width
in terms of the thermal line width (eq. [10]), (3) assume the
kinetic and excitation temperatures are equal to 20 K (§ 3), and
(4) calculate the fraction of molecules in the lowest rotational
level of the transition € assuming LTE. This gives the following
upper limits based on the 1 — 0 and 2 — 1 lines

T -1 T -0.5
Nios(1 1| — =
o ~0)<01(100> <20>

€ N
(g e e
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-1 T -0.5
Nis2-1) < 04<100> (%)

Note that since equations (13a) and (13b) for N, are expressed
in terms of the column density of a cloud, they depend on the
optical depth of the molecular clouds. Thus with a choice for
cloud velocity (we adopt the thermal velocity as a lower limit),
kinetic temperature (we adopt 20 K as a lower limit) and N,,
equations (13a) and (13b) become a constraint on the optical
depth of the cloud. If Ny, is much less than unity, then this is
inconsistent with the X-ray absorption (e.g., White et al. 1991 ;
Allen et al. 1993) which requires a spatial covering factor of
order unity. If N, is much greater than unity, then this is
inconsistent with our constraints from the nondetection of CO
in emission which require a low value of N, in order to dilute
the CO emission (eq. [11]; Table 4). Thus we have the con-
straint that N, must be of order unity or slightly larger. We
can estimate the optical depth of the CO using equations (13a)
and (13b) by making the additional assumption that N, ~ 1.
Then, 7(1-0) <10 and (2> 1) <40 (these upper limits
are reduced if the line width is greater than the thermal value
or if the CO abundance is lower than assumed). These predic-
tions of CO optical depth should be tested.

5.2. Atomic Hydrogen

If the gas is primarily atomic, then in order to escape detec-
tion in emission by the existing observations of the 21 cm line
(Burns, White, & Haynes 1981; Valentijn & Giovanelli 1982;
McNamara, Bregman, & O’Connell 1990; O’'Dea & Payne
1991, 1993) a necessary condition is that the optical depth in
the 21 cm line in each cloud along the line of sight is very large
(=100, e.g., Jaffe 1992). This gives the requirement

T~5x 107N, T 1AV L, > 100, (14)

where T, is the spin temperature, and AV, is the velocity
width of the emission line from a single cloud. The smallest
possible line width is that given by the thermal width (FWHM)

AVpua 2 024TY2 km s~ . (15)

cloud ~

The line width can be larger if the cloud has internal turbu-
lence. For example, in our Galaxy, typical observed line widths
are a few km s~ !. The total number of clouds N, along the
line of sight through the cluster is given by the total column
density of hydrogen inferred from the X-ray observations
divided by the column density of a “typical” single cloud.
Combining equations (14) and (15) and the definition of N,
and adopting a spin temperature of T, = 20 K (see § 6) gives a
conservative upper limit to N,

-1 ’Ts -1.5 NH
N,os<02<100> <%> (1021>. (16)

Thus, the upper limit to N, is about unity. If the optical depth
is as large as 1000 as suggested by Jaffe (1992) and/or the cloud
line width is much larger than the thermal line width (due to
turbulence), then the upper limit to the number of clouds along
each line of sight is much less than unity. This would be a
contradiction since it violates the requirement that the cover-
ing factor be of order unity. Note that (as discussed by White et
al. 1991 and Jaffe 1992) a small value for N, is required in
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order to dilute the signal due to absorption against the back-
ground radio sources and explain the nondetection of H 1
absorption by, e.g., Shostak et al. (1983), McNamara et al.
(1990), and Jaffe (1992). Thus, inconsistent parameters are
required for the population of atomic hydrogen clouds, and
this is a serious problem for the current explanation for the
X-ray absorption.

6. IS THE MOLECULAR GAS VERY COLD?

Another way to explain the nondetections of CO in clusters
of galaxies is to make the molecular gas very cold, with kinetic
temperature T&o ~ 2.7 K. Equation (6) shows that the signal in
our spectrum can be considerably reduced if the Rayleigh-
Jeans temperature of the CO is very close to that of the 2.7 K
background.

In our Galaxy the kinetic temperature of molecular clouds
seems to reach a lower limit of around 10 K (Goldsmith 1987)
due to a balance between radiative losses and heating by
photoelectrons from dust grains and cosmic ray ionization
(e.g., Boland & de Jong 1984). Suchkov, Allen, & Heckman
(1993) suggest that cosmic rays can heat molecular clouds very
efficiently. Given that these cooling flow clusters contain
powerful incoherent synchrotron radio sources we may expect
cosmic-ray heating to be signiﬁcant and a similar balance to
hold, though this extrapolation is uncertain. The energy
density is relativistic electrons is typically u, ~ 10712 to 10~ 11
ergs cm 3 (e.g., O'Dea & Baum 1986), whlch is 1-10 times the
energy density of cosmic rays in the solar neighborhood (Jura
1987). As relativistic electrons are not very efficient at heating
gas, their contribution to the heating will not be significant for
these energy densities. However, presumably there is an associ-
ated component of energetic protons, which (depending on the
energy spectrum and low-energy cutoff) could heat the gas at a
rate comparable to or greater than the solar neighborhood
cosmic-ray heating rate.

The unobservability of the cosmic-ray protons in clusters
make estimates of their contribution to the heating rate neces-
sarily uncertain. Thermal conduction is also a potentially very
important heating mechanism, but calculations of the heating
rate are plagued by uncertainties in the magnetic field
geometry, which could act to suppress conduction (e.g., David,
Hughes, & Tucker 1992; Rosner & Tucker 1989; Tribble
1989). However, there is another gas-heating mechanism oper-
ating in clusters which can be much better constrained: any
cold clouds embedded in the hot intracluster gas will be irradi-
ated by the thermal bremsstrahlung and line emission produc-
ed by the hot gas. Hence the clouds will be exposed to a
substantial X-ray flux which will both ionize and heat the gas.
Here we estimate the X-ray heating rate and compare it to the
cooling rate for molecular gas in order to estimate the tem-
perature of such clouds.

6.1. The X-Ray Heating Rate

X-ray-luminous clusters typically have gas temperatures
T, ~ 2-8 keV, central gas number densities ny ~ 1073 cm ™3,
and gas distributions which can be described tolerably well by
the nonsingular isothermal sphere profile

nr) = ————cm 3, 17

O =1y (17

where the core radius r, ~ 200 kpc (e.g., Jones & Forman
1984). In clusters with cooling flows, the inferred density dis-
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tribution near the cluster center is somewhat steeper than the
isothermal sphere and the central densities tend to be in the
range no ~ 1073 to 1072 cm ™3 (e.g., Stewart et al. 1984). For
temperatures T, 2 2 keV, the emission from the hot gas is
dominated by thermal bremsstrahlung; the emissivity for an
ion with charge Z and number density n; in a gas with electron
density n, is (Rybicki & Lightman 1979)

€f =24 x 10719Z%n,n; TyY?
x e—EkeV/TkeVg‘ff keVem 3s 1 keV!gr! (18)
= E? Zzne n;

where g is the velocity-averaged Gaunt factor, and both the
gas temperature and photon energy are expressed in keV. In
the relevant parameter regime, the Gaunt factor is accurately
given by gg ~ 0.551n (2.25 T, ov/Ey.v)-

In order to make the calculation both simpler and easy to
apply, we will consider only the bremsstrahlung emission from
the gas, which will provide a lower limit to the X-ray flux and
hence to the ionization and heating rates. For the density dis-
tribution (17), the bremsstrahlung “flux ” (i.e., 4nJ 5, where J is
the mean intensity at energy E) seen by a cloud at a radial
distance R from the center of the cluster can be written as

1.57n3 r#
4nJg(R) = 21 R)" €?

X J F(6, b, kyd0 keVcm~2s ' keV™!, (19)
0

where the factor of 1.5 corrects for He and heavy element
bremsstrahlung, and F(0, b, k) is a somewhat complicated
function of spherical polar angle 6, b = R/R,, where R, is the
outer boundary of the cluster gas distribution, and k = R/
(r2 + R?'2, To adequate approximation, the value of the inte-
gral is 7; this underestimates the flux at large R (k — 1).

For low ionization fractions (x, < 1072), the fraction of a
primary photoelectron’s energy which goes into secondary ion-
ization is approximately 0.4 (Voit 1991). The number of sec-
ondary ionizations of molecular hydrogen produced by a
photon of energy E,.y = E/1 keV is then 6{; ~ 26E,.y; hence
for X-ray—irradiated clouds the secondary ionizations domi-
nate the total ionization rate. The ionization rate per molecule
is then

Emax
{r~26 J 4nJzoxp(E)dE s™1, (20)
Emin

where we have ignored the difference between photon and
photoelectron energies; oy is the photoionization cross
section per H atom, which we take to be oy = 04 Ec.5, with
0o =(6 x 10723, 2.6 x 10722) cm?, B = (3, 8/3) for (E < 0.5
keV, E > 0.5 keV), respectively (Morrison & McCammon
1983). E,;, and E,,, are the minimum and maximum X-ray
energies considered; we take E,_;, = 100 eV so that we can
ignore any ionized gas column around the clouds and take
E . = 10 keV. The results are very insensitive to E,,, for
Emax > TlleV‘

The X-ray ionization also leads to heating of the gas, as the
energetic electrons lose energy through Coulomb losses, excita-
tions, and ionization; in a molecular gas much of the ioniza-
tion energy goes into gas heating due to dissociative
recombination (Glassgold & Langer 1973). We will assume
that the fraction of a primary photoelectron’s energy which
goes into heating f, ~ 0.5. The gas heating rate per molecule
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(ergs s™') is then identical in form to equation (20), with the
numerical coefficient 26 replaced by f,. We will also allow for
the presence of some attenuating column density N, (ie.,
depth dependence within a cloud), by multiplying J in equa-
tion (20) by e *E7’, where 1, = N, oxg (at 1 keV). For the
clusters studied by White et al. (1991), N,,, can be no larger
than ~10?! cm~2 ie., the total absorbing column density
inferred from the X-ray spectra. This implies an upper limit to
the 1 keV optical depth of 7, ~ 0.25. We adopt this value as
typical; the results are not very sensitive to the assumed value
(see below). The ionization rate (20) can then be written

2
n_37"100

~ 3 —_——
GlR) ~ L1 X 10° s s

200 T2 x 26

me
X J e*toE‘ﬁg—ﬂ_ e_E/TE-ﬂ dE
Emin (21)

~ 15 x 10717 237100 oy
i (1 + RYp2)

Emax
X f e‘tOE‘ﬂg—“e—E/TE—ﬂdE s—l ,
Emin

where 7,40 = 1./100 kpc, n_5 = ny/10732 cm 3, and the factor
of 2 times o, corrects from the cross section per H atom to
cross section per H, molecule; E and T are in keV. The inte-
gral in equation (21) has been evaluated numerically; a good
approximation to the results is

0.26T2:8 15 %65 (0.01 <1, <0.5)
01T vto '  (0.5<10<25)

for E.;, = 0.1 keV, E,,, = 10 keV. These expressions are accu-
rate to 20%. Using the above approximation in equation (21)
for the ionization rate and the corresponding equation for the

X-ray photoionization heating rate then gives

Emax
J e E g e ETE-FJE ~

Emin

2
n_3"100

{+(R) ~ 39 x 10‘“"(——1 + R

X T8Y 5% s71 (001 <1, <05)  (22a)
2
~ 15 x 10-18 —"=3T100
NI T
x Tild 1ot s71 (0.5 <19 < 2.5) (22b)

for the ionization rate and

n? 37100 f,
(1 + R¥/r2)*2 7

x Tpl 1o %% ergs s™! (0.01 <7, < 0.5) (23a)

I (R)~24 x 10728

n2_3 T100
1+ Rz/rf)mfh

x Tildtgt ergss™' (0.5<19<25) (23b)

for the heating rate. For the default values of all the param-
eters, the ionization and heating rates are comparable to or
larger than the corresponding cosmic-ray rates in molecular
clouds in the solar neighborhood (Black 1987).

6.2. Equilibrium Molecular Cloud Temperatures

Assuming thermal equilibrium, the gas temperature will be
determined by the balance between heating and cooling rates.
For the molecular gas cooling function, we have used the

~92 x 1072°
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cooling rates calculated by Goldsmith & Langer (1978), which
include line cooling from both molecular and atomic species
likely to be abundant in molecular clouds. We are thus
assuming that the clouds have metallicities similar to solar
neighborhood clouds. This was also implicit in our adopted
X-ray absorption cross section. The Goldsmith & Langer
cooling functions include optically thick species; they assume a
velocity gradient of 1 km s~ pc™! in calculating the effects of
radiative trapping.

Goldsmith & Langer calculated cooling rates over a wide
range of densities and temperatures, and give analytic expres-
sions for the total cooling rate as a function of temperature for
a range of densities. The cooling rate per H, molecule is
actually only weakly dependent on ny, for densities in excess of
a few hundred cm ™3, due to collisional deexcitation and the
effects of radiative trapping. The cooling rates obtained by

Goldsmith & Langer for H, densities of 103, 10%, and 10°
-3

cm ™3 are
n*A = 6.8 x 10727722 ergscm ™3 57! (24a)
n?A =1.5x 10726727 ergs cm 3 s~* (24b)
n*A =38 x10726T?% ergscm 3571, (24c)

where A is the cooling function (ergs cm® s ~'). Note that if the
amount of turbulence in the cloud is less than that assumed by
Goldsmith & Langer, then the cooling becomes less efficient
and the resulting temperatures will be higher.

Consider first the case with t, < 0.25. Equating the heating
rate (23a) and the cooling rates (24), nI', = n?A, and solving for
the temperature, we obtain

T =56 __M 043 045T0.045, 030 K . (255)

- 1+ R2/r3)3/2 0.5 {kev To0.25 5 a
n2 37100 037

i 7'1[(1 ¥ Rz/rf)m] fE TR 632 K5 (25b)
n2 37100 0.34

T= 10‘0[(1 + Rz/rz)a/z] Fo3 T 410972 K5  (250)

for densities ny, = (10%, 10, 10°) cm ~3, where f; 5 = f,/0.5 and
To.25 = To/0.25. Equations (25) can be put in a more compact
form by writing them as

2 a
"-3T100 a 1a_-0.65a
T= TOI:(I + Rz/rf)a/z] fos Tl?e%/ 1'03565 (26)

with T, = (5.6, 7.1, 10.0) K, a = (0.45, 0.37, 0.34) for ny, = (10,
10, 10°%) cm 3, respectively. Note that the density dependence
has been dropped, as it would imply a scaling of temperature
with ny, which is incorrect, as is obvious from comparison of
equations (25a)—(25c).

The analog of equation (26) for the higher optical depth case,
with heating rate given by equation (23b), is

n’ar e _
T= To[(l—JrRTr"")—a,;] fosTa¥eis™  Q27)

with Ty = (2.4, 3.6, 5.2) K for ny, = (103, 10%, 105) cm 3. The
values of a are the same as equation (26).

To estimate the cloud temperatures, we need the hot gas
parameters (n,, T, r.) for the clusters of interest; these can be
obtained from studies of the X-ray emission. Since these
parameters are usually determined from fits to the large-scale
gas distributions in the clusters (i.e., outside the cooling radius)
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clusters with cooling flows will have gas which is both denser
and cooler than implied by the X-ray fits in their cores. Since
this gas will radiate more strongly than we are assuming here,
we are again underestimating the actual X-ray fluxes which
will be seen by a cloud, and hence the cloud temperatures. For
the Hydra A cluster, David et al. (1990) find T, .y & 4.5, n_; ~
6.5, and r, o = 1.45. For the Centaurus cluster, Matilsky et al.
(1985) obtain T,y ~ 2.1, n_3 =9, and r;o ~ 2. Arnaud et al.
(1987) derive Ty = 8.6, n_3 =~ 35, and r,oo ~ 0.5 for PKS
0745—191.

Using equations (25) (which is really the only choice consis-
tent with the inferred absorbing column densities), we estimate
minimum molecular cloud temperatures in the range 30-50 K
at 100 kpc from the cluster center (Table 5). Since the thermal
pressures inferred in the cores of these clusters are P/k ~ 10°—
10° cm~3 K (Heckman et al. 1989), at these temperatures the
cloud densities must be ~10%-10° cm 3 for the clouds to be in
pressure equilibrium with the hot gas. The cooling function for
ny, = 10° cm ™3 always produces the highest temperatures;
due to collisional deexcitation, increasing the density still
further will generally raise the temperatures.

These temperatures, which we emphasize will be lower limits
to the actual gas kinetic temperatures, are clearly much too
high for temperature effects to explain the nondetections of
cooling flow clusters discussed in this paper. Note that if the
clouds remain cold by shielding themselves from the X-ray
photons because of very large optical depth, this causes two
additional problems: (1) The total amount of molecular mass
required is substantially increased, and (2) it becomes difficult
to reconcile the X-ray observations with the inferred spatial
covering factor of order unity. In fact, even fairly substantial
increases in the 1 keV optical depth of the clouds produce only

TABLE 5
MiINiMUM EQUILIBRIUM TEMPERATURES

Ny, Tx=100" Tr=200°

Cluster® (cm™3) 7o° (K) (K)

1) 2 3) @ )

Hydra A ............... 103 0.25 29 19
Hydra A ............... 104 0.25 28 19
Hydra A ............... 10° 0.25 35 25
HydraA ............... 103 1.0 17 11
HydraA ............... 104 1.0 18 12
HydraA ............... 10° 1.0 22 16
CentaurusA ........... 103 0.25 49 36
CentaurusA ........... 10* 0.25 44 33
CentaurusA ........... 10° 0.25 53 41
CentaurusA ........... 103 1.0 24 18
CentaurusA ........... 10* 1.0 24 19
CentaurusA ........... 103 1.0 30 23
PKS0745—-191 ....... 103 0.25 37 16
PKS 0745—191 ....... 10* 0.25 34 17
PKS0745—191 ....... 10° 0.25 42 23
PKS0745—-191 ....... 103 1.0 24 10
PKS0745—191 ....... 10 1.0 24 12
PKS0745—191 ....... 103 1.0 29 18

# Cluster name.

® Number density of molecular hydrogen.

© 1, is the optical depth at 1 keV due to photoelectric absorption.

4 The minimum equilibrium temperature of the molecular gas at a
radius of 100 kpc.

¢ The minimum equilibrium temperature of the molecular gas at a
radius of 200 kpc.
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modest reductions in the cloud temperature. This results from
the relatively weak decline of the X-ray heating rate with
optical depth and the strong temperature dependence of the
cooling functions (24). (This also implies that the precise value
of f, is not important: reducing it by an order of magnitude
would only lower the temperatures by about a factor of 2 for
ny, > 10* cm™3) Using the temperature equation (27) for
7o = 1.0 produces similar, though slightly lower minimum
molecular cloud temperatures (Table 5). Furthermore, sub-
stantial temperature gradients would be present in clouds with
such high optical depths, and the CO emission (if optically
thick) would be weighted by the outer, hotter regions of the
clouds.

6.3. Effects of Varying Metallicity

The effect of changing the metallicity on the temperature
depends on precisely what the heating and cooling agents are.
In the case of interest here, with heating provided by X-rays
and cooling by molecular and atomic species, we expect the
equilibrium cloud temperatures will be insensitive to even
fairly substantial changes in the gas phase abundances.

In general, the CO cooling will be dominated by the highest
rotational (J) levels that are fairly well populated; these levels
usually have moderate optical depths. Thus, raising or lower-
ing the metallicity will raise or lower the total cooling (usually
less than linearly with metallicity), even though the lower J
levels (such as J = 1 and 2) may be quite optically thick, so that
the emergent intensity in those low-J lines is insensitive to their
actual optical depths. Many of the additional coolants that are
likely to be important in these clouds, such as the C 1 fine-
structure lines and the rare isotopes of CO, will ordinarily be
optically thin, so that the cooling from these species will scale
directly with the metallicity. Thus the total gas cooling will
vary roughly linearly with the gas-phase metallicity. For the
X-ray heating discussed here, the absorption cross section will
scale linearly with abundance, so that the heating rate will also.
We therefore do not expect a strong dependence of the equi-
librium temperature on the precise gas phase abundances.

Given the substantial temperatures which we infer for the
clouds, the only other way to explain our nondetections is for
the CO emission from the clouds to be quite optically thin, e.g.,
by analogy with diffuse molecular clouds in the Galaxy, where
the CO abundance is typically of order 10~ 6. However, these
clouds also tend to have atomic hydrogen column densities
which are comparable to or greater than their molecular
hydrogen column densities. At the considerably higher den-
sities and lower UV fluxes (compared to Galactic diffuse
clouds) that would be seen by clouds in these clusters, it is
possible that the transition to fully molecular will occur at
smaller total column densities. However, since gas-phase
chemical reactions involving the molecular ion H provide a
very rapid route for formation of molecules like CO, it is diffi-
cult to see how these clouds could have most of their hydrogen
in molecular form and yet have very small abundances of other
molecules. Since the ionization rates (and hence electron
fractions) in these clouds are expected to be comparable to
Galactic molecular clouds (§ 6.1), a large fractional abundance
of H, will inevitably drive much of the carbon and oxygen into
molecules such as CO under these conditions.

6.4. The Relationship between Gas and Dust Temperatures

Bregman (1992) reviews evidence for the existence of dust
in the ICM of cooling flow clusters (Hu 1988; Bregman,
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McNamara, & O’Connell 1990; Grabelsky & Ulmer 1990;
Wise et al. 1993). IRAS detections at 100 and 60 um suggest the
presence of dust at temperatures of 20-30 K. For a dust tem-
perature of 30 K, the mean mass of dust within a 4’ aperture is
1075 Mg, and for the entire cluster is 10'%-3 Mo (Wise et al.
1993). Note that Annis & Jewitt (1993) report nondetections of
thermal emission from dust in the submillimeter. Their upper
limits of ~108 M, of dust within the 16"-18” JCMT beam are
just consistent with the IRAS detections. Bregman (1992; cf.
Sparks & Cameron 1988) suggests that the dust is heated by
collisions with the 107 K electrons which emit the detected
X-rays (Dwek, Rephaeli, & Mather 1990). We note the dust
temperatures estimated by Bregman are in good agreement
with our estimated equilibrium temperature for the molecular
gas. This could be either coincidental or a reflection of some
physical connection.

If Bregman’s model is to be applied to dust in molecular
clouds (rather than dust grains in situ in the hot intracluster
gas), it requires that the mean free path of a 107 K electron is
comparable to or larger than the size of the clouds which
contain the dust.’ This constrains the clouds to be very small
(much less than a parsec), in agreement with the estimates of
Loewenstein & Fabian (1990) and White et al. (1991). If this is
the case, there may be a simple connection between the dust
and gas temperatures, with the gas heating provided by the
dust. Once the gas densities get above roughly 10* cm ™3,
energy transfer between the dust and gas at these temperatures
(a few tens of K) becomes quite efficient, so that the dust tem-
perature and gas kinetic temperature approach equality. Thus,
if the gas densities are high enough, the gas is heated by the
dust, which is in turn heated by the hot electrons from the
ICM. (Note that the dust is radiating far more energy than the
gas, so that dust cooling dominates the energy budget of the
clouds.) In equilibrium, the temperatures are equal, or nearly
so. In this case the gas temperature is determined by the dust
temperature, although we find that the gas temperatures
should be of the same order even neglecting heating by the
dust.

A possible problem with Bregman’s model is that it requires
the energy losses of the hot gas to dust heating to be an order
of magnitude larger than the X-ray radiation losses (at least for
the TRAS-detected clusters), so that the dust losses dominate
the hot gas energetics. However, Dwek et al. (1990) modeled
the heating of dust by the hot ICM and found that the losses to
dust heating (at least for the Coma Cluster) are not important.
This argues that some other process must be responsible for
heating the dust seen by IRAS. In this case the observed dust
may have nothing to do with clouds heated by the intracluster
gas, and the similarity of the dust temperatures to our calcu-
lated gas temperatures is coincidental. If the gas to dust ratio in
the ICM is =100, then the estimated dust mass in the cluster of
~10!% M (Wise et al. 1993) corresponds to a gas mass of
2102 M. However, this much gas at temperatures of 20-30
K seems ruled out by our results. Thus, the picture is likely to
be more complicated than considered so far.

7. CONCLUSIONS

We report on the results of a search for molecular gas in a
heterogeneous sample of radio loud galaxies using the SEST 15

5 If the cloud size becomes much smaller than the electron mean free path,
then momentum transfer between the hot gas and the cloud becomes ineffi-
cient, and it becomes difficult to pressure-confine the clouds. In this case, the
clouds must be gravitationally bound.
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m millimeter-wavelength telescope in Chile. Observations of
12CO J = 1 — 0 were obtained of NGC 4696 (PKS 1246 —41),
the dominant galaxy in the Centaurus cluster, two other rich
cooling flow clusters PKS 0745—191 and Hydra A (3C 218,
PKS 0915—11, Abell 780), and two powerful radio galaxies
PKS 0634 —206 and PKS 1934 —638. Observations of 2CO
J =2 — 1 were also obtained of NGC 4696.

We do not detect CO in emission in any of the cluster
sources at a 3 g level of typically 15 mK. White et al. (1991)
have suggested that the apparent low-energy X-ray absorption
toward cooling flow clusters is due to column densities of
Ny ~ 10?! cm ™2 in these clusters with a spatial covering factor
of order unity and a total mass of M ~ 102 M. Our limits
are inconsistent with these column densities and spatial cover-
ing factor unless the molecular gas is very cold (kinetic tem-
perature close to 2.7 K) or there only a few clouds along each
line of sight. We calculate the heating by X-rays from the intra-
cluster medium and derive constraints on the equilibrium tem-
peratures of the molecular clouds. We estimate minimum
temperatures in the range ~20-30 K. (We note that the dust
temperatures estimated by Bregman 1992 are in good agree-
ment with our gas temperatures, though this may be a
coincidence). These calculations suggest that it is not possible
to cool the clouds sufficiently to explain the nondetections of
molecular gas as a result of low temperature (kinetic tem-
perature close to 2.7 K).

We find that clouds of atomic and molecular hydrogen
require strict fine-tuning of parameter space in order to satisfy
the requirements for the large column densities Ny ~ 102!
cm™2, unity covering factor, and a small number of clouds
along the line of sight. The combination of these constraints
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with the additional requirement that the optical depth in H1be
very large is inconsistent with the clouds being atomic. Clouds
of molecular hydrogen are not currently ruled out, but the
range of parameter space is shrinking. Currently the only way
molecular gas can be responsible for the X-ray absorption and
still be consistent with our observations is if (1) there is of order
one cloud along the line of sight and (2) the optical depth in
12CO 1 - Ois less than 10.

We present a VLA image of NGC 4696 which shows a
diffuse radio morphology comparable to that of the dust lane
and emission line complex and suggest this object is a member
of the class of “ amorphous cooling flow radio sources.”

Two blueshifted *2CO 1 — 0 absorption features are tentati-
vely detected toward Hydra A. The nature of the absorbing
material is currently unknown, but could be associated with (as
yet) unseen galaxies or molecular clouds in the ICM.

12C0 1 -0 is detected in emission in PKS 0634 —206, a
classical double radio galaxy which is rich in extended optical
emission-line gas. The estimated molecular gas mass is M, ~
3 x 10° M, and is much larger than that of the ionized com-
ponent detected in Ha, suggesting that the emission line nebula
is radiation bounded.

We are grateful to Ger de Bruyn, Harry Payne, Craig
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Greg Taylor for comments on the manuscript. We are grateful
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SEST is operated jointly by ESO and the Swedish Science
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NASA Astrophysical Theory Program at the University of
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