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ABSTRACT

H, pure-rotational emission lines are detected from warm (100-1500 K) molecular gas in 17/55 (31% of) radio
galaxies at redshift z < 0.22 observed with the Spitzer IR Spectrograph. The summed H,; 0-0 S(0)-S(3) line
luminosities are L(H,) = 7 x 10%¥-2 x 10*? erg s7!, yielding warm H, masses up to 2 x 10'° M. These radio
galaxies, of both FR radio morphological types, help to firmly establish the new class of radio-selected molecular
hydrogen emission galaxies (radio MOHEGs). MOHEGs have extremely large H, to 7.7 um polycyclic aromatic
hydrocarbon (PAH) emission ratios: L(H,)/L(PAH7.7) = 0.04—4, up to a factor 300 greater than the median value
for normal star-forming galaxies. In spite of large H, masses, MOHEGs appear to be inefficient at forming stars,
perhaps because the molecular gas is kinematically unsettled and turbulent. Low-luminosity mid-IR continuum
emission together with low-ionization emission line spectra indicates low-luminosity active galactic nuclei (AGNs)
in all but three radio MOHEGs. The AGN X-ray emission measured with Chandra is not luminous enough to
power the H, emission from MOHEGs. Nearly all radio MOHEGs belong to clusters or close pairs, including four
cool-core clusters (Perseus, Hydra, A2052, and A2199). We suggest that the H, in radio MOHEGs is delivered in
galaxy collisions or cooling flows, then heated by radio-jet feedback in the form of kinetic energy dissipation by
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shocks or cosmic rays.
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1. INTRODUCTION
1.1. AGN Radio-jet Feedback

Active galactic nucleus (AGN) feedback on the interstellar
and intracluster media (ISM and ICM) is thought to be an
important factor regulating gas accretion, star formation, and
AGN activity in galaxies (Granato et al. 2004; Scannapieco
& Oh 2004; Hopkins et al. 2006; Croton et al. 2006; Ciotti
& Ostriker 2007; Merloni & Heinz 2008). This may occur
through either a sub-relativistic wind in radio-quiet quasars or
a relativistic radio jet in the case of radio-loud quasars and
radio galaxies. In the latter case, the kinetic energy of the jet
integrated over its lifetime is typically more than enough to
unbind the ISM of even the most massive galaxy. While much
effort has been devoted to simulating the impact of jets on the hot
ICM (e.g., Zanni et al. 2005), less is known about the jet-ISM
interaction. Recent simulations have shown that a radio jet may
couple strongly to an inhomogeneous, clumpy ISM until the
radio lobes break free into intergalactic space (Sutherland &
Bicknell 2007). In this process, the jet drives radiative shocks
into dense clumps but does not ablate them, while less dense
gas may be ablated and advected to larger radii. While such
detailed simulations have been made of the impact of jets on the
atomic and ionized components of the ISM, the impact on the
molecular gas phase has not been considered in any detail.

Ogle et al. (2007) found that the mid-IR spectrum of radio
galaxy 3C 326 N displays high-luminosity H, emission, coupled
with weak polycyclic aromatic hydrocarbon (PAH) emission
indicative of a low star formation rate (SFR). We presented
evidence that 3C 326 N belongs to an interacting galaxy pair
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and suggested that the copious warm Hj is heated by accretion
from the companion 3C 326 S. Further investigation revealed
the presence of fast neutral gas outflow, possibly driven by the
radio jet (Nesvadba et al. 2010). Therefore, a strong interaction
between the radio jet and molecular gas, rather than accretion,
may power the H, emission.

H, emission may prove to be a key in understanding how
radio-jet feedback impacts the molecular gas phase and thereby
suppresses star formation in massive galaxies. The most likely
H, heating mechanism is jet-driven shocks in a multiphase
ISM. Cosmic ray heating and X-ray emission from the AGN
are alternative heating mechanisms that we will consider.

1.2. H, Emission from Galaxies

Rotational and ro-vibrational H, transitions are important
cooling channels for warm molecular gas, observed as a series
of infrared emission lines. These transitions are highly forbidden
because of the zero permanent dipole moment of H,. In normal
star-forming galaxies with total H, to total (3—1100 um) IR
ratios L(Hy)/Ltir < 0.001, these lines are thought to be emitted
by stellar photodissociation regions (PDRs; Rigopoulou et al.
2002; Higdon et al. 2006; Roussel et al. 2007).

Much stronger molecular hydrogen emission galaxies
(MOHEGsS) with L(H,)/Ltir > 0.001-0.1 have been revealed
by recent Spitzer observations (Ogle et al. 2007). Extreme H,
emission has been found in a variety of galaxy types so far,
including luminous infrared galaxies (LIRGs; Lutz et al. 2003),
colliding galaxies (Appleton et al. 2006), central-dominant (cD)
cluster galaxies (Egami et al. 2006; De Messieres et al. 2009),
and radio galaxies (Ogle et al. 2007; Willett et al. 2010).
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Enhanced H, emission has been observed in AGNs with ISO
(Rigopoulou et al. 2002), and more recently from AGNs in the
Spitzer SINGS survey (Roussel et al. 2007). Relatively strong
H, emission is also seen in PG quasars with strong PAH emis-
sion (Schweitzer et al. 2006; Veilleux et al. 2009). AGN X-ray
heating or shocks have been cited as possible ways to power the
H, emission.

The first galaxy discovered to have strong ro-vibrational and
rotational H, lines (2 x 10 erg s~!) is the LIRG NGC 6240
(Joseph & Wright 1984; Lutz et al. 2003; Armus et al. 2006).
Keck Adaptive Optics and Hubble Space Telescope (HST)
NICMOS imaging in near-IR H, ro-vibrational lines reveal a
complex network of hot molecular gas filaments embedded in a
larger network of Ha emission (Max et al. 2005). This galaxy
has a binary active nucleus (Komossa et al. 2003) and is thought
to be a late stage major merger of two gas-rich spiral galaxies.
Shock-heating driven by the merger may power the strong H,
emission spectrum.

Appleton et al. (2006) find high-luminosity H, emission
from an intergalactic shock between colliding galaxies in
Stephan’s Quintet. The X-ray emission from the shock, though
conspicuous, is too weak to power the H, lines. Instead, it
is likely that the H, emission is powered by kinetic energy
dissipation through turbulence in a multiphase post-shock layer
(Guillard et al. 2009). In this case, the H, emission provides
10 times the luminosity of the next brightest mid-IR line [Si 11],
demonstrating that it is likely the dominant coolant in this group-
wide shock (Cluver et al. 2010).

H, ro-vibrational emission from 1000-2000 K molecular
gas is seen from the brightest central galaxies in some galaxy
clusters (Donahue et al. 2000). Spitzer observations have shown
these galaxies also display rotational lines from H, at lower
(100-1500 K) temperatures (Egami et al. 2006; Johnstone
et al. 2007). The warm molecular gas is often associated with
extended optical emission line filaments. Extensive networks
of such filaments are found in 30%-50% of X-ray luminous,
rich galaxy clusters, associated with the cD galaxy (Lynds
1970; Heckman 1981; Cowie et al. 1983; Johnstone et al. 1987;
Heckman et al. 1989; Crawford et al. 1999).

The origin, confinement, and excitation mechanism for cluster
emission line filaments are longstanding mysteries (Minkowski
1957; Burbidge & Burbidge 1965). The filaments in Perseus
A may be formed in situ by the interaction of the radio lobes
with the hot ICM (Conselice et al. 2001). Since the filaments
are dusty and have near-solar metal abundances, it is more
likely that they are composed of cool gas dredged up by
the radio jet from the center of the galaxy (Churazov et al.
2000; Ferland et al. 2009). Galaxy collisions and ram-pressure
stripping are two other ways to create intracluster filaments of
atomic and molecular gas (Kenney et al. 2008; Sivanandam et al.
2010).

The gas filaments surrounding Per A are ~100 times more
luminous than expected from a cooling flow and therefore
must be powered externally (Cowie et al. 1983). The Hu
filaments consist of extremely narrow threads, most likely
confined by a magnetic field (Fabian et al. 2008). Kinetic
energy dissipation by magnetohydrodynamic (MHD) shocks or
dissipative MHD waves driven by the radio lobes may power
the atomic and molecular emission line spectra (Kent & Sargent
1979; Heckman et al. 1989; Hatch et al. 2005; Guillard et al.
2009). Molecular gas heating by cosmic rays has also been
suggested (Ferland et al. 2008, 2009), and may help to explain
some anomalous atomic forbidden emission line ratios.
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1.3. Overview

We present a large Spitzer spectroscopic survey of 55 radio
galaxies. We find a large number of H, luminous galaxies
(17), which belong to and further define the MOHEG class.
We use mid-IR and optical forbidden lines, aromatic features,
and 24 yum continuum emission to investigate the gas and dust
content and H, power source in these radio-selected MOHEGs.
We describe the radio galaxy sample, observations, and spectra
in Sections 2—4. We estimate warm H, masses using excitation
diagrams in Section 5. We explore the dust emission properties
of the sample in Sections 6 and 7. We discuss the H,/PAH
diagnostic ratio and use this to redefine the MOHEG class in
Sections 8 and 9. We estimate SFRs and use ionic forbidden line
ratios to diagnose AGN activity in Sections 10 and 11. We use
Chandra observations to rule out X-ray heating by the AGN in
Section 12. The host galaxy morphologies and environments are
discussed in Section 13. Radio-jet morphologies are considered
in Section 14. Finally, we discuss evidence in support of radio-
jet feedback in Section 15.1, cosmic ray heating in Section 15.2,
and the origin of the molecular gas in Section 15.3.

2. SAMPLE

We conducted a survey of Fanaroff & Riley (1974) class-
II radio galaxies and quasars from the 3CRR catalog with the
Spitzer Infrared Spectrograph (IRS; Ogle et al. 2006) and a
similar survey of FR I radio galaxies (Leipski et al. 2009).
The FR II galaxies were selected from the 3CRR catalog
to form a redshift and flux-limited sample with z < 1 and
S, (178 MHz) > 16.4 Jy. The FR I galaxies form a representative
(yet incomplete) sample at z < 0.13, selected from the 3CR
catalog with a flux limit of S, (178 MHz) > 15 Jy.

From the above two samples, we selected all 23 FR I galaxies
and the subsample of 19 FRII galaxies at z < 0.22. We excluded
the blazars BL Lac and 3C 371, which have mid-IR spectra
completely dominated by synchrotron emission, and the radio-
intermediate quasar E1821+643. We retrieved the data for eight
additional FR II and five FR I radio galaxies in the Spitzer
archive, for a total of 27 FR II and 28 FR I galaxies at z < 0.22.
The redshift limit of z < 0.22 ensures that the full H, S(0)-S(7)
line series falls in the Spitzer IRS wave band.

The radio galaxy sample is presented in Tables 1 and 2.
Alternate names, host galaxy properties, cluster membership,
and interaction signatures are listed in Table 3 for H,-detected
radio galaxies. Throughout this paper, we assume a cosmology
with Hubble constant Hy = 70 km s~! Mpc~!, matter density
parameter Q = 0.3, and dark energy density Q, = 0.7.

3. OBSERVATIONS
3.1. Spitzer

The radio galaxies in Tables 1 and 2 were observed with
the Spitzer IRS (Houck et al. 2004). Spectra were taken with
the low-resolution (R ~ 60-120) modules Short-Low 2 (SL2),
Short-Low 1 (SL1), Long-Low 2 (LL2), and Long-Low 1 (LL1)
over the wavelength range 5-36.5 um. At the galaxy redshifts
of 0.002-0.22, 1”0 corresponds to 0.04-3.6 kpc. The slit widths
are 376, 377, 1075, and 10’7, respectively, corresponding to
0.15-13 kpc for SL and 0.42-38 kpc for LL. The telescope was
nodded to place the nucleus of each galaxy at the 1/3 and 2/3
positions along each slit.

We began our analysis with the S15-S17 pipeline processed,
basic calibrated data (BCDs) sets. Off-slit observations were
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Table 1 Table 2
H,-detected Radio Galaxies (Radio MOHEGs) H, Nondetected Radio Galaxies
Source Morph2  Sp.T. Z Fo4© S1789  Ref.® Source Morph.2  Sp.T.P b4 Fou© S1784  Ref.®
3C3l1 LTJ LIG 0.01701 199 + 0.3 18.3 1 3C 15 I LIG  0.0730 124 £ 0.3 16.9 2
3C 84 I, FD LIG 0.01756 3020 + 30 66.8 1 3C29 I,TI LIG  0.045031 11.2 £ 0.3 16.2 2
3C218 LTJ LIG 0.05488 9.1 £ 0.2 225.7 4 3C 66B I, TI LIG 0.02126 6.6 = 0.1 26.8 1
3C 270 LTI LIG 0.007465 424 + 04 53.4 2 3C76.1 I, FD LIG  0.03249 2.6 £0.2 13.3 1
3C272.1 LTJ LIG 0.003536 29.4 + 0.2 21.1 1 3C83.1 I LIG 0.02514 49 + 0.1 26.6 1
3C 293 I, CSC LIG  0.04503 343 £ 1.0 13.8 1 3C 120 I, SJ BLRG 0.03301 573 £ 5 7.4 2
3C 317 I, FD LIG 0.03446 45 + 0.1 53.4 3 3C 129 I, TI LIG 0.0208 75 £ 0.2 51.1 3
3C 338 Ip, FD LIG 0.03035 44 £ 03 51.1 3 3C 189 I, TI LIG  0.04284 6.8 =+ 0.1 7.4 2
3C 386 I, FD LIG 0.01689 27+ 04 26.1 1 3C 264 I, TI LIG 0.02172 152 £ 0.3 28.3 1
3C 424 I, DD LIG 0.1270 22 £ 0.1 15.9 3 3C274 I, TI LIG  0.004360 75 £ 1 1145 1
Cen A LTJ LIG 0.001825 4950 + 110 1005 4 3C318.1 1 LIG  0.04531 09 +£ 0.2 12.3 3
3C 310 I, FD LIG 0.0538 1.9 £ 0.2 60.1 1 3C 348 I, TI LIG  0.1540 0.6 £ 0.2 387 2
3C 315 II,X,CSC HIG 0.1083 2.5 + 0.1 19.4 1 3C403.1 I LIG  0.0554 <0.2 14.7 3
3C326N 1I LIG  0.0895 0.53 £ 0.12 22.2 1 3C 449 I, TI LIG 0.017085 0.75 + 0.11 12.5 1
3C 405 I HIG 0.05608 800 £+ 20 9483 3 3C 465 LTI LIG  0.03022 43 +£0.2 41.2 1
3C 433 1L X HIG 0.1016 154 +£ 3 61.3 1 NGC 6251 Ip LIG 0.02471 42 £ 2 10.9 1
3C 436 I HIG 0.2145 4.0 + 0.1 19.4 1 IC 4296 Ip, DD LIG 0.01247 13.7 £ 0.2 16.8 2
3C 17 IIp BLRG 0.219685 12.6 £ 0.4 22.2 2
Notes. 3C 28 I LIG 0.1953 <03 17.8 1
2 Radio morphologies—I or II: Fanaroff & Riley (1974) type (p: peculiar), TJ: 3C33 II HIG  0.0597 97.1 £ 0.8 59.3 1
twin jet, FD: fat double, CSC: compact symmetric core, DD: double—double, 3C6lL.1 I HIG  0.1878 72 +£03 34.0 1
X: “X” shaped, SJ: single (one-sided) jet. 3C 111 1I BLRG 0.0485 168 £ 1 70.4 3
b Optical spectral type—LIG: low-ionization narrow-line galaxy, HIG: high- 3C 123 IIp LIG  0.2177 82 £0.2 206.0 1
ionization narrow-line galaxy, BLRG: broad-line radio galaxy. 3C192 I HIG  0.0597 9.8 +£ 04 23.0 1
¢ Rest 24 um flux (mJy) measured with Spitzer IRS. A 3.70-clipped average 3C219 I BLRG 0.1744 11.1 £ 0.1 44.9 1
over 22.5-25.5 um was used, removing any large noise spikes or contributions 3C234 II HIG  0.1848 289 £ 1 342 1
from the [Ne v] 24.31 pum line. 3C319 1I LIG  0.1920 0.35 £ 0.10 16.7 1
9 The 178 MHz flux density (Jy) on Baars et al. (1977) scale. 3C321 I HIG  0.0961 360 £ 10 14.7 1
¢ References for 178 MHz flux density. (1) Laing et al. 1983; (2) Kuehr et al. 3C 346 II, FD HIG  0.1620 9.0 £ 0.1 11.9 1
1981; (3) Kellermann et al. 1969; (4) estimated from Kuehr et al. (1981) 3C 381 1I HIG  0.1605 442 £ 0.5 18.1 1
160 MHz flux density. 3C 382 II BLRG 0.0579 91 £2 21.7 1
3C 388 I LIG  0.0917 1.7 £ 0.1 26.8 1
3C 390.3 II BLRG 0.0561 231 £ 1 51.8 1
subtracted to remove background light. Spectra were extracted 3C 401 I LIG 02011 15 £0.1 22.8 1
(using SPICE 2.1) within tapered regions matching the Spitzer 3C 445 I BLRG  0.0562 243 + 2 252 2
point-spread function and including the first Airy ring (SL2: 772 3C452 I HIG ~ 0.0811  57.6 +£03 93 1
at 6 um, SL1: 1474 at 12 um, LL2: 2177 at 16 um, LL1: 3676 3C459 1T HIG =0.2199 103 + 3 308 2
at 27 um). We tried both regular and optimal extraction within Pic A I BLRG 003506 129 £ 2 4l 4
these regions (Narron et al. 2007), and selected the extraction Notes

with higher signal to noise for further analysis. For unresolved
sources, the continuum and emission line fluxes from regular
and optimal extractions are in agreement.

The flux uncertainties produced by the Spitzer pipeline are
known to be too large for faint sources. The pipeline (versions
S18.7 and earlier) does not properly adjust the uncertainties for
“droop,” a systematic, additive effect which is proportional to
the total photocurrent incident upon the detector. We divided
flux uncertainties for each spectral order by a constant factor of
0.3-2.1, to better reflect the observed noise characteristics. The
uncertainty scale factor for each order was determined from the
ratio of the mean pipeline uncertainties to the observed noise in
emission line-free regions.

Spectral orders with low flux were adjusted upwards by
factors of 1.0-2.0 to correct for interorder slit loss differences.
Such differences may arise from pointing inaccuracies, even
for unresolved sources. The differences in slit widths and
wavelength-dependent extraction apertures may also lead to
mismatches in continuum or line flux between orders for
spatially resolved sources. Our spectral order matching will
properly correct for this effect in the case that the extended
continuum and line emission are cospatial and have similar
spectra, such as might be the case for extended star-forming
regions. However, the emission line equivalent widths and line

2 Radio morphology (see Table 1 for key).

b Optical spectral type (see Table 1 for key).

¢ Rest 24 um flux (mJy) or 20 upper limit measured with Spitzer IRS. A 3.70-
clipped average over 22.5-25.5 um was used, removing any large noise spikes
or contributions from the [Ne v] 24.31 yum line.

4 The 178 MHz flux density (Jy) on Baars et al. (1977) scale.

¢ References for 178 MHz flux density. (1) Laing et al. 1983; (2) Kuehr et al.
1981; (3) Kellermann et al. 1969; (4) estimated from Kuehr et al. (1981)
160 MHz flux density.

flux ratios between orders could be off by as much as the
interorder correction factor (<2.0) in the case of extended
nebular or Hy emission. This should not be an issue for any
galaxies except Per A, 3C 293, and Cen A, the only ones where
the emission lines and PAH features appear to be spatially
extended along the spectrograph slits. For all other sources,
the mid-IR (MIR) emission (including the H, emission) is
unresolved and resides within the central 2-40 kpc of the host
galaxies.

We measured the emission line and PAH features of all
galaxies in a systematic way using the spectral fitting tool
PAHFIT (Smith et al. 2007). The continuum is modeled with a
sum of starlight and thermal (blackbody) emission components,
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Table 3
Radio MOHEG Host, Environment, and Interactions

Source Name NGC Host?* Dust Morph.? Environment® Interactiond
3C31 383 Ep Disk Arp 331 group Close companion
3C 84 Per A 1275 cD+D Complex Perseus CC cluster Infalling spiral
3C218 Hyd A cD A 780 CC cluster Close companion
3C 270 4261 Ep Disk Virgo cluster Tail
3C272.1 M 84 4374 Ep Lanes Virgo cluster
3C 293 SO Lanes Pair Bridge, tail
3C310 Ep+D Poor cluster Bridge
3C315 SO Lane Pair Close companion
3C317 cD+D Filaments A2052 CC cluster Close companion
3C326N Ep+D Pair Bridge, tail
3C 338 6166 cD Filaments A2199 CC cluster Nest
3C 386 E Single
3C 405 Cyg A Ep Complex Cyg A cluster Merger
3C 424 Ep Group
3C 433 SO Complex Group Bridge, nest
3C 436 Ep Lane Single Merger
Cen A 5128 Ep Lanes Single Merger
Notes.

2 Host morphology. E: elliptical, Ep: peculiar elliptical, cD: cluster dominant, SO: lenticular. The tag “+D” indicates a
significant exponential disk component in the near-IR radial light profile (Donzelli et al. 2007).

b Dust morphology, after De Koff et al. (2000).

¢ Cluster, group, or pair membership. CC cluster: cool X-ray core cluster.

d Qualitative assessment of tidal interactions including close companion, tail, bridge, or merger. “Nest” indicates multiple
galaxies surrounded by a common envelope.

Table 4
Radio MOHEG H; 0-0 S(J) Emission Lines
Source H, S(0) H, S(1) H, S(2) H, S(3) H, S(4) H; S(5) H, S(6) H, S(7)
28.22 um 17.03 pm 12.28 um 9.66 um 8.03 um 6.91 um 6.11 um 5.55 pm
3C31 0.64 (0.11) 1.36 (0.58) 0.59 (0.15) 0.60 (0.17) 0.76 (0.27) 0.80 (0.18) <0.9 <04
3C 84 <4 25(2) 6.7 (0.5) 43 (5) 8.2(1.1) 15 (1) 2.9(0.9) 8.8(0.9)
3C218 0.55(0.11) 0.41 (0.22) 0.23 (0.09) 0.55 (0.08) 0.42 (0.15) 0.23 (0.05) e 0.16 (0.05)
3C 270 <0.4 0.27 (0.11) 0.57 (0.08) 0.47 (0.20) <0.3 0.81 (0.26) 0.37 (0.19) <0.7
3C272.1 0.42 (0.14) 0.55 (0.29) 0.27 (0.15) 1.4 (0.2) <0.6 1.0 (0.4) 1.6 (0.4) <0.6
3C 293 1.6 (0.2) 5.3(0.4) 1.94 (0.07) 3.25(0.07) 1.2(0.1) 2.8(0.2) 0.31(0.11) 1.3 (0.1)
3C310 0.12 (0.06) 0.36 (0.07) 0.08 (0.04) 0.48 (0.04) 0.19 (0.06) <03 <0.14 0.29 (0.09)
3C 315 <0.12 1.0 (0.1) 0.30 (0.04) 0.50 (0.04) <0.11 0.28 (0.15) 0.27 (0.09) <03
3C317 <0.12 0.44 (0.07) 0.25 (0.04) 0.44 (0.05) 0.25 (0.07) 0.58 (0.11) 0.44 (0.11) 0.17 (0.09)
3C326N 0.30 (0.06) 0.69 (0.06) 0.41 (0.04) 1.26 (0.05) 0.31 (0.06) 0.46 (0.22) 0.25 (0.09) 0.29 (0.09)
3C 338 <0.2 0.34 (0.06) 0.32 (0.10) 0.81 (0.12) <0.3 0.20 (0.10) <0.2 <0.2
3C 386 <0.2 0.43 (0.06) 0.09 (0.04) 0.46 (0.05) <0.11 0.37 (0.10) 0.30 (0.06) 0.18 (0.07)
3C 405 <1.0 1.5 (0.4) <1.9 4.1 (0.5) <3 3.5(0.9) 1.6 (0.7) 4.4 (0.8)
3C 424 0.45 (0.07) 1.12 (0.06) 0.21 (0.03) 0.43 (0.04) 0.15 (0.04) 0.17 (0.07) <0.18 0.28 (0.05)
3C 433 2.0(0.4) 1.4 (0.2) 0.58 (0.17) 1.2 (0.2) <0.6 1.6 (0.5) <0.5 1.2 (0.3)
3C 436 0.48 (0.16) 0.46 (0.07) 0.31(0.12) 0.28 (0.04) <0.10 0.22 (0.10) 0.41(0.12) 0.21 (0.10)
Cen A 10 (6) 57 (9) 27 (4) 9.3(3.7) <13 12 (3) <8 27 (4)

Notes. H, pure-rotational line fluxes (10~'* erg s~

' em™2) or 20 upper limits measured with Spitzer IRS, with 1o uncertainties in parentheses.

The 3C 218 H; S(6) line was unmeasurable owing to a large instrumental noise spike.

absorbed by a uniform dust screen. This is intended only
as an empirical description of the continuum, not a physical
model. The spectrally resolved PAH features are fit by Drude
profiles. The unresolved H, and forbidden atomic emission
lines are fit by Gaussian profiles. Emission line and PAH
fluxes from the galaxies are presented in Tables 4-8. We
also measured narrowband 24 um fluxes (3.70-clipped average
over 22.5-25.5 um rest; Tables 1-2) from the IRS spectra
and used them to estimate mid-IR continuum luminosities
(Table 9).

In principle, the continuum for each source should be fit with
a dust radiative transfer model, but this is outside the scope of

the present work. Instead, we tailored the continuum model in
two cases where the simple multi-temperature blackbody plus
screen extinction model did not work. For Perseus A, we added
silicate emission features to the continuum. We introduced the
capability to fit optically thin silicate emission features with
PAHFIT, computing the silicate emission as blackbody emission
multiplied by an empirical dust extinction curve. In the Cygnus
A spectrum, 18 um silicate absorption is unusually weak or
absent relative to the 9 um silicate absorption, perhaps because
of radiative transfer effects. Therefore, we removed the 18 um
silicate absorption feature from the Chiar & Tielens (2006)
Galactic center extinction curve in order to model the absorption.
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Table 5
Radio MOHEG PAH Features

Source 6.2 um 7.7 pm 8.6 um 11.3 um 12.0 um 12.6 um 17 um
3C 31 22.7 (0.5) 108 (2) 20.0 (0.8) 50.5 (0.5) 16.4 (0.7) 27.3(0.7) 28.4 (1.0)
3C 84 20 (3) 167 (12) 19 (3) 82 (2) 61 (2) 34 (3) 38 (10)
3C218 3.5(0.2) 14 (2) 4.0 (0.5) 8.8 (0.4) <0.8 3.9 (0.5) 2.8 (1.3)
3C 270 5.2 (0.6) 17 (2) <0.9 7.0 (0.2) 5.7(0.4) 4.1(0.4) <0.5
3C272.1 16 (1) 21 (4) <6.0 28.9 (0.5) 5.2 (0.6) 11.4 (0.7) 22.1(1.4)
3C 293 12.0 (0.6) 50 (2) 21.9 (0.6) 42.7 (0.5) 14.4 (0.5) 23.6 (0.6) 26.2 (1.5)
3C310 0.56 (0.28) <14 <0.3 0.42 (0.12) 0.29 (0.13) 0.15 (0.06) <0.3
3C 315 1.6 (0.4) 3.6 (1.0) 0.52 (0.23) 3.0(0.2) 0.87 (0.22) 1.9 (0.3) 4.8 (0.6)
3C317 <1.3 <2.0 <0.8 0.85(0.13) 0.92 (0.20) 1.3(0.2) 1.5(0.4)
3C326N <0.5 <0.6 <0.4 0.57 (0.12) <0.3 <0.2 <0.7
3C 338 0.70 (0.32) <3 <1.0 1.9 (0.3) 1.0 (0.4) <0.8 <0.8
3C 386 0.44 (0.21) <2 <0.6 1.1 (0.1) <04 0.72 (0.18) <0.7
3C 405 <6.0 <22 <6 <11 <14 <12 <14
3C 424 <0.3 <0.6 <0.2 0.42 (0.08) 0.57 (0.11) 0.87 (0.15) <0.6
3C 433 2.5(1.1) 8(4) 9(1) 3.6 (0.8) 9.5 (1.0) 13 (1) 32(2)
3C 436 <0.7 3.2(1.6) <0.8 1.1 (0.4) <14 2.1(0.7) <1.6
Cen A 198 (17) 1052 (92) 459 (32) 1557 (26) 848 (24) 655 (27) 2668 (73)

Note. Flux (10~!* erg s=! cm=2) or 20 upper limit measured with Spitzer IRS and PAHFIT, with 1o uncertainties in parentheses.

3.2. Chandra

In order to test the possibility of H, heating by X-rays
from AGN, we compiled unabsorbed 2-10 keV nuclear X-ray
luminosities measured by Chandra (Table 9). For several
sources without published X-ray luminosities, we used archival
Chandra data to measure them ourselves (Table 10). We repro-
cessed the Chandra data using CIAO v4.1.2 with the CALDB
v4.1.2 to create a new level-2 events file filtered for the grades
0,2, 3, 4, and 6 and with the 0”5 pixel randomization removed.
To check for periods of high background, we extracted light
curves for the chip on which the source was placed, excluding
point sources. Few periods of high background were found in
any observation, and so we used almost all available data in our
analysis.

We extracted the nuclear spectra for each source from a
small circle (typically of radius 5 pixels or 275), and sampled
background from an adjacent region free from point sources. In
most cases, the point-like emission from the nucleus was easily
separated from any extended emission components, though
there may be significant contamination from the surrounding
hot cluster gas in the case of the Zw 3146 BCG. We do not
consider the possibility of H, heating by X-ray emission from
the extended ICM or X-ray emission from the extended radio
source.

We adopted the standard X-ray spectral models for radio-loud
AGN described by Evans et al. (2006) to fit each spectrum. In
the case of narrow-line radio galaxies (NLRGs), the canonical
model takes the form of the combination of a heavily absorbed
power law and a soft, unabsorbed power law that Evans et al.
(2006) interpreted to originate at the base of an unresolved jet.
In Table 10, we present an observation log and summarize the
best-fitting models for each source.

4. H, SURVEY RESULTS AND SPECTRA

We detect two or more H, emission lines from 17/55 (31%
of) radio galaxies in our sample (Table 4). We require >2.5¢
detection of two lines at the systemic redshift. A typical 20 H,
S(1) detection limit for the sample is 8 x 107'® erg s™! cm™2
(8 x 107! W m~2), but this may vary with redshift and H, line
contrast relative to the continuum.

H; line and PAH fluxes for galaxies with only one or no H,
lines detected are presented in Table 6. Upper limits to their H,
luminosities are estimated as Ly, < 1.6L[H; 0-0 S(1)+ S(3)],
where the correction factor 1.6 accounts for the S(0) + S(2) line
flux and is the mean value of [H; S(0) + S(1) + S(2) + S(3)]/[H,
S(1) + S(3)] for galaxies where all four lines were detected. We
use this rather than the sum of four upper limits for S(1) through
S(4), which would be an overestimate.

The Spitzer IRS spectra of the H, detections are presented in
Figures 1-7, along with archival HST optical images for most
sources. Some of these spectra were previously presented by
Ogle et al. (2006), Ogle et al. (2007), and Leipski et al. (2009),
but we show them here as well for completeness. The Cen A
spectrum was originally presented by Weedman et al. (2005).
H, pure-rotational lines, forbidden lines of O, Ne, Si, S, Ar,
Cl, and Fe, and PAH features are seen in many of the spectra
(Tables 4-8). Galaxies with large 7.7 um PAH equivalent width
are presented in Figure 1 and those with small 7.7 um PAH
equivalent width in Figures 2 and 3. The mid-IR luminous
radio galaxies Per A, Cyg A, 3C 433, and 3C 436, which
contain dust-obscured quasars, are presented in Figure 4. The
H; emission is difficult to see on top of the continuum emission
from the galactic nuclei in some spectra. However, subtraction
of a continuum model clearly reveals the H,, PAH, and other
emission lines (Per A, Cyg A, and Cen A, Figures 5-7).

5. H, LUMINOSITIES, TEMPERATURES, MASSES, AND
SURFACE DENSITIES

In order to compute the mass of warm molecular gas, it is
first necessary to know the H; excitation mechanism. The low
critical densities (H—H, neie < 10° em ~2 at T > 100 K) of
the H, 0-0 S(0) and S(1) emission lines (Le Bourlot et al. 1999;
Wrathmall et al. 2007) ensure that their upper levels will be
collisionally excited in almost any environment where warm H,
is found. Nonthermal excitation by UV photons or cosmic ray
secondary electrons (Ferland et al. 2008) may contribute to the
higher rotational and ro-vibrational levels, but are inefficient at
exciting the lower pure-rotational levels. Therefore, the lowest
H; energy levels, which dominate the warm H, mass budget,
must be in thermal equilibrium.
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Table 6
H; Upper Limits or Single-line Detections and PAH Features
Source H; S(0) H, S(1) H; S(2) H; S(3) PAH 6.2 um PAH 7.7 um PAH 11.3 um
3C 15 <0.4 <0.4 <0.10 <0.09 <0.9 <2.0 0.57 (0.13)
3C29 0.55 (0.15) <0.7 <0.2 <0.4 <0.9 <3.0 <0.44
3C 66B <0.12 0.30 (0.07) <0.10 <0.11 <0.5 <0.7 0.73 (0.10)
3C76.1 <0.2 0.45 (0.09) <0.12 <0.06 <1.3 <3.0 1.48 (0.11)
3C 83.1 <0.14 <0.14 <0.11 0.25 (0.06) 1.5(0.5) 3.2(1.6) 2.7(0.2)
3C 120 <22 2.74 (0.75) <1.5 <1.0 7.9 (2.0) 117.0 (14.0) 33(2)
3C 129 <0.3 <0.19 <0.16 0.31 (0.08) <0.9 <l1.5 2.9(0.2)
3C 189 0.23 (0.08) <04 <0.11 <0.3 <1.3 <1.7 <0.26
3C 264 <0.3 0.28 (0.12)* <0.11 0.20 (0.05) 7.6 (0.5) 14.9 (1.7) 6.2 (0.2)
3C274 <0.7 <1.1 <1.6 2.92 (0.62) <7 <28 <3
3C318.1 <0.14 <0.16 <0.06 <0.06 <0.7 <1.2 0.31 (0.07)
3C 348 <04 <0.5 <0.4 <0.5 <2 <3 <1.6
3C 403.1 <0.2 <0.16 <0.08 0.10 (0.03) <0.4 <l1.1 0.65 (0.10)
3C 449 <0.09 <04 <0.08 <0.04 <0.2 <0.6 0.24 (0.07)
3C 465 <0.18 <0.2 <0.07 <0.10 <0.4 <l1.1 0.58 (0.10)
NGC 6251 <0.3 <0.3 <0.18 <0.2 1.6 (0.2) 6.6 (1.0) 2.7(0.2)
IC 4296 <0.3 <0.3 <0.2 0.78 (0.15) <3 5.6 (1.0) 2.6 (0.3)
3C 17 <0.4 <0.5 <0.5 <0.2 <1.2 <2 1.6 (0.3)
3C28 <0.3 <0.4 <0.4 0.22 (0.04) <1.8 <1.2 5.8 (0.6)
3C 33 <0.7 <0.5 <0.19 0.25 (0.09) <2.0 <6 5.2(0.4)
3Ce6l.1 <0.3 0.37 (0.10) <0.12 <0.11 <14 <3 <0.5
3C 111 <12 <14 <14 <0.9 <6 <28 <4
3C 123 <04 <1.7 <0.7 <0.3 <1.7 <0.9 <1.3
3C 192 <0.2 <0.3 <0.16 <0.13 <l1.1 <1.7 <0.5
3C219 <0.3 0.45 (0.09) <0.3 <0.16 1.9 (0.6) <3.0 <0.5
3C 234 <1.9 b <0.9 <0.4 4.6 (1.6) 9.2 (4.4) <2
3C319 <0.3 <0.2 <0.3 <0.12 <0.7 <1.0 0.31(0.12)
3C 321 <1.8 <l1.5 <l1.1 1.44 (0.39) <7 61.0 (11.0) 6(2)
3C 346 <0.18 <0.3 <0.10 <0.15 <0.4 <l1.1 <0.3
3C 381 <l1.5 <1.2 <0.3 <0.2 <1.0 3.8 (1.0) 1.2(0.2)
3C 382 <04 <0.6 <0.4 <0.7 <2 <6 <2
3C 388 <0.2 <0.3 <0.17 <0.2 <0.9 <I.1 <0.6
3C 390.3 <0.9 <0.6 <0.3 0.24 (0.09) <1.8 14.1 (1.5) <2
3C 401 <04 <0.2 <0.11 <0.13 <0.7 <I.1 <04
3C 445 <1.8 <1.9 <1.6 <0.8 <4 7.5 (3.6) <3
3C 452 <0.5 <0.3 <0.3 <0.18 <1.5 3.2 (1.7) <1.2
3C 459 <2.6 <l1.1 0.94 (0.34) <04 9.6 (2.1) 15.0 (1.3) 9.6 (0.6)
Pic A <0.3 <0.7 <0.7 <0.7 <6 <8 <1.6

Notes. H, pure-rotational line and PAH fluxes (10~'# erg s~!

parentheses.

cm™2) or 20 upper limits measured with Spitzer IRS, with 1o uncertainties in

2 The 3C 264 H; S(1) line is only a marginal detection (2.30), so this source does not meet our H, detection criterion of two lines detected at

>2.50.

b The 3C 234 H, S(1) line was unmeasurable owing to a large instrumental noise spike.

Assuming thermal equilibrium in gas at a single temperature
T, the H, luminosity is determined by the H, mass My, and T
according to

L(Hy) = Mn

2 Iy, (T),
2, w,(T)

where the mean luminosity of a single H, molecule, summed
over all transitions u — [ is

In, =Y hvaAu fu(T).
u,l

The occupation number f,(T") of each level is determined by
the Boltzmann factor and partition function. For example, a
molecular gas mass of My = My,/10° Mg and a temperature
of 200 K gives

L(Hy) = 1.1 x 10* erg s~' Mo.

For multiple temperature components, the luminosity of each
component can be computed separately.

For all radio galaxies with two or more H, emission lines
detected, we construct excitation diagrams to determine the
temperature distribution and mass of H,. For the limiting case
of an H; source size of 377 x 377 uniformly filling the width of
the SL slit, we plot the column density of the upper level divided
by the statistical weight for each transition (Figures 8-10).

We simultaneously fit the data with three temperature com-
ponents (Table 11), the minimum number necessary to fit the
emission line fluxes and parameterize what is likely a contin-
uous temperature distribution. We quote 1o single parameter
uncertainties for the H, temperatures and masses. Upper lim-
its are included in the fits as 20 detections with 1o error bars.
This allows us to give conservative upper limits for the lowest
temperature component for sources where the S(0) line is not
detected, without affecting much the other components. Note
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Table 7
Radio MOHEG Forbidden Emission Lines
Source [Fe 11] [Ar 11] [Ar 11] [S1v] [Ne 1] [Clu] [Ne 1] [S 1] [O1v] [S 1] [Si ]

5.34 um 6.99 um 8.99 um 10.51 um 12.81 um 14.37 pm 15.56 um 18.71 um 25.89 um 3348 um  34.82 um
3C 31 0.48 (0.18) 1.3(0.2) <0.3 0.51 (0.18) 3.0(0.2) <04 1.5(0.2) 0.73 (0.17) 1.1 (0.2) 0.84 (0.15) 2.4(0.3)
3C 84 10 (1) 12.4 (0.9) 2.5(0.8) 1.4 (0.6) 43.3(0.5) 6.8 (1.7) 26 (2) 13 (2) <7 23 (2) 62.3 (0.6)
3C218 0.14 (0.05) 0.46 (0.07) <0.3 <0.2 1.78 (0.08) <0.5 0.78 (0.17) <0.5 1.0 (0.2) 0.93 (0.26) .
3C 270 <0.8 2.4 (0.3) 0.23(0.10) 0.33(0.08) 4.20(0.08) 0.58 (0.20) 2.3(0.1) 0.87 (0.11) 1.3(0.3) 1.3(0.2) 2.9 (0.1)
3C272.1 <l1.5 3.8 (0.6) <0.6 1.0 (0.2) 5.6 (0.2) 0.44 (0.20) 5.7(0.2) 3.4(0.2) 1.4 (0.2) 4.1 (0.1) 11.7 (0.3)
3C 293 1.3(0.2) 1.9 (0.2) 0.61 (0.09) <0.3 5.24 (0.08) <0.3 2.6 (0.1) 1.2(0.2) 1.5(0.1) 2.8 (0.3) .
3C 310 <0.2 <0.3 0.09 (0.04) <0.08 0.28 (0.04) <0.2 0.47 (0.06) <0.2 <0.2 1.1 (0.2)
3C 315 0.28 (0.11) 0.53(0.14) 0.12(0.04) 0.10(0.04) 0.29 (0.05) <0.2 0.30 (0.09) <0.3 0.24 (0.08) .. .
3C 317 <0.3 0.65 (0.13)  0.21 (0.05) <0.08 0.88 (0.05) 0.19 (0.07) 0.43(0.07) 0.37(0.07) 0.26 (0.08) <0.3 1.3(0.2)
3C326 N 0.23 (0.08) <0.3 0.30 (0.05) 0.09 (0.04) 0.44 (0.05) 0.17 (0.05) <0.2 <0.2 0.12 (0.05) . .
3C 338 <0.3 <0.4 <0.2 0.22 (0.11)  0.66 (0.11) <0.2 0.27 (0.07) <0.3 0.34(0.10) 0.58(0.16) 1.2(0.3)
3C 386 0.43 (0.08) <0.2 <0.1 <0.1 0.39 (0.04) 0.13(0.06) 0.61(0.05) 0.39(0.10) <0.3 0.96 (0.21) 2.9(0.2)
3C 405 2.3 (0.9) 11.6 (0.8) 4.4(0.7) 16.2 (0.7) 21.7 (0.7) 54 (0.4) 47.9 (0.5) 24.2 (0.6) 78.5 (0.7) 29 (1) .
3C424 0.15 (0.05) <0.07 <0.09 <0.07 0.25(0.08) 0.12(0.06) 0.16 (0.05) <0.2 0.18 (0.06) .
3C 433 <0.6 1.3(0.4) 1.5(0.2) 1.7 (0.2) 2.6 (0.2) <09 5.7 (0.2) 0.89 (0.20) 7.0 (0.4)
3C 436 <0.2 <0.1 0.12(0.05) 0.12(0.04) 0.29(0.10) <0.3 0.85(0.10) 0.28 (0.11) 0.93(0.12) . .
Cen A <18.0 67 (4) 10.9 (5.2) 28 (4) 213 (4) 37 (12) 233 (18) 87 (9) 155 (18) 264 (11) 561 (14)

Note. Flux (107'* erg s=! cm™2) or 20 upper limit measured with Spitzer IRS, with 1o uncertainties in parentheses.

Table 8
High-ionization Forbidden Emission Lines
Source [Ne vi] 7.65 [Ne v] 14.3 [Ne v] 24.31
3C 405 13 (1) 20.5(0.5) 24.3 (0.6)
3C 433 2.3(04) 0.8 (0.2) 0.9 (0.3)
3C 436 0.23 (0.05) <0.3 <0.2
Cen A 29 (14) 37(11) 65 (31)

Note. Flux (10~'* erg s~! cm™2) measured with Spirzer IRS, with lo
uncertainties in parentheses.

that the lowest temperature component, which is constrained by
the S(0) and S(1) lines, dominates the total H, mass. We give an
upper limit for the warmest temperature component mass in 3C
338, where the S(6) and S(7) lines are not detected.

We assume that the H; level populations and ratios of ortho/
para H; are in local thermodynamic equilibrium (LTE) and ad-
just the statistical weights of the ortho transitions iteratively
to obtain a self-consistent fit. There is no evidence for non-
equilibrium ortho/para ratios, which would manifest as sup-
pressed or enhanced emission from odd-J relative to even-J
transitions. The ortho/para ratios may depend upon the detailed
thermal history of the gas, and can take much longer than the
gas cooling time (~10* yr) to reach their equilibrium values
(Wilgenbus et al. 2000). However, for the warm (7 > 100 K)
H, observed by Spitzer, the equilibrium ortho/para ratio takes
on a narrow range of values (1.6-3.0) such that the equilibrium
assumption has only minor consequences for our model fits. For
example, assuming an ortho/para ratio of 3.0 rather than 2.1
decreases the temperature of the coolest H, component in 3C
326 from 110 to 100 K, and raises the mass by only 27% to
(2.8 £0.6) x 10° M.

To determine the sensitivity of our model fits to the number
of temperature components, we tried both two-component and
three-component fits to all of the lines in the 3C 326 N
excitation diagram. The two-component fit gives a mass of
(8.7 £3.2) x 10 My, at 140 K (x?/dof = 36.6), compared
to (2.2 & 1.2) x 10° My at 110 K (x?/dof = 1.8) for the
three-component fit. The three-component fit has much smaller

residuals and is clearly better. The additional temperature
component increases the estimated H, mass by a factor of 2.5
in this case. Which lines are detected and used in the fit can
also change the estimated H, mass. If we throw out the S(5),
S(6), and S(7) lines and refit the two-component model, we find
(1.6 £0.7) x 10° Mg, at 120 K (x2/dof = 1.9).

We measure radio galaxy warm H, masses from 8 x 10® My
up to an amazing 2 x 10'° My, the bulk at temperatures of
100-200 K (Tables 11 and 12). Such large H, masses imply
the wholesale heating of an entire galaxy’s worth of molecular
gas in some cases. Smaller masses (3 x 10°*-8 x 107 M)
of warmer H, at 200-1500 K are also found in all galaxies
where H; is detected. Comparable luminosity is emitted by
each temperature component in a given galaxy, though most of
the mass resides in the coolest component (Table 11). In all
cases where there are several high-level lines detected, the H,
temperature increases with upper-level excitation temperature.
This produces the characteristic curves in Figures 8—10, which
have less negative slopes at higher energies. This behavior is
also seen in the excitation diagram for the Perseus A filaments
(Johnstone et al. 2007). This is expected for any astrophysical
situation where there is a range of temperatures and densities
present (Ferland et al. 2008).

The total warm H, column densities and column density lower
limits range from <4 x 10%° to 1 x 10?*> cm~2 (3-800 M, pc—2).
Only lower limits can be inferred for spatially unresolved H,
emission. This spans the range observed for normal star-forming
galaxies at the low end to ULIRGs at the high end (Gracia-
Carpio et al. 2007).

CO emission has been detected by past observations (Evans
et al. 1999, 2005; Lim et al. 2003; Salome & Combes 2003;
Okuda et al. 2005; Salome et al. 2006; Saripalli & Mack 2007;
Israel et al. 1990; Nesvadba et al. 2010; Ocana Flacquer et al.
2010) of several radio MOHEGs (Table 12). The mass of cold
(10-50 K) H; estimated assuming the standard Galactic CO
to H, conversion factor of 4.6 My (K km s~ pc?)~! ranges
from 4 x 10%to 2 x 10'° My. However, we caution that the
applicability of the Galactic conversion factor to the extreme
conditions in radio MOHEGs has not been established. This
caveat notwithstanding, the inferred ratio of warm (7 > 100 K)
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Table 9
Radio MOHEG Continuum and Line Luminosities

Source logvL,(178 MHz) logvL,(24 um, Lg) log L(Hp)* log Lx(2-10 keV)P
3C 31 40.33 8.63 40.32 40.67
3C 84 40.92 10.84 41.75 4291
3C 218 42.46 9.34 41.10 41.69
3C 270 40.07 8.23 39.26 41.08
3C 272.1 39.02 7.42 38.86 39.34
3C 293 41.07 9.74 41.76 42.78
3C 310 41.87 8.64 40.85 .
3C 315 42.02 9.43 41.76 41.68°
3C 317 41.42 8.61 40.53 41.30
3C326N 41.90 8.57 41.73 40.63¢
3C 338 41.28 8.49 40.54 40.30
3C 386 40.48 7.75 39.87 39.75°¢
3C 405 44.10 11.31 41.75 44.28
3C 424 42.08 9.53 41.97 S
3C 433 42.46 11.15 42.13 43.90¢
3C 436 42.67 10.32 42.31 43.53
Cen A 40.12 9.07 39.88 41.70
Notes.

2 Observed H; rotational line luminosity (erg s~1), summed over the 0-0 S(0)-S(3) transitions (Table 4). Corrections of 6%—33%
are made for undetected emission lines, based on Hy multi-temperature models (Section 5).

b Unabsorbed 2-10 keV nuclear X-ray luminosities (erg s~1) from Evans et al. (2006), Balmaverde et al. (2006), Hardcastle et al.
(2006), McNamara et al. (2000), Pellegrini (2005), and Ueda et al. (2005).

¢ Unabsorbed 2-10 keV nuclear X-ray luminosities (erg s~1) measured with Chandra (Table 10).

Table 10
Chandra X-ray Data and AGN Spectral Models
Source t (ks) Chip Model Lx? Notes
3C 315 7.7 S3 PL 4.8 x 10% S/N too low to detect heavily abs. emission
3C326N 27.5 3 PL 4.3 x 10% Low S/N
3C 386 29.1 13 PL 5.6 x 10%
3C 433 37.2 S3 PL + abs. PL 8.0 x 10% See Miller & Brandt (2009)
Zw 3146 45.6 13 PL 8.2 x 10* Likely contamination from thermal gas

Notes. 2 Unabsorbed 2—10 keV nuclear X-ray luminosities (erg s~!), measured with Chandra.

to cold H; in these galaxies ranges from <0.18-2.1. The galaxies
3C 218, 272.1, 326, 424, and 433 are particularly remarkable
in having warm/cold Hj ratios of >0.5. A large fraction of the
H, in these galaxies is disturbed and heated to temperatures
>100 K.

6. 24 um DUST EMISSION

The formation and shielding of H; requires the presence of
dust, which may reveal itself through IR continuum and PAH
emission features (Guillard et al. 2010). However, there must be
a sufficient UV radiation field to heat the very small dust grains
(VSGs) and excite the PAH stretching or bending modes in order
to observe mid-IR dust signatures. A UV photon field may be
sustained by (1) star formation, (2) AGN emission, or (3) thermal
bremsstrahlung and line emission from radiative shocks (Dopita
& Sutherland 1996). It must be kept in mind that the H,, VSG,
and PAH emission regions are spatially unresolved and may
or may not be coincident. Also, different types of sources can
contribute in different ratios to each of these spectral features.

First, we consider the ratio of H, to 24 um dust emission
(Figure 11) for star-forming galaxies (Roussel et al. 2007).
There is a trend (with large scatter) for L(H;)/L,4 to decrease
with Ly4. ULIRGs (Higdon et al. 2006) have smaller L(H)/ L4
than nearby spirals and dwarfs, by a factor of ~5. This is
similar to the known trend of decreasing L(PAH)/L,4 with Ly

observed for starbursts and ULIRGs (Desai et al. 2007; Tran
et al. 2001, and Figure 12). It is debated whether this latter
trend is intrinsic to star-forming regions or whether it reflects
an increasing AGN contribution to the continuum at higher
luminosity. In either case, the tendency of H, and PAH emission
to decrease together relative to L4 may suggest that they are
both powered by star formation in starbursts and ULIRGs. On
the other hand, Zakamska (2010) finds that H, emission is less
obscured than PAH emission in ULIRGs, indicating a different
spatial distribution.

The radio galaxies in our sample have up to 20 times
larger ratio of L(H;)/L,4 than do normal star-forming galaxies
(Figure 11). In some cases (e.g., 3C 326 and Stephan’s Quintet),
>10% of the bolometric IR luminosity comes out in the H,
lines (Ogle et al. 2007). This dramatically indicates that the H,
emission is not powered by star formation, and that H, emission
is an important and perhaps primary coolant for the ISM in these
sources. Strong H, emission is often an indicator of magnetic
(C-type) shocks in Galactic sources such as Herbig-Haro jets
(Neufeld et al. 2006) and supernovae (Cesarsky et al. 1999;
Neufeld et al. 2007). A deficit of 24 um continuum relative
to H, emission indicates the importance of non-radiative (e.g.,
shock) heating.

The SINGS AGNs also have enhanced L(H;)/L,4 (Roussel
et al. 2007), though they are not as well separated from the
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Figure 1. Spitzer IRS low-resolution spectra of 3C 31, 218 (= Hydra A), 293, and 315. These sources have strong PAH emission and 9.7 um silicate absorption.

Spectra are arranged in order of increasing equivalent width of the H, pure-rotational

lines. Images to the right are from HST WFPC2 (3C 31, 293, and 315) and the

UK Schmidt telescope (3C 218, from NED). The host of 3C 31 resides in the Arp 331 group. Hydra A resides in the cool-core cluster A 780. The box at the lower left
corner of each image shows the size of the 377 x 10”0 spectral extraction region at 10 um.

star-forming galaxy locus as radio galaxies (Figure 11). Non-
radiative heating of H, appears to be important in these nearby,
radio-quiet AGNs. A similar enhancement in L(H,)/Lo4 is seen
for some of the Kaneda et al. (2008) “dusty ellipticals,” which
are RSA ellipticals detected by IRAS (Goudfrooij & de Jong
1995). Interestingly, 12/14 of the H;-detected ellipticals in the
Kaneda et al. (2008) sample have radio sources detected in the
NVSS or SUMSS survey—seven compact sources and five FR
Is. Radio-jet activity could be responsible for exciting the excess
H, emission in these sources.

7. PAH EMISSION

PAH emission features are detected in all of the radio
MOHEGs except Cyg A (Table 5) and in half of the H,

nondetected radio galaxies (Table 6). However, the ratio of
7.7 um PAH to 24 um continuum emission L(PAH7.7)/Lo4
is generally lower by a factor of 10-100 compared to normal
star-forming galaxies from the SINGS sample (Figure 12). The
mid-IR continuum of most radio galaxies and radio MOHEGs
is therefore not star formation dominated. In many of these
galaxies, the continuum has been shown to be AGN dominated,
including contributions from AGN-heated dust and synchrotron
emission from the jet (Ogle et al. 2006; Cleary et al. 2007;
Tadhunter et al. 2007; Haas et al. 2008; Leipski et al. 2009).
The large scatter that we see in L(PAH7.7)/L,4 (2 dex)
primarily reflects varying star formation versus AGN fractional
contributions to the spectra. Additional scatter is introduced by
variation in the 7.7/11.3 um PAH band ratio (Figure 13). Low
L(PAH7.7)/ L4 is also observed in the Kaneda et al. (2008)
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Figure 2. Spitzer IRS low-resolution spectra of 3C 270 (= NGC 4261), 3C 272.1 (= M 84), 3C 310, and 3C 317. These sources have weak 7.7um PAH emission
and weak-moderate 9.7 pum silicate absorption. Note the extremely large PAH11.3/PAH7.7 and PAH17/PAH7.7 ratios and steeply rising continuum at >24 pm in 3C
272.1. Radio galaxies 3C 270 and 272.1 reside in the Virgo cluster, 3C 310 in a poor cluster, and 3C 317 in the A2052 cool-core cluster. The box at the lower left
corner of each image shows the size of the 377 x 10”0 spectral extraction region at 10 pm.

dusty ellipticals, indicating that the warm dust continuum in
these sources does not come from star formation.

The median PAH(6.2 wm)/PAH(7.7 wm) ratio is 0.25 for ra-
dio MOHEGS, which is indistinguishable from the median ratio
(0.28) for normal star-forming SINGS galaxies (Figure 13).
The median PAH(7.7 um)/PAH(11.3 um) ratio of 1.8 is signif-
icantly lower in radio MOHEGs than the median value of 4.1
measured in star-forming SINGS galaxies and within the range
of values reported for SINGS AGNs (Smith et al. 2007). The
Kaneda et al. (2008) dusty elliptical galaxies have a similar me-
dian 7.7-11.3 um band ratio of 1.4. Smith et al. (2007) present
an extensive discussion of possible interpretations of the ob-
served differences in 7.7 to 11.3 um band ratio between AGNs
and star-forming galaxies and among AGNSs.

The impact of the PAH ionization state and size distribution
on PAH emission spectra has been quantified in models (Bakes

et al. 2001; Draine & Li 2001; Flagey et al. 2006). In these
models, the 7.7 to 11.3 um band ratio is mainly sensitive to
the ionization state and is lower for neutral PAHs than for
cations. This interpretation is supported by observations of
PDRs which show that the 7.7 to 11.3 um band ratio decreases
with increasing depth into the cloud (Rapacioli et al. 2005).
The ionization states of PAHs depend on the PAH ionization
parameter Guy x T,%/n,, where Gyy is the 912 A < & <2400
A UV field energy density relative to the solar neighborhood
value (Habing 1968), and T, and n, the temperature and electron
density. The electron density is that of the neutral, molecular,
and atomic gas where PAHs are present.

The interpretation of Galactic data leads to equal fractions of
neutral and cation PAHs in the diffuse Galactic ISM for a mean
ionization parameter ~1000 K% cm® and a 7.7 to 11.3 wm band
ratio (measured with PAHFIT) of 2.9 +0.2 (Flagey et al. 2000).
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Figure 3. Spitzer IRS low-resolution spectra of 3C 326, 338, 386, and 424. These sources have weak PAH emission and no silicate absorption. HST WFPC2 and ACS
images are to the right. The 3C 326 pair appears to be interacting (Ogle et al. 2007). Radio galaxy 3C 338 resides in the A2199 cool-core cluster, while 3C 386 is an
isolated elliptical galaxy. The host of 3C 424 appears (centered on the smaller PC chip) in a rich group of galaxies. The box at the lower left corner of each image

shows the size of the 3”7 x 10”0 spectral extraction region at 10 m.

The median value of the 7.7 to 11.3 um band ratio of radio
MOHEGs (1.8) is smaller than the value for the Galactic diffuse
ISM. This implies a smaller PAH ionization parameter, which
could be accounted for by lower Gyy in galaxies with a low
SFR, or by larger n, from increased ionization by cosmic rays
or X-rays.

In the Stephan’s Quintet intergalactic shock, the observed
PAH emission is consistent with the mass of warm H, gas heated
by a radiation field with Gyy = 1.4, assuming a Galactic dust-
to-gas mass ratio and a galactic dust size distribution (Guillard
et al. 2010). This shows that PAHs can survive in dense regions
of the ISM which are shocked at velocities <100 km s~!. PAHs

could potentially be destroyed by faster shocks, which may be
present in the diffuse ISM (Micelotta et al. 2010a). In the hot
10°-107 K X-ray-emitting gas phase, PAHs would mostly be
destroyed by electron collisions and would not survive more
than a few 10° years (Micelotta et al. 2010b). PAHs are likely
protected from electron sputtering in the denser, colder phases.

We similarly expect to see PAH emission from the large H,
reservoir in radio MOHEGs, excited by the ambient UV ra-
diation field. PAH destruction by X-rays may possibly reduce
PAH abundances in the vicinity of the AGN (Voit 1991). How-
ever, the four radio MOHEGs with significant star formation
(discussed in Section 10—3C 31, 293, 315, and Hydra A) and
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Figure 4. Spitzer IRS low-resolution spectra of 3C 436, Cyg A, 3C 84 (= Per A), and 3C 433. Silicate emission is seen at 10 um and 18 um in the Per A spectrum, and
silicate absorption in 3C 436, 433, and Cyg A. HST WFPC2 images are at the right. Per A is interacting with an in-falling dusty companion seen in the foreground.
The disky, dusty host of 3C 433 resides in an interacting group of 3 galaxies. The box at the lower left corner of each image shows the size of the 37 x 10”0 spectral

extraction region at 10 um. See Figures 5 and 6 for spectral fits of 3C 84 and Cyg A.

correspondingly strong UV radiation field show nearly normal
7.7 and 11.3 um PAH equivalent widths and PAH band ratios,
demonstrating that PAH abundances have not been depleted by
the AGNs on a galactic scale. The remaining radio MOHEGSs
show relatively weak PAH emission, consistent with a weaker
UV field.

8. H, TO PAH EMISSION RATIO

We plot the ratio of H, luminosity in the 0-0 S(0)-S(3) lines
over L(PAH7.7) versus Ly4 (Figure 14). Normal star-forming
galaxies from the SINGS survey (Roussel et al. 2007) have a
median ratio L(H,)/L(PAH7.7) = 0.014, which appears to be

independent of Ly, over four decades (L, = 10°~10'0 L).
The mean L(H,)/L(PAH7.7) has a similar but slightly greater
value for ULIRGs (Higdon et al. 2006; Desai et al. 2007).

In contrast, all of the H,-detected radio galaxies have very
large L(H,)/L(PAH7.7) = 0.03—4 or greater. The most extreme
sources, with L(Hy)/Lpag > 3 are 3C 326 N (Ogle et al.
2007) and 3C 424. Other galaxies of different types, including
the LIRG NGC 6240 (Lutz et al. 2003), the Zw 3146 BCG
(Egami et al. 2006), and the Stephan’s Quintet intergalactic
shock (Appleton et al. 2006) are also unusual in having large
L(H;)/Lpay ratios. Strikingly, all of the SINGS Seyferts and
all but four of the SINGs LINERs (Roussel et al. 2007) also
stand out as having relatively large L(H,)/Lpag = 0.02-0.2,
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(A color version of this figure is available in the online journal.)

though not so large as the most extreme radio galaxies. Such
large ratios indicate shock, cosmic ray, or X-ray heating rather
than UV heating of the molecular gas phase (Rigopoulou et al.
2002; Roussel et al. 2007). We explore the various possible
heating mechanisms for H; in radio galaxies below.
Alternatively it might be argued that ahigh L(H,)/L(PAH7.7)
ratio is caused by a low abundance of PAHs in the warm
molecular gas rather than low UV field. A UV field of Gyy ~ 4
would be required explain the 11.3 um PAH flux from 3C
326 N if it is associated with the observed warm H, and CO
(Nesvadba et al. 2010), assuming a normal H, /CO conversion
factor (Table 12). We use archival Galaxy Evolution Explorer
(GALEX) UV data to independently constrain the intensity
of the radiation field and PAH abundance. The NUV AB
magnitude is 21.47, which translates into a surface brightness of
1.59 x 107 W m~2 sr™!, assuming emission from star-forming
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Figure 7. Spitzer IRS low-resolution spectrum of Cen A (= NGC 5128), with
best-fit model and model components. The bottom panel shows the continuum-
subtracted PAH and emission line spectrum, including H, pure-rotational lines.

(A color version of this figure is available in the online journal.)

regions uniformly covering a 5 arcsec (8 kpc) diameter area.
This corresponds to a mean UV radiation field Gyy = 12. If
any of the observed UV radiation comes from the AGN, the
Guyy value contributing to PAH excitation would be less. A
comparison of the two Gyy estimates gives an upper limit on
the PAH depletion of ~3. This is far from sufficient to explain
the extreme ratio L(H,)/L(PAH7.7) > 4 in 3C 326 N, which is
300 times the mean value in normal star-forming galaxies.

9. MOHEG DEFINITION

Since we do not have far-IR measurements for most of the
sources in our sample, we do not use our original MOHEG
definition (Ogle et al. 2007). We could re-express that definition
as L(Hy)/ Loy > 2 x 1072 (dashed line in Figure 11), excluding
all normal star-forming galaxies from the MOHEG class.
The observed H, to continuum contrast ratio for our Hj-
detected radio galaxy sample ranges from L(H;)/Lys = 6 x
10~*to 0.4, which means that only 9/17 of these galaxies
would be considered MOHEGs by such a definition. Inspection
of Figure 11 suggests that defining MOHEGS in terms of a
minimum L(H;)/L,4 contrast ratio is problematic. For one,
this ratio decreases with L4 for normal star-forming galaxies,
so a line with negative slope in that figure would do a better
job at separating MOHEGs. However, it would not completely
account for the variation in AGN continuum contribution at
24 pm, which introduces scatter into this relation.

The much cleaner separation between MOHEGs and
normal star-forming galaxies in Figure 14 compared to
Figure 11 motivates us to redefine MOHEGs as galaxies with
L(H,)/L(PAH7.7) > 0.04. This particular cutoff was chosen to
exclude all non-AGN SINGS galaxies from the MOHEG class.
With our new definition, 16/17 of the H,-detected radio galax-
ies, 10/18 of the Kaneda et al. (2008) dusty ellipticals, NGC
6240, and the Zw 3146 BCG are all MOHEGs. We call ra-
dio galaxies that are MOHEGs “radio MOHEGs” to distinguish
them from MOHEG samples selected in other wave bands. The
radio galaxy 3C 31, with L(H,)/L(PAH7.7) = 0.03 falls just
below the MOHEG cutoff as a result of the relatively large con-
tribution of star formation and strong 7.7 um PAH emission its
mid-IR spectrum (Figure 1). However, for simplicity and since
it has a larger L(H,)/L(PAH7.7) ratio than any SINGS galaxy
of similar luminosity L,4, we will also call this source a radio
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MOHEG. It is not possible with the current data to reliably
classify the H, nondetected radio galaxies with respect to the
MOHEG criterion. Therefore, the 31% MOHEG fraction in our
radio galaxy sample should be considered a lower limit.

The success of the L(H,)/L(PAH7.7) diagnostic ratio in
distinguishing between AGN and star formation dominated
spectra reflects the different molecular gas heating mechanisms
in the two classes. Furthermore, the L(H,)/L(PAH7.7) value
at a given Ly, might be used to determine the ratio of AGN to
star-forming contributions to these two emission features. If the
H, and 7.7 um PAH emission have different spatial extent, this
ratio and classification as a MOHEG might depend upon the
aperture used to extract the spectrum. There is a similar issue
with AGN optical classification, since AGN fraction tends to
increase with decreasing aperture size.

10. STAR FORMATION

In general, 3C radio galaxies tend to have less luminous PAH
emission and lower inferred SFRs than other AGN samples,
including PG quasars and Two Micron All Sky Survey (2MASS)

red quasars (Shi et al. 2007). Whether this is separately true
for those with and without hidden quasars (Ogle et al. 2006)
needs to be investigated. For only 4/17 radio MOHEGs do
the spectra (Figure 1) indicate a large star formation fraction
(3C 31, 218, 293, and 315), with L(PAH7.7)/L,s > 0.1
(Figure 12). Based on template fitting, the star formation
contribution in 3C 31, 218 and 293 ranges from 87% to 100%
at 15 um (Leipski et al. 2009). Using the same procedure, we
find that 3C 315 has a 40%-50% star formation contribution
at 15 um.

We use the observed 7.7 um PAH luminosity to estimate
SFRs (Table 13) for radio MOHEGs using the prescription of
Roussel et al. (2001). We convert the 11.3 um PAH luminosity
to 7.7 um PAH luminosity, dividing by the mean 11.3/7.7 um
PAH ratio of 0.26 (Smith et al. 2007) to make an equivalent
SFR estimate for sources where the 7.7 um PAH is not detected.
Note that the SFRs are integrated over the Spirzer IRS slit, which
does not cover the whole galaxy for most of the observations
(Figures 1-4). The SFRs for MOHEGs with detected 7.7 um
PAH emission range from 4 x 1073 Mg yr~! for 3C 272.1 at
the low end to 2.6 M, yr~! for 3C 436 on the high end. Since
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the 11.3/7.7 um PAH ratio is systematically enhanced compared
to normal star-forming galaxies (Figure 13), the 11.3 um PAH
SFRs should be considered upper limits and used with caution.

11. AGN ACTIVITY

Most (13/17) of the radio MOHEGs are mid-IR weak’
(Ogle et al. 2006; Leipski et al. 2009), with vL,(24 um) <
2 x 10'° L (Table 9). Most are also optically classified as
low-ionization galaxies (LIGs, Table 1) based on their low
[O 1] 5007/[O u] 3727 ratios. Using the optical emission line
measurements of Buttiglione et al. (2009), we construct BPT
diagnostic diagrams (Baldwin et al. 1981), which show that
most radio MOHEGs are LINERSs according to the Kewley et al.
(2006) line ratio criteria (Figure 15). We cannot say whether this
tendency of radio MOHEGs to host MIR-weak, LINER AGNs
is intrinsic or rather represents a bias against detecting low-
equivalent width H, emission lines and PAH features against
the stronger continuum in the MIR-luminous high-ionization
galaxies (HIGs) and broad-line radio galaxies (BLRGS).

The mid-IR forbidden line ratios of radio MOHEG LINERs
(Figure 16) are similar to those of other LINERs observed by

7 The wavelength used in the Ogle et al. (2006) definition of MIR-weak
(WL, (15 um) < 8 x 10 ergs™! =2 x 10'° L) is different than the one we
employ here, because of the need to accommodate a different redshift range.
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Table 11

H, Model Parameters

Source T (K)? Ortho/Para® NHy)* M(Hy)4 Lot(Hp, rot)®

3C 31 100 (0) 1.587 8.6E+21 2.3E+08 (1.6E+08,3.1E+08) 5.8E+39
250 (60) 2.955 2.3E+20 6.0E+06 (1.8E+06,2.0E+07) 1.6E+40
1140 (150) 3.000 9.5E+17 2.5E+04 (1.5E+04,4.0E+04) 2.3E+40
3C 84 150 (20) 2.464 <3E+22 <8E+08 2.0E+41
580 (30) 3.000 1.7E+20 4.7E+06 (4.0E+06,5.6E+06) 3.8E+41
1500 (0) 3.000 3.2E+18 9.0E+04 (8.0E+04,1.0E+05) 2.2E+41
3C218 100 (10) 1.654 8.2E+21 2.0E+09 (1.2E+09,3.5E+09) 7.2E+40
540 (70) 3.000 4.7E+18 1.2E+06 (7.0E+05,2.0E+06) 8.4E+40
1500 (0) 3.000 5.9E+16 1.5E+04 (1.0E+04,2.1E+04) 4.0E+40
3C 270 100 (0) 1.587 <5E+21 <3E+07 6.7E+38
400 (70) 2.999 3.1E+19 1.6E+05 (8.8E+04,2.8E+05) 2.8E+39
1500 (0) 3.000 3.3E+17 1.7E+03 (1.4E+03,2.1E+03) 3.9E+39
3C272.1 100 (0) 1.587 6.7E+21 7.9E+06 (5.3E+06,1.2E+07) 1.9E+38
290 (180) 2.983 2.7E+19 3.2E+04 (3.4E+03,3.0E+05) 1.5E+38
1150 (120) 3.000 1.9E+18 2.2E+03 (1.5E+03,3.2E+03) 2.0E+39
3C 293 100 (0) 1.587 2.1E+22 3.6E+09 (3.1E+09,4.2E+09) 1.0E+41
278 (9) 2.980 4.8E+20 8.3E+07 (7.0E+07,9.7E+07) 4.1E+41
1040 (30) 3.000 3.2E+18 5.4E+05 (4.8E+05,6.2E+05) 4.1E+41
3C 310 140 (20) 2.340 7.1E+20 1.7E+08 (9.0E+07,3.2E+08) 3.4E+40
640 (160) 3.000 1.7E+18 4.1E+05 (2.1E+05,8.0E+05) 5.7E+40
1500 (0) 3.000 1.1E+17 2.7E+04 (1.9E+04,3.8E+04) 7.4E+40
3C 315 160 (40) 2.603 <4E+20 <3E+08 1.8E+41
330 (40) 2.994 3.6E+19 3.1E+07 (1.4E+07,7.0E+07) 3.8E+41
1500 (0) 3.000 1.6E+17 1.4E+05 (1.1E+05,1.7E+05) 4.6E+41
3C317 100 (0) 1.587 <2E+21 <2E+08 4.3E+39
300 (40) 2.988 34E+19 3.5E+06 (2.2E+06,5.5E+06) 2.2E+40
1220 (150) 3.000 4.3E+17 4.4E+04 (3.0E+04,6.7E+04) 5.7E+40
3C326N 110 (10) 1.751 3.7E+21 2.2E+09 (1.3E+09,3.8E+09) 1.1E+41
430 (60) 3.000 1.9E+19 1.2E+07 (7.7E+06,1.7E+07) 3.9E+41
1110 (250) 3.000 5.6E+17 3.4E+05 (1.2E+05,9.7E+05) 3.8E+41
3C 338 100 (0) 1.587 <3E+21 <2E+08 6.6E+39
480 (60) 3.000 94E+138 7.6E+05 (5.1E+05,1.1E+06) 3.3E+40
1450 (590) 3.000 <1E+17 <1E+04 2.2E+40
3C 386 130 (20) 2.124 <2E+21 <4E+07 3.9E+39
430 (150) 3.000 5.2E+18 1.4E+05 (2.8E+04,6.4E+05) 3.6E+39
1500 (0) 3.000 2.1E+17 5.5E+03 (4.6E+03,6.5E+03) 1.3E+40
3C 405 100 (0) 1.587 < 2E+22 <4E+09 1.2E+41
460 (70) 3.000 4.5E+19 1.2E+07 (6.8E+06,2.1E+07) 4.6E+41
1500 (0) 3.000 1.8E+18 4.6E+05 (3.9E+05,5.3E+05) 1.3E+42
3C 424 132 (8) 2.237 2.9E+21 3.3E+09 (2.4E+09,4.4E+09) 6.5E+41
360 (60) 2.997 1.6E+19 1.8E+07 (8.5E+06,4.0E+07) 3.4E+41
1340 (230) 3.000 2.0E+17 2.2E+05 (1.2E+05,4.3E+05) 5.4E+41
3C 433 100 (0) 1.587 3.1E+22 2.3E+10 (1.9E+10,2.8E+10) 8.3E+41
350 (80) 2.996 4.2E+19 3.2E+07 (1.4E+07,7.4E+07) 4.7E+41
1300 (210) 3.000 9.3E+17 7.1E+05 (3.9E+05,1.3E+06) 1.4E+42
3C 436 100 (0) 1.587 6.2E+21 1.6E+10 (1.1E+10,2.4E+10) 8.6E+41
300 (40) 2.987 2.9E+19 7.6E+07 (4.1E+07,1.4E+08) 8.6E+41
1500 (0) 3.000 2.0E+17 5.2E+05 (4.3E+05,6.4E+05) 2.5E+42
Cen A 100 (0) 1.587 1.1E+23 3.4E+07 (1.9E+07,5.9E+07) 8.2E+38
290 (30) 2.986 5.0E+21 1.6E+06 (1.1E+06,2.3E+06) 8.0E+39
1500 (0) 3.000 9.6E+18 3.0E+03 (2.7E+03,3.4E+03) 6.7E+39

Notes.

4 Hy model component temperatures. A temperature range of 100K < 7' < 1500 K was enforced in fitting the models. Temperatures

pegged at either end of this range have indeterminate uncertainties.
b Ratio of ortho (odd J) to para (even J) Hp, fit self-consistently to match the thermal equilibrium value.
¢ H, model column densities (cm™2), assuming a source size of 377 x 3”7, matching the SL slit width.

4 H, model masses and 16 mass ranges (Mg).

¢ H, model luminosities (erg s~!), summed over all pure-rotational transitions. Note that not all of these transitions are directly

observed by Spitzer.

Spitzer, with [Ne 1] /[Ne 1] < 2.0, [O1v]/[Ne 1] < 1.0, [S 1]/
[Ne 1] < 1.0, and [S m1]/[Si 1] < 0.5 (Sturm et al. 2006; Dale
et al. 2006; Dudik et al. 2009). The low [S 1] /[Si 11] ratio in

Vol. 724

particular is characteristic of AGN X-ray dissociation regions
(XDRs; Dale et al. 2006), in contrast to the higher ratio typical
of star-forming galaxies. The [Ne 11]/[Ne 11] and [S 1] /[Si 11]
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Figure 11. Ratio of H; luminosity summed over the 0-0 S(0)-S(3) pure- 3C433 2.3E+10 < 9E+09 >3 3 5.0E+05
rotational lines to Lys = vL,(24 um, rest) luminosity. Radio galaxies (this 3C 436 1.6E+10
work) are compared to SINGS star-forming galaxies, Seyferts, and LINERs Cen A 3.6E+07 <3E+08" >0.12 7 5.0E+05
(Roussel et al. 2007), ULIRGs (Higdon et al. 2006), and the subset of Kaneda
et al. (2008) dusty ellipticals that have 24 um Spitzer MIPS fluxes (Temi et al. Notes.

2007). Radio galaxy H, upper limits (from Tables 2 and 6) are plotted as
downward pointing arrows. The LIRG NGC 6240 (Armus et al. 2006), the Zw
3146 brightest cluster galaxy (Egami et al. 2006), and the Stephan’s Quintet
intergalactic shock (SQ shock sub-region, Cluver et al. 2010) are plotted for
comparison. The large values of L(H2)/Ly4 > 0.02 in many radio galaxies
indicate the importance of non-radiative heating (e.g., shocks).

(A color version of this figure is available in the online journal.)

ratios of radio MOHEGs are, however, considerably greater
than what are seen in the Stephan’s Quintet main shock (Cluver
et al. 2010). This may indicate that radio MOHEG forbidden
line emission is associated primarily with the AGN rather than
the shocked H, emission region. On the other hand, we cannot
rule out the possibility of a significant contribution from fast
J-type shocks (with similar line ratios to LINERSs) to the optical
and MIR forbidden emission lines, (e.g., 3C 326; Nesvadba et al.
2010).

The three radio MOHEGs with high-ionization, Seyfert-like
optical spectra (Cyg A, 3C 433, and 436) all have [Ne 1]/
[Ne 1] > 2.0 and [O 1v]/[Ne u] > 2.0. High-ionization [Ne V]
and [Ne vi] lines are detected in Cyg A and 3C 433, but only the
[Ne vi] 7.65 um line is detected in 3C 436 (Table 8). All three
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4 Total mass (M) of warm H, components from Table 11. Mass ranges are given
for galaxies that are undetected in Hp S(0) but detected in other H; rotational
lines, since this line determines our estimate of the mass of the coldest and
typically most massive warm H, component.

b Cold H, mass (M), estimated from CO flux density and corrected to the
same standard Galactic CO conversion factor of 4.6 Mg (K km s~! pc?)~L.
Upper limits may be underestimated in the case of broad CO lines. Tentative
(low signal-to-noise ratio (S/N)) detections are indicated by a colon.

¢ Ratio of Columns 2 and 3.

d Cold H, references: (1) Evans et al. 1999; (2) Salome & Combes 2003; (3)
Evans et al. 2005; (4) Okuda et al. 2005; (5) Salome et al. 2006; (6) Saripalli &
Mack 2007; (7) Israel et al. 1990; (8) Ocana Flacquer et al. 2010; (9) Nesvadba
et al. 2010.

¢ Mass (M) of clumpy dust estimated from optical absorption (De Koff et al.
2000). This could be much less than the amount of dust associated with the
warm Hp or CO, which might be revealed with sensitive far-IR continuum
measurements.

f Cen A cold H, mass detected within 40" aperture.

host powerful, hidden quasars with vL, (24 um) > 2x 10'° L,
and deep silicate troughs (797 > 0.5) indicate obscuration of
the AGN by additional cold dust (Ogle et al. 2006). Polarized,
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Figure 12. PAH to vL,(24 pm, rest) luminosity ratio, for the 7.7 and 11.3 um PAH features. (See Figure 11 for symbol legend; Hy nondetected radio galaxies are
plotted as open triangles.) Solid line corresponds to 1:1 ratio. Radio galaxies (this work) are compared to SINGS star-forming galaxies, Seyferts, and LINERs (Roussel
et al. 2007; Smith et al. 2007), the Kaneda et al. (2008) dusty ellipticals, and the Stephan’s Quintet intergalactic shock (SQ shock sub-region; Cluver et al. 2010). Most
radio galaxies have L(PAH7.7)/L24 < 0.1, indicating a very small star formation contribution and dominant AGN contribution to the mid-IR continuum.

(A color version of this figure is available in the online journal.)
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Figure 13. Left: PAH emission feature flux ratios (see Figure 11 for symbol legend). H-detected radio galaxies (triangles, this work) are compared to SINGS
star-forming galaxies, Seyferts, and LINERs (Smith et al. 2007), the Kaneda et al. (2008) dusty ellipticals, and the Stephan’s Quintet intergalactic shock (SQ shock
sub-region; Cluver et al. 2010). Four radio galaxies with neither 6.2 um nor 7.7 um PAH detected are not plotted. The median PAH(7.7 um)/PAH(11.3 pum) ratio is
lower in radio galaxies than in star-forming galaxies, while the median PAH(6.2 um)/PAH(7.7 m) ratio is similar. This indicates lower PAH ionization caused by a
weaker interstellar UV radiation field or increased gas-phase ionization by X-rays or cosmic rays. Right: PAH 7.7 um/PAH 11.3 um vs. [Ne 11]/[Ne 11] line flux ratio
after Smith et al. (2007). One radio galaxy with no PAH features detected (3C 405) is not plotted. The large [Ne m1]/[Ne 11] ratio relative to star-forming galaxies may

be attributed to AGN activity.
(A color version of this figure is available in the online journal.)
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Figure 14. Ratio of H, luminosity summed over the 0-0 S(0)-S(3) lines to
7.7 pm PAH luminosity vs. vL, (24 um, rest) continuum luminosity. This ratio
indicates the relative importance of mechanical heating and star formation
power. All but one of the Hy-detected radio galaxies from our sample stand
out above normal star-forming galaxies from the SINGS survey (Roussel et al.
2007) and are MOHEGs, with L(H,)/L(PAH7.7) > 0.04. Radio galaxy H»
upper limits with detected 7.7 um PAH emission (from Tables 2 and 6) are
plotted as downward pointing arrows. Many of the LINERs and Seyferts from
the SINGS sample (Roussel et al. 2007) and several of the Kaneda et al. (2008)
dusty ellipticals are MOHEGs. Other MOHEGs from the literature, including
NGC 6240 (Armus et al. 2006), Zw 3146 (Egami et al. 2006), and the Stephan’s
Quintet intergalactic shock (SQ shock sub-region; Cluver et al. 2010), are plotted
for comparison.

(A color version of this figure is available in the online journal.)

scattered broad emission lines are seen in the optical spectra of
Cyg A (Ogle et al. 1997) and 3C 433 (P. M. Ogle et al. 2011, in
preparation), confirming the presence of hidden quasar nuclei.
The [Ne v] and [Ne vi] lines are detected at 26—30 in Cen A
(see also Weedman et al. 2005; Mirabel et al. 1999), which may
contain a hidden Seyfert nucleus (Whysong & Antonucci 2004;
Leipski et al. 2009).

Table 13

Star Formation Rates

Source SFR(PAH7.7) SFR(PAH11.3)
3C 31 0.43 (0.01) 0.78 (0.01)
3C 84 0.71 (0.05) 1.35 (0.03)
3C218 0.62 (0.09) 1.49 (0.07)
3C270 0.013 (0.002) 0.021 (0.001)
3C272.1 0.0036 (0.0007) 0.019 (0.001)
3C293 1.47 (0.06) 4.81 (0.06)
3C310 <0.06 0.068 (0.020)
3C315 0.67 (0.19) 2.1(0.1)
3C 317 <0.03 0.055 (0.009)
3C326N <0.07 0.27 (0.06)
3C 338 <0.04 0.10 (0.02)
3C 386 <0.008 0.017 (0.002)
3C 405 <l <19
3C 424 <0.16 0.42 (0.08)
3C 433 1.3 (0.6) 2.2(0.5)
3C 436 2.6(1.3) 3.5(1.3)
Cen A 0.048 (0.004) 0.27 (0.01)
Notes. Star formation rates (Mg yr~!) estimated from

SFR(PAH7.7) = 2.4 x 10~ L(PAH7.7)/ L& and SFR(PAH11.3) =
9.2 x 107°L(PAHI11.3)/Lg, using PAH luminosities inside the
Spitzer IRS SL slit. SFR(PAH11.3) should be considered an upper
limit for sources with high (>0.26) 11.3/7.7 PAH ratio.

12. INSUFFICIENCY OF AGN X-RAY HEATING AS AN

H, POWER SOURCE

The lack of a high-luminosity, high-ionization AGN in most

radio MOHEGs indicates weak accretion onto the central super-
massive black hole. Such low-luminosity AGNs are insufficient
to power the H, emission via X-rays.

The process of H; heating by X-rays in XDRs is described by
Maloney et al. (1996). In their XDR models, 30%—40% of the
absorbed X-ray flux goes into gas heating via photoelectrons.
The atomic photoelectric cross-section energy dependence is
E~8/3 50 that photoionizations in the energy range 1-30 keV are
important. For a standard AGN X-ray power-law spectrum with
frequency dependence v=97  L(1-30 keV)/L(2-10 keV)
2.3.
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Figure 15. BPT (Baldwin et al. 1981) AGN diagnostic diagrams. (a) The radio MOHEGs (filled triangles) have optical emission line ratios consistent with pure AGN,
rather than star-forming (H 11) or composite galaxies. Optical line fluxes for these galaxies and other z < 0.3 3C radio galaxies (small dots) are from Buttiglione et al.
(2009). (b and c) Nearly all radio MOHEGS on these plots (except 3C 433 and 436) are classified as LINERs according to the dividing lines of Kewley et al. (2006).
(d) The density-sensitive [S 11] doublet ratio falls within the normal range for radio galaxies.

For a characteristic observed H, temperature of 200 K
(corresponding to an ionization parameter log&.s = —2.6),
the cooling by H, rotational lines in XDR models is ~2% of
the total gas cooling (Maloney et al. 1996, Figures 3(a) and 5).
At this temperature, the ratio of the first four rotational lines
to the total rotational line luminosity is L (H, 0-0 S(0)-S(3))/
L (Hy) = 0.58. Combining the above factors, we estimate a
maximum Hj to X-ray luminosity ratio of L (H, 0-0 S(0)-S(3))/
Lx (2-10 keV) < 0.01. This ratio is conservative, since it
assumes that all of the X-ray flux from the AGN is absorbed
by the XDR.

We compare unabsorbed nuclear X-ray (2-10 keV) lumi-
nosities measured by Chandra (Table 9) with the summed H,
S(0)-S(3) line luminosities measured by Spitzer (Figure 17).
Two sources lack X-ray nuclear flux measurements (3C 310 and
424). We find L(H,)/Lx (2-10keV) > 0.01 in all measured ra-
dio MOHEGs and SINGS AGNs, except Cyg A. The warm H,
in Cyg A would have to intercept and absorb >30% of the X-ray

luminosity from the AGN to produce the observed mid-IR H,
line luminosity. For all other sources, the observed rotational
L(H)/Lx (2-10 keV) exceeds the maximum XDR H; to X-ray
luminosity ratio estimated above. The large scatter (nearly 5 dex)
in the observed ratio L(H,)/Lx(2-10 keV) = 0.002-100 also
argues strongly against X-ray heating as the primary driver of
H; emission in radio galaxies or SINGS AGNs.

13. HOST GALAXIES AND ENVIRONS

Many radio MOHEGs (Table 3 and Figures 1-4) appear
to have a galactic stellar disk (Donzelli et al. 2007), dust
disk, or dust lanes (De Koff et al. 2000). Stellar or dust
disks may indicate a past gas-rich merger, which would help
to explain the presence of large quantities of H,. Most of
the other galaxies are peculiar or distorted in their stellar
isophotes. Only 3C 386 appears to have a regular elliptical host
morphology.
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Figure 16. (a and b) Mid-IR forbidden line ratios of radio MOHEGs (filled triangles) and H, undetected radio galaxies (open triangles). The dashed lines correspond
to a 1:1 ratio of ratios. Other LINERs measured by Spitzer (Dudik et al. 2009, small dots) are shown for comparison in the first panel. (c) Dale et al. (2006) MIR
forbidden line diagnostic diagram (see Figure 14 for symbol legend). The line ratios of radio MOHEGs with [Si 11] measured are consistent with LINERs and Seyferts,
but segregate from star-forming galaxies in the SINGS survey (Smith et al. 2007). The Stephan’s Quintet intergalactic shock (red pentagon, SQ shock sub-region;

Cluver et al. 2010) has lower ionization than radio MOHEGs.
(A color version of this figure is available in the online journal.)
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Figure 17. Ratio of H, luminosity (summed over 0-0 S(0)-S(3)) to unabsorbed
AGN X-ray (2-10 keV) luminosity. For Stephan’s Quintet (SQ main shock;
Cluver et al. 2010), the Hp and X-ray luminosities (0.001-10 keV) are inte-
grated over the entire main shock region. For NGC 6240, the X-ray luminosity
(0.1-10 keV) is the total for the binary AGN (Komossa et al. 2003). There
is likely significant contamination to the X-ray luminosity of Zw 3146 from
the surrounding galaxy cluster. Two radio galaxies (3C 310 and 424) that have
not been observed by Chandra are not plotted. Diagonal dotted lines indicate
constant L(H). The horizontal dashed line indicates the 1% maximum H» to
X-ray luminosity ratio for an X-ray dissociation region (XDR) at the charac-
teristic observed Hy temperature of 200 K. The H, emission from all radio
MOHEGs (except Cyg A) and SINGS AGN:s is too luminous to be powered by
X-rays from the active nuclei.

(A color version of this figure is available in the online journal.)

There is evidence for patchy or organized dust absorption in
12/17 radio MOHEGs (Table 3). This is important because H,
forms most easily in the presence of dust. Dust masses measured
from HST optical images (De Koff et al. 2000) are typically
<1% of the warm H, mass measured with Spitzer (Table 12).
However, this method likely underestimates the total dust mass
associated with the warm H, and cold CO. The hosts of 3C 31
and 270 have striking dust disks and Cen A has thick dust lanes
from an edge-on warped disk. Dust lanes, patchy dust, or dust
filaments are also seen in Per A, 3C 272.1, 293, 315, 317, 338,
Cyg A, 3C 433, and 436. The only galaxies without obvious dust
absorption are Hydra A, 3C 310, 326 N, 386, and 424. However,
dust absorption could be missed in the HST snapshots because
of a smooth dust distribution or low galaxy inclination.

Interestingly, 14/17 radio MOHEGs belong to close galaxy
pairs, groups or clusters (Table 3). Of these, three reside in
pairs, three in groups, one in a poor X-ray-detected cluster,
and seven in X-ray luminous clusters. Four of the clusters
(hosting Per A, Hydra A, 3C 317, and 3C 338) are cool-core
clusters with ~3 keV gas temperatures and high central X-ray
surface brightness. The cooling flow phenomenon may be a
way to deliver large quantities of gas to these radio MOHEGs.
FR I radio galaxies tend to reside in rich environments at
low redshift (Longair & Seldner 1979; Heckman et al. 1985),
while low-z FR 1II radio galaxies prefer the field. Because radio
MOHEGs are found in both environments, cluster membership
is apparently not a prerequisite for the H, emission phenomenon.
Gravitational interactions with nearby companions may play a
significant role in delivering or driving the molecular gas into the
center of radio MOHEGs in the field or in clusters. A statistical
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Figure 18. (a and b) Hy luminosity (summed over 0-0 S(0)-S(3)) vs. radio luminosity at 178 MHz and arcsecond-scale radio core luminosity at 5 GHz
(http://3crr.extragalactic.info/cgi/database). Radio MOHEGs (filled triangles), H, nondetected radio galaxies (downward arrows), and Kaneda et al. (2008) dusty
ellipticals (open circles) are shown. Dashed lines correspond to 1:1 ratio. (c and d) Hp over 7.7 um PAH luminosity ratio vs. radio luminosity at 178 MHz and

arcsecond-scale radio core luminosity at 5 GHz.

comparison of the frequency of physical galaxy pairs in the H,-
detected and nondetected radio galaxy subsamples is outside the
scope of this paper.

There are tidal distortions indicating strong interactions in
at least 4/7 galaxy pairs, groups, and poor clusters: 3C 293,
310, 326, and 433. The 3C 31 and 3C 315 pairs do not show
strong distortion, but the halos of close companions appear to
overlap the primary galaxy. The Virgo cluster galaxy 3C 270
(NGC 4261) has a faint tidal tail (Tal et al. 2009). The four cool-
core cluster cDs and 3C 433 have large, diffuse halos which
appear to envelop two or more galaxies in the cluster centers.
The three galaxies that do not reside in pairs, groups or clusters
are 3C 386, 436, and Cen A. The warped, dusty molecular disk
in Cen A may be the result of an elliptical /spiral merger (Baade
& Minkowski 1954; Quillen et al. 2006). The host of 3C 436
shows signs of a recent merger, including a second nucleus and
other irregularities in its surface brightness (McLure et al. 1999).
The Virgo cluster galaxy 3C 272.1 (M84), the group galaxy 3C
424, and the isolated galaxy 3C 386 show no obvious signs of
recent interaction.

14. RADIO SOURCE MORPHOLOGIES

The radio MOHEGs in our sample cover a large range of
radio luminosity vL,(178 MHz) = 10*-10* erg s=! (Table 9
and Figure 18). They display a motley collection of radio
morphologies (Tables 1 and 2). There are 6 FR IIs and 11 FR Is.
The fraction of FR I MOHEGs is comparable to the fraction of

FR I MOHEGsS in the sample (22% + 9% versus 39% =+ 12 %).
However, there could potentially be a bias against detecting H,
in FR IIs with hidden quasars because the emission lines might
be overwhelmed by copious warm dust emission.

Further classification of radio morphologies is somewhat sub-
jective but may offer clues to the origin of radio MOHEGs.
Looking at their morphology subclassifications (Table 1),
5/11 FR Is are classical twin jet (TJ) sources, 4/11 are fat
doubles (FD), 1/11 is a double—double (DD), and 1/11 has a
compact symmetric core (CSC). Of the FR IIs, only 3 /6 are clas-
sical doubles, 1/6 is an FD, and 2/6 are X shaped (X). There is
a relatively large fraction of distorted radio sources compared
to the rest of the sample, which only has 2/38 FD and 0/38
X-shaped sources. The two X-shaped radio sources (3C 433 and
3C 315) and the very peculiar source 3C 338 may be distorted
by the motions of their interacting hosts or have jets deflected
by their companions.

The radio MOHEGs also include a high fraction (3/17)
of the so-called restarting DD or CSC sources, compared to
1/38 of the H, nondetected radio galaxies. The radio map of 3C
424 shows a brighter inner set of lobes surrounded by a fainter
set of lobes that appears to originate from a previous spurt of
activity (Black et al. 1992). High-resolution maps of 3C 293
and 315 reveal bright, inner, compact symmetric double radio
lobes roughly aligned with the larger scale radio lobes. These
may represent new outbursts of radio activity or interaction of
the small-scale radio source with the host galaxy ISM. The radio
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cores also appear relatively bright in 3C 310, and 386, perhaps
also indicating rejuvenated jets, or else high Doppler beaming
factor. The restarting jet phenomenon may be connected to a new
supply of fuel provided by the large mass of H; in these galaxies.
Interaction between the restarting jet and the host galaxy ISM
may play an important role in heating the H,.

15. DISCUSSION
15.1. Radio-jet Feedback

The high incidence of MOHEGS in our radio-selected sample
may indicate that the radio jets or lobes power the H, emission.
However, there is at best a weak correlation between radio
MOHEG H; luminosity and 178 MHz radio lobe power L7
(Figure 18(a)). The linear Pearson correlation coefficient is
R = 0.79, which reduces to R = 0.35 (<17% probability of
a chance correlation) when removing the partial correlation of
luminosity with distance. For MOHEGs, there is a large range
L(H,)/Ly73 = 0.004-6 in the ratio of H, luminosity to low-
frequency radio lobe synchrotron luminosity. The upper limits
for H, nondetected radio galaxies have similar scatter, with a
lower median ratio than the radio MOHEGS in this plot. The
available mass of H, must be a limiting factor, and is likely an
important source of scatter in the H, luminosity.

Scatter in the 178 MHz radio luminosity may be caused by
environmental density variations or spectral aging of the radio
lobes. Size and timescale differences between the radio and
H, emission regions may also be important. For most sources,
the spatially unresolved (kpc scale) H, emission region is much
smaller than the radio source, which extends far beyond the host
galaxy (50 kpc—1 Mpc). The extended radio emission may not
give a reliable indicator of the jet power dissipated at kpc scale.
However, while the H, cooling timescale is only ~10* yr, the
dissipation timescale of the molecular gas kinetic energy may
be even greater than the typical radio source lifetime of ~107 yr
(Nesvadba et al. 2010). Therefore, variations in jet power over
the lifetime of the radio jet may not cause significant variations
in the H, luminosity.

There is no significant correlation between L(H,) and the
5 GHz radio core power Ls measured at arcsecond scales
(Figure 18(b)). This is not surprising since relativistic beaming
can boost or de-boost the core flux by a large factor. Differences
in radio spectral shape may also be large at this high frequency.
Neither is there a correlation of L(H,)/L(PAH7.7) with Li7g
nor Ls (Figures 18(c) and (d)). This ratio and the fraction of
warm/cold H, may depend on a number of factors, including
the spatial distribution of H, relative to the radio source, the
pressure of the hot ISM, and the detailed jet-ISM interaction
history.

It is instructive to compare radio MOHEGs to dusty elliptical
MOHEGs selected by IRAS (Kaneda et al. 2008). We estimate
178 MHz luminosities for 12 ellipticals by interpolating or
extrapolating 100-10° MHz radio fluxes measured by the
NVSS, SUMSS, or FIRST surveys, or fluxes available in NED
(Figures 18(a) and (c)). These galaxies are up to 100 times fainter
than radio MOHEGs at 178 MHz, and extend the MOHEG
L(H,) versus L73 parameter space. The faintest radio sources
with L1753 < 10°® erg s=! (in NGC 2974, NGC 3894, IC 3370,
and NGC 5044) lie well above the L(H,) versus L;7g locus
established by radio MOHEGs, with L(H,)/Li73 > 50. We
suggest that these weak radio sources may be radio galaxies
that are currently in between strong radio-jet outbursts. This
hypothesis can be tested by searching for low-frequency radio

Vol. 724
Table 14
Jet Cavity Power
Source Cluster P(Jet Cavity)? L(H)/P(Jet Cavity)b
3C 84 Perseus A 1.4E+44 2.7E-03
3C218 Hydra A 4.3E+44 3.4E-04
3C272.1 M84, Virgo 1.0E+42 1.1E-03
3C 317 A2052 1.5E+44 2.3E-04
3C 338 A2199 2.7E+44 1.2E-04
3C 405 Cyg A 1.3E+45 3.8E-04
Notes.

2 Jet cavity power estimated from the 4 p V enthalpy required to inflate the cavity,
divided by the cavity buoyancy timescale (Rafferty et al. 2006).

b Ratio of Hy pure-rotational line luminosity (summed over 0-0 S(0)-S(3)) to
jet cavity power.

relics. The H, emission may be powered by residual kinetic
energy injected into the ISM by previous radio-jet activity. The
H, luminosity floor of L(H;) ~ 10* erg s~' may be set by
the ratio of the H; kinetic energy dissipation timescale and the
mean time between radio outbursts. Alternatively, this low level
of H, emission could be powered by gas accretion or X-ray
emission from a weak AGN. It will be important to test the
latter possibility with additional Chandra observations.

Several of the radio MOHEGs that reside in X-ray bright
clusters show evidence that the radio lobes have displaced the
ICM in X-ray cavities. For these sources, it is possible to
estimate the 4pV enthalpy required to excavate the cavities,
and divide by the buoyancy timescale to estimate the average
jet power deposited into the ICM (Rafferty et al. 2006). These
jet cavity powers fall in the range 10*-10* erg s~! and the
ratio of H, luminosity to jet cavity power falls in the range
1 x 107*=3 x 1073 (Table 14). This demonstrates that the
jet power is more than sufficient to produce the observed H;
luminosity, modulo an unknown conversion efficiency.

One potential difficulty is efficiently coupling the jet power to
the host galaxy ISM after the radio lobes have broken out of the
host galaxy and are doing most of their work on the intergalactic
medium. Ogle et al. (2007) argued that only 7 x 10~* of the
radio-jet power in 3C 326 could be dissipated in the host
galaxy ISM, based on the small ratio of radio core to Mpc-scale
radio lobe flux. This in turn could only power <10% of the
observed H, luminosity, for an estimated jet kinetic luminosity
of ~10* erg s~!. Given the uncertainties in estimating jet kinetic
luminosity and time variability, the inner radio jet could easily be
10 times more powerful than this estimate. In addition, the radio
core power is probably not a reliable tracer of jet kinetic power
dissipation and may be strongly affected by Doppler boosting
or de-boosting, as indicated by the large scatter in Figure 18(b).
Turning this problem around, the large H, luminosity from the
center of 3C 326 N may indicate that a significant fraction of the
radio-jet power is dissipated inside the host galaxy, even though
the radio lobes have long since escaped.

On the other hand, the compact symmetric radio lobes in the
radio MOHEG 3C 293 (Evans et al. 1999; Emonts et al. 2005;
Ogle et al. 2008; Papadopoulos et al. 2010) appear to be directly
interacting with the host ISM. It will be important to measure the
pressure in the hot ISM with Chandra to determine if dissipation
of jet kinetic energy can indeed power the H, emission in this
and other kpc-size sources (e.g., 3C 315).

High-velocity neutral and ionized outflows have been ob-
served in the radio MOHEG 3C 293, and there is morphological
and kinematic evidence that these outflows are driven by the
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radio jet (Morganti et al. 2003; Emonts et al. 2005). Similar
H 1 and ionized outflows have been found in several other
low-redshift compact and extended radio sources (Morganti
et al. 2005; Holt et al. 2008), with outflow speeds of up to
2000 km s~! and mass-loss rates of up to 50 M, yr~! indicating
a strong interaction between the radio jet and the host galaxy
ISM. Nesvadba et al. (2010) recently discovered a high-velocity
(~1000 km s~ !) neutral (Na I) outflow in 3C 326, the most ex-
treme radio MOHEG. Even more spectacular jet-driven ionized
outflows, which may be responsible for ejecting a large frac-
tion of the host galaxy ISM, are observed in high-redshift radio
galaxies (Nesvadba et al. 2008).

The connection between jet-driven outflows and H, emission
in radio MOHEGs is studied in detail by Nesvadba et al. (2010).
Since the molecular hydrogen must have high density and a
low volume filling factor, it is likely that the cocoon of hot,
shocked ISM surrounding the jet (Scheuer 1974; Begelman &
Cioffi 1989) serves as an intermediary between the jet and the
H,. The radio jet heats the diffuse ISM, which expands in a hot
fast wind and drives shocks into ambient or entrained molecular
clouds, powering the observed warm H, emission. For H, at
densities of 103>-10* cm™3, the observed range of temperatures
is characteristic of 5-20 km s~! shock velocities (Guillard et al.
2009).

The relative velocity and shear between the molecular clouds
and hot wind may ultimately power the H, emission through
turbulent mixing layers (Nesvadba et al. 2010; Guillard et al.
2009). The hydrodynamical stability of the H, emitting clouds
needs to be investigated, as they may be ablated by the hot
wind and may eventually dissolve completely. However, there
is evidence that the atomic and H, filaments in Per A are
held together by strong magnetic fields (Fabian et al. 2008).
Moreover, the fact that H, is the primary coolant only in
magnetic (C-type) shocks strongly suggests that the magnetic
field plays an important role in MOHEGs.

15.2. Cosmic Ray Heating and Pressure

Another potentially important source of heating for warm
H, in radio MOHEGs may be ionizing particles in the form
of relativistic particles from the radio lobes. Ferland et al.
(2008) have proposed cosmic rays or thermal particles from the
surrounding hot gas as the dominant heat source powering the
warm H, emission filaments in the Perseus A (3C 84) cool-core
cluster. An enhanced cosmic ray density has also been proposed
to account for the high temperature of molecular clouds in the
Milky Way nuclear disk (Yusef-Zadeh et al. 2007). We discuss
this possibility for H, luminous radio galaxies.

The critical density of the S(0) and S(1) lines is sufficiently
low (Le Bourlot et al. 1999; Wrathmall et al. 2007, <10° cm~> at
T > 100 K) that we can assume that the corresponding excited
levels are thermalized by collisions. Thus, the line emission is
cooling the gas and must be balanced by gas heating. In our radio
MOHEG sample, the mean of total line emission per warm H,
molecule (in the lowest temperature component, Table 11) is
observed to be 7 x 107 **ergs™!.

The molecular gas heating by cosmic rays is 4 eV per
ionization in the MEUDON gas code (Le Petit et al. 2006).
In CLOUDY, the heating efficiency increases with the gas
ionization fraction; the heating per ionization is 7 eV for a
ionization fraction of 10™* characteristic of the diffuse ISM
where carbon is ionized (Shaw et al. 2005). The H; line cooling
is balanced by cosmic ray heating for an ionization rate per
hydrogen ¢ ~ 7 x 1073571, a value 3.5 x 10* times higher
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than the standard Galactic rate (Shaw et al. 2005). For such a
value, cosmic rays are the main destruction path of H, molecules
and the molecular gas fraction depends on the ionization rate to
gas density ratio ¢ /n gy . Model calculations presented by Ferland
etal. (2008) show that for ¢ ~ 7 x 10~!3 s~! the gas is molecular
forny > 5 x 10* cm™3 (see their Figure 2). Note that for such
high densities H, rotational states are thermalized up to J > 5,
and the higher J lines up to at least S(3) are also cooling lines.

Combining the lower limit on the gas density and the warm H,
temperature (~200 K) inferred from the S(1) to S(0) line ratio,
we get a warm molecular gas pressure ~10” Kcm™ which
is a factor 1400 higher than the mean cosmic ray pressure of
7.2x 103 K cm~3 in the Milky Way disk (Boulares & Cox 1990).
For a cosmic ray energy density 3.5 x 10* times the Galactic
mean value, the cosmic ray pressure would be 25 times larger
than the thermal gas pressure (assuming that the cosmic ray
pressure scales linearly with the ionization rate). Such a large
difference in pressure would seem unsustainable, however it
could in principle be supported by magnetic pressure in the
compressed magnetic field within molecular clouds (Pellegrini
2009). Therefore, heating by cosmic rays from the radio lobes
or hot gas in the radio-jet cocoon may present an alternative or
additional pathway to heat H, by radio-jet feedback.

15.3. Gas Supply from Cooling Flows and Galaxy Collisions

An important unanswered question is the origin of large
quantities of molecular gas in radio MOHEGs. Copious amounts
(10°-10"" M) of cold molecular gas discovered in ~45% of
BCGs in X-ray selected cool-core clusters (Edge 2001; Salome
& Combes 2003) may be deposited by cooling flows. Hj
emission from warm molecular gas also appears to be common
in cool-core BCGs (Egami et al. 2006; Johnstone et al. 2007; De
Messieres et al. 2009). Since a large fraction of these BCGs host
radio sources, the H, emission could potentially be excited by
radio-jet feedback. The gas cooling rates in the radio MOHEGs
that reside in cool-core clusters are 10-200 M, yr~! (Peterson
et al. 2003; Hicks & Mushotzky 2005), enough to supply the
observed molecular gas masses in <1 Gyr.

Gas-rich galaxy collisions or tidal interactions with nearby
galaxies may drive gas into the center of radio galaxies in
less rich environments (Ogle et al. 2007). This is an attractive
possibility, considering that most radio MOHEGs are mergers
or have nearby companions, and several display prominent tidal
distortions. In comparison, most field elliptical galaxies and
3C radio galaxies in the nearby universe are poor in molecular
gas (<10° My; Combes et al. 2007; Lim et al. 2003; Ocana
Flacquer et al. 2010). Galaxy collision driven inflows and jet
induced outflows may constitute another, intermittent type of
AGN feedback loop (e.g., Appleton et al. 2002).

While cooling flows or galaxy collisions may deliver the
molecular gas in radio MOHEGs, it seems unlikely that gas
accretion or galaxy collisions contribute significantly to heating
the H,. Unlike the galaxy-collision powered H, emission from
Stephan’s Quintet (Appleton et al. 2006), the bulk of the H,
emission is concentrated inside the central ~10 kpc of radio
galaxies. We are pursuing higher resolution spectroscopy of
mid-IR and near-IR H, emission lines in order to determine the
dynamical state of the warm molecular gas.

16. CONCLUSIONS

1. We detect high-luminosity H, emission lines from 17/55
(31% of) radio galaxies at z < 0.22 observed with Spitzer
IRS at low resolution.
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2. We redefine molecular hydrogen emission galaxies
(MOHEGsS) to be galaxies that have L(H,)/L(PAH7.7) >
0.04. This puts 16/17 of the H,-detected radio galaxies
(radio MOHEGsS) in this rapidly growing, new class of
galaxies.

3. Large H,/PAH ratios indicate that the H, emission from
MOHEGs is most likely powered by shocks. We cannot
completely rule out a contribution from cosmic ray heating,
though it would require cosmic ray pressures that exceed
the gas pressure by a large factor.

4. The SFRs in radio MOHEGs range from very low to
moderate (4 x 10733 M, yr~!), and the 24 um continuum
is dominated by the AGN in 13/17 of these galaxies.

5. Most MOHEG AGN:Ss in our sample are mid-IR weak and
have low-ionization forbidden emission line spectra.

6. AGN X-ray emission measured by Chandra is not luminous
enough to power the H, emission in MOHEGs.

7. All but one of the radio MOHEGs in our sample reside in
merger remnants, interacting pairs, groups, or clusters, sup-
porting the hypothesis that galaxy interactions and mergers
may deliver molecular gas or drive existing molecular gas
into the central few kpc of radio galaxy hosts.

8. Radio-jet-driven outflows of hot gas may drive shocks
into the molecular gas, powering the H, emission in radio
MOHEGS. The jet power measured for radio MOHEGs
in cool-core clusters is more than sufficient to power the
H, emission. Higher spatial resolution of the H, emission
region and its kinematics will give further insights into the
radio-jet feedback mechanism.

This work is based primarily on observations made with the
Spitzer Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under NASA
contract 1407. Supporting observations were retrieved from the
Chandra archive, maintained by the Chandra X-ray Observatory
Center, which is operated by the Smithsonian Astrophysical
Observatory on behalf of NASA. Optical Hubble images and
NUV GALEX data were retrieved via MAST, operated by the
Space Telescope Science Instute for NASA. We have made use
of the NASA/IPAC Extragalactic Database (NED) which is
operated by the Jet Propulsion Laboratory, California Institute
of Technology, under contract with NASA. Support for this
research was provided by NASA through an award issued by
JPL /Caltech. We thank Bill Reach for providing us with his H,
fitting code. We also thank Simona Giacintucci for providing the
low-frequency radio flux of the MOHEG elliptical NGC 5044
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