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ABSTRACT

We present adaptive optics-assisted K-band integral figddtsoscopy of the central cluster
galaxy in 2A 0335+096 (z=0.0349). The M=1-0 S(1) emission is concentrated in two peaks
within 600 pc of the nucleus and fainter but kinematicaltyhge emission extends towards
the nucleus. The His in a rotating structure which aligns with, and appearsaeehbeen
accreted from, a stream ofcdHemission extending over 14 kpc towards a companion galaxy.
The projected rotation axis aligns with the 5 GHz radio lobes

This H, traces the known.2 x 10° M, CO-emitting reservoir; limits on the Bremis-
sion confirm that the Hemission is not excited by star formation, which occurs &ta of
less than M yr—! in this gas. If its accretion onto the black hole can be regdlavhilst
star formation remains suppressed, the reservoir coulddasat least 1 Gyr; the simultane-
ous accretion of just- 5 per cent of the gas could drive a series of AGN outbursts which
offset X-ray cooling in the cluster core for the full 1 Gyr. Alternatively, if the regulation
is ineffective and the bulk of the Haccretes within a few orbital periods (25-100 Myr), the
resulting10%2 erg outburst would be among the most powerful cluster AGNbansts known.
In either case, these observations further support cottbfieek scenarios for AGN heating.
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1 INTRODUCTION

It is now widely accepted that ‘feedback’ from radio-loudiae
galactic nuclei (AGN) keeps the bulk of the diffuse X-ray det
in the cores of clusters of galaxies (e.g. Rafferty et al.&2@av-
agnolo et al. 2008). Although the underlying plasma micysits
are complex (McNamara & Nulsen 2007), it is also clear thaNAG
heating is not always and everywhere 100 per cent effe@iome
gas does succeed in cooling, perhaps in an episodic way wieen t
AGN is in quiescence, and accumulates in a reservoir of aol i
ized and molecular gas (e.g. Edge 2001; Edge et al. 2002stioien
et al. 2007), giving rise to star formation (Crawford et &899;
O’Dea et al. 2008). The associated emission line nebuldeit/
been the subject of many investigations over the yearss&icg
variously on the kinematics of the gas, the origin of its fitartary
morphology, its relationship to the radio source, the rdlgadaxy
interactions and mergers, and the nature of the excitatiance.
Progress on the latter front came with the simulations oldiReret
al. (2009), who showed that extra heating by dissipative Mii®
cesses or non-thermal excitation by high energy cosmiccaytl
account for the unusually strong ro-vibrational khes and other

galaxies:clusters:individual: 2A 08896 — cooling flows —

emission line ratios which are at odds with the predictioihghm-
toionization models.

An issue that has seldom been addressed is whether this cool
gas reservoir plays an active role in the feedback cycle @athér
it is just an interesting byproduct thereof, serving metelghow
that cooling and AGN feedback are taking place but of no great
significance. It is of particular interest to know whethee itool
gas actually fuels the accretion on to the supermassivé biale.
For many years, it has been hypothesized that ‘hot feedkack’
the form of quasi-spherical Bondi accretion of partialyeted X-
ray gas could be the mechanism at work (e.g. Allen et al. 2006;
Narayan & Fabian 2011). This model has, however, encouhtere
problems and appears to be energetically infeasible excdpiv-
power systems (e.g. Soker 2010; Rafferty et al. 2006; McNarma
al. 2011), leading to the development of the ‘cold feedbac&del
in which the AGN accretes directly from the cool gas reser{sge
Pizzolato & Soker 2005, 2010 and references therein). Neat
overdensities in the X-ray gas throughout the inner 30 kpcaar
sumed to cool and flow steadily inwards. Blobs with an overden
sity exceeding a critical factae 2 relative to the ambient medium
undergo catastrophic cooling, contract and enter a friéplfange
over the final 10 kpc, creating a reservoir of cool gas for &iar
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mation and black hole accretion. Pizzolato & Soker (201 ®)aie-
strated that the infalling blobs efficiently lose angularmsmtum
via drag forces and mutual collisions, thereby removing &ipo
tial obstacle to the accretion. The means by which the m&ecu

adaptive optics (AO) unit was used with a laser guide staaraip
ing under natural seeing in the range 0.220.5

NIFS operates on the image slicing principle with3ax
3" field of view sampled by 0.103wide slitlets and a pixel scale

gas couples to the AGN output — and thereby regulates the cold of 0.043’ along the slits. A position angle of 335 degrees was

feedback process — are, however, unclear; outflows drivejetby
or collimated winds may be involved (e.g. Soker & Pizzolai02,
Wagner & Bicknell 2011).

Aspects of the cold feedback model are steadily gaining
observational support. In NGC 1275, Lim, YiPing & Dinh-V-
Trung (2008) observed filaments of CO emission extendingmut
radii of 8 kpc, coincident with the coolest X-ray gas eithiglesof
the radio cavities. This cool molecular gas is in gravitagicfree-
fall and appears to feed a disk of hot Bit radii< 50 pc (Wilman et
al. 2005; McGregor et al. 2007), thereby closing the feekll@ap.

In a study with near-infrared integral field spectroscopyinvin et
al. (2009) observed three well-known local cooling flow thus:

used to align the slits with the major axis of the BCG. The K-
band grating was used, spanning 1.99-2m0at a dispersion of
2.1338 x 10~*um per pixel, corresponding to a velocity resolution
of 60kms™ 1.

The data were processed in IRAF using the Gemini and
NIFS-specific routines. The task NFTELLURIC was used to cor-
rect for the atmospheric absorption via a standard star,taad
task NIFCUBE was used to generate a single datacube for each
of the on-source observations with the default re-samptimg
0.08’ square pixels. The AO-corrected point spread function JPSF
was measured using the telluric standard stars and in abcmas
found to be sharply peaked with a full width at half maximum

A1664, A2204 and PKS 0745-191. The findings were consistent (FWHM) of 0.11" along the slitlets; in the perpendicular direc-

with the three systems being captured at distinct phasdseafdld
feedback cycle.

Building on these studies, we now present K-band integral
field spectroscopy (IFS) of the cental cluster galaxy in tbarhy
cluster 2A 0335+096, focussing on the khe emission. The ob-
servations were conducted with the Near-Infrared Intefiald
Spectrograph (NIFS) on th@emini North telescope, used in con-
junction with the ALTAIR adaptive optics facility to maxise spa-
tial resolution in the circumnuclear regions of this lowshidt sys-
tem (z=0.0349). Optical IFS by Hatch et al. (2007) showed tthe
Ha emission arises in a bar with twin peaks withiti f the nu-
cleus of the brightest cluster galaxy (BCG). This bar is pdra
diffuse stream of k4. extending over 20 (14 kpc), to and beyond
a companion cluster elliptical galaxy 4 kpc away in projewtifor
which Donahue et al. (2007) presented narrow-banditdaging
and long-slit spectroscopy and archival ultraviolet inmagibuild-
ing on earlier v and multi-colour imaging by Romanishin &
Hintzen (1988). They confirmed that the redshifts of the B@&@ a
its companion lie within 108ms~—! of each other and that the
pair are probably interacting. The estimated timescaléh®inter-
action is comparable with the age of the radio source, stigges
that the latter was triggered by the interaction. Both gakvex-
hibit CO emission with interferometry by Edge & Frayer (2D03
revealing that the bulk of it].2 x 10° Mg, is situated within the
central 3.5kpc of the BCG. The lateGhandra X-ray and radio
observations (Sanders, Fabian & Taylor 2009) showed tleaXth
ray emission from the coolest 0.5 keV gas exhibits a clos&éapa
correspondence with thedistream, with the AGN radio emission
emerging perpendicular to it. Mid-infrared photometry ambc-
troscopy withSpitzer have yielded measurements of the star for-
mation rate in this system of 2M, yr~! (O’Dea et al. 2008) and
0.7Mg yr~! (Donahue et al. 2011), respectively.

2 OBSERVATIONSAND DATA REDUCTION
Observations of 2A 0335+096 witBemini-NIFS were performed

tion the 0.108 slit-width undersamples the diffraction limit and
the PSF is consequently less sharply peaked, with a FWHM-of ap
proximately 0.19. The encircled energy fractions within radii of
0.1 and 0.2 were 43 and 63 per cent, respectively. The individ-
ual on-source science frames were median combined to pecaluc
single datacube. The latter was re-sampled t§ ikels for com-
patibility with the PSF and enhanced signal-to-noise. Tersa
were not flux calibrated. IDL was used for all subsequentyanal
sis. During the latter, residuals from sky emission linetsadiion
were found across the entire field of view in two adjacent spéc
pixels at 2.194m, within the profile of an H emission line in 2A
0335+096. The feature was present in all the individual ddtas
and was mitigated by interpolating across pixels eithee sidthe
glitch.

In a cosmology withHy = 70kms~* Mpc™!, Oy = 0.3
andQx = 0.7 the spatial scale in 2A 0335+096 (z=0.0349) is
700 pc per arcsec.

3 RESULTS
3.1 Morphology & kinematicsof Hz v=1-0 S(1) emission

The only detectable emission lines in the NIFS spectra atteopa
the v=1-0 S ro-vibrational series obHnamely S(1), S(2) and S(3).
The S(3) line is redshifted into an atmospheric absorptiandb
so our analysis focusses on the remaining ortho transii¢t), at
2.1218:m (rest) which is redshifted to a clean region of transmis-
sion at 2.19om.

The results derived from the automated fitting of a singlesgau
sian to the H v=1-0 S(1) emission line in the individual spaxels are
shown in Fig[L. The kKl comprises two prominent clumps strad-
dling the nucleus some 600 pc to the north-west and south-eas
the latter perhaps splitting into two sub-clumps. Weakeission
extends from both clumps towards the nucleus and diffuses-emi
sion envelops the entire structure, particularly on thelsewestern
side. In Fig[2 we overlay contours of the ldmission on atdub-

in queue mode on 2009 October 10, 11 and 13 yielding a total of ble Space Telescope WFPC2 F606W image of 2A 0335+096. This

17 useable on-source exposures each of 10 minutes dur&kgn.
subtraction was enabled via an object-object-sky exposock
ding pattern using a sky region‘3@rom the BCG. Four additional
on-source observations for the programme were obtaine®09 2
September 8 and October 12 but were not included in our dralys
due to technical problems during the observations. The ARTA

highlights a region of dust absorption 1-1.8outh of the nucleus

at the lower edge of the NIFS field and the companion ellipti-
cal galaxy 4 kpc away in projection. The;Hmission is oriented
roughly perpendicular on the plane of the sky to the weakdobe
of 5 GHz radio emission (Sanders et al. 2009) which extend for
12" (8.4 kpc) either side of the nucleus.
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Figure 2. Top: contours of the blemission in 2A 0335+096 overlaid on the
HST F606W image; Lower: a wide-field view of the same HST imagéawit
the NIFS field-of-view overlaid and the greyscale adjusteshow the dust
absorption feature 1-1/5south of the nucleus and the companion cluster
galaxy.

The H, kinematics exhibit an ordered velocity gradient of
more than 30&ms~" over the NIFS field of view. The line width
mostly lies in the range 200-48s~' FWHM, but rises to a
peak of 80&kms~* FWHM in the nuclear spaxel and a ridge of
elevated velocity dispersion (400—-6Rfhs~" FWHM) runs from
there through the middle of the south-eastern clump. A scon
ridge of elevated FWHM lies in the lower right of Flg. 1, bugdi
near the edge of the detected emission and is likely to bewsdrlo
statistical significance, although hints of a similar featare ap-
parent in the i observations of Hatch et al. (2007). In Hig. 3 we
show an H rotation curve and a position-velocity diagram along
the major axis of the Hemission.

3.2 Réationship to Ha and CO emission

There is a close morphological and kinematic corresporelbee
tween this H emission and the double-peaked bar of &mission
seen in the IFS data of Hatch et al. (2007) at lower spatia-res
lution. Similarly, there is also close agreement betweengtbbal

H. kinematics and those of the CO emission: in single-dishmbse
vations of CO(2-1) emission Edge (2001) measured a linévwatit
390kms~' FWHM, offset by 17%ms~! from an assumed zero-
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Figure 3. Upper: a 1-d cut in the velocity field in a ¢’4wide pseudo-slit
along the major axis of the 4emission indicated in Fif] 1. Lower: Position
velocity diagram for H v=1-0 S(1) along the same axis (the dashed line
indicates the position of the nucleus).

point redshift of z=0.0338, which translates to —k45s~' in our
assumed frame (z=0.0349) i.e. the mid-point of the rotatiave

in Fig.[3. Interferometry by Edge & Frayer (2003) demongimat
that the CO(1-0) emission arises from both the BCG and the com
panion galaxy, with the bulk of the emission residing in therfer
—amass ofl.2 x 10° Mg, of cool molecular gas on a spatial scale
< 3.5kpc. Given the close spatio-kinematic correspondencs, it i
reasonable to assume that the,Hl> and CO emission are all trac-
ing the same gas system.

In Fig.[4 we compare the Hv=1-0 S(1) line profile integrated
over the NIFS aperture with the single dish CO(1-0) profiterfr
Edge (2001). Whilst there are some differences in detailch su
as the strong narrow Hfeature from the north-western clump at
+300km s~ ' — the two lines span the same overall range in ve-
locity, although proportionally more CO emission arise$aager
velocities. The latter may originate from diffuse emissisithin
the BCG, possibly in the form of a jet-driven outflow, as dissed
further in section 4.2. Indeed, the spatially-unresolvasmpact
CO(1-0) emission found by Edge & Frayer (2003), which isliike
to correspond directly to the Hwe see with NIFS, accounts for
only 60 per cent of the integrated single-dish line intgnsiea-
sured by Edge (2001) within the 21.6RAM beam. There may,
however, be some contribution to the single-dish flux frora th
BCG’s companion galaxy. Postage-stamp plots of thdihé pro-
files on a grid of 0.5 cells arranged according to position in the
NIFS field are shown in FidL]5.

3.3 Excitation of the H2 and the dearth of circumnuclear
star formation

Wilman et al. (2009) demonstrated that the/Pex line ratio
serves as a good discriminant betwees éiission excited by
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2A0335+096 K-band continuum
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Figure 1. Top row: reconstructed K-band continuum image of 2A 0335f6f the NIFS datacube— the cross marks the nuclegsy#1-0 S(1) emission
line image (resampled to 0.012%ixels to remove visual pixellation; the white dashed lingicates the bl major axis used for the position-velocity plot in
Fig.[d), and the black dotted line indicates the positionleingthe 5 GHz radio emission lobes in Sanders et al. (2006@)wthite box indicates the nuclear
region for which a spectrum is shown in Fig. 6. Lower row; kklocity field relative to an assumed zeropoint of z=0.0349;velocity dispersion field
(FWHM). Both kinematic plots have been smoothed by a fluxgivieid average of the surrounding 8 spaxels. Isovelocityocms overlaid on the Kvelocity

field span —350 to —SBm s—! at 50km s~ intervals.

star formation (for which K v=1-0 S(3)/Pa ~ 0.2) and the non-
photoionization processes advocated by Ferland et al 9j2@6r
which H, v=1-0 S(3)/Pa ~ 1). In the long-slit spectrum of Edge
et al. (2002) we measured,W=1-0 S(3)/Pa=0.79. Pa lies just

Oliva (1988), 7 of out 8 galactic nuclei optically-classifias pure
HIl systems have By/H; v=1-0 S(1)> 3; in composite and Seyfert
nuclei, the ratio is of order unity. Our limit is well belowiirange
implying that the excitation of Hlemission in 2A 0335+096 cannot

blueward of the spectral coverage of these NIFS data, so we fo be dominated by star formation. In any case, the star foomatite

cus instead on Brat 2.166m (rest) which is within the spec-
tral range. The line is not detected anywhere in the field efyi
with a 30 upper limit of Bry/Hs v=1-0 S(1) < 0.10 for the
integrated spectrum. This limit is consistent with the wealwf

inferred from the mid-infrared emission in 2A 0335+096 byp@a
etal. (2008) is just 2.Mg yr~! for the entire galaxy, compared to
~ 15 Mg yr~ ! for the systems in the Wilman et al. (2009) sample.
The 30 upper limit on the equivalent width of Bris 0.8A. With

Br+/H2 v=1-0 S(1)=0.039 and 0.078 for the ‘extra heat’ and ‘cos- reference to the evolutionary models shown in Davies e28D)

mic ray’ cases, respectively, calculated by Ferland et24109).
Fig.[d shows spectra within the NIFSx 3 arcsec aperture and

(their Fig. 8) the latter would imply an absence of star faiora
for at least the past 10 Myr, if considered as a monolithitieste

for the 0.2 x 0.3 arcsec region of nuclear emission indicated in population. The measured equivalent width of the CO(2,0idba

Fig.[d. There is no discernible difference in the emissioa liatios
of the two spectra, suggesting that the excitation sourspatally
distributed rather than nucleated. When combined with therfi-
tio of Hy v=1-0 S(1)/Pa=0.53 from Edge et al. (2002) we infer
Brv/Pax< 0.053. This is significantly below the case B recombi-
nation value of 0.083, but closer to the values of 0.058 af@4.
expected for the ‘extra heat’ and ‘cosmic ray’ filament exiiin
models.

The expected By/H2 v=1-0 S(1) ratio for star-forming re-

head at 2.293%m (rest) is 9.9:; although this figure is below the
123 expected for most stellar populations more than 10 Myr old
(Fig. 6 of Davies et al. 2006), it is likely to lie within the bods

of the systematic uncertainties arising from, for examitie,form

of the initial mass function in these environments. Moddstion
from non-stellar sources of continuum emission remainghemno
possibility.

Although we do not detect Bremission within the NIFS aper-
ture, Hx emission is present in this region in the IFU observations

gions is typically much higher. For example, in Moorwood & of Hatch et al. (2007) and in the long-slit spectrum of Dorakti
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Figure5. Hy v=1-0 S(1) emission profiles in 0’ells arranged according to position in the NIFS field of vidvflat continuum baseline has been subtracted
from each spectrum. The velocity zeropoint used here iS083®& to match Fid.14.
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Figure 4. Comparison of the integrated continuum-subtracted v=1-

0 S(1) profile within the NIFS field of view with the single di€fO(1-0)
profile from Edge (2001). The zeropoint of the velocity sysie z=0.0338
to match that used by Edge (2001); the position of the z=@@24opoint
used elsewhere in the present paper is indicated with thiealedash in the
upper panel.

al. (2007). From these works we estimate an #tux within the

3 x 3 arcsec NIFS aperture & x 10~ *® ergem 25!, equat-
ing to an Hx luminosity of 1.4 x 10* ergs™!. Using the Ken-
nicutt (1998) Hyv—star formation rate relation, this would translate
to a star formation rate of 0.l yr~* if all the Ha were due
to star formation. Corrections for Galactic and intrinsicstiex-
tinction (each approximately 1 magnitude; Donahue et a.720
would boost the estimates by a factor of 6. As noted by Donahue

al. (2007), the extinction-corrected star formation ratelie entire
galaxy inferred from the H emission is 15-2QV; yr~! and that
inferred from the excess UV emission is of a similar order afym
nitude. These estimates would be compatible with the nfidviad
estimate of 2. Mg yr~! (O’Dea et al. 2008) if only 10 per cent
of the Hx emission were due to star formation. For comparison, a
fit by Donahue et al. (2011) to the mid-infrared emission fesg
with an HIl region photodissociation region model yieldedtar
formation rate of 0. Mg yr .

The low level of ongoing circumnuclear star formation cbrro
orates the findings of Romanishin & Hintzen (1988). Theirysia
of the B—I colour gradient of the BCG showed that star fororats
occurring at radii 4-30 kpc, as evidenced by a plateau in Bidrb
than in non-cooling flow BCGs; the colour reddens at smadidiiy
suggesting a decline in the star formation rate or dust etxoin.
The latter explanation is ruled out by our observations esithe
extinction in the K-band corresponding to the observed eait)
(A(B-1) = 0.15) would be completely negligible. We concludatth
star formation does not make a significant contribution &oetkci-
tation of the B gas within the NIFS field-of-view. In conjunction
with the size contraint< 3.5 kpc) on the CO emission reservoir
from Edge & Frayer (2003), this implies that the star formatis
spatially offset from the bulk of the molecular gas. We witiw
address the implications of this finding.

4 DISCUSSION

4.1 Accretion from the Ha emission stream and cold
feedback

Based on the evidence presented in section 3, the observed
H> emission appears to consist of a rotating structure. Thigdco
take the form of a flared disk or a ring ofsHor the H peaks
could correspond to gas on highly-elliptical orbits whigiesds
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2A0335+096 spectra
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Figure 6. Spectra of 2A0335+096 integrated over the NIFS aperture (up
per) and in the nucleus (lower; extracted from the box shofign[d); the
latter is shown scaled up by a factor of 50 and both spectra Wwexcar
smoothed by 2 pixels in dispersion. The promineptu#1-0 S(1), S(2) and
S(3) emission lines are indicated, as is the expected pogiti the unde-
tected Bry emission line. The portions of the spectra around 2.ib66vere
excised due to the presence ofyBrmission in the telluric standard.

most of its time at large radii. Given its general alignmeithwhe
14 kpc stream of | emission discussed in section 1, it is reason-
able to infer that the klhas been accreted from thigts$tream and
may provide a fuel source for the AGN. Indeed, the rotati@xag
of the H, aligns with the position angle of the present lobes of radio
emission, at least in projection. We now discuss this imetgtion
further in the context of the cold feedback model.

Donahue et al. (2007) argued that the BCG and its nearby
companion are interacting and probably gravitationallyrmb to

one another. This does not, however, imply that the observed

Ha stream was stripped from the companion. For the case of
A1664, Kirkpatrick et al. (2009a) argued that the strippafgas
from infalling companion galaxies was an unlikely origirr fthe
cool gas seen in the cluster core and this generic argunmmapt
plies to 2A 0335+096. Under a stripping scenario, it wouléity
case be hard to understand why there should be a good spat&d ¢
spondence between thexaccretion stream and the coolest X-ray
gas (Sanders et al. 2009). We speculate that there are atheses
possible explanations for the association of the dtream and the
companion galaxy. Firstly, the disturbance created by tbgamn of

the companion could generate non-linear overdensitidseit@M

(of a factor 2 or more) which can readily cool, as proposedén t
cold feedback model of Pizzolato & Soker (2005). Seconathgls
amounts of dense molecular gas and dust stripped from the com
panion may offer seeding sites onto which the surrounding IC
can condense and cool, as argued by Sparks et al. (2004)dagke

of M87. Thirdly, the companion could have merely disturbled t
pre-existing cool gas reservoir of the BCG, as argued by Afilm
et al. (2006) for several other BCGs. Alternatively, the pam-

ion could be just a chance projection. There may be some-paral
lels with the radio galaxies 3C 31 and 3C 264 which both exhibi
double-horned CO profiles from 10° Mg, of molecular hydro-
gen, possibly acquired through cannibalism with gas-riglaxges
over the past few tens of Myr (Lim et al. 2000).

Once within the BCG, the accretion stream will interact with
the local interstellar medium. Depending on the relatiiecity of
impact, this collision may generate shocks and disturbedriat-
ics. The locally elevated $velocity dispersion in the south-eastern
H- peak and nearby dust feature (Hify. 2) may be signaturestof jus
such an interaction. Hydrodynamic interaction may lead tosa
in angular momentum of the accreted material, driving gastime

circumnuclear regions as a potential fuel source for the AR
tual collisions among the Hcloud ensembile in its dense inner re-
gions provide a further mechanism for angular momentum kxss
argued by Pizzolato & Soker (2010).

Whilst the smooth rotation curve of Figl 3 suggests that the
H, is rotating in the potential of the BCG, the existence of tus d
tinct Hy peaks could suggest that the Elouds are on highly ellip-
tical orbits, with the peaks corresponding to their apastisee e.qg.
Fig. 9 of Pizzolato & Soker 2010). The distortions of the isove-
locity contours in Fig[lL point to departures from simplecalar
motions, possibly in the form of disk warping and ellipticabits.
We note a resemblance to the twin peaks of molecular gas which
are commonly observed within the central kiloparsec ofdzhand
starburst galaxies (e.g. Kenney et al. 1992; Jogee et ab)280ch
peaks result from gas being driven into the inner Lindblagbre
nance (ILR) of the barred potential, which is associatedh he
transition from the highly elongated family of Xoop orbits to the
smaller and more circularyorbit family. The % orbits are aligned
with the major axis of the bar, whose leading edges typioakly
hibit radial dust-lanes along which gas flows into the nuclea
gions. Whilst there is no obvious evidence for a bar in the BCG
the presence of the nearby companion galaxy, or triaxititginsic
to the BCG itself, may induce a non-axisymmetric potentighw
analogous dynamical consequences for the accreted gaste\We a
however, unable to infer whether the observedidaks correspond
to gas flowing along the major axis of a bar in the early stadges o
inflow, or whether the material has already been funelledrdtmw
the ILR, and do not pursue this interpretation any further.

4.2 Accretion timescale and outbur st energetics

Given that the accretedsHappears to be a viable fuel source for
the AGN, we now discuss the associated timescales and ¢iasrge
The current outburst of the radio source gave rise to therobde
8.4kpc-long lobes in the 5 GHz image of Sanders et al. (2009).
The estimated age of this radio emission is 25-50 Myr (Dora#tu
al. 2007). If on circular orbits, the orbital timescale foetrotat-
ing Hz structure is 25 Myr for a radius of 600 pc and a velocity of
150kms~! (Fig.[d), neglecting projection effects. As Sanders et
al. (2009) discussed, the enthalpy of the observed cavitigise
cluster core § x 10°° erg) is sufficient to offset the luminosity
within the 122 kpc X-ray cooling radius for a further 50 Myr,
i.e. for a few dynamical times of theoHOn a similar timescale,
we would expect that the central supermassive black holdédnami
able to accrete some of the lih order to sustain the feedback.

The energetics of the outburst arising from accretion frben t
H2 reservoir are, of course, dependent on how much of the gas
can be accreted by the black hole and how much is instead chan-
nelled into star formation. To maintain strict conformitythvthe
black hole:bulge mass scaling relation of Magorrian et£998),
700M, of star formation would be expected for everyiL, ac-
creted by the black hole. Applied to 2A 0335+096, accretibt o
part in 700 of thel.2 x 10° Mg, H. reservoir at the canonical ef-
ficiency ofe = 0.1 would produce an outburst &f x 10° erg—
i.e. comparable in size to the present cavity system mecdyre
Sanders et al. (2009) — which could offset cooling for30 Myr.
Whilst the rates of star formation and black hole growth foege-
sentative sample of clusters are in line with such expextatsta-
tistically, the sizeable scatter shows that they are novig® in
precise lockstep in any given system (Rafferty et al. 2006).

Alternative possibilities stem from the low levels of star-f
mation in the circumnuclear region, which may allow a larfgac-
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tion of the molecular gas to be accreted. As noted in secti®yide
current star formation rate within the NIFS aperture, wtdobhom-
passes most if not all of the2 x 10° M, molecular gas reservoir,
appears to be no more thabVll, yr~' . Atthis rate, it would take at
least 1 Gyr for the gas to be consumed. The accretion ofjusper
cent of the gas onto a moderately-spinning black hole woufd s
fice to offset cooling in the cluster core over the same pefidis
would imply that the AGN would be essentially on fer 1 Gyr,
either continuously or in a series of mini-outbursts. Thability

of this scenario hinges firstly on whether this current loveleof
star formation can be sustained, and secondly on whetheagathe
can be prevented from accreting much more quickly, giventtiea
orbital timescale of the observed: lit just 25 Myr. Indeed, from a
comparison of the relative Hine strengths in the nuclear and inte-
grated spectra (Fifl 6), we infer that2 per cent of the molecular
gas @.5 x 107 M) is already within 100 pc of the nucleus. These
two issues go to the heart of understanding the mechanisiich wh
regulate cold feedback, on which we speculate below.

One explanation could be that the current radio outburst may

have initially evacuated gas from the inner regions or otfsr
suppressed star formation; the resolved lateral extemteoftirrent
5 GHz radio source (i.e. perpendicular to the inferred jegation)
in Sanders et al. (2009) i85" (3.5 kpc). The molecular gas could
be supported by the associated magnetic field and thus peglven
from collapsing to form stars, as argued by Fabian et al.gpéad
Ferland et al. (2009) for the ddfilaments in NGC 1275 and the
excitation of their line emission. It is also possible tha turrent
star formation rate is unrepresentative of the averageevatuGyr
timescales; the star formation rate could increase anducoashe
gas more quickly in the future.

Magnetic support of the gas, if sufficiently strong, could-hi
der the accretion onto the black hole. Outflows driven by #ukor
source provide a further means to disrupt its fuel supplgelction
3.2, we noted that some of the diffuse CO emission within t6&B
is found at relatively high velocity, suggestive of an ouwtfld.ess
than 1 per cent of the current outburst enthalpy would sufice-
celerate10° M, of molecular gas to a velocity of 6@Gns~", so
the energetics are feasible and similar to the fractionebilitburst
energy required to drive the metal outflows in clusters (Batkick
et al. 2009b, 2011). If such mechanisms are, however, nettafé
in regulating the accretion and the bulk of theidlinstead accreted
rapidly by the black hole over several orbital timescaless, tould
generate an outburst exceediraf? erg (fore = 0.1). Such an out-
burst would be comparable with most powerful currently knpw
in MS0735.6+7421 (McNamara et al. 2005) and Hydra A (Wise et
al. 2007). Further simulations of cold feedback includimg ¢ffects
of magnetic fields and outflows on the molecular gas are redquir
to discriminate between such possibilities.

Not withstanding these uncertainties, the new observaiidn
2A 0335+096 presented here, revealing an ample supply df coo
molecular gas available to fuel the radio source on the redui
timescale of 25-100 Myr and offset ICM cooling, further biels
the case for cold AGN feedback.
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