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1 INTRODUCTION

ABSTRACT

We present results from the deep Chandra observation (105 ks), together with new Giant
Metrewave Radio Telescope and Very Large Array data of the AGN outburst in the radio-
loud galaxy group 3C 88. The system shows a prominent X-ray cavity on the eastern side
with a diameter of 50 kpc at 28 kpc from the nucleus. The total enthalpy of the cavity is
3.8 x 10 erg and the average power required to inflate the X-ray bubble is 2.0 x 10%
erg s—1. From surface brightness profiles, we detect a shock with a Mach number of M =
1.4 £+ 0.2, consistent with the value obtained from temperature jump. The shock energy is
estimated to be 1.9 < 10°° erg. The size and total enthalpy of the cavity in 3C 88 are the largest
known in galaxy groups, as well as the shock energy. The eastern X-ray cavity is not aligned
with the radio jet axis. This factor, combined with the radio morphology, strongly suggests jet
reorientation in the last tens of million years. The bright rim and arm features surrounding the
cavity show metallicity enhancement, suggesting they originated as high metallicity gas from
the group centre, lifted by the rising X-ray bubbles. Our Chandra study of 3C 88 also reveals
that galaxy groups with powerful radio AGN can have high cavity power, although deep X-ray
observations are typically required to confirm the cavities in galaxy groups.

Key words: galaxies: active—galaxies: groups: individual: 3C 88-galaxies: jets—radio
continuum: galaxies — X-rays: galaxies: clusters.

nucleus (AGN) appears to be the most promising one (for a review,
see McNamara & Nulsen 2007).

The X-ray observations from Chandra and XMM-Newton have
revealed that the radiative cooling time of the X-ray emitting gas
at the centres of many groups and clusters is less than 1 Gyr (e.g.
O’Sullivan et al. 2017). In the absence of heating, a cooling flow
occurs and the hot gas cools, condenses, and flows towards the
centre (e.g. Fabian 1994). However, much less cool gas, below
0.5-1 keV, has been found by Chandra and XMM-Newton than
predicted by the cooling flow models (e.g. David et al. 2001;
Peterson etal. 2001; Fabian et al. 2006), suggesting there is a heating
source which compensates for the radiative cooling. Among many
proposed possibilities, the feedback from the central active galactic
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There is clear observational evidence of AGN heating. The
brightest central galaxies (BCGs) of clusters and groups are more
likely to host a radio-loud AGN (e.g. Burns 1990; Best et al. 2007,
Mittal et al. 2009; Sun 2009). High-resolution X-ray observations
have revealed disturbed structures, such as shocks and cavities, in
the cores of clusters, groups, and elliptical galaxies (e.g. Birzan
et al. 2004, 2008; Forman et al. 2005; Nulsen et al. 2005a,b;
Dunn & Fabian 2006; Fabian et al. 2006; Croston et al. 2008,
2011; Baldi et al. 2009; Kraft et al. 2012; Randall et al. 2015;
Su et al. 2017). These features are caused by the radio AGN jets.
As the radio jets extend outwards and inflate radio lobes, the X-
ray emitting gas is pushed aside, creating cavities (bubbles) visible
in the X-ray images (Churazov et al. 2001). The total enthalpy
of the buoyantly rising cavities is found to be sufficient to offset
the radiative cooling (Birzan et al. 2004; Rafferty et al. 2006;
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Nulsen et al. 2007; Hlavacek-Larrondo et al. 2012). Meanwhile,
weak ‘cocoon’ shocks, as expected from models of jet-fed radio
lobes (Scheuer 1974; Heinz, Reynolds & Begelman 1998), provide
additional heating from AGN outbursts, although they are difficult
to detect and only a few examples have been found (e.g. Nulsen etal.
2005a,b; Forman et al. 2005; Baldi et al. 2009; Gitti et al. 2010;
Croston et al. 2011; Randall et al. 2015). However, the details of the
AGN feedback process, e.g. how the energy from AGN outburst is
deposited in the ambient ICM and the accretion process, are poorly
understood.

Ever since the discovery of X-ray cavities in cool cores, they
have been an active topic observationally and theoretically. How-
ever, AGN heating has not been well studied in galaxy groups
(McNamara & Nulsen 2007; Gitti, Brighenti & McNamara 2012),
compared to numerous detailed studies in clusters (see also Mc-
Namara & Nulsen 2012; Sun 2012). Groups are gas-poor at their
centres and group-cool cores are smaller than cluster-cool cores
(e.g. see Fig. 5 in Sun 2012). High-resolution 3D hydrodynamic
simulations in massive groups show that self-regulated mechanical
AGN feedback is key to prevent severe overcooling and overheating
(e.g. Gaspari et al. 2011). The heating occurs through bubble
inflation, cocoon shocks, and later turbulent mixing (Churazov et al.
2001; McNamara & Nulsen 2007; Soker 2016). The feedback power
is directly linked to the X-ray luminosity: the hot plasma halo is
the progenitor reservoir out of which multiphase gas condenses
and later boosts the supermassive black hole (SMBH) accretion
via a process known as chaotic cold accretion (CCA) (Gaspari &
Sadowski 2017). Hot Bondi accretion has been shown by many
works that it generally produces too low power and has a poor
self-regulation disconnected from the X-ray cool core (e.g. Gaspari
etal. 2011; Gaspari, Ruszkowski & Sharma 2012; Barai et al. 2016;
Yang & Reynolds 2016; Gaspari & Sadowski 2017; Gaspari, Temi &
Brighenti 2017; Voit et al. 2017; Gaspari et al. 2018). On the other
hand, galaxy groups provide an excellent opportunity to study AGN
feedback. The impact of AGN outbursts is much more pronounced
in low-mass systems due to their shallow gravitational potentials
(e.g. Giodini etal. 2010). The imprint of non-gravitational processes
(including AGN feedback) is observed in the scaling relations of
e.g. gas fraction and entropy (e.g. Sun et al. 2009). In addition, the
outburst interval, typically of the order of the central cooling time
which is much shorter in groups than in clusters (e.g. O’Sullivan
et al. 2017), is expected to be more frequent and gentle, which is
essential to properly solve the cooling flow problem (e.g. Gaspari
et al. 2011). Thus, we expect more frequently to detect multiple
feedback imprints in the same group, e.g. NGC 5813 (Randall et al.
2015) and NGC 5044 (David et al. 2017). It is, therefore, crucial to
build a census of AGN feedback imprints in galaxy groups, which is
currently lacking, to understand the evolution of the hot intragroup
medium, and the hosted SMBH.

Here, we present a detailed study of a nearby galaxy group,
with deep Chandra observations, to explore AGN feedback. 3C 88
(UGC 02748) is the brightest central galaxy of a galaxy group at
z = 0.0302, which is included in the 400 square degree ROSAT
PSPC galaxy cluster survey catalogue (Burenin et al. 2007). It
has been studied at many wavelengths. Optically, it is classified
as a low-ionization nuclear emission-line region (LINER; Lewis,
Eracleous & Sambruna 2003), containing a low-power AGN with
the 2-10 keV luminosity of 5 x 10* erg s~! (Gliozzi et al.
2008). The HST image of 3C 88 shows a faint dust lane within
the central 0.4 kpc radius, roughly perpendicular to the radio
jet (de Koff et al. 2000). There is Ha + [N 11] emission detected
from an elliptical region roughly centred on the galaxy nucleus

AGN feedback in galaxy group 3C 88 3377

with an extent of 5 (Baum et al. 1988). In the radio band, the
FR classification of 3C 88 is arguable. Based on its morphology,
3C 88 is classified as an FR Il radio galaxy (e.g. Martel et al.
1999; Marchesini, Celotti & Ferrarese 2004), while based on its
radio power it is considered as the transition source between FR
I and FR Il (e.g. Baum, Heckman & van Breugel 1992; Gliozzi
et al. 2008). The radio images of 3C 88, from Giant Metrewave
Radio Telescope (GMRT) at 610 MHz and Very Large Array (VLA)
at 1.4 GHz and 4.9 GHz, are shown in Fig. 1. 3C 88 shows a
prominent radio core and jet to the northeast. Radio lobes extend
from the northeast to the east and from the southwest to the west,
which makes 3C 88 appear like a Z-shaped radio source. Some
radio features are marked in Fig. 1. There are four ‘hotspot’-like
features near the edge of the radio source. However, three of them
are not aligned with the prominent northeastern jet. Two of them
are indeed aligned, but 19° from the jet. The bolometric radio
luminosity is 5.48 x 10* erg st from 10 MHz to 5 GHz, which
is close to the FR I/1l boundary line. 3C 88’s radio morphology
strongly suggests a jet reorientation from east-west to northeast—
southwest. As revealed by the shallower Chandra observations (Sun
2009; Zou et al. 2016), 3C 88 is a cool core group with an average
temperature of 0.9 keV, and a total bolometric X-ray luminosity
of 3.6 x 10* erg s

This paper is organized as follows. The Chandra and radio
observations and data reduction are presented in Section 2. The
spatial and spectral analysis are in Section 3. In Section 4, the
properties of cavities are discussed. In Section 5, we discussed
the warm gas in 3C 88. Sections 6 and 7 contain, respectively,
the discussion and the summary of the paper. We assumed the
cosmology with Hy = 70km s™* Mpc™, \ = 0.3, and =
0.7. At a redshift of z = 0.0302, the angular diameter distance is
124.7 Mpc and 1" corresponds to 0.604 k per cent. All error bars
are quoted at 10 confidence level, unless otherwise specified.

2 Chandra AND RADIO OBSERVATIONS AND
DATA ANALYSIS

2.1 Chandra observations

3C 88 was observed by Chandra for 105 ks split into three
observations (Obs. IDs 11751, 11977, and 12007, PI: Sun) in
October 2009 with the Advanced CCD Imaging Spectrometer
(ACIS). All three observations (aimpoint on chip S3) were taken
in Very Faint (VFAINT) mode and centred on the cool core. The
details of the Chandra observations are summarized in Table 1.
There was one ACIS-I observation taken in 2008 with a short
exposure of 11 ks (Sun 2012; Zou et al. 2016). In this study,
we focus on the new, deep data with ACIS-S. The data were
analysed using the CIAO 4.9 and CALDB version 4.7.4 from
Chandra X-ray Center. For each observation, the level 1 event
files were reprocessed using CHANDRA_REPRO script to account
for afterglows, bad pixels, charge transfer inefficiency, and time-
dependent gain correction. The improved background filtering was
also applied by setting CHECK_VF_PHA as yes to remove bad
events that are likely associated with cosmic rays. The background
light curve extracted from a source-free region was filtered with
LC_CLEAN script! to identify any period affected by background
flares. There were no strong background flares for all observations
and the resulting cleaned exposure time is shown in Table 1.

Lhttp://asc.harvard.edu/contrib/maxim/acisbg/
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Figure 1. GMRT 610 MHz, VLA 1.4 GHz, and 4.9 GHz images with an rms level of 100, 45, and 112 pJy beam™! (10) and contours of 3C 88 (see Section 2.2
for detail). The GMRT contours start from 5 ¢ and are spaced by a factor of 2. The 1.4 GHz contours start from 6 o and are spaced by a factor of 2. The
4.9 GHz contours start from 4.5 ¢ to 625 ¢ and the square-root spacing is adopted. The radio images at low and high frequencies show a similar morphology
with extended lobes, a narrow jet, and four ‘hotspot’-like features (marked by the blue arrows). The prominent northeastern jet bends near the end, towards the
brightest “‘hotspot’, while the other ‘hotspot’ at the northeast is aligned with the “hotspot” at the southwest. The angle between these two blue linesis 19°. We
also draw a line along the edges of two radio lobes and the angle from it to the radio jetis 68°. The radio morphology strongly suggests a jet reorientation
projected from roughly east-west to northeast-southwest. The scale-bars in the middle and right panels are the same as the one in the left panel.

Table 1. Summary of Chandra Observations of 3C 88 (PI: Sun).

ObsID Date Obs Total Exp Cleaned Exp
(kses) (ks)
11977 2009 Oct 06 49.62 49.13
11751 2009 Oct 14 19.92 19.44
12007 2009 Oct 15 34.62 33.77

The point sources were detected in the combined 0.5-7.0 keV
count image using the CIAO tool WAVDETECT, with the variation
of the point spread function across the field considered. The
detection threshold was set to 107 and the scgles are from 1
to 16 pixels, increasing in steps of a factor of 2. All detected
sources were visually inspected and masked in the analysis. The
weighted exposure map was generated to account for quantum
efficiency, vignetting, and the energy dependence of the effective
area assuming an absorbed APEC model with kT = 1.0 keV,
Ny = 1.12 x 10%* cm~2, and abundance of 0.3 Z  at the redshift
z = 0.0302 in the 0.7-2.0 keV. The instrumental background was
estimated using the stowed background, which contains only the
particle background. The blank sky files contain both the particle
background and the cosmic X-ray background. Rescaling blank
sky background to remove the particle background may over- or
under-estimate the cosmic X-ray background, and would generally
require a double-subtraction. While the stowed background includes
only the particle background, we can remove it and then model
local X-ray background. In our studies, we preferred the stowed
background. For each observation, the standard stowed file for each
chip was reprojected to match the time-dependent aspect solution,
and normalized to match the count rate in the 9.5-12.0 keV band.

Proper background modelling is essential for spectral analysis,
especially in low-surface brightness regions. Since the diffuse
emission from the galaxy group 3C 88 does not extend over the
entire field of view, the region beyond 8 from 3C 88, where
the surface brightness is approximately constant as shown in
Fig. Al, can be used to model the local X-ray background. For
each observation, we extracted the spectrum from the region (>9)
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from ACIS-S1, ACIS-S2, and ACIS-I chips separately (12 and 13
chips are also active for our ACIS-S observations), since the CCD
response varies for different chips. All nine spectra were fitted
simultaneously with two thermal components at solar abundance
and zero redshift plus an absorbed power law with an index of
1.5 to determine the ‘local’ X-ray background from this region
in our observations. One thermal component is unabsorbed with
the temperature fixed at 0.1 keV to account for the emission from
the Local Hot Bubble (Snowden et al. 1998; Sun et al. 2009; Liu
et al. 2017), the other thermal component is absorbed with the
temperature allowed to vary to account for the emission from the
Galactic halo. The absorption model is TBABS with a fixed column
density of Ny = 1.12 x 10% cm™2. All normalizations are allowed
to vary. The best fitting model gives the Galactic halo temperature
of KT = 0.20230; keV. We also compared the derived soft X-ray
background flux with the ROSAT All-Sky Survey (RASS) R45
values around the galaxy group (see details in Sun et al. 2009). We
found the observed soft X-ray background flux of 2.94537 x 10712
erg s~ cm™2 deg™2 in the 0.47-1.21 keV band and R45 value of
113.3 =+ 8.0, which is consistent with the relation in fig. 2 of Sun
et al. (2009). For spectral fitting, we used XSPEC version 12.9.1
and AtomDB 3.0.8, assuming the solar abundance table by Asplund
et al. (2009).

We also examined the X-ray absorption column density towards
3C 88. The weighted column density of the total Galactic hydrogen
is 1.12 x 10% cm™2 (versus the weighted HI column density of
0.79 x 10% cm™2), calculated by the ‘NHtot’ tool? including both
the atomic hydrogen and the molecular hydrogen column density
(Willingale et al. 2013). We fitted the spectra extracted from a
circular region of radius 6 centred on the central AGN for each
observation (the central 1.5 was excluded). The model includes an
absorbed thermal component for the diffuse emission from the group
plus the diffuse X-ray background component. The background
was modelled and re-scaled based on the local X-ray background
estimation. The absorption parameter, the temperature, abundance,

Zhttp://www.swift.ac.uk/analysis/nhtot/index.php
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Figure 2. Left: The combined background-subtracted, exposure-corrected Chandra image of 3C 88 in the 0.5-3.0 keV band, smoothed with a 2D Gaussian
9-pixel kernel (0.492 /pixel) and overlaid with the VLA 1.4 GHz radio contours (in red as in Fig. 1). The X-ray point sources have been removed and filled
with the local background. The radio contours show a narrow jet, two bright radio lobes, and hotspots on each side of the radio nucleus. The prominent eastern
X-ray cavity does not fully overlap with the brightest part of the radio lobe. Middle: The same Chandra image as in the left panel smoothed with a 2D Gaussian
8-pixel kernel (0.984 /pixel). The image shows the prominent cavity to the east of the central AGN, the surrounding bright rims, and the edges associated with
the cavity. X-ray decrement to the west is also likely in the position of the radio lobe. Right: The same Chandra image further zoomed out, smoothed with a
2D Gaussian 5-pixel kernel (3.936 /pixel), to show the elliptical edge just outside of the radio lobes. It is identified as a weak shock in this paper.

and the normalization of the source component were allowed to

vary. We obtained the best-fitting value of Ny = 1.21 % 0.16 < 10%

cm™2, which is consistent with the weighted total hydrogen column

density. We found that our results are not very sensitive to the value

of the column density, e.g. the uncertainties of the temperature and

the Mach number are generally within 5 per cent, and in some cases
10 per cent.

2.2 Radio observations

3C 88 was observed with the GMRT at 610 MHz on 2010 May 7
(project 18009, PI: Sun). The data were collected using the software
correlator and default spectral-line observing mode. The data sets
were calibrated and reduced using the NRAO Astronomical Image
Processing System package (AIPS) as described in Giacintucci
et al. (2011). Self-calibration was applied to reduce residual phase
variations and improve the quality of the final images. Due to the
large field of view of the GMRT, we used the wide-field imaging
technique at each step of the phase self-calibration process to
account for the non-planar nature of the sky. The final image was
produced using the multi-scale CLEAN implemented in the AIPS
task IMAGR, which results in better imaging of extended sources
compared to the traditional CLEAN (e.g. Greisen, Spekkens & van
Moorsel 2009). The final image at 610 MHz has a resolution of
7.1 x5.4 andanrms noise level (10) of 100 pJy beam™? (Fig. 1).
A total flux of 8.8 = 0.7 Jy is measured for 3C 88 in this image.
NRAO VLA observations of 3C 88 were obtained on 2011
April 15 as part of program SB0517 (PI: Sun). Data presented
in this paper were taken in the VLA B configuration with two
tunings of bandwidth 128 MHz each centred on frequencies of
1327 and 1455 MHz. The data were observed in spectral-line
mode. The observations were calibrated within a modified Common
Astronomy Software Applications (CASA) pipeline in version
5.1.2-4 of CASA following standard calibration procedures. Minor
modifications to the pipeline were required to enable it to accurately
recognize observing intents for calibrators. The flux scale was set
using 3C 48. The imaging was undertaken using the multiscale
cleaning to accurately recover emission on scales relevant to the

source structure. Imaging algorithms also included both multifre-
quency synthesis with two Taylor terms to more accurately represent
the spectral dependence of the emission and w-projection to enable
wide-field imaging corrections for non-coplanar effects. The image
presented in Fig. 1 has a resolution of 3.9 %3.7 and an rms level
of 45 ply beam™ (10).

We also show the archival VLA image at 4.9 GHz in Fig. 1. The
observation was taken on Apr. 22, 1984 with the C configuration.
This image was produced as part of the NRAO VLA Archive Survey,
(c) AUI/NRAO.? The beam size is 4.30 and the rms level is 112
wly beam™? (10).

3 SPATIAL AND SPECTRAL ANALYSIS

3.1 Image analysis and radial profiles

We reprojected and summed the count images, background images,
and exposure maps, respectively, from three observations using the
CIAO tool reproject_image. Fig. 2 (left) shows the combined
background-subtracted, exposure-corrected image overlaid with the
VLA 4.9 GHz radio contours. Fig. 2 (middle) is the zoomed-out
image to show the prominent cavity to the east of the central AGN
and the surrounding bright rims. Fig. 2 (right) shows the further
zoomed-out image with high contrast to highlight the shock edges.

The images show one prominent cavity at 28 k per cent
(projected distance) to the east of the nucleus with surrounding
bright rims. The cavity does not fully overlap with the brightest part
of the radio lobe. The current radio jets and hotspots are not aligned
with the cavity and have passed through it to larger radii, at least
in projection. Beyond the bright rim of the cavity, there is a sharp
surface brightness edge at 65 k per cent to the south and north
and at 80 k per cent to the east and west. As shown in the next
section, the gas temperature drops outwards across the edge, which
rules out the possibility that the edge is due to a cold front.

3The NVAS can [currently] be browsed through http://archive.nrao.edu/nva
s/
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Figure 3. Top left: The combined background-subtracted, exposure-corrected Chandra images of 3C 88 in the 0.7-2.0 keV band, smoothed with a 2D
Gaussian 10-pixel kernel (0.984 pixel). The surface brightness profiles are extracted in the same ellipse region from four wedges, with angles (measured
counterclockwise from the west) of 145°-240° for the eastern wedge, 240°-305° for the southern wedge, 305°-400° for the western wedge, and 40°-145° for
the northern wedge. The ellipse shown in the image has a semimajor axis of 85.7 k per cent and a major to minor axial ratio of 1.26. The regions marked in
red are used for spectral analysis (we only show regions in the southern wedge). R denotes the semimajor axis of the ellipse. Top right: The averaged surface
brightness profile across the edge in the 0.7-2.0 keV band. The red solid line shows the best-fit surface brightness model for an ellipsoidal emissivity edge. The
vertical dashed line shows the position (semimajor axis of 85 k per cent) of the shock edge. Bottom left: The surface brightness profiles in the 0.7-2.0 keVV
band for the four sectors shown in the top left-hand panel. The solid lines show the best-fit surface brightness model. Bottom right: the deprojected temperatures

in region 1, 2, 3 and 4 for four wedges.

To examine if the surface brightness edge surrounding the cavity
is consistent with a shock discontinuity, we extracted the surface
brightness profiles in the 0.7-2.0 keV band in the same ellipse region
from four different wedges to match the shock edge. The centre is
chosen to coincide with 3C 88’s radio nucleus. As shown in the top
left-hand panel in Fig. 3, the angles (measured counterclockwise
from the west) are 145°-240° for the eastern wedge, 240°-305° for
the southern wedge, 305°-400° for the western wedge, and 40°—
145° for the northern wedge. We also extracted the averaged surface
brightness profile within the full ellipse. We used the semimajor axis
of the ellipse as the X-axis for all the surface brightness profiles. The
particle background was subtracted using the normalized stowed
background. We modelled the sky background (see Section 2) and
estimated a flux of 1.8 < 1077 counts~* arcsec™2 which is subtracted

MNRAS 484, 3376-3392 (2019)

from the surface brightness. The radial bins were chosen to ensure
a minimum of 200 source counts per bin for the averaged surface
brightness profile, and a minimum of 100 source counts per bin
for those from four wedges. From the surface brightness profile,
the X-ray emission from the galaxy group is traced to 220 k per
cent. We can clearly see the depression of surface brightness in the
eastern wedge from 5-50 kpc because of the prominent X-ray
cavity (Fig. 3 bottom left).

To fit the surface brightness discontinuity, we assumed a simple,
self-similar ellipsoidal model for the X-ray emissivity, which is a
power-law function of the elliptical radius (e.g. € r~P) inside and
outside of the discontinuity (Sarazin et al. 2016). The best-fit surface
brightness model is shown as the solid line in Fig. 3 top right panel
for the averaged profile, and in the bottom left-hand panel for the
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