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ABSTRACT

We present a deep XMM—Newton observation of the extremely massive, rapidly rotating, relativistic-jet-launching spiral galaxy
2MASX J23453268—0449256. Diffuse X-ray emission from the hot gaseous halo around the galaxy is robustly detected out to
a radius of 160 kpc, corresponding roughly to 35 per cent of the virial radius (=450 kpc). We fit the X-ray emission with the
standard isothermal S model, and it is found that the enclosed gas mass within 160 kpc is 1.15*_’8:%?1 x 10" My, Extrapolating
the gas mass profile out to the virial radius, the estimated gas mass is 8.25ﬂ:$§ x 10" Mg, which makes up roughly 65 per
cent of the total baryon mass content of the galaxy. When the stellar mass is considered and accounting for the statistical and
systematic uncertainties, the baryon mass fraction within the virial radius is 0.1217(043, in agreement with the universal baryon
fraction. The baryon mass fraction is consistent with all baryons falling within 75, or with only half of the baryons falling within
r200. Similar to the massive spiral galaxies NGC 1961 and NGC 6753, we find a low value for the metal abundance of ~ 0.1
Zq, which appears uniform with radius. We also detect diffuse X-ray emission associated with the northern and southern lobes,
possibly attributed to inverse Compton scattering of cosmic microwave background photons. The estimated energy densities of
the electrons and magnetic field in these radio lobes suggest that they are electron-dominated by a factor of 10—200, depending

on the choice of the lower cut-off energy of the electron spectrum.

Key words: galaxies: individual (2MASX J23453268—0449256) — galaxies: ISM — galaxies: spiral — X-rays: galaxies — X-rays:
general — X-rays: ISM.

Bregman 2007). This lack of baryons has been confirmed in other

1 INTRODUCTION galaxies (e.g. McGaugh 2005; McGaugh et al. 2009) using a variety

Since White & Rees (1978), models of galaxy formation have
predicted that galaxies should be surrounded by hot gaseous haloes.
These hot haloes are formed as matter accretes on to the dark matter
halo, with shocks expected to heat up the baryons to the virial
temperature (White & Frenk 1991; Benson 2010). The hot haloes
are predicted to be a significant source of baryons, containing as
much or even more baryonic mass than the galaxies within the haloes
(Fukugita & Peebles 2006; Sommer-Larsen 2006)

When compared to the mean cosmic baryon to matter ratio
determined by Planck (0.156 £ 0.003; Planck Collaboration XIII
2016), observations indicate that nearby galaxies are missing most
of their baryons (e.g. Hoekstra et al. 2005; Heymans et al. 2006;

* E-mail: msm0033 @uah.edu

© 2020 The Author(s)

of methods. However, the baryon mass in the hot gas haloes of
galaxies has not been included in most of these studies. It is possible
that the majority of the missing baryons in galaxies could reside in
these hot haloes.

Hot haloes around early-type galaxies have been well studied in
soft X-rays (e.g. Forman, Jones & Tucker 1985; O’Sullivan, Forbes
& Ponman 2001). However, the histories of these haloes are complex,
as coronal gas can also be produced in the mergers and star formation
occurring as the galaxy became an elliptical (Read & Ponman 1998).
It is also difficult to distinguish the halo gas from the intergroup
medium in which most large ellipticals are located (Dressler 1980).

One exciting avenue for study is massive disc galaxies, which
have not undergone major merger events, and which are sufficiently
massive that their hot halo is bright enough in X-rays to be studied
with Chandra and XMM—Newton. Recent breakthroughs in the
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observation of hot haloes around disc galaxies have been made using
Chandra and XMM—Newton to detect the hot haloes around the
extremely massive, fast-rotating spiral galaxies NGC 1961 (Ander-
son & Bregman 2011; Bogdan et al. 2013a; Anderson, Churazov &
Bregman 2016), UGC 12591 (Dai et al. 2012), NGC 266 (Bogdéin
et al. 2013b), NGC 6753 (Bogdan et al. 2013a; Bogdan et al. 2017),
and 2MASX J23453268—0449256 (Walker, Bagchi & Fabian 2015).

The object 2MASX  J23453268—0449256  (hereafter
J2345—-0449) is an extremely massive, rapidly rotating, relativistic-
jet-launching spiral galaxy. Its radio and optical properties have
been studied by Bagchi et al. (2014), using the IUCAA Girawali
Observatory 2-m telescope. The kinematics of the optical Balmer H «
line reveals an extremely large rotation speed, Vo, = 371/sin (i) =
429 430 km s~!, in the asymptotic flat region at » > 10 kpc from the
galactic centre. J2345—0449 is therefore one of the most massive
known spiral galaxies. Bagchi et al. (2014) also found that the central
region of the galaxy (3 arcsec, corresponding to 4.3 kpc) has an ex-
ceptionally large stellar velocity dispersion, o =326 +59kms~'.On
such a spatial scale, this is higher than for the majority of bulge-less
discs. This implies a huge concentration of mass of 10'! M within
the central region, including a supermassive black hole (SMBH),
for which the lower limit mass from the optical data is 2 x 103 M.

This galaxy is currently ejecting a collimated pair of relativistic
jets out to large radii (Bagchi et al. 2014). Furthermore, Bagchi
et al. (2014) detected the synchrotron radio emission that arises from
megaparsec-scale bipolar structure with two nearly aligned pairs of
radio lobes. The inner and outer radio lobe pairs are remarkably
large, and their emission extends over ~1.6 Mpc. These radio lobes,
however, lack prominent hotspots and are no longer being energized
by the jets.

A close alignment has been found between the inner and outer
radio lobe pairs, implying a stable spin axis of the black hole over the
time-scale of 22103 yr between the two-last episodes of jet triggering.
Bagchi et al. (2014) also found that this spiral galaxy features a
pseudo-bulge rather than a classical bulge. These features lead Bagchi
et al. (2014) to suggest that the galactic disc and its SMBH have
evolved together quietly, and have not undergone recent major merger
events. This suggestion is also driven by the absence of any tidal
debris (such as tails, shells, or plumes), the location of the galaxy in
an isolated galactic environment with no nearby galactic neighbours,
and the fact that the galaxy has highly symmetric spiral arms within
a rotationally supported disc.

Using a 100 ks Chandra observation, Walker et al. (2015) detected
extended X-ray emission from the hot gaseous halo surrounding the
spiral galaxy. Walker et al. (2015) found that this X-ray emission
is elongated along the plane of the galaxy disc, and extends out
to a radius of ~80 kpc, far beyond the galaxy’s optical radius of
~25 kpc. Furthermore, the Chandra data also revealed extended X-
ray features, coinciding with the inner and outer radio lobes, and it is
possibly due to inverse Compton (IC) scattering of cosmic microwave
background (CMB) photons. Under the assumption of spherical
symmetry and fitting the emission with the standard isothermal
B model, Walker et al. (2015) estimated the hot halo mass of
2.0f}:8 x 10'0 M, for this galaxy within 80 kpc, the maximum radius
out to which the X-ray emission is detected by Chandra.

However, the low effective area of Chandra means that the number
of counts collected from the hot halo of the galaxy is low (around 130
counts), which is too low to determine the hot halo temperature and
metal abundance, both of which are required to accurately measure
the hot gas mass in the halo. In addition, the small field of view of
the Chandra ACIS-S instrument means that the outer lobes have not
been properly explored in X-rays yet. XMM—Newton, with its 9 times
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greater collecting area in the soft X-ray band (0.4-2.0 keV) and much
larger field of view, is the only X-ray telescope capable of observing
the entire radio galaxy lobe system and providing sufficient counts
for a spectroscopic analysis of the hot halo.

In this work, we present a deep XMM—Newton observation of the
spiral galaxy J2345—0449 to study its hot gaseous halo, investigate
its mass distribution, and map its morphology. In addition, we study
the magnetic field and energetics of the northern and southern radio
lobes, using X-ray and radio data.

Throughout this paper, we adopt a Lambda cold dark matter
(ACDM) cosmology with 2, = 0.3, 2, = 0.7, and Hy = 100 k¢
km s~! Mpc_1 with hjgo = 0.7. At the redshift of the galaxy (z =
0.0755), 1 arcmin corresponds to 85.9 kpc. All uncertainties unless
otherwise stated are at the 1o level.

2 OBSERVATIONS AND DATA REDUCTION

2.1 X-ray data

The spiral galaxy J2345—0449 was observed with the European
Photon Imaging Camera (EPIC) abroad XMM—Newton for 100
ks between 2017 December 19 and 2017 December 20 (PI: S. A.
Walker). The data were reduced using the XMM—Newton Science
Analysis System (XMM—SAS) package version 18.0 and Current
Calibration Files (CCF), following the methods outlined in Snowden
et al. (2008). To perform basic data reduction, we run the epchain
and emchain scripts, followed by the mos-filter and pn-filter tasks
to remove soft proton flares and extract calibrated event files from
the observations. The individual CCDs in the MOS detectors were
then screened and any CCDs that operate in anomalous states were
excluded from further processing. We also detected and removed
point sources and any extended substructures that contaminated the
field of view by running the cheese task. We then created the required
spectra and response files for the interested region by running mos-
spectra and pn-spectra, and these files were used to create the
quiescent particle background spectra and images by running the
mos-back and pn-back tasks.

Furthermore, we modelled residual soft proton contamination that
may have remained after the initial light-curve screening using the
task proton. We also carried out an additional filtering step by running
the Chandra’s source-detection tool wavdetect to detect remaining
point sources within the field that were missed using the cheese tool.
For this purpose, we used an exposure-corrected image in the hard
energy band of the galaxy’s selected region that obtained using the
Chandra data (Walker et al. 2015). The detected point sources in the
Chandra image were then excluded from our analysis.

The analysis procedure described above created all required com-
ponents for a exposure-corrected and background-subtracted image.
After weighting each detector by its effective area, these components
were then combined and adaptively smoothed into a single image.

2.2 Radio data

J2345—-0449 (Proposal code: 29-061, PI: J. Bagchi) was observed
with Giant Metre-wave Radio Telescope (GMRT; Swarup et al.
1991) on 2015 November 7 (observation ID: 8151) at 610 MHz with
32 MHz bandwidth. 3C 48 was observed as the primary calibrator
for flux calibration at the start and end of the observation. The target
(J2345—0449) was observed for a total of 294 min with periodic
scans of 25 min each, and source 00224002 was observed for 5 min
as the secondary calibrator between the scans of the target for phase
calibration.

1202 Arenugad €z uo Josn QNN / Ausioaiun uspiaT Aq £01.8¥6S/€0SZ/2/00S/2101HE/SEIUW/WOD dNO IS PEDE//:SA)Y WOI) PAPEOJUMOQ



1 arcmin = 86 kpc

Hot gas galaxy halo 2505

Figure 1. Comparing the background-subtracted, exposure-corrected XMM—Newton image of the galaxy J2345—0449 in the 0.5-1.2 keV band (left-hand
panel) to the HST image taken with the F438W filter and the UVIS detector (right-hand panel). The X-ray contours are plotted on top of the HST image to show
the spatial extent of the X-ray halo. The white sectors in the left-hand panel show the regions that X-ray counts are extracted, avoiding the regions to the north
and south of the galaxy where the jets are existed. North is up and east is to the left.

The GMRT 610 MHz radio data was analysed by following the
steps of flagging of the RFI calibration, averaging the data and imag-
ing with self-calibration. This was done by using the package Source
Peeling and Atmospheric Modelling (SPAM; Intema et al. 2009,
2017), which is based on NRAO’s Astronomical Image Processing
System (AIPS) with a PYTHON language interface. This package also
provides direction-dependent calibration to correct the effects of the
ionosphere, and hence improves the quality of the radio images.

3 RESULTS

3.1 Images

In the left-hand panel of Fig. 1, we show the background-subtracted
and exposure-corrected XMM—Newton image of the spiral galaxy
J2345—-0449 in the 0.5-1.2 keV energy band. This soft band was
chosen to maximize the signal-to-noise ratio of the detection of the
hot halo surrounding the spiral galaxy. The image is smoothed in such
a way that the number of events used for the kernel is 100 counts,
and the typical radius of the extracted point sources is in the range
of 10-20 arcsec. The right-hand panel of Fig. 1 shows the Hubble
Space Telescope (HST) image of the galaxy with the XMM—Newton
X-ray contours of the hot halo overplotted. We see that the X-ray
emission from the hot halo has much greater spatial extent than the
optical emission. The detailed analysis of the galaxy’s structure from
the HST data will be presented in a separate paper (Bagchi et al. in
preparation).

The left-hand panel of Fig. 2 shows the wide-scale XMM—Newton
image of J2345—0449. The image features two extended X-ray struc-
tures, positioned at distances of about 400 and 590 kpc, respectively,
to the north and south from the galaxy centre. In the middle panel,
we show the 610 MHz radio image of the galaxy J2345—0449
taken with GMRT. The extended X-ray emission in the north is
coincident with the location of the northern radio lobe, whereas
the south X-ray emission is not totally associated with the southern
radio lobe (Fig. 2, right-hand panel), suggesting a more complicated
relationship between the X-ray and radio lobe emissions.

3.2 Surface brightness and density

To derive surface brightness profile of the spiral galaxy J2345—0449,
counts were extracted in concentric annuli centred at the cluster
centre, (RA, Dec.) = (23:45:32.60, —04:49:25.87), corresponding
to the position of the peak X-ray flux. To maximize the signal-
to-noise ratio of the surface brightness profile of the hot halo, we
extracted counts in the soft band (0.5-1.2 keV), considering only

the directions far away from the jets, shown by the two white
sectors in Fig. 1. X-ray counts were also extracted from the local
background away from the galaxy and jets. In Fig. 3, we show the
radial profile of the background-subtracted surface brightness of the
galaxy J2345—0449, avoiding the regions to the north and south of
the galaxy where the jets are. We find that the measured surface
brightness profile robustly traces the gas out to about 160 kpc, out to
about 35 per cent of the virial radius.

Using the Chandra data, Walker et al. (2015) calculated the
contribution of the extended X-ray emission from the low mass X-ray
binaries (LMXBs) in the same region of J2345—0449 by extracting
counts in the 2.0-6.0 keV band, in which the emission is expected
to be dominated by the LMXB emission. Assuming that the LMXB
emission follows a power-law spectrum with an index of 1.56 (Irwin,
Athey & Bregman 2003), Walker et al. (2015) found that the LMXB
contamination is negligible in the soft band.

To parametrize the hot gas distribution of J2345—0449 in the
soft band, we fitted the radial profile of the background-subtracted
surface brightness with the standard isothermal 8 model (Cavaliere
& Fusco-Femiano 1976)

’ 240.5-38
S(r):So{l + (—) } , @))]
o

where S is the central surface brightness, r is the core radius, and
B describes the shape of the gas distribution.

For the fitting processes, we used the affine invariant Markov
chain Monte Carlo ensemble sampler implemented in the EMCEE
package, as proposed by Goodman & Weare (2010). Since Chandra
has a better spatial resolution than XMM —Newton (~0.5 arcsec for
Chandra compared to 6 arcsec for XMM—Newton), we fixed the
central parameters at their best values obtained from the fits of
the standard 8 model with the Chandra data (Walker et al. 2015),
and only allow S free to vary. The best-fitting value of the shape
parameter, 8, obtained from this fit is 0.36 & 0.01. The predicted
value of B is consistent well with that reported by Walker et al.
(2015), with an uncertainty much smaller than that presented by
Walker et al. (2015). The best-fitting model is shown as the red solid
line in Fig. 3. The 1o error computed using a Monte Carlo technique,
and shown as the shadow pink area in Fig. 3.

Under the assumptions of an isothermal gas and a spherical
symmetry, the gas density is given by

F\ 27158
n(r) = ng {1 + (*) } . (2)
ro

where ny is the central density.

MNRAS 500, 2503-2513 (2021)

1202 Arenugad €z uo Josn QNN / Ausioaiun uspiaT Aq £01.8¥6S/€0SZ/2/00S/2101HE/SEIUW/WOD dNO IS PEDE//:SA)Y WOI) PAPEOJUMOQ



2506 M. S. Mirakhor et al.

XMM 3 arcmin = 260 kpc

GMRT

Northern lobe

Southern lobe

3 arcmin = 260 kpc

Southern lobes

XMM with GMRT contours

Northern lobes

i

)

Figure 2. Left: Background-subtracted, exposure-corrected X-ray image of the spiral galaxy J2345—0449 in the 0.5-1.2 keV energy band. Middle: 610 MHz
radio image of the galaxy J2345—0449 taken with GMRT. Right: X-ray image of J2345—0449 with the 610 MHz GMRT radio contours being overlaid.
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Figure 3. Background-subtracted surface brightness profile of the
J2345—-0449 galaxy in the 0.5-1.2 keV energy band. The red solid line is the
best-fitting model, and the shadow pink region marks the 1o error computed
using a Monte Carlo technique.

Fixing the galaxy redshift to 0.0755 and the absorbing column den-
sity to the Leiden—Argentine—Bonn (LAB) survey value of 3 x 10%
cm~2 (Kalberla et al. 2005), Walker et al. (2015) found that the central
density n is equal to 0.08 703 cm~>. We adopt this value for n in this
work. In Fig. 4, we plot the estimated density profile of J2345—0449
using the best-fitting parameters derived from the 8 model.

The X-ray image of J2345—0449 (Fig. 1, left-hand panel) shows
that the surface brightness is not fully spherical, with the bulk of

MNRAS 500, 2503-2513 (2021)
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Figure 4. Radial profile of the electron density of the J2345—0449 galaxy
obtained using the best-fitting parameters of the § model. The shadow pink
region marks the 1o error computed using a Monte Carlo technique.

the X-ray emission extending in the east-west direction along the
major axis of the galaxy. To examine the effects of the excluding
regions along the jet directions on the shape parameter B, we
fitted the X-ray data along the jet directions with an isothermal g
model. Within a relatively small radius (<80 kpc), the estimated
value of the shape parameter is B ~ 0.36, consistent well with
that derived in the direction of the galaxy plane. However, due to
the effects of the active galactic nuclei (AGN) feedback on the hot
gas along the jet directions, we therefore included only the X-ray
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Figure 5. Profiles of the hot halo gas temperature (left) and metal abundance (right) obtained from spectral fitting.

counts in the direction of the plane of the galaxy, far away from the
jets.

Furthermore, we quantified the shape of the galaxy and examined
its effects on the baryon mass fraction measurements under the
assumption of spherical symmetry by fitting the X-ray surface
brightness image (Fig. 1, left-hand panel) with an isothermal g
model, and accounting for projected ellipticity € and the angle of
the ellipticity 6. We find a projected ellipticity of 0.31 £ 0.04,
implying that the ratio of the minor-to-major axis is ~0.7. Several
studies (e.g. Mohr et al. 1995; Cooray 1998) found that a system
with € &~ 0.3 can have an uncertainty of about £6 per cent in the
gas mass and about £12 per cent in the total mass if it is modelled
as a sphere. This translates to ~+13 per cent uncertainty in the
baryon mass fraction measurements derived from the X-ray data.
On the other hand, the isothermal assumption can systematically
affect the baryon mass fraction measurements through its effects on
both gas mass and total mass. However, since the X-ray gas mass
is a weak function of temperature (xT"?) and the total mass is
approximately proportional to temperature (x7), consequently, the
baryon mass fraction (ocT~'2) is not very sensitive to temperature
gradients in the hot gaseous halo. We therefore assign a +8 per cent
systematic uncertainty to the baryon mass fraction under the isother-
mal assumption. Our baryon mass fraction measurements presented
in Section 4.1 take account of the systematic uncertainties due to
the effects of asphericity and the isothermal assumption discussed
above.

3.3 Spectral analysis

The much higher effective area of XMM—Newton compared to
Chandra allows us to perform a spectral analysis of the hot gas
in J2345—-0449 for the first time. To perform the spectral analysis,
we follow the XMM—Newton Extended Source Analysis (ESAS)
cookbook,! as is also done in Anderson et al. (2016). Spectra

Uhttps://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas.html

were extracted in annuli with width 0.25 arcmin from the MOS
and PN detectors using mos-spectra and pn-spectra, respectively,
while particle background files were obtained using mos-back and
pn-back, respectively. For each annulus, the MOS and PN spectra
were fit simultaneously, together with the ROSAT All Sky Survey
(RASS) spectrum from a background annulus in the region 1.5-2.5
deg around the galaxy which is used to model the soft background
components. These spectra were fit with a model consisting of the
following components. Two solar abundance APEC (Smith et al.
2001) models were used to model the local bubble and the Galactic
halo, whose temperatures were 0.1 and 0.25 keV, respectively.
An absorbed power law with index 1.44 was used to model the
cosmic X-ray background (CXB), where the column density of
the absorption model is fixed to the value from the LAB survey
(Kalberla et al. 2005) of 3 x 10*° cm™2. We include zero-width
Gaussian models with energies fixed at 1.49 and 1.75 keV to model
the Al Ko and the Si K« instrumental lines, with normalizations
being free for each detector. Six zero-width Gaussian were also
included to model potential solar wind charge exchange emission
(SWCX), and the energies of the these lines were fixed to 0.46,
0.57, 0.65, 0.81, 0.92, and 1.35 keV, which correspond to the C
vi, O vi, O v, O viil, Ne 1X, and Mg XI transitions. The soft
proton background is modelled as a power law with free index
and normalization for each detector, using a diagonal response
matrix.

The emission from the galaxy halo is then modelled as an absorbed
APEC component to model the hot gas, and an absorbed power law
with index fixed to 1.56 (as in Anderson et al. 2016) to model X-
ray binary emission. When fitting for the hot gas, we fit for the
temperature and the metal abundance, using the abundance tables
of Grevesse & Sauval (1998), as in Bogdan et al. (2017). We are
able to fit for the temperature in 3 annuli of width 0.25 arcmin,
and the plot of the temperature profile and metal abundance profile
is shown in Fig. 5. Examples of the spectral fits are shown in
Fig. 6.

Our findings are similar to those found for NGC 1961 (Anderson
etal. 2016) and NGC 6753 (Bogdéan et al. 2017), in that we find a low
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Figure 6. Spectral fits to the PN and MOS data in the 2040 kpc region.
Data are shown as black points, the background model is shown as the solid
blue line, the thermal component from the galaxy halo is shown as the solid
red line, and the total fit (source plus background) is shown as the solid black
line. The spectral lines appearing at 1.49 and 1.75 keV are the Al K« and Si
Ko instrumental lines.

value for the metal abundance of ~0.1Z; which appears uniform
with radius, and a temperature profile that decreases slightly with
increasing radius.

3.4 Halo gas mass

To estimate the hot halo mass around the spiral galaxy J2345—0449,
we integrated the density profile (equation 2) over a given volume and
multiplied by the mean mass per electron, p.m,. Using the derived
temperature of 0.6 keV and metallicity of 0.1 Zg, the enclosed gas
mass within a radius of 160 kpc, the maximum radius out to which
the X-ray emission is detected, is 1.157022 x 10'! Mg, Since the X-
ray emission is only detected out to 160 kpc, we must extrapolate the
best-fitting density model beyond this radius to estimate the halo mass
out to ry (corresponding to 450 kpc). Assuming the gas temperature
and metallicity remain constant out to the virial radius, the implied
hot halo mass within ryy is 8.257162 x 10" Mg, consistent with a
massive hot atmosphere. The best-fitting gas mass profile is shown
in Fig. 7.

We emphasize that the estimated halo mass within the virial radius
has non-negligible systematic and statistical uncertainties, which
mainly originate from the fact that the X-ray emission is only detected
up to 35 per cent of the virial radius. In addition to the effects of
asphericity and the isothermal assumption (see Section 3.2), the halo
mass depends significantly on the solar metallicity. For instance, a
higher abundance leads to more emission from the Fe L line due to
the degeneracy between the metallicity and the emission measure.
For a fixed count rate, this tends to change the gas density, and
therefore, the halo mass. Assuming the range of 0.05—0.2 Z, for the

MNRAS 500, 2503-2513 (2021)

1013 Eo 4
1012 L 4
~
s
" 1011 4
wn
©
=
1010 L i
—— Stellar mass
—— Hot gas mass
109} —— Total mass E

101 10
Radius (kpc)

Figure 7. Mass profiles of the spiral galaxy J2345—0449. The black, red,
and blue solid lines show, respectively, the distribution of the stellar mass,
the hot gas mass, and the total mass. The gas and total masses are measured
within a radius of 160 kpc, while the stellar mass is measured within 80 kpc
(Walker et al. 2015). Beyond these radii, mass profiles are extrapolated out
to the virial radius (dashed lines). The shadow regions mark the lo error
computed using a Monte Carlo technique. The vertical dotted line marks the
location of the rq radius.

metallicity, the corresponding possible range for the gas mass within
700 18 (7.20-9.35) x 10" Mg,

3.5 Total mass

The distribution of the galaxy’s total mass, which is mainly made up
of dark matter, can be computed from the modelled gas structure.
Its distribution relates to the density and temperature profiles of the
gas. We assume that the gas is in hydrostatic equilibrium in the
galaxy’s gravitational potential with no bulk flow of matter. Under
the assumptions of isothermal gas and spherical symmetry, the total
mass of a galaxy within a radius of r takes the form:

3

where G is the Newtonian gravitational constant, and um,, is the
mean molecular weight of the gas. Equation (3) depends on the
gas temperature and the halo shape parameters (B, ry), but it is
independent of the value of the central gas density 7.

Within 160 kpc, the derived total mass of the galaxy J2345—0449
is 3.697033 x 10'2 M, using the estimated gas temperature of
0.6 keV. The best-fitting total mass profile is shown in Fig. 7.
When this profile is extrapolated out to ryy, the derived total
mass is 1.0770.00 x 10'3 M. Similar to the gas mass measurements,
the estimated total mass within r, is also affected by systematic
and statistical uncertainties, originating mainly from the unexplored
properties of the hot halo beyond a radius of 160 kpc.

3.6 Magnetic field strength

We estimated the strength of the magnetic field in the regions where
diffuse X-ray emission is associated with the northern and southern
radio lobes. Everywhere else where radio emission is seen but not X-
ray emission, the magnetic field strength is expected to be relatively
high. To estimate the magnetic field strength, we measured the
radio flux in four regions using GMRT at 610 MHz, as indicated
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Figure 8. XMM—Newton image of the spiral galaxy J2345—0449 shows the
locations of the regions in which the X-ray and radio fluxes were measured.
The GMRT contours are plotted on the top of the X-ray image.

Table 1. Values of the best-fitting parameters for the power-law model.

Region r Norm x2/dof
(Photons keV~! em=2 s~ 1)

North 1 2.10+£0.15 (5.65 +0.39) x 107° 102.7/98

North 2 2.13+£0.18 (6.62 £0.47) x 1076 152.4/124

South 1 2.31+0.36 (8.37 +0.78) x 107° 116.2/93

South 2 225+0.26 (11.29 4 0.68) x 10° 179.5/185

by magenta boxes in Fig. 8, and subtracted from the background
flux, which is measured in a region far away from the galaxy and
jets. For X-ray, we extracted the X-ray counts from PN and MOS
event data in the same regions, using the XMM—SAS task xmmselect.
X-ray counts were also extracted from the local background away
from the galaxy and jets. For each background-subtracted spectral
channel, the spectrum is re-binned so that every bin contains at least
25 counts and not to oversample the intrinsic energy resolution by a
factor greater than 3. We fitted the X-ray spectrum with a power-law
model, with the normalization (Norm) and spectral index (I") left free
to vary. The absorbing column density is fixed to the LAB survey
value of 3 x 102 cm~2 (Kalberla et al. 2005). Values of the best-
fitting parameters and the associated x> per degree of freedom for the
power-law model are shown in Table 1. For each region, the photon
index I' estimated from the X-ray spectra is statistically consistent
with the radio spectral index (I'g) value of 2 derived for the northern
and southern lobes in the 325-1400 MHz range (Bagchi et al. 2014),
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Table 2. Flux densities and magnetic field strengths.

Region Sx Sr B

(nJy) dy) (1G)

North 1 3.74 £ 0.26 0.059 £ 0.001 0.39 +£0.01
North 2 432 +0.31 0.048 £ 0.001 0.33 +£0.01
South 1 5.53+0.52 0.030 £ 0.001 0.23 +£0.01
South 2 7.46 £ 0.45 0.037 £ 0.002 0.22 +0.01

suggesting that the X-ray emission is attributed to the IC scattering of
the CMB photons by a population of the radio-synchrotron-emitting
electrons filling the lobes.

Using the measurements of the flux density estimated from X-ray
and radio data, the magnetic field strength can then be estimated as
(Harris & Grindlay 1979)

(5.05 x 109?C(a)G(@)(1 +2)**3 Sk [ vr \*
1047 Sx ’

Bot+l — (4)

VX

where o (= I'g — 1) is the radio spectral index, C(«) is approximately
constant (*1.15 x 10%") over the range 0.5 < @ < 2.0, and G(«)
is a correction factor tabulated in Harris & Grindlay (1979) (G =
0.5 at « = 1). Sx and Sg are the X-ray and radio flux densities at
frequencies vy and vg, respectively.

Table 2 shows values of the magnetic field in the four regions,
where radio and X-ray emissions are nearly coincident. In the same
table, we also show the X-ray flux density measured at 1 keV and
the radio flux density measured using GMRT at 610 MHz. We note
that the average value of the magnetic field strength in the north is
around 0.36 pG, higher than that estimated for the south, where the
resulting field strength is ~0.23 puG.

4 DISCUSSION

4.1 Baryon mass fraction

Measuring the baryon mass fraction of galaxies has essential impli-
cations for our understanding of galaxy formation and evolution. It
allows us to examine the effects of AGN and supernova feedback,
and assess their role in expelling gas from the galactic potential well
or to large radii. There are a number of baryonic mass components
that contribute to the overall baryon budget in galaxies. In addition
to the stellar mass, it is found that a significant fraction of the
baryons resides in the hot gaseous halo surrounding the host galaxy
(e.g. Anderson & Bregman 2011; Dai et al. 2012; Bogdén et al.
2013a,b; Bogdan et al. 2017). Other contributions come from the cold
interstellar medium gas, the molecular gas mass, the photoionized
gas (~10* K) of the circumgalactic medium, and the warm-hot gas
(10°-107 K) of the circumgalactic medium.

Itis expected that the baryon mass fraction in galaxies and clusters
to reflect the universal baryon fraction (e.g. White et al. 1993). Yet,
the measured baryon mass fraction in galaxies and their haloes lies
significantly below the universal value (e.g. Anderson & Bregman
2011; Bogdén et al. 2017). Cosmological simulations of structure
formation (e.g. Fukugita & Peebles 2006; Sommer-Larsen 2006)
predict that the bulk of the missing baryons resides around the host
galaxy, inside of the virial radius, in the form of hot gaseous haloes.
However, due to its very low gas density, current X-ray observations
are limited to a radius less than 20 per cent of the virial radius,
implying that the majority of the halo volume remained undetected.
For instance, only 17 per cent of the virial radius is detected in the
spiral galaxy NGC 266 (Bogdan et al. 2013b), 16 per cent is detected

MNRAS 500, 2503-2513 (2021)
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in NGC 1961 (Anderson et al. 2016), and 11 per cent is detected in
NGC 6753 (Bogdan et al. 2017). Here, we robustly detected diffuse
X-ray emission from the hot gaseous halo around the galaxy out
to a radius of 160 kpc, corresponding roughly to 35 per cent of
the virial radius. To compute the galaxy’s baryon content, we only
consider the stellar mass and the hot halo gas mass. Contributions
from other baryonic components such as the molecular gas mass,
the photoionized gas, and the warm—hot gas of the circumgalactic
medium are not considered, as they comprise a small fraction of
the overall baryon budget in galaxies (e.g. Werk et al. 2014; Li
et al. 2018). Using IRAM 30-m observations, Dabhade et al. (2020)
reported molecular gas mass of 12 giant radio galaxies, including
J2345—-0449, and found that this galaxy has a molecular mass of
1.62 x 10'° Mg, much smaller than the stellar mass of the galaxy.

Walker et al. (2015) estimated the stellar mass of J2345—0449
using the total K-band absolute magnitude of —26.15 determined
from 2MASS data. Using a mass-to-light ratio of 0.78 with range
0.60—0.95 (Bell et al. 2003; Dai et al. 2012), Walker et al. (2015)
found that the stellar mass of J2345—0449 is 4.67]0 x 10" M,
Combining this mass with the hot gas mass of 8.25%}%7 x 10! M,
estimated within the virial radius (Section 3.4), we find that the total
baryon mass is My = 1.297038 x 10'> M. Defining the baryon
mass fraction as fi, = My, ot/(Mpm + My, 1or), Where Mpyv + My, o
is the total mass (Section 3.5), we find that f, = 0.12170043. The
uncertainty associated with the reported baryon mass fraction mea-
surement takes account of the statistical and systematic uncertainties
due to the effects of the ellipsoidal shape of the galaxy, and the
isothermal and constant metal abundance assumptions. Although the
associated uncertainty is large, it is statistically in agreement with
the universal baryon fraction of 0.156 =+ 0.003 reported by Planck
Collaboration XIII (2016).

In addition to measuring the baryon mass fraction within the
virial radius, we measured the baryon mass fraction within a
radius of 160 kpc, the maximum radius out to which the X-ray
emission is detected. Within this radius, the total baryon mass
is My = 5.7571%5 x 10" Mg. Using the estimated total mass
of 3.697032 x 10> My, hence, the baryon mass fraction is fi =
0.156700}, agreeing well with the universal baryon fraction. Here
also, we take account of the statistical and systematic uncertainties
associated with the baryon mass fraction measurements.

In Fig. 9, we show the estimated values of the total baryon mass
fraction of the spiral galaxy J2345—0449 within 160 and 450 kpc
(the blue points). In the same figure, we also show the radial profile
of the hot gas mass fraction of J2345—0449 (the red curve). Within
the virial radius (450 kpc), the hot halo mass makes up roughly 65
per cent of the total baryon mass content of the galaxy J2345—0449.
The detailed mass budget of J2345—0449 within 160 and 450 kpc is
summarized in Table 3.

We compared the baryon and hot gas mass fraction measurements
of J2345—0449 within ryy to those reported for a sample of spiral
galaxies (Li et al. 2018), spiral galaxies NGC 1961 and NGC 6753
(Bogdan et al. 2013a), non-starburst field spiral galaxies (Li, Crain &
Wang 2014), the Milky Way (Miller & Bregman 2015), galaxy groups
(Sun et al. 2009), and galaxy clusters (Vikhlinin et al. 2006) (see
Fig. 10). Results suggest that our estimated baryon and hot gas mass
fraction measurements are consistent with those derived for massive
spiral galaxies NGC 1961 and NGC 6753 (Bogdan et al. 2013a).
Our measurements are also consistent with the broken power-law
relation between the baryon mass fraction and the rotation velocity
found by Dai et al. (2010) for galaxy groups and clusters of galaxies
(the dashed curve in Fig. 10).
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Figure 9. Radial profile of the baryon mass fraction of the spiral galaxy
J2345—-0449. The red solid line shows the baryon mass fraction profile,
only including the hot gas mass. The baryon mass fraction is measured
within a radius of 160, and beyond which we extrapolate the profile to
the virial radius (dashed line). The shadow pink region marks the lo error
computed using a Monte Carlo technique. The blue points mark the estimated
values of the baryon mass fraction of J2345—0449 within 160 and 450 kpc,
including the stellar mass component estimated by Walker et al. (2015).
The baryon mass fraction measurements reported at 160 and 450 kpc take
into account the systematic and statistical uncertainties due to the effects of
the ellipsoidal shape of the galaxy, and the isothermal and constant metal
abundance assumptions. The grey region shows the universal baryon fraction
(Planck Collaboration XIII 2016). The vertical dotted line marks the location
of the rygg radius.

Furthermore, we compared the X-ray luminosity of this spiral
galaxy with other massive spiral galaxies. The measured luminosity
of the hot halo for J2345—0449 within a radius of 50 kpc in the
0.5-2.0 keV energy band is (4.0 4 0.5) x 10*! erg s~!, significantly
higher than the luminosity of (3.1 4 0.5) x 10* erg s~! estimated for
NGC 6753 (Bogdan et al. 2013a), and the luminosity of 2.9 x 10%
erg s! estimated for UGC 12591 (Dai et al. 2012). The luminosity
of this object is even higher than the luminosity of (8.9 £ 1.2) x
10* erg s—! estimated for the luminous giant spiral galaxy NGC 1961
within 50 kpc in the energy band 0.5-2.0 keV (Anderson et al. 2016).

There is a wide range of predictions as to where to find the missing
baryons (for areview see Bregman et al. 2018). For the low-feedback
cases, one prediction for the missing baryons is that they lie within
200. However, most current models do not support that conclusion.
Higher feedback cases predict that a significant fraction of baryons
lies beyond ryg. Also, the stacked Sunyaev Zel’dovich signal towards
galaxies indicates that the bulk of the missing baryons lies beyond
ry0 (Planck Collaboration XI 2013). Our measured baryon mass
fraction is consistent with all baryons falling within ryy, or with
only half of the baryons falling within 759o.

4.2 Energetics in the lobes

The electron and magnetic energies stored in the radio lobes are
sourced by jets originating in the nucleus of the radio galaxy. This
makes the lobes to be a valuable probe to trace the final stage of
the evolution of radio jets. Typically, the energy content of the radio
lobes is measured via the diffuse radio synchrotron emission and
the X-ray IC scattering of CMB photons by a population of the
relativistic electrons injected into the radio lobes. In many systems,
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Table 3. Mass budget of J2345—0449.
Radius M, Mgas M, 1ot Mpm + M, 1ot Jo
(kpe) (Mo) Mo) Mo) (Mo)
160 4.6710 x 10" LI5T02E x 10" 5757195 x 10! 3.697033 x 102 0.156700%

450 4.6710 5 10" 8.2571-62 x 10"

1291038 10"

0.09 0.043
107576 x 1013 0.1217003

Note. From left to right, columns are as follows: (1) Radius within which the masses are measured. (2) Estimated stellar
mass within 80 kpc (from Walker et al. 2015). (3) Estimated hot gas mass. (4) Total baryon mass that is the sum of the
stellar mass and the hot gas mass. (5) Estimated total mass, which is computed using equation (3). (6) Estimated baryon
mass fraction, defined as fy, = My, (ot/(Mpm + My, 1or)- The uncertainties associated with the baryon mass fraction take
account of the systematic and statistical uncertainties discussed in the main text.
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Figure 10. Left: Baryon mass fraction versus rotation velocity. Right: Hot gas mass fraction versus rotation velocity. The J2345—0449 measurements are
compared to those reported for a sample of spiral galaxies (Li et al. 2018), spiral galaxies NGC 1961 and NGC 6753 (Bogdan et al. 2013a), non-starburst field
spiral galaxies (Li et al. 2014), the Milky Way (Miller & Bregman 2015), galaxy groups (Sun et al. 2009), and galaxy clusters (Vikhlinin et al. 2006). The dashed
curve is a broken power-law model from Dai et al. (2010). The grey shadow area represents the Planck universal baryon fraction (Planck Collaboration XIII
2016). The uncertainties associated with the J2345—0449 measurements take account of the systematic and statistical uncertainties discussed in the main text.

the lobes have been claimed to be dominated by electrons, i.e. the
magnetic field is lower than the equipartition value (see Isobe et al.
2002; Croston et al. 2005; Isobe et al. 2006; Stawarz et al. 2013; Isobe
& Koyama 2015), whereas in others a near-equipartition condition
has been claimed between the magnetic field and electron energy
densities (see Hardcastle et al. 2002; Croston et al. 2004; Isobe, Seta
& Tashiro 2011).

In this paper, we measured the energy densities of the electrons
(U,) and magnetic field (Ug) in the regions shown as magenta boxes
in Fig. 8, using analytical formulas described in Harris & Grindlay
(1979). We approximated the shape of these regions to be prolate
ellipsoids, and the electron number density was assumed to follow a
power-law distribution of electrons: N(y) = Noy ~?, where N, is the
amplitude of the electron spectrum, y is the Lorentz factor, and the
index p = 2I'r — 1. Accordingly, the energy density of the electron
population in a radio lobe takes the form

Ymax

U, = N(y)ymec?dy, 3)

Ymin

where Y min and ¥ nax are, respectively, the minimum and maximum
Lorentz factors, m. is the electron mass, and c is the light speed.

The electron energy density, however, is relatively sensitive for
different choices of p and y,,. The spectral index p can be
constrained observationally, whereas the Lorentz factor y i, has not
been constrained yet. Some studies (e.g. Erlund et al. 2006) found
that the minimum electron energy in the radio lobes corresponds to

Ymin = 103, while others derived a lower value for y i, in some giant
radio galaxies (e.g. Orru et al. 2010). Here, we estimated the electron
energy density by adopting values of 10 and 102 for y .

The results of the estimated electron energy density in these four
regions are summarized in Table 4. In the same table, we also show the
magnetic energy density, which is derived from the magnetic field
strength as Ug = B?/219, where i is the magnetic permeability.
From the measured energy densities of the electrons and magnetic
field, we have computed the U./Ug (Table 4). Our results indicate that
the radio lobes of the galaxy J2345—0449 are electron-dominated by
up to a factor of 23 and 197 for y i, of 10° and 102, respectively.

There are several possible sources of photons that can be IC-
scattered up to X-ray energies by a population of the relativistic
electrons. These sources include synchrotron photons produced from
the radio emission itself in a process known as synchrotron self-
Compton (e.g. Hardcastle et al. 2004), and the CMB radiation (e.g.
Harris & Grindlay 1979). In the northern and southern lobes of
J2345—-0449, we found that the energy density of the synchrotron
radiation is much smaller than the photon energy density from the
CMB radiation (Ucyp = 5.65 x 107'3 erg cm™3). This implies that
the seed photons are mainly originated from the CMB radiation and
the radio synchrotron emission has only a negligible contribution.
Furthermore, we found a dominance of the IC radiative lose over
that from the synchrotron emission (i.e. Ug/Ucyp = 0.01), agreeing
with that found in the lobes of other giant radio galaxies (e.g. 3C
236; Isobe & Koyama 2015).
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Table 4. Summary of energetics in the northern and southern lobes.

Ve =103—10° Ye = 102—10°
Region U U, Us/Ug Ue U./Up
(107" erg (1074 erg (107" erg
cm™3) cm™3) cm™3)

North 1 0.61 £0.03 8.91 +0.62 14.61 £1.24 70.37 £5.59 115.36 +10.78
North 2 0.43 £0.03 4.13 +£0.30 9.61 £0.97 3723 £2.67 86.58 + 8.66
South 1 0.21 £0.02 4.92 £ 0.46 2343 £3.13 4134 £4.17 196.86 £+ 27.31
South 2 0.19 £0.02 3.87+£0.23 20.37 £2.46 34.87 £2.10 183.53 £22.26

5 CONCLUSIONS

We have presented a deep XMM—Newton observation of the ex-
tremely massive, rapidly rotating, relativistic-jet-launching spiral
galaxy J2345—-0449. We have been able to detect diffuse X-ray
emission from the hot gaseous halo surrounding the galaxy out
to about 160 kpc, out to about 35 per cent of ryy. Beyond this
radius, we have extrapolated our measurements to the virial radius.
Furthermore, we have also detected X-ray emission associated with
the northern and southern lobes, possibly attributed to IC scattering
of CMB photons by a population of the radio-synchrotron-emitting
electrons.

Fitting X-ray emission with the standard isothermal 8 model, we
have found that the enclosed gas mass within 160 kpc, the maximum
radius out to which the X-ray emission is detected, is 1.157933 x
10" M. When we have extrapolated the gas mass profile out to
the virial radius, the enclosed gas mass is 8.257%% x 10! Mg,
corresponding roughly to 65 per cent of the total mass in baryons
within the virial radius of the galaxy. This is consistent with the
predictions of cosmological simulations (Fukugita & Peebles 2006;
Sommer-Larsen 2006). With including the stellar mass component
and accounting for the statistical and systematic uncertainties, we
have found that the baryon mass fraction is 0.121700;3 within the
virial radius, statistically in agreement with the universal baryon
fraction and massive spiral galaxies NGC 1961 and NGC 6753.
We have also measured the energy densities of the electrons and
magnetic field for the detected X-ray emission regions associated
with the northern and southern lobes, and our results indicate that
these regions are electron dominated by a factor of about 10—200,
depending on the choice of the lower cut-off energy of the electron
population.
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