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Shock heating in the nearby radio galaxy NGC 3801
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ABSTRACT

We report theChandra detection of shock-heated shells of hot gas surrounding the
radio lobes of the nearby (DL ∼ 53 Mpc) low-power radio galaxy NGC 3801. The
shells have temperatures of 1 keV and 0.7 keV, compared to an ISM temperature of
0.23 keV. The estimated expansion speed of the shells is∼ 850 km s−1, corresponding
to a Mach number of∼ 4. This is the second X-ray detection of strong shocks pro-
duced by a low-power radio galaxy, and allows us to measure directly the contribution
of shock heating to the radio galaxy’s total energetic inputto the ISM. We show that
the gas properties of the shells and surrounding ISM are consistent with the Rankine-
Hugoniot shock jump conditions. We estimate the energy stored in the hot gas shells
(thermal + kinetic energy) to be1.7 × 1056 ergs, which is equivalent to the thermal
energy of the ISM within∼ 11 kpc of the galaxy centre, and a factor of∼ 25 larger
than the inferredPdV work required to inflate the lobe cavities, indicating that energy
transfer from the AGN to its environment is dominated by shock heating during this
stage of radio-source evolution. Our results provide direct evidence that shock heating
in the early supersonic phase of FRI radio-source expansioncan have important long-
term effects on the properties of the host galaxy ISM. Finally, we discuss the merger
history of NGC 3801, the fuelling of its AGN and the role of this type of system in
feedback models.

Subject headings: galaxies: active – X-rays: galaxies – X-rays: quasars – radiation
mechanisms: non-thermal
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1. Introduction

Shock heating by radio galaxies is thought to be an importantmeans of transferring energy
from active galactic nuclei to their environments, but direct evidence for this process has been
difficult to find. The first example of a shock associated with expanding radio-galaxy lobes was
found in the nearest low-power (FRI) radio galaxy, Centaurus A (Kraft et al. 2003), and this
remains the only case to date in which a high Mach number shockcan be seen in direct contact
with a radio lobe. Other examples of shocks have been found inclusters, where they are often
detached from the radio lobes and always considerably weaker (e.g. M87: Forman et al. 2005,
Cygnus A: Wilson et al. 2006; Hydra A: Nulsen et al. 2006); these results confirm that energy
input via shocks is an important mechanism for AGN feedback on scales ranging from individual
galaxies to galaxy clusters. It is therefore essential to beable to constrain the physical properties of
radio-lobe shocks, and to understand in what circumstancesthey occur, so as to be able to measure
the total energy contribution from radio galaxies to their environments.

The detection of shocked gas in the low-power (FRI) radio galaxy Centaurus A (Kraft et
al. 2003), suggests that the early stages of radio-source expansion will have a dramatic effect on
the host galaxy ISM. Well-studied, large FRI sources are notthought to be overpressured (e.g.
Croston et al. 2003); however, it is likely that all radio sources go through an early overpres-
sured phase of supersonic expansion, producing shocks, before achieving pressure balance (e.g
Heinz et al. 1998). While the highly supersonic phase of expansion must last for only a small
fraction of the source’s lifetime, the impact on the surrounding gas properties of the shock heating
it produces may be dramatic, since the energy input from sucha source is a significant fraction
of the gravitational energy of the gas: in the case of Cen A, the shock-heated gas has a thermal
energy of4.2 × 1055 ergs, which is a few tens of percent of that of the ISM (and its kinetic energy
is significantly higher – see Kraft et al. (2003)). Low-powerFRIs similar to Cen A are expected to
be relatively common, and so the shock detection in Cen A leads to a prediction that many ellip-
tical galaxies experience the effects of shock heating by supersonically expanding radio lobes. It
is therefore essential to establish whether the shock conditions observed in Cen A, which do not
agree with standard predictions, are likely to be typical ofthe effects of young FRI sources on their
environments.

In this paper we report theChandra detection of shocked gas shells surrounding the radio
lobes of NGC 3801: this is the second such detection in a nearby radio galaxy. NGC 3801 is
a nearby (z = 0.0113), isolated E/S0 galaxy, which hosts a small double-lobed radio source of
similar morphology to Cen A. Optically, NGC 3801 is disturbed, with a prominent dust lane and
secondary dust features, as shown in HST WFPC2 images (Verdoes Kleijn et al. 1999). Recent
millimeter-wave observations with BIMA (Das et al. 2005) have revealed the presence of a central
rotating molecular gas ring or disk, as well as a gas clump likely to be infalling merger-related
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material that may be interacting with the radio jet. These results indicate that NGC 3801 has
recently undergone a merger; ourChandra data therefore also provide an opportunity to investigate
the relationship between merger activity, AGN fuelling andfeedback via radio outbursts. Since
small FRI sources like Cen A and NGC 3801 will be undetectablein the radio beyondz ∼ 0.04

with the sensitivity of current instruments, these sourcesprovide one of the few means of obtaining
more information about the heating and compression of gas inmore distant massive elliptical
galaxies, where such radio sources are likely to be present but undetectable.

Throughout this paper, we adopt a cosmology withH0 = 70 km s−1 Mpc−1, ΩM = 0.3 and
ΩΛ = 0.7. We adopt a luminosity distance fot NGC 3801 of 52.6 Mpc, obtained by correcting the
heliocentric velocity of 3317 ks s−1 (Lu et al. 1993) to the CMB frame of reference, which gives
an angular scale of 1 arcsec = 0.25 kpc at the distance of NGC 3801.

2. Data analysis

2.1. Chandra

We observed NGC 3801 withChandra for 60 ks on 2006 April 6. The observation was taken
in VFAINT mode to minimize the background level. The data were reprocessed from the level 1
events file withCIAO 3.3 and CALDB 3.2, including VFAINT cleaning. The latest gain files were
applied and the 0.5-pixel randomization removed using standard techniques detailed in theCIAO

on-line documentation1. In addition to applying the standard good time intervals wecarried out
GTI filtering using theanalyze ltcrv script, which reduced the total exposure time to 58,886 s.

We produced a 0.5 – 2 keV filtered image to examine the X-ray emission associated with
the radio galaxy, presented in Fig. 1. X-ray emission is detected from the core of NGC 3801, from
regions surrounding the two radio lobes, indicated in Fig. 1, and extended emission from the galaxy
atmosphere is also detected. Fig. 2 shows a Gaussian smoothed image with radio contours overlaid
(see below) emphasizing the lobe-related X-ray structure.

We extracted spectra from the core, the two lobes and the galaxy halo using thespecextract
script, which also builds the appropriate response files. Extraction regions are shown in Fig 3.
Local background regions adjacent to or surrounding the source extraction regions were used.
Spectra were grouped to 20 counts per bin after background subtraction prior to spectral fitting,
which was carried out usingXSPEC. We assumed a fixed Galactic absorption ofNH = 2.3 × 1020

cm−2 (Dickey & Lockman 1990) in all of our spectral fitting.

1http://asc.harvard.edu/ciao/
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We also extracted a radial surface brightness profile for NGC3801 to constrain the X-ray
emission from the ISM, masking out the radio lobe regions andpoint sources, and using an outer
annulus (between 74 and 123 arcsec) as a local background. The profile was extracted in the 0.5 –
2 keV energy range, where the contribution from the nuclear point source is negligible, so that the
profile could be fitted by aβ model convolved with theChandra PSF, as parametrized by Worrall
et al. (2001). Further analysis of the radial profile is described in Section 3.2. The background-
subtracted radial profile is shown in Fig. 5.

2.2. Radio data

We observed NGC 3801 at 1.4 GHz and 4.9 GHz with the VLA on 2006 February 17 in
A configuration, on 2006 June 27 in B configuration, and on 2006November 26 to supplement
existing archival data. The data were calibrated in the standard manner usingAIPS. The clean
algorithm was used to map the data for each frequency at each configuration, and in each case
self-calibration was carried out to convergence using the clean model components. The final 1.4-
GHz map was obtained by first combining our A-configuration data with an an earlier snapshot
observation (AB920) in the same configuration to improve ouruv coverage. The archive data were
independently calibrated, and then the finalclean model obtained from the new data was used to
calibrate the archive dataset, prior to combining theuv data of the two observations usingdbcon.
The 1.4-GHz B-configuration data were then calibrated usingthe best A-configuration model,
before being combined with the A-configuration data with appropriate weighting, usingdbcon. A
final map, shown in Fig. 2, was then produced from the combineddata. The 4.9-GHz data were
reduced similarly, with the C-configuration data first calibrated using the best B-configuration
model before they were combined. The final combined B and C configuration map at 4.9-GHz
has resolution matched to the combined A and B configuration map at 1.4-GHz, enabling spectral
analysis to be carried out as discussed in Section 4.

3. Results

3.1. Radio lobe related emission

Although, the edge-brightned shell morphology of the lobe-related emission immediately sug-
gests a hot gas origin, we initially fitted the spectra for theeast and west lobe-related X-ray emis-
sion with single power-law andmekal models with the aim of distinguishing between a thermal
and non-thermal origin. In neither case could a single power-law model provide an acceptable fit to
the data. We calculate that the predicted X-ray flux from lobeinverse-Compton scattering of CMB
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and synchrotron photons (e.g. Croston et al. 2005), based onthe 1.4-GHz radio flux and assuming
equipartition of energy density in magnetic fields and particles, is at least two orders of magnitude
below that observed, so that we would not expect to see significant emission from these processes.

A good fit was obtained for the west lobe region with amekal model havingkT = 1.0+0.4
−0.3

keV, assumingZ = 0.3 solar, givingχ2 = 2.5 for 2 d.o.f. The unabsorbed 0.4 - 2 keV flux
from this component is6.0+2.1

−1.5 × 10−15 ergs cm−2 s−1. For the eastern lobe we obtained a good
fit (χ2 = 5.6 for 3 d.o.f.) withkT = 0.71+0.09

−0.04 keV, giving an unabsorbed 0.4 - 2.0 keV flux of
(6.9±0.8)×10−15 ergs cm−2. We carried out a free abundance fit for the west lobe, which did not
significantly alter the measured temperature, and for the east lobe (which had too few bins for a
similar test) we verified that varying the abundance between0.28 (the lowest acceptable value) and
0.5 solar did not significantly affect the temperature, though in both cases themekal normalization
is affected (we discuss the effect of this uncertainty on theinferred gas density in Section 5.1). We
also compared a range of background regions, including a large off source region, and regions on
either side of the radio lobes, none of which affected the temperature determination for each lobe.
Finally, we tested a combined power-law + mekal model for thewest lobe, but obtained a very low
power-law normalization and no significant change in temperature or temperature uncertainty. As
stated above, there is no plausible physical origin for non-thermal X-ray emission of this strength
associated with the radio lobes, and so we do not consider non-thermal models further.

If the hot gas is due to shocks, it is likely that the shells will have temperature structure, so that
a single temperaturemekal model is not ideal. In addition, the dust lane structure of the host galaxy
could lead to variable absorption across the eastern shell.Unfortunately the photon statistics do
not allow us to test for either of these scenarios and so in thediscussion that follows we adopt the
physical parameters obtained from the single temperaturemekal fits. Our adopted spectral models
for the lobe-related X-ray emission are shown in Fig. 4.

3.2. Interstellar medium and X-ray binary population

We used surface brightness profile analysis to investigate the extended emission from the X-
ray halo of NGC 3801, using the 0.4 – 1 keV energy range and masking point sources to minimize
any contamination from the resolved X-ray binary population in this galaxy. Extended emission
is detected to a radius of∼ 75 arcsec, which corresponds to∼ 17 kpc. As the contribution
from the central AGN in this energy range is negligible due toits heavy absorption, we simply
fitted aβ model convolved with theChandra PSF using the model of Worrall et al. (2001). We
obtained best-fitting values ofβ = 0.45 andrc = 7 arcsec ; however, both the slope and core
radius are poorly constrained due to the small numbers of counts. The profile and best-fitting
model are shown in Fig. 5. The extent of the detected gas halo is comparable to the extent of
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stellar light detected in the ground-based observations ofPeletier et al. (1990), who calculated an
effective radius of 11.1 kpc (transformed to our luminositydistance) based on the measurements
of Burstein et al. (1987); however, theR-band surface brightness profile of Peletier et al. (1990)
shows that the stellar distribution is considerably steeper than that of the hot gas.

We then extracted a spectrum for the region sampled by the radial profile (excluding the
nucleus and lobe regions). A singlemekal model resulted in an implausibly high temperature;
however, there is likely to be a significant contribution from the unresolved X-ray binary population
and so we fitted a model consisting of amekal plus flat (Γ = 1.0) power-law to account for this
component. A best-fitting temperature of0.23+0.21

−0.09 keV was obtained (for fixed abundance of 0.4
solar, the measured value for Centaurus A, Kraft et al. 2003)resulting in a value ofχ2 = 3.8 for 4
d.o.f. Fig. 6 shows the ISM spectrum with this best-fitting model. The temperature is not sensitive
to abundance; however, the mekal normalisation varies by a factor of∼ 8 if the abundance is varied
between 0.l and 1.0 times solar. We carried out simulations using thefakeit command inXSPEC,
which demonstrated that we can obtain an unbiased estimate of the temperature for a value of
0.23 keV in the abundance range 0.1 to 1.0 times solar, with a 90 percent confidence range similar
to the quoted uncertainties for an abundance of 0.4 times solar. Our fitted temperature is also
in reasonable agreement with that inferred from the galaxy velocity dispersion (see Section 5.3).
We measured an unabsorbed 0.4 - 7.0 keV flux of4+5

−2 × 10−15 ergs cm−2 s−1 from the thermal
component, and a 1-keV flux density of1.3± 0.5 nJy from the PL component. Modelling the hard
component with a thermal bremsstrahlung component ofkT = 5−10 keV, as might be expected for
a population of low-mass X-ray binaries, does not significantly affect the best-fitting temperature
or the luminosity of themekal component. We determined the bolometric X-ray luminosity of the
ISM, by integrating the best-fittingβ model and using the best-fitting thermal model to convert
from the total number of counts, to be∼ 2 × 1040 ergs s−1. Since NGC 3801 hasMB = −21.33

(Peletier et al. 1990), this puts it in the middle of theLX/Lbol distribution for elliptical galaxies,
as studied by O’Sullivan et al. (1990). For an abundance of 0.4 times solar, the central density of
the gas is3× 10−2 cm−3 (ranging from2.5× 10−2 − 6× 10−2 cm−3 for abundances ranging from
0.1 to 1.0 times solar). We note that the radial distributionof the gas may differ somewhat from
the beta model fitted above, since emission from X-ray binaries contributes∼ 40 percent of the
flux in the energy range used; however, our X-ray surface brightness profile is much flatter than
the stellar distribution (Peletier et al. 1990), so that it is likely to be dominated by the gas emission.
Any systematic effect of the X-ray binary contribution mustbe to reduce the gas density at the
radii of interest discussed further in Section 5.1. The unabsorbed 0.4 - 7 keV luminosity of the
unresolved X-ray binary component is∼ 7 × 1039 erg s−1, which is comparable to the total X-ray
binary luminosity measured by Kraft et al. (2001) for Centaurus A.

There are several bright point sources within theD25 radius of the galaxy. To determine
if any of these are likely to be ultra-luminous X-ray binaries (ULXs) related to NGC 3801, we
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determined the positions and fluxes of the sources using the CIAO tool wavdetect. The brightest
source contains 28 counts in the 0.5-2.0 keV band. To convertcount rate to luminosity, we assume
a 5 keV bremsstrahlung spectrum with Galactic absorption. Acount rate of 10−3 cts s−1 in the
0.5-2.0 keV band corresponds to a flux of6.3 × 10−15 ergs cm−2 s−1 in the 0.1-10.0 keV band
(unabsorbed). The observed rate from the brightest source corresponds to a luminosity of 1.4×1039

ergs s−1. Based on the log(N)-log(S) relation of Tozzi et al. (2001),we expect∼0.5 background
AGN of this flux or higher within theD25 radius. There are eight other sources detected in theD25

radius with fluxes a factor of 3 to 7 lower than the brightest source. The X-ray luminosity of the
brightest source does not qualify it as a ULX if it is related to NGC 3801, and there is a significant
probability that it is an unrelated background AGN. Some of the less luminous sources are likely
to be LMXBs related to the host galaxy at the high end of the luminosity function, none of which
are ULXs. We conclude that none of the point sources are ULXs.

3.3. Core

The nuclear spectrum of NGC 3801 was poorly fitted with a single power-law model with
Galactic absorption (χ2/n > 2): extremely prominent residuals are present at hard energies. We
therefore added a second model component consisting of a heavily absorbed power law, which
resulted in a good fit. A similar two power-law model was foundto provide the best description of
the nuclear spectrum of Centaurus A (e.g. Evans et al. 2004),and is commonly used to fit spectra
of narrow-line radio galaxies.

The power-law index of the unabsorbed component is poorly constrained, and so we fixed its
value atΓ = 2 (a typical value for unabsorbed power law components in FRI radio galaxies, e.g.
Evans et al. 2006). The best fitting values ofΓ andNH for the second component were0.6+0.4

−0.5 and
3.1+2.6

−1.6 × 1022 cm−2, respectively, givingχ2 = 1.4 for 5 d.o.f. We then fixed the second power-law
index at the more physically plausible value of 1.5 (e.g. Evans et al. 2006; Hardcastle et al. 2006),
which gave a best-fitting value ofNH = 6.4+1.3

−1.1 × 1022 cm−2 andχ2 = 2.2 for 6 d.o.f. This best-
fitting model is shown in Fig. 8. The unabsorbed 1-keV flux densities in this model were0.3± 0.1

nJy and16 ± 2 nJy for the first and second power-law components, respectively, corresponding
to an unabsorbed bolometric luminosity from the obscured component of3 × 1041 ergs s−1. The
5-GHz flux density of the core is 3.5 mJy, which means that the primary (unabsorbed) power law
component lies close to the radio-X-ray core correlation for components with low intrinsic absorp-
tion reported by Evans et al. (2006), whereas the second (absorbed) power law lies significantly
above the correlation, as is generally the case for heavily absorbed components. We therefore in-
terpret the primary power law as jet-related in origin, and the second, heavily absorbed power law
as having an accretion-related origin.
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We used archive HST data (taken using the F555W and F814W filters on WFPC2) to measure
the extinction from the central dust lane, which was converted toE(B − V ) and subsequently col-
umn density of neutral hydrogen using the relations of Zombeck (1990). We obtained a value of
NH ∼ 2×1021 cm−2, which is significantly lower than the column density obtained from our spec-
tral fit, so that we conclude that, in addition to the absorption from the dust lane, the NGC 3801
must contain a substantial quantity of absorbing material instrinsic to the nucleus. Heavily ab-
sorbed nuclear spectra are not usually found in FRI radio galaxies (e.g. Evans et al. 2005); but
Centaurus A is an exception, and it would appear that NGC 3801is a second example of an FRI
radio galaxy with a nucleus having high intrinsic absorption. We discuss the implications of this
result further in Section 7.

4. Radio source age

We can use our two-frequency radio data to give us some constraints on the age of the radio
source. The two-point spectral indices between 1.4 and 4.9 GHz in the outer regions of the source
are only marginally steeper than those in the inner regions,as expected if the radio source is young.
We fitted a Jaffe & Perola (1973) aged electron spectrum to theradio data in the outer regions of
the source, assuming a constant ageing magnetic field of 2 nT (the mean equipartition field in the
lobes). The main uncertainty in this model is the value of thelow-frequency electron energy index
(the ‘injection index’). Young et al. (2005) have recently argued that in normal FRI sources the
low-energy electron energy index tends to be close to 2.1 (α = 0.55, where we defineα in the
sense thatS ∝ ν−α). If we adopt this injection index then the spectral index inthe steepest part
of the lobe (α ≈ 0.69) corresponds to a source age of2.4 × 106 years. If the injection index were
steeper, the age would be reduced: for example, for an injection index corresponding toα = 0.65,
which is the flattest spectrum we observe in the jets, we fit an age of8 × 105 years. It is probably
reasonable to treat the age of2.4 × 106 years as an upper limit. This value is in good agreement
with the age we obtain from source dynamical arguments in Section 5.2.

5. Discussion

5.1. Physical properties of the gas shells, ISM and radio lobes

The spectral analysis presented in Section 3.1 revealed that the lobe-related thermal emission
is significantly hotter than the surrounding ISM gas for bothlobes. In this section we therefore
investigate further the plausibility of a model in which we are observing shock-heated shells of gas
around the radio lobes of NGC 3801.
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We calculated the density and pressure of the gas in each shell region by assuming a spherical
shell of gas with an outer radius defined by the outer edge of the detected X-ray emission (Rout = 8

arcsec for both lobes). We assume that the radio source is close to the plane of the sky, as suggested
by Das et al. (2005) based on the two-sidedness of the jet and the orientation of the nuclear disk,
and so we used projected distances to calculate the shell volume (if the source were at 45 degrees
to the angle of sight, we would be underestimating the shell volumes by roughly a factor of 2). It is
difficult to estimate the thickness of the shells accurately, because the photon statistics are poor, and
so we chose conservative upper and lower limits based on the apparent thickness of the emission in
theChandra data (corresponding to a projected distance of∼ 500 pc), and the modelled thickness
obtained for the shell in Centaurus A where the data quality is sufficient to allow a more accurate
determination (corresponding to∼ 200 pc). The gas densities and pressures in the shells were then
determined from the best-fittingmekal models for each lobe, and are given in Table 1 as a range
based on the two volume estimates. The uncertainty due to thevolume completely dominates over
the statistical uncertainties on gas temperature and abundance. The structure of the shells appears
clumpy in the X-ray images; however, there are too few countsto be able to determine adequately
constrained physical properties for sub-regions of the shells. It is necessary to bear in mind in
the discussion that follows that the density and pressure values we use for the shells are average
values: the distribution of X-ray counts suggests that the surface brightness and hence the gas
density in the shells is higher towards the centre of the radio source. We note that the contribution
of X-ray binary emission to the surface brightness profile (Fig. 5) is unlikely to affect significantly
our inferred densities, and any small effect will be in the direction of reducing the ISM density.
The conclusions of Section 5.2 are therefore unaffected.

Since the external gas density and pressure in the environment of the radio source varies
around the edge of the shells, we calculated the external density and pressure at several locations
around the edge of the shells. Table 1 lists these propertiesat a distance of 10 arcsec from the
nucleus of NGC 3801, which roughly corresponds to the midpoint of each shell. The uncertainty
on the ISM density is dominated by including a systematic uncertainty due to the unconstrained
metal abundance. In Section 5.2, we consider how the variation of shell and ISM properties may
affect our results.

We also calculated the equipartition minimum internal pressure of the radio lobes, using mea-
surements of the 1.4-GHz flux density for each lobe to normalize the synchrotron spectrum. We
assumed a broken power-law electron distribution with initial electron energy index,δ, of 2.1,
γmin = 10 andγmax = 105, and a break atγbreak = 103, and modelled the lobes as spheres having
volumes of2.1×1010 pc3 and2.5×1010 pc3 for the west and east lobes, respectively. The resulting
pressures are given in Table 1.

The mass in each shell was also calculated in order to comparewith the mass expected to have
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been swept-up by the expanding radio lobes. We obtained a mass of (5.3 − 7.7) × 106 M⊙ for the
West shell and(2.0− 6.1)× 106 M⊙ for the East shell. The ISM mass swept up was calculated by
modelling the radio lobes as expanding cones of 45◦ half-opening angle and integrating the best-
fitting gas density distribution out to a distance of 2.1 kpc,which gives a total mass of∼ 1.7× 107

M⊙, in fairly good agreement with the total shell mass. These calculations are therefore consistent
with a scenario in which the shells consist of compressed material from the regions of the ISM
through which the radio source has passed.

5.2. Dynamics of the lobe/ISM interaction

As shown in Table 1, the pressures in the hot shells of gas are higher than the minimum
internal pressure of the radio lobes; since the shells and radio lobes must be in pressure balance,
this suggests that the true radio lobe pressure is a factor of∼ 4−6 times the minimum value. Such
a departure from minimum energy is generally observed in FRIradio galaxies for which external
pressures can be measured (e.g. Morganti et al. 1988; Croston et al. 2003) and is also seen in the
inner lobes of Centaurus A (e.g. Kraft et al. 2003). NGC 3801 is one of the few known FRI radio
galaxies for which theminimum internal pressure is higher than the external pressure in the ISM
(see Table 1); this is also the case for Cen A, and was one of thereasons we selected NGC 3801
as aChandra target. The pressure in the X-ray shells of NGC 3801 (and by inference the true
pressure in the radio lobes) is more than an order of magnitude higher than the local pressure in
the interstellar medium.

The density contrast between the X-ray shells and the surrounding, undisturbed gas is slightly
higher, but consistent with a value of∼ 4 for both the east and west shells, using the average
shell density determined from the shell spectra, and the external gas density roughly halfway along
the shells. This is the value expected if we are observing a strong shock for which the Rankine-
Hugoniot jump conditions hold.

If we compare our value for the mean shell density with the external density at a distance of 5
arcsec, corresponding to the inner parts of the shells, the density contrast is∼ 3; however, as shown
in Figs. 1 and 2, the brightest parts of the shell are in this region, so that the shell densities will be
significantly higher than the mean value. The true density constrast in these inner regions is likely
to be consistent with the expected value. The outer regions of the shell are fainter, so that the shell
density is likely to be lower here. We conclude that it is plausible that the density contrast is in
agreement with the value of 4 expected for a strong shock around the entire perimeter of the shells.
Since the shell pressure should correspond to the internal radio lobe pressure, it should be uniform.
This implies that the shell temperature at its outer edge should be considerably higher than the
mean temperature in order to compensate for the lower gas density. Assuming a density contrast
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of 4, we calculate a temperature of∼ 2.5 keV for the outer edge of the shell. The contribution of
X-ray emission from this hotter region is not expected to be significant due to the lower density.

Assuming a density contrast of 4, we can use the Rankine-Hugoniot conditions to estimate
the Mach number of the shock, as follows (Landau & Lifshitz 1990):

M =

√

4(γ + 1)Tshell

Tism

+ γ − 1

2γ
(1)

which gives Mach numbers of3.8 ± 1.3 and3.2 ± 1.0 for the west and east shells respectively.
The measured temperature increases are therefore consistent with the interpretation of both shells
as originating in the boundary layer of a strong shock.

We also used a simple ram pressure balance calculation as a second means of estimating the
shock advance speed as follows (using a density constrast of4, consistent with the observed gas
properties of the shell and ISM):

Pshell +
1

4
ρismv2

ism = Pism + ρismv2 (2)

This leads to the following expression forMshell, the Mach number of the expanding shocked
shell:

Mshell =
2
√

5

3

√

Pshell − Pism

Pism

(3)

which corresponds toM in the range3.5 − 8.1 for the West shell and in the range2.9 − 6.8 for
the East shell, taking into account the uncertainty in the shell volume and the uncertainty in the
ISM density due to the unconstrained abundance. These estimates are consistent with the values
obtained from the measured temperature jump.

We conclude that we have indeed detected shells of strongly shocked gas around both radio
lobes of NGC 3801, with Mach numbers of3−8, and shock conditions roughly consistent with the
Rankine-Hugoniot jump conditions). If we assume that the radio source has expanded atM ∼ 4

throughout its lifetime, this gives a source age of∼ 2×106 years, which is in good agreement with
the upper limit estimated from spectral ageing in Section 4.The sound speed in the ISM is∼ 211

m s−1, so that a Mach number of 4 corresponds to a lobe expansion speed of∼ 850 km s−1.

There are a number of differences between the results we obtain for NGC 3801 and the shell
in Cen A (Kraft et al. 2003). Firstly, the shell morphologiesare different: in Cen A, only one
shell is detected (although there may be some much fainter shell-like emission associated with the
north-eastern lobe). In addition, the shell in Cen A is brightest at the outer edge of the radio lobe,
whereas the NGC 3801 shells are brightest in the regions towards the nucleus. If lobe expansion is
supersonic everywhere, the expansion of a uniform pressureradio lobe in an isothermalβ-model
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atmosphere should mean that the shock is weakest close to thenucleus; however, the higher density
of the ISM in this region means that after compression its X-ray emission would nevertheless be
expected to dominate. It is not clear why this is not observedin Cen A.

5.3. Implications for ISM energetics

The total thermal energy stored in the detected hot gas shells is calculated to be(4.6± 2.3)×
1055 ergs and(3.3± 0.6)× 1055 ergs for the West and East shells, respectively, or∼ 8× 1055 ergs
in total. Assuming a Mach number of 4, the kinetic energy of the shells is(4.7 ± 2.4) × 1055 ergs
per shell. Therefore, the total energy stored in the shockedshells is (1.7± 0.4)× 1056 ergs. This is
good agreement with the total work available from the radio lobes (assuming that the true internal
lobe pressure is that of the shocked shells),PintV ∼ 1.3 × 1056 ergs. We calculate that the energy
required to inflate both lobe cavities is∼ 7 × 1054 ergs, a factor of∼ 25 lower than the energy
stored in the shells. Shock heating is therefore the dominant energy transfer mechanism during this
stage of the radio source’s evolution. Using the best-fitting gas density distribution, we find that
this corresponds to the total thermal energy in the ISM within∼ 11 kpc (and roughly 25 percent of
the total thermal energy within 30 kpc). The radio-source shock heating detected in NGC 3801 is
therefore having a significant energetic impact on the host galaxy’s ISM, and may provide enough
energy to heat the gas sufficiently for the entire ISM to be expelled from the galaxy. We note that
in addition, the internal energy of the radio source (∼ 4×1056 ergs) must eventually be transferred
to the environment, although over a much longer timescale, and possibly at much larger distances.

Assuming a source age of2×106 years (Section 4), this means that the radio source is putting
work into the ISM at a rate of3×1042 ergs s−1, which should correspond to a significant fraction of
the jet power. This is a plausible value, given that the most powerful FRI jets such as that in 3C 31
have jet powers of∼ 1044 ergs s−1 (e.g. Laing & Bridle 2002). Our measurements of jet impact
have therefore provided an independent means of estimatingradio-jet power, which supports the
more general validity of using jet-power arguments to estimate the energy input from radio galaxies
into their environments. The rate of mechanical work that wecalculate is roughly an order of
magnitude higher than the X-ray luminosity of the obscured nuclear component (Section 3.3), so
that the AGN must be more efficiently converting energy into jet production than into radiation.

To investigate the relationship between this energy outputand accretion on the central black
hole, we used the stellar velocity dispersion (σ = 168 km s−1, Peletier et al. 1990) to estimate a
black hole mass oflog(MBH/M⊙) = 8.43, using the relation of Tremaine et al. (2002). Assuming
an efficiency ofη = 0.1, the energy output we have measured from the radio source andshocked
gas shells would require a total accreted mass of∼ 800 M⊙, or an accretion rate of∼ 4 × 10−4

M⊙ yr−1, given the source age estimate above. For comparison, we calculate a Bondi accretion
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rate of2.5× 10−3 M⊙ yr−1 from the central hot gas, which suggests that Bondi accretion could be
sufficient to provide the energy observed to be being transferred to the ISM from the central AGN
by the radio lobes if the efficiency is relatively high (cf. Allen et al. 2006).

6. An extended, linear feature aligned with the radio jet

In addition to the bright shells discussed in the previous sections, theChandra data also re-
veals a linear feature on scales of 10 – 20 kpc (shown in the 0.4– 1 keV image of Fig. 7), which
appears to be well-aligned with the inner radio jet axis. This feature has an extremely soft spec-
trum, well-fitted by a power law of photon indexΓ ∼ 3.6. The spectrum cannot be fitted by a
thermal model withkT > 0.1 keV. There is no radio emission associated with this feature, nor
does it appear to be associated with any optical or emission-line features. Although it has a similar
orientation to one of the dust lanes, their position angles differ by ∼ 15 degrees. The X-ray feature
is not aligned with the chip axis, so that it is unlikely to be an instrumental artefact. We believe that
the most plausible origin for this soft X-ray emission is a tidal or ram-pressure stripped tail, related
to the merging/interactions of NGC 3801 with other nearby galaxies, including NGC 3802 to the
north. The X-ray emission is therefore likely to be thermal emission from cooler, dense material
stripped from the ISM of galaxies interacting with NGC 3801.Such emission could mimic the
steep power-law spectrum we observe.

It could be argued that the presence of X-ray features produced by tidal debris might suggest
a tidal origin for the features coincident with the radio lobes. It is not possible to rule out such a
model definitively; however, the strong morphological agreement between radio and X-ray struc-
ture, the significant differences in the spectral properties of the shell features and tidal tails, and
the fact that we know the radio lobes to be overpressured and hence supersonically expanding, all
support our interpretation of the radio-related X-ray emission as shocked gas.

7. Relationship between the host galaxy and radio-source properties

Both Cen A and NGC 3801 possess strong evidence for a recent merger with a gas-rich galaxy,
which may be more typical of FRII host galaxies compared to the hosts of more powerful FRIs
(e.g. Heckman et al. 1986; Colina & DeJuan 1995). It is therefore interesting to consider the rela-
tionship between their merger history, radio outbursts, and their effects on the ISM as revealed by
Chandra. NGC 3801 and Cen A have another feature in common, which may be related to their
merger history: they are the only two FRI radio galaxies thatwe know of whose nuclear spectra
require the presence of a high absorbing column (NH & 5× 1022), so that they are the only known
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FRIs that possess any evidence for the torus often found in powerful, high-excitation (FRII) radio
galaxies and quasars (Hardcastle et al. 2006). Although we cannot draw strong conclusions from
two objects, it is interesting to speculate that these two sources may be fuelled in the same way
as FRII radio galaxies. It is possible that these two radio galaxies represent a class of post-merger
system in which cold gas is driven into the inner regions to fuel the central AGN and trigger a
radio outburst. On the other hand, the presence of fainter larger-scale radio structure surrounding
the inner lobes of Cen A means that in that case at least, the young central radio source does not
represent the first or only radio outburst. Our radio data show no evidence for previous generations
of radio activity in NGC 3801.

Radio-loud AGN that are fuelled by the accretion of cold gas from recent merger events are
not self-regulating in the same way as AGN fuelled by direct accretion of the hot phase of the
ISM (e.g. by Bondi accretion: Allen et al. 2006), since the AGN impact on the hot phase does not
affect the accretion rate of cold material. In these systems, therefore, the long-term effects of AGN
energy input may be particularly extreme.

8. Conclusions

We have detected shells of shocked gas surrounding both radio lobes of NGC 3801. We infer
Mach numbers of3 − 6 for the shock advance speeds, so that our results correspondto the second
detection of strong shocks associated with a low-power radio galaxy. The total energy stored in
the shock-heated shells represents a large fraction of the total thermal energy of the host galaxy, so
that the long-term effects of the NGC 3801 outburst are likely to be dramatic. This is the first case
where the total energetic impact of a radio galaxy on its environment can be directly measured,
and suggests that the energetic contribution of an early supersonic phase is likely to be important
in low-power radio galaxies. The energy stored in the shocked gas is 25 times thePdV work
required to inflate the radio-lobe cavities, so that during this phase of its evolution, shock heating
is the dominant mechanism of energy transfer from NGC 3801 toits environment.
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Table 1. Temperature, density and pressure of shells and surrounding
ISM. The ISM values correspond to a distance of 10 arcsec fromthe
nucleus of NGC 3801, which is roughly midway along the shells. For
the shell densities and pressures we quote a range corresponding to the
two volume estimates described in Section 5.1, and for the ISM density

and pressure we quote in parentheses the range corresponding to the
range in abundance and temperature as described in Section 3.2. The
shell/ISM ratios for density and pressure are for an ISM abundance of

0.4 times solar.

Feature West shell East shell

kTshell (keV) 1.0+0.4
−0.3 0.71+0.08

−0.04

kTISM (keV) 0.23+0.21
−0.09 0.23+0.21

−0.09

ne,shell (cm−3) (2.0 − 3.0) × 10−2 (2.0 − 3.0) × 10−2

ne,ISM (cm−3) 4.6(3.8 − 9.2) × 10−3 4.6(3.8 − 9.2) × 10−3

nshell/nism 4.3 − 6.5 4.3 − 6.5

Pshell (Pa) (5.9 − 8.9) × 10−12 (4.2 − 6.4) × 10−12

PISM (Pa) 3.8(2.9 − 8.9) × 10−13 3.8(2.9 − 8.9) × 10−13

Pint(Pa) 1.1 × 10−12 1.3 × 10−12

Pshell/Pism 15 − 23 11 − 17

Pint/Pism 2.9 3.4
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East shell

West shell

Nucleus

Fig. 1.— A 0.5 – 2 keV image of theChandra data, binned by a factor of 3, revealing the symmet-
rical shell features associated with NGC 3801



– 19 –

East shell

West shell

Fig. 2.— Gaussian smoothed (σ = 1.97 arcsec) 0.5 – 5 keV image of theChandra data, with
1.4-GHz radio contours overlaid to illustrate the relationship between the X-ray shells and radio
morphology.
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Fig. 3.— The source and background regions used for spectralanalysis of the X-ray shell emission.

Fig. 4.— The spectra for the west and east lobe-related regions of X-ray emission with best-fitting
mekal models as described in the text.
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Fig. 5.— Background-subtracted surface brightness profileextracted from the 0.5 – 2 keVChandra
events list with best-fittingβ model havingβ = 0.45 andrc = 7 arcsec.
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Fig. 6.— The spectrum of the ISM with best-fittingmekal plus power-law model, as discussed in
detail in the text.
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Fig. 7.— Gaussian smoothed (σ = 1.97 arcsec) 0.4 – 1 keV image of theChandra data, with
1.4-GHz radio contours overlaid, indicating the soft, extended feature aligned with the jet axis.
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Fig. 8.— Core spectrum (in the energy range 0.4 - 7 keV) with best-fitting model as described in
the text.
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