THE ASTROPHYSICAL JOURNAL, 581:974-980, 2002 December 20

© 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

CHANDRA OBSERVATIONS OF ARP 220: THE NUCLEAR SOURCE

D. L. CLEMENTS
Physics Department, Imperial College, Prince Consort Road, London SW7 2BW;
and Department of Physics and Astronomy, Cardiff University, P.O. Box 913, Cardiff CF24 3YB, UK;
d.clements@ic.ac.uk

J. C. McDowELL
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138

S. SHAKED
University of Arizona, Department of Astronomy, 933 North Cherry Avenue, Tucson, AZ 85721-0065

A. C. BAKER
Department of Physics and Astronomy, Cardiff University, P.O. Box 913, Cardiff CF24 3YB, UK

K. BORNE
Raytheon Information Technology and Sciences Services, NASA Goddard Space Flight Center, Greenbelt, MD 20771

L. CoLiNA
Instituto de Estructura de la Materia (CSIC), Serrano 121, 28006 Madrid, Spain

S.A.LAMB

Center for Theoretical Astrophysics, Departments of Physics and Astronomy, Loomis Laboratory of Physics,
1110 West Green Street, University of Illinois at Urbana-Champaign, Urbana, IL 61801

AND

C. MUNDELL
Astrophysics Research Institute, Liverpool John Moores University, Twelve Quays House, Egerton Wharf,
Birkenhead, Wirral, Cheshire CH41 1LD, UK
Received 2002 April 5; accepted 2002 August 27

ABSTRACT

We present the first results from 60 ks of observations of Arp 220 using the ACIS-S instrument on Chandra.
We report the detection of several sources near the galaxy’s nucleus, including a point source with a hard
spectrum that is coincident with the western radio nucleus B. This point source is mildly absorbed
(N ~ 3 x 1022 cm~2) and has an estimated luminosity of 4 x 1040 ergs s—!. In addition, a fainter source may
coincide with the eastern nucleus A. Extended hard X-ray emission in the vicinity raises the total estimated
nuclear 2-10 keV X-ray luminosity to 1.2 x 10*! ergs s—!, but we cannot rule out a hidden active galactic
nucleus behind columns exceeding 5 x 10%* cm~2. We also detect a peak of soft X-ray emission to the west of
the nucleus and a hard point source 2.5 kpc from the nucleus with a luminosity of 6 x 103 ergs s~L.

Subject headings: galaxies: active — galaxies: individual (Arp 220) — galaxies: interactions —
galaxies: starburst — X-rays: galaxies

1. INTRODUCTION

Ultraluminous infrared galaxies (ULIRGs) have quasar-
like bolometric luminosities (>10'? L;) dominated by the
far-infrared (8-1000 um) part of the spectrum (Sanders &
Mirabel 1996). Almost all ULIRGs are interacting or
merging galaxies (Clements et al. 1996), possibly linking
them to the transformation of disk galaxies into elliptical
galaxies (e.g., Wright et al. 1990; Baker & Clements 1997).
The prodigious luminosity of ULIRGs is thought to be
powered by a massive starburst, a dust-buried active galac-
tic nucleus (AGN), or some combination of the two. Despite
a decade of work, we still have not been able to decide
between these paradigms. Various scenarios have also been
suggested linking the evolution of quasars with ULIRGs
(e.g., Sanders et al. 1988). These suggest that part of the
luminosity we see from some ULIR Gs originates in a dust-
obscured AGN, which later destroys or expels the
enshrouding material. Meanwhile, studies of the X-ray
background (Mushotzky et al. 2000) suggest that dust-
enshrouded AGN make a substantial contribution to its
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hard component. Such objects may also be linked
(Trentham & Blain 2001; Almaini et al. 1999) to the recently
discovered cosmic infrared background (CIB; Puget et al.
1996; Fixsen et al. 1998) and the objects that contribute to it
(Puget et al. 1999; Sanders 2000, and references therein). As
the most obscured objects in the local universe, and as
strong candidates for making the CIB, ULIRGs are ideal
local laboratories for studying many of these issues.

Arp 220 is the nearest ULIRG, having an 8§-1000 um
luminosity of ~1.2 x 10!2 L, and a redshift of z = 0.018.
As such, it is an ideal target for ULIRG studies. The
consensus since the Infrared Space Observatory is that
Arp 220 is powered by a massive burst of star formation
rather than an AGN (Sturm et al. 1996), but the possibil-
ity of a heavily obscured AGN powering the bulk of its
emission remains (Haas et al. 2001). The evolutionary
scenario linking ULIRGs to AGN also allows the possi-
bility that a weak, but growing, AGN may lie at the
center of Arp 220. While this may not be energetically
significant at the present time, it may grow to
prominence at later stages in the object’s evolution. The
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plausibility of such a scenario has been investigated by
Taniguchi, Ikeuchi, & Shioya (1999), who show that it is
quite possible for a massive black hole (~10° M) to
grow to ~10% M. during the course of a galaxy merger
and thus to be capable of powering a quasar.

Signs of AGN activity can be sought with X-ray obser-
vations. The current data for Arp 220 include soft X-ray
images from ROSAT (Heckman et al. 1996). These show
extended X-ray emission associated with the Ha nebula
(Arribas, Colina, & Clements 2001), which are thought
to be produced by a superwind. However, the overall soft
X-ray luminosity is small relative to the far-IR luminosity
when compared to other starbursts and might allow
room for some AGN contribution (Iwasawa 1999). At
higher energies, where an AGN would be more promi-
nent, data are available from HEAO-I (Ricke 1988),
Compton Gamma Ray Observatory (Dermer et al. 1997),
ASCA (Iwasawa 1999), and BeppoSAX (Iwasawa et al.
2001). These rule out the possibility of an unobscured
energetically significant AGN in Arp 220. The possibility
remains, however, of a Compton thick AGN, with an
obscuring column in excess of 102> cm~2, or of a weaker
lower luminosity AGN that will grow into a quasar. We
have thus undertaken Chandra X-ray observations of Arp
220 aimed at detecting a weak or obscured AGN in its
nucleus and to study the extended superwind emission in
detail. This paper presents the first results from our study
of the nuclear regions. Our results on the superwind can
be found elsewhere (McDowell et al. 2002, hereafter
Paper II). We assume a distance of 76 Mpc (Kim &
Sanders 1998) to Arp 220 throughout this paper.

2. OBSERVATIONS

Chandra observed Arp 220 with the ACIS-S instrument
for 58 ks on 2000 June 24. The ACIS-S instrument was
chosen for its good soft response to allow us to study the
low energy X-ray emission of the superwind, as well as the
harder emission expected from any nuclear source. We
chose to use the back-illuminated CCD S3, for maximum
soft response and to avoid any charge transfer difficulties
arising in the front-illuminated chips. Arp 220 is sufficiently
faint that no pileup issues were expected or found in the
data. The data were reduced by the standard Chandra pipe-
line through level 1 (calibrated event list) and further ana-
lyzed using the CIAO package' versions 2.1 and 2.2. The
data were taken with the chip at a temperature of —120°C
and were gain-corrected using acisD2000-01-29gain-
NO0003.fits from the 2001 July recalibration. The observa-
tion was relatively unaffected by background flares and
only a small amount of exposure was removed, leaving an
effective exposure time of 55,756 s. Astrometry was
corrected using a revised geometry file (telD1999-07-
23geomN0004.fits), which is believed to provide positions
across the full ACIS field accurate to about 1”. The standard
screening (good time intervals and grade filtering for grades
0,2, 4,5, and 6) was applied to generate a cleaned event file.
The X-rays from Arp 220 extend over 20 kpc (Paper II), but
emission above 2 keV is restricted to the central few kpc.

I Information on the CIAO package can be found at
http://cxc.harvard.edu/ciao.

3. THE NUCLEAR SOURCE
3.1. Imaging the Nuclear Source

Figure 1 is a true X-ray color image of the Arp 220
nuclear region. It was smoothed in separate bands of 0.2-1
(red), 1-2 (green), and 2-10 keV (blue) using the CIAO
adaptive smoothing routine c¢smooth. The image shows that
the nuclear region of Arp 220 is clearly distinguished
from the rest of the object by being the site of much harder
emission.

The centroid of the soft emission is displaced 1”5 to the
northwest of the hard emission. The hard emission coincides
with a dust lane in the galaxy (Joy et al. 1986), and indeed
the soft emission is suppressed there. However, the absence
of hard emission away from the nucleus shows that the
spectral change is due to a different type of source and is not
merely an absorption effect.

Figure 2 shows an image of the hard emission (>4 keV)
coming from the nuclear regions of Arp 220, together with
circles indicating the area within 1” of the well-studied dual
radio and IR nuclei (see, e.g., Scoville et al. 1998). The posi-
tional match between the radio/IR nuclei and the hard
emission is ~1”, within the expected pointing accuracy of
Chandra. (The surprising lack of detections of USNO stars
in the field limits our ability to improve the astrometric
accuracy, but three galaxies are found within 1”7 of their
published positions.)

Previous observations of Arp 220 have shown the pres-
ence of hard emission, using, for example, BeppoSAX
(Iwasawa et al. 2001). However, it is only with the angular
resolution of Chandra that we have been able to localize
some of this emission to the region of the nuclei.

The mean off-axis angle of the nucleus during the obser-
vation was only 38", so the point-spread function (calcu-
lated using the standard CIAO tools) is very close to the on-
axis value. To estimate source fluxes, we generated mono-
chromatic point-spread functions for the midpoints of the
three energy bands using the CIAO tool mkpsf and sub-
tracted a point source from the raw images at the location of
the hard peak, with the maximum amplitude that did not
create a dip in the local diffuse flux when the data were then
smoothed. This procedure was repeated at the location of
remaining flux peaks.

The central region is consistent (within the 1” absolute
astrometric accuracy of the Chandra data) with a pair of
hard point sources at the positions of radio nuclei A and B
(Scoville et al. 1998), with the western nucleus dominant,
although the best-fit separation for two point sources is only
0”7 rather than the 1”1 of the radio positions, and the
decomposition of this small region into multiple point
sources and diffuse emission is not unique.

We designate the sources in order of total flux. The hard
band image shows emission concentrated around a nuclear
source, X-1, with extended emission around it. Point-source
subtraction suggests the presence of a much weaker second
hard nucleus, X-4, together with a diffuse component, which
we denote as the X-1 halo; its centroid is 0”5 east of X-1.
X-2, farther out from the nucleus, is a hard source detected
out to 5 keV; only 33 net counts are seen. Its luminosity of
6 x 10% ergs s~! puts it in the interesting category of non-
nuclear ULX (ultraluminous X-ray) sources. X-3, the soft
peak, is not reliably separated from the extended soft
circumnuclear emission and coincides with the peak of the
Ha emission (Arribas et al. 2001; McDowell et al. 2002).
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FiG. 1.—X-ray color image of the nuclear region of Arp 220, reconstructed by adaptive smoothing. Red: 0.2-1 keV; Green: 1-2 keV; Blue: 2-10 keV. White
bar 2” long is provided for scale. The bright source in the blue area is X-1, and the one in the yellow area is X-3. X-2 is the blue source to the bottom right, while

X-4, just to bottom left of X-1, is too faint to be visible in this picture.

The 2-10 keV luminosity we derive for the nuclear source
X-1 and surrounding hard emission (assuming the spectral
model derived in § 3.2) is 6.9 x 104 ergs s—!, measured from
a 3" aperture centered on the nucleus. Because of the poorly
constrained absorption, here and below we quote observed
luminosities rather than absorption-corrected ones, unless
explicitly stating otherwise. The hard luminosity found here
compares to the 2-10 keV luminosity found by Iwasawa et
al. (2001), in a 3’ aperture, of 11 x 10% ergs s—!, assuming a
similar distance to Arp 220. The background in our obser-
vation makes us insensitive to hard emission on 3’ scales,
and we cannot rule out an extended contribution of this
magnitude. However, the 3 o upper limit to any remaining

hard (2-8 keV) flux within 1’ of the nucleus is
2.6 x 10%0 ergs s—!, and we speculate that emission from the
nearby southern group may be contributing to the Iwasawa
et al. (2001) result. Deeper observations with XM M-Newton
would resolve this issue.

3.2. Spectral Analysis

We considered two extraction regions: a 5”5 radius “ cir-
cumnuclear ” region, including X-3 but with the X-1/X-4
region omitted; a “nuclear ” region with X-1/X-4 and the
hard halo, taking photons within a 3” radius circle, but
excluding photons within 0775 of the X-3 location to
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FiG. 2.—Hard X-ray (2-10 keV) image. The positions of sources X-1 to
X-4 are indicated; the circles A and B are the positions of radio nuclei. 2”
bar provided for scale. No attempt has been made to register the two
frames; the Chandra astrometric accuracy is about 1”.

minimize contamination by the soft source. The extraction
regions are indicated in Figure 3. For background we
extracted counts from two 50” radius circular regions 3’
away on either side of the galaxy and lying on the same node
of the chip.

Responses were generated using the CIAO tools mkwarf

and mkrmf; a pulse-height invariant (gain-corrected) spec-
trum was extracted and grouped by a factor of 10 (0.15 keV
bins). Both XSPEC and Sherpa were used to fit models to
the data and gave similar results.

The circumnuclear emission is fitted with a Raymond-
Smith or Mekal model with a two-temperature plasma of

Circumnuclear

16

Nuclear
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23:30:10

Declination
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I *

04

02 57.6 57.4 57.2 15:34:57.0 56.8
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Fic. 3.—Extraction regions for spectral analysis, superposed on 2-10
keV image. Coordinates are J2000.0.
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Fi16. 4.—Spectrum of circumnuclear region, including soft X-ray peak
but excluding region of hard emission. Data were grouped in 150 eV bins
and fitted with the sum of two Raymond-Smith thermal models. Bottom
panel shows contribution to x? in each bin.

0.14 and 0.9 keV and absorption of (0.3-1) x 1022 cm~2. It
is probably composed of a mixture of diffuse emission and
point sources. There is no sign of hard emission in this spec-
trum, confirming the impression from the images that hard
emission is restricted to the central kiloparsec of Arp 220.
The data are shown in Figure 4.

Fitting the region of hard nuclear emission, we find a
spectrum similar to the soft circumnuclear emission but
with an additional power-law component. A representative
fit has a power-law component of photon index 1.4+ 1
behind Ny = 3 £ 2 x 1022 cm~2. The absorbed 0.3-10 keV
luminosity of the power-law component is 6.9 x 1040
ergs s—!, and most of the counts are above 2 keV. The ther-
mal components, assumed to be superposed circumnuclear
emission, have 20% of the flux of the power law, so the hard
component dominates the energetics of the nuclear emis-
sion. The overall fit, with nine free parameters, has a
reduced 2 of 0.84 for 59 degrees of freedom (dof), and the
C-statistic is 62.4; see Figure 5.

If instead of modeling the soft emission directly, we use
the off-nuclear circumnuclear emission as a background, we
find a fit to the remaining emission consistent with a simple

normalized counts/sec/keV

channel energy (keV)

FiG. 5.—Spectrum of nuclear region, showing hard power-law and
multicomponent fit. Extraction is from 3” radius circle around X-1, but
excludes a 1” region around X-3.
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power law of index 140.5, a lower Ny around
0.4 x 1022 cm~2, and a similar absorbed luminosity of
5.6 x 10% ergs s—1. However, the remaining emission is also
consistent with the slope 1.4 power law plus a modest
amount of additional thermal emission at 0.9 keV.

The thermal models are not good at fitting the 2.0 keV
(rest) Si x1v line; an extra contribution at 1.95 keV (rest)
with L =9 x 1038 ergs s—! reduces the 2, suggesting a pos-
sible slight gain error.

There is a high bin near 6.5 keV that could be a weak Fe
K line. To evaluate this possibility, we inspected the raw
gain-corrected pulse-height data without binning. There are
a mere 10 photons with gain-corrected energies in the 0.4
keV wide bin between 6.3 and 6.7 keV, compared to 7
photons in the 0.8 keV on either side between 5.9-6.3 and
6.7-7.1, a 2 o ““ detection.” The distribution of the counts is
consistent with the instrumental width at that energy, and
their spatial distribution suggests a distribution centered
toward the eastern source X-4 (although a tighter spatial
selection only improves the detection significance to 2.6 o).
If real, this line would have a luminosity of
4 x 10% ergs s—!, an equivalent width of 700 eV, and a
rest energy of 6.62+0.05 keV; these may be taken as
approximate upper limits to any narrow Fe K line.

The absorption-corrected luminosity of the nuclear emis-
sion, including the hard halo, is 1.3(1-2.6) x10* ergs s~!.
Based on the point-spread function subtraction calcula-
tions, we assign 30% of this to X-1, giving ~4
x10% ergs s—!, which is in the range of both ultra-low-
luminosity AGN and ultraluminous binaries (Fabbiano
1998; King et al. 2001). See Table 1 for derived source
positions and luminosities.

Could there be a further hard source at this location,
behind a much larger column? Using a canonical photon
index of 1.7, we set limits of L(0.2-10 keV) =
1.4 x 10*2 ergs s~! for a column of 102*cm—2and 2.5 x 10
for a column of 5 x 1024 cm—2. However, for a column of
10% ¢cm~2, which is entirely plausible in the center of Arp
220, no useful limit can be set by the ACIS data, as even the
most luminous quasars would have their X-ray flux
absorbed; one must turn to the harder X-ray limits from the
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BeppoSAX PDS of 2 x 10%2 ergs s—!in 13-50 keV (Iwasawa
et al. 2001) to eliminate this possibility. In general, because
of the low sensitivity of Chandra above 6 keV, the limits we
set as a function of absorbing column are weaker than those
in Figure 5 of Iwasawa et al. (2001) for the range they study
(log Ny = 24.3 and above).

4. DISCUSSION
4.1. Spatial Distribution of Nuclear X-Ray Emission

The X-ray emission in Arp 220 is clearly divided into two
parts: the compact, hard nuclear emission, and the diffuse,
softer extended emission. This diffuse emission clearly
extends right into the nucleus, since the thermal component
of the nuclear emission appears very similar to the thermal
emission found in the off-nuclear spectrum. The hard emis-
sion is not extended beyond a region <1 kpc in size (3" at 76
Mpc, our adopted distance for Arp 220). This makes an
interesting contrast with other starburst and interacting/
merging galaxies already studied by Chandra. For example,
in the Antennae (Fabbiano, Zezas, & Murray 2001), hard
emission comes from numerous point sources extended over
a 10 kpc region, and in NGC 3256 (Ward et al. 2000), we see
similar clumps spread over 3.5 kpc. If such sources existed
in Arp 220, we would expect to detect all those above
~5 x 10% ergs s~! cm~2 in luminosity. We only see one such
source, X-2, which lies 77 away from the nucleus. The hard
X-ray emission from Arp 220 thus appears to be signifi-
cantly more concentrated in the nucleus than that of other
interacting or merging galaxies observed by Chandra.
Indeed, the spatial distribution of hard emission in Arp 220
would appear to be more similar to that of Mrk 273 (Xia et
al. 2002), a ULIRG containing an AGN at its core, than
NGC 3256 or the Antennae, neither of which seem to have a
significant AGN contribution.

4.2. Spectrum of the Arp 220 Nuclear Region

The X-ray output from the nuclear regions of Arp 220 is
energetically dominated by an extended hard kiloparsec-
scale component, with a significant point-source contribu-

TABLE 1
FLux oF ArRP 220 X-RAY COMPONENTS

Fi,°

R.A. Decl. Extent? Net (obs) Lyo® Ny¢ Lyp(0)°
Object (J2000.0) (J2000.0)  (arcseconds) (counts) (10~'%ergscm=2s7!) (10%ergss™') (102cm=2) (10%ergss™)
Arp 220 circumnuclear ....... 153457.14 +233013.0 7" 250 1.6 1.1 0.5(0.3-1) 6
Arp 220 X-1 hard halo ....... 153457.28 +233011.4 37 113 5.9 4.1 3(1-5) 8?
Arp 220 X-1 (nucleus) ........ 15345721 +233011.7 Unresolved 66 3.0 2.1 3(1-5) 4?7
Arp 220 X-2 i 153456.94 +233005.5 Unresolved 33 1.0f 0.6 0.3(0.2-0.6) 0.7
Arp220X-3 oo 153457.14 +233013.1 2" 31 0.28 0.1 0.5(0.3-1) 0.6
ATp220 X-4 oo 153457.25 +4233011.5 Unresolved 19 1.0t 0.7 3(1-5) 1.5?

NotEe.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

a Estimated extent of source.
b Observed flux in the 0.3-10.0 keV band.

¢ Luminosity corresponding to observed flux (uncorrected for absorption).

d Hydrogen column; best value and range.

¢ Unabsorbed luminosity, corresponding to correction for absorption using best value from previous column. Question marks indicate that the absorption

correction is highly uncertain.

[ Luminosity estimated using a power-law model fit with the photon index fixed at 1.0.
¢ Luminosity found assuming the circumnuclear two-temperature model fit for the circumnuclear region.

h Luminosity estimated by assuming the same spectral model used for X-

1.
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tion (<200 pc) that has a power-law spectrum with
I' =1.4+ 1.0, with an unabsorbed 2-10 keV luminosity of
4 x 10% ergs s—1. The central question is the origin of this
radiation: Does it arise from young supernovae, X-ray
binaries, or is it the result of accretion onto a more massive
body, possibly a weak AGN? We consider each of these
possibilities in turn.

Young supernovae.—These can be strong X-ray emit-
ters, especially if in a dense circumstellar or interstellar
environment (Schlegel 1995). Such objects are also strong
radio emitters. Colina et al. (2001) detected a Iuminous
radio supernova in the nuclear starburst of the Seyfert
galaxy NGC 7469, a marginally ultraluminous infrared
galaxy. Twelve candidates for such ‘““radio supernovae”
have been detected by VLBI/Very Long Baseline Array
observations in the nuclei of Arp 220 (Smith et al. 1998),
so we know such objects are present. The X-ray proper-
ties of such objects are highly heterogeneous. SN 1986],
for example, had an integrated 0.1-2.4 keV luminosity of
(2-3) x 10% ergs s~! cm~2, while SN 1993J has a lumi-
nosity in the same band of 3 x 1038 ergs s=! cm~2. The
temporal behaviors of these objects are also different,
ranging from relatively constant emission over several
years for SN 1978K to decay times of a few weeks or
months for SN 1993J (Schlegel 1995). A number of such
objects are capable of powering the emission we see in
Arp 220, although some long-term variability should be
detectable, especially since no new radio supernovae
appear to have occurred for some years (Lonsdale et al.
2001). Spectrally, the emission from young supernovae
are best-fitted by thermal bremsstrahlung spectra.
Attempts to fit the nuclear spectrum of Arp 220 with a
thermal bremsstrahlung model give an implausibly high
temperature of 10.5 keV, with a 1.7 x 102 ¢cm~2 absorb-
ing column (x2 = 52.4 with 77 dof); supernovae typically
have T~ 0.5 keV. Fixing the emission to this tempera-
ture gives a fit with a poorer y? than other models, with
X2 = 83 with 78 dof.

X-ray binaries and ultraluminous X-Ray (ULX)
Sources.—Typical galactic X-ray binaries have luminosi-
ties up to ~10%7 ergs s~! cm~? (White, Nagase, & Parmar
1995), so several thousand would be required to produce
the luminosity seen in Arp 220’s nucleus, which is
implausible. However, galaxies such as the Antennae and
NGC 3256, with considerably more active star formation
than our own Galaxy, have been found to contain ULX
with luminosity comparable to Arp 220. A survey of 11
nearby spiral galaxies with Chandra finds 15 ULX
sources (R. E. Kilgard et al. 2002, in preparation). The
ULX sources may be accreting objects with mass >500
My, as seen in M8&2 (Griffiths et al. 2000; Kaaret et al.
2001), or the objects may be high-mass X-ray binaries
with compact object masses in the stellar range but with
beamed emission (King et al. 2001). The M82 source
appears to have a 10 keV thermal bremsstrahlung spec-
trum, which can fit the data well (see above), so the pres-
ence of several ULX sources in the core of Arp 220 is
feasible.

Inverse Compton emission.—Moran, Lehnert, & Helfand
(1999) suggested that the hard X-ray emission in NGC 3256
is produced through inverse Compton scattering of the far-
IR photons by relativistic electrons produced by supernova
remnants in the starburst. Conditions suitable for inverse
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Compton emission might also exist in the nuclei of Arp 220
and give rise to the hard emission seen here. One test of
inverse Compton emission is that the radio and X-ray
power-law indicies should match, and this does indeed
prove to be the case. However, as noted by Iwasawa et al.
(2001), the inverse Compton process in Arp 220 must be
quite inefficient or the hard X-ray luminosity would be
much greater.

Active galactic nuclei—The restriction of much of the
hard X-ray emission to just the central regions of Arp 220 is
naturally explained if the source is an AGN rather than an
agglomeration of X-ray binaries (XRBs). However, while
the nuclear regions of Arp 220 have a high luminosity for an
individual XRB, they have a low luminosity for an AGN,
being about 2 orders of magnitude fainter than typical Sey-
fert 1 galaxies (George et al. 1998). However, luminosities
this low are not without precedent for suspected AGNs. Ho
et al. (2001) have conducted a survey of nearby galaxies with
Chandra, examining the X-ray emission of objects that
might contain low-luminosity AGNs. They find weak
AGN:s in a substantial fraction of their sample, with X-ray
luminosities (2-10 keV) as low as 10 ergs s~! cm~2. They
also find a correlation between X-ray and Ha luminosity
that Arp 220 fits when only the nuclear Ha luminosity is
considered (Armus, Heckman, & Miley 1990). If there is a
weak AGN such as this in Arp 220, it will contribute only
about 108-10° L to the bolometric luminosity, i.e., less
than 1%. However, the presence of even a weak AGN in the
dense environment of the nucleus of Arp 220 raises the pos-
sibility that it will grow and significantly increase in lumi-
nosity as the system continues to evolve. There is also the
possibility that we are only seeing a small fraction of the
emission from an AGN if the source itself is Compton-
obscured. The tentative detection of an emission line at 6.5
keV, with equivalent width ~1 keV, raises the possibility
that the power-law source seen is just a reflected component
from an otherwise obscured source. Harder X-ray observa-
tions by BeppoSAX (Iwasawa et al. 2001) set the best limits
to date for any obscured AGN. A moderately Compton-
thick AGN, with 2 x 102 cm~2 column, according to these
limits, could supply a few percent of the bolometric lumi-
nosity, assuming standard Lx /Ly, ratios. Absorption by
greater than 102 cm~2 is needed before a substantial frac-
tion of Arp 220’s luminosity can come from an AGN. Such
extinction is not impossible. Haas et al. (2001) use the 7.7/
850 um flux ratio to suggest very high extinctions, while the
Long Wavelength Spectrometer (LWS) spectrum from
Fischer et al. (1999), indicating 7 > 1 at 100 um, would
imply an H 1 column of 2.7 x 1025 cm~2. Improved sensitiv-
ity spectra for the nuclear regions of Arp 220 are clearly
needed to confirm whether the 6.5 keV line is real and if it is
associated with reflected emission. The presence of extended
hard X-ray emission in the nuclear regions of Arp 220 can-
not be easily explained by a simple AGN model. Possible
explanations would include a mixed nature for the nuclear
regions, with unresolved AGN emission combining with
extended XRB emission in the halo. Such an arrangement
would naturally follow from the Taniguchi et al. (1999)
model of nuclear black hole growth by accretion of XRBs
during a merger. Alternatively, an obscured AGN might be
associated with extended scattered hard emission. The
acquisition of deeper Chandra images to examine any differ-
ences in X-ray properties between unresolved and halo hard
X-ray emission would be able to address these possibilities.
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5. CONCLUSIONS: THE NATURE OF ARP 220

We have shown that there is a source of hard, power-law-
like, X-ray emission in the nuclear regions of Arp 220. This
source 1s extended east-west, consistent with the emission
coming from both the radio/IR nuclei. The central concen-
tration of hard X-ray emission in Arp 220 is in contrast to
other interacting galaxies, where hard emission comes from
clumps distributed across much larger physical distances.
This difference may be associated with the merger in Arp
220 being older than in the Antennae or NGC 3256, and
that compact objects have sunk to its core (Tremaine,
Ostriker, & Spitzer 1975) but may also be associated with
Arp 220’s greater luminosity. The origin of the hard emis-
sion is unclear. Its spectrum is unlikely to be produced by
young supernovae, but inverse Compton emission, albeit of
very low efficiency, accretion onto ultraluminous X-ray
binaries or onto an AGN are all possible. If there is an
AGN contribution, it has too low a luminosity for it to play
a significant role in the energetics of the object, but the pres-
ence of even a weak AGN in Arp 220 would support a con-
nection between ULIRGs and quasars (Sanders et al. 1988).
Ifit is not an AGN, we cannot rule out the presence of a true
AGN behind a Compton screen of column ~10% cm~2. If
XRBs are responsible for the emission, then a large number

of conventional XRBs are needed, or a smaller number of
ultraluminous ULX sources. In either case, the concentra-
tion of these objects in the very center of Arp 220 might indi-
cate that these objects will later merge together to form a
supermassive black hole and AGN (Taniguchi et al. 1999).
If there is a weak AGN already in the nuclear regions, then
this process may already have begun.
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