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ABSTRACT

We present results from a Chandra ACIS-S observation of the type 2 low-ionization nuclear emission-line
region (LINER) radio galaxy NGC 4261 (3C 270). The X-ray data show that this galaxy hosts a heavily obscured
(Ng ~ 8x10?? cm™?) active galactic nucleus (AGN) with an intrinsic luminosity of 2.4 x10*! ergs s~!, which
dominates the energy output of the nucleus but is much less than the Eddington luminosity of its central massive
black hole. The multiwavelength properties of this component are consistent with either radiatively inefficient ac-
cretion flows or emission from the inner part of a jet within 20 mas (3.4 pc) from the nucleus. A softer, unobscured
power-law component, which we identify as synchrotron X-ray emission related to the unobscured part of the in-
ner jet, produces ~10% of the 0.1-10.0 keV emission from the nucleus and is likely to be associated with the
arcsecond-scale optical/UV emission measured with the Hubble Space Telescope (HST). These results indicate that
the energy source of some type 2 LINERs could be a heavily obscured AGN, when obscuration of the ionizing
continuum might be responsible for the low ionization state of the line-emitting gas.

Subject headings: galaxies: active — galaxies: elliptical and lenticular, cD —
galaxies: individual (NGC 4261, 3C 270) — galaxies: nuclei — X-rays: galaxies

Online material: color figures

1. INTRODUCTION

The nature of low-ionization nuclear emission-line regions
(LINERS) has been a matter of debate ever since their identifi-
cation as a class of active galactic nuclei (AGNs) by Heckman
(1980). The detection of broad emission lines in some LINERs
in either direct (see, e.g., Ho et al. 1997a, 1997b) or scattered light
(see, e.g., Barth et al. 1999) suggests that the energy source of
these “type 1’ LINERs is accretion onto a supermassive black
hole. However, the nature of the central engine in “type 2”
LINERs, which do not exhibit broad lines in their optical spec-
tra, is still unknown. An intriguing case is that of type 2 LINERs
that exhibit radio jets and lobes (indicating AGN activity) and
yet have optical spectra that do not show any direct evidence for
AGN activity. An example is NGC 4261. Possible scenarios for
the energy source in these LINERSs, as reviewed in Filippenko
(1996), include massive stars (see, e.g., Filippenko & Terlevich
1992), evolved starbursts (see, e.g., Taniguchi et al. 2000; Alonso-
Herrero et al. 2000), highly obscured AGNs (Imanishi et al.
2001), and shock excitation (see, e.g., Dopita et al. 1996, 1997).
LINERSs show relatively weak UV emission. This is consistent
with star formation (Maoz et al. 1995). Terashima et al. (2000),
after studying a sample of type 2 LINERs with the 4SCA X-ray
observatory, also reached the conclusion that in most cases their
X-ray emission could be related to star formation. X-ray obser-
vations are a powerful tool in the investigation of these scenarios
because X-rays can penetrate obscuring material of high column
densities.
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NGC 4261 is an E2 elliptical galaxy located at a distance of
35.1 Mpc, with a nucleus classified as a type 2 LINER based
on high-quality optical spectra (Ho et al. 1997b). Its position on
the diagnostic diagrams of Kewley et al. (2001) suggests that
the optical emission is due either to a hard photoionizing field
with low ionization parameter or to emission by fast shocks, with-
out an ionizing precursor, propagating in a gas-poor environ-
ment. Hubble Space Telescope (HST) WFPC2 observations (Jaffe
et al. 1993) showed a bright nuclear optical source surrounded
by a disk of gas and dust, suggesting large concentrations of
gas in this region, which is unexpected in the shock scenario.
Recent kinematic studies of the nuclear ionized gas find a nu-
clear black hole mass of (4.9 4 1.0) x10% M_, (Ferrarese et al.
1996).

Apart from the dynamical evidence for a supermassive black
hole in NGC 4261, the strongest indication for the existence
of an AGN in this galaxy comes from radio observations: NGC
4261 is an FR-I radio galaxy featuring two prominent radio jets
feeding low-power lobes (see, e.g., Birkinshaw & Davies 1985).
High-resolution VLBI observations probed the jet to subparsec
scales (Jones et al. 2000), and Jones et al. (2001) report a de-
tection of an accretion disk at a scale of 0.2 pc from its shadow
on the jet. A jetlike feature in the nuclear region of NGC 4261
has also been detected in UV images obtained with HST STIS
and has been interpreted either as synchrotron emission from
the jet or as scattered nuclear emission (Chiaberge et al. 2003).
The multiwavelength parameters of the nucleus are presented
in Table 1.
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TABLE 1
PROPERTIES OF THE NUCLEUS

Vol. 627

Parameter Value References
R.A. (J2000) ...ovvrieiciiieiecienenee 12h19m23%22
Decl. (J2000).....ccoerereirerieerieennene +5°49'29770
DIStance.....ccvevvveveeieieieieeeieieieieene 35.1 Mpc Ho et al. (1997b)
MBH cevveeveeveeeieceeeieeee e (4.9 £ 1.0) x 10% M, Ferrarese et al. (1996)
Jrad (5.0 GHZ) oo 293 mly Worrall & Birkinshaw (1994)
Jaeeveevesveseeesesesssessessessssasssssss s sanes 1.5 x 107 ergs cm ™2 57! Ho et al. (1997b)
S (0.1-2.0 KeV) oo, 1.6 (7.5)
Ly® (0.1-2.0 KeV) oo, 2.4 (13.9)
/x5 (2.0-10.0 KEV) v, 6.97 (10.6)
Ly® (2.0-10.0 KeV).ovrvvorrrrereenane. 10.3 (15.6)

Note.—The X-ray data are from this work.

® Observed (absorption-corrected) flux in units of 10713 ergs cm~2 s~!, based on model 5 (Table 2).
® Observed (absorption-corrected) luminosity in units of 10%° ergs s~!, based on model 5 and for a

distance of 35.1 Mpc.

Previous X-ray observations of NGC 4261 with the Einstein
IPC revealed a moderately luminous nucleus (Lx (0.2—4.0 kev) =
1.6 x10*! ergs s~!; Fabbiano et al. 1992). Spectral fits of ROSAT
PSPC data showed that a two-component model consisting of a
thermal plasma (kT ~ 0.6 keV') and a poorly constrained power
law (I" ~ 1.7) without any excess absorption gives a good rep-
resentation of its soft X-ray spectrum (Worrall & Birkinshaw
1994). Spatial analysis associated the power-law emission with
the nucleus, and the thermal emission with the galaxy-scale
atmosphere. Broadband spectroscopy with ASCA, which can bet-
ter constrain the hard emission, shows a relatively flat power-
law index (I" = 1.45; Matsumoto et al. 2001; Terashima et al.
2002). However, the large beam of ASCA and the restricted
energy band of ROSAT hamper the investigation of the X-ray
components, since the data confuse emission from the nucleus,
the radio jets, and the host galaxy. Indeed, observations of other
LINERs with Chandra indicate that the nucleus does not al-
ways dominate the X-ray emission of the host galaxy (see, e.g.,
Ho et al. 2001; Eracleous et al. 2002; Pellegrini et al. 2002;
Georgantopoulos et al. 2002; A. Zezas et al. 2005, in prepara-
tion). Recent YMM-Newton observations of NGC 4261 showed
that its X-ray spectrum could be fitted with an absorbed, rela-
tively flat power law (I' ~ 1.4) and a soft thermal component
(Sambruna et al. 2003). The same data also showed evidence
for short-term variability and an Fe K line, which the authors
attribute to the inner part of the jet and the accretion flow,
respectively.

We observed NGC 4261 with Chandra (Weisskopf et al.
2000), whose subarcsecond resolution allows us to separate the
X-ray emission components. A first analysis of these Chandra
data by Chiaberge et al. (2003) showed a flat overall X-ray spec-
trum with relatively high column density, which, as they pointed
out, appears to be inconsistent with the detection of UV emis-
sion from the nucleus. More recently, a combined XMM-Newton/
Chandra study of NGC 4261 led to the conclusion that the X-ray
continuum is produced by the accretion flow (Gliozzi et al. 2003).
In this paper we present an alternative interpretation of the X-ray
continuum, favoring a jet model for at least the soft X-ray emis-
sion, in the light of the spectral parameters of the X-ray com-
ponents and their relation to the radio and optical emission. In § 2
we present results from the imaging and spectral analysis of the
Chandra data, while in § 3 we discuss different models for the
nature of the nucleus and the implications of these results for
the LINER phenomenon.

2. OBSERVATIONS AND DATA ANALYSIS

NGC 4261 was observed for 35 ks with the back-illuminated
S3 CCD of the Advanced CCD Imaging Spectrometer (ACIS;
Garmire 1997) on board the Chandra X-Ray Observatory. The
observation was performed in 1/2 subarray mode, which gives
a frame time of 1.8 s in order to limit pile-up to less than 10%,
based on the strength of the emission component, which was
unresolved with the ROSAT PSPC (Worrall & Birkinshaw 1994).
The Chandra nuclear count rate of 0.07 counts s~! corresponds
to a pile-up of <10% for the flattest spectrum consistent with the
data, which is tolerable.

For our analysis we used the type 2 event (evt2) files after
applying the gain maps of CALDB version 2.12. These files
include only events of status 0, and grades 0, 2, 3, 4, and 6.
A search for periods of enhanced background showed that the
S3 CCD background throughout the observation was slightly
higher than nominal (although this might be due to diffuse emis-
sion associated with the galaxy or an extended group; Davis
et al. 1995) but did not exhibit any flares. In the following
analysis we use data in the 0.3—7.0 keV band because of the
calibration uncertainties at lower energies and the enhanced con-
tribution of the particle background at high energies. The anal-
ysis was performed with the Chandra Interactive Analysis of
Observations (CIAO) version 2.2.1 tool suite.

2.1. Imaging Analysis

To investigate the emission of the nuclear region of NGC
4261, we created images in soft (0.3—-2.0 keV) and hard (2.0—
4.0 keV) bands for the central 1’5 of the galaxy (which corre-
sponds to a physical size of 15.3 kpc; the D,s5 radius of the
galaxy is 4'; de Vaucouleurs et al. 1991). In order to show low
surface brightness and small-scale features, these images were
lightly smoothed using a top-hat smoothing kernel with a width
of 2.5 pixels (~1725). Both images together with an HST WFPC2
R-band image of the nucleus are shown in Figure 1. From this
figure we see that there is a significant amount of diffuse soft
emission along with a strong pointlike nuclear source, which is
visible in both bands but dominates in the hard band.

A ridge of extended emission along the east-west direction
is clearly seen in both bands. This is associated with the radio jet
and will be discussed in detail elsewhere. In order to measure
the extent of the jet in the X-ray band, we created a model of the
extended nuclear emission in the 0.3—5.0 keV band by fitting a
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Fic. 1.—Soft-band (0.3—-2.0 keV; leff) and hard-band (2.0—4.0 keV; right) lightly smoothed images of the nuclear region of NGC 4261 (in both images, north is
up and east is to the left). An R-band HST WFPC2 image of the nucleus with the same orientation as the X-ray image is shown in the insert. The region of the insert
is indicated by the white square on the X-ray images. The white circle shows the extraction region for the nuclear spectrum. The physical size of the X-ray images is
15.3 kpe x 15.3 kpe (1/5x 1/5). [See the electronic edition of the Journal for a color version of this figure.]

two-dimensional elliptical model to the smoothed image. Then
we subtracted this model from the raw data. The resulting image
is presented in Figure 2. For reference in the same image, we
also show contours from a VLA' C-band (6 cm) image with a
resolution of 2”3 x1”8.

To study the spatial extent of the nuclear emission, we ex-
tracted radial profiles centered on the nucleus from unsmoothed
soft-band (0.6—1.0 keV) and hard-band (4.0—8.0 keV ) images,
and we compared them with point-source models created with
the mkpsf tool for energies of 1.4 and 4.5 keV, respectively. The
energy ranges were chosen with the expectation of emphasizing

' The VLA is operated by the National Radio Astronomy Observatory,
which is a facility of the National Science Foundation, operated under coop-
erative agreement by Associated Universities, Inc.

FiG. 2.—0.3-5.0 keV image after subtracting the diffuse component (see text
for details). The contours correspond to radio emission from a 4.9 GHz VLA
observation (2”3 x 1”8 beam; Birkinshaw & Davies 1985).

the thermal gas (soft band) and the nuclear emission (hard band),
based on the results from the spectral fitting (§ 2.2). The contri-
bution of the jet component in these two bands is small compared
to the nuclear and the thermal gas components. A comparison be-
tween the point-source models and the measured profiles shows
that the soft emission is clearly extended, while the hard emis-
sion is almost pointlike (Fig. 3). A fit of the profile of the soft
emission with a Gaussian gives a deconvolved FWHM of 479.
There is no offset in the centroid of the emission between the soft
and the hard bands.

In order to determine the absolute astrometric accuracy of
this observation, we searched the USNO-A2.0 star catalog? and
the 2MASS catalog for sources within the active field of view
of'the ACIS-S3 CCD. We found two such sources with an offset
from their X-ray counterparts less than 0”5 and not in the same
direction. Therefore we conclude that the absolute astrometry
of these observations is good to within 0”5, in accordance with
estimates from the calibration team.’ Moreover, we find ex-
cellent agreement between the position of the nucleus and the
multiwavelength astrometric data given in Ferrarese et al. (1996),
showing that the X-ray data trace the same nuclear source as is
seen in other energy bands.

We confirmed this by analyzing archival HST WFPC2
R-band (F675W filter) data, following the standard procedures
described in Biretta et al. (1997). We chose the R-band data since
they are less affected by extinction than UV data. After correct-
ing for differences in the relative astrometry of the Chandra and
HST images using two common sources, we found that the off-
set between the optical and the X-ray nucleus is ~0720. This is
within the spatial resolution of the X-ray data and therefore we

2 See http://ftp.nofs.navy.mil /projects/pmm /index.html.
3 See http://cxc.harvard.edu/cal/ASPECT/celmon/.
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Fic. 3.—Comparison between the nuclear and point-source radial profiles in the soft (leff) and hard (right) band. One pixel corresponds to 0749 or ~70 pc at the
distance of the galaxy. [See the electronic edition of the Journal for a color version of this figure.]

conclude that the brightest X-ray source is associated with the
optical nucleus to within an accuracy of ~0”5. The X-ray param-
eters of the nucleus are presented in Table 1.

2.2. Spectral Analysis

We extracted the nuclear spectrum from a circular aperture
of 2" radius centered on the nucleus (shown as a white circle in
Fig. 1). This extraction region encompasses 95% of the energy
of a point source at 1.5 keV, and 90% of the energy at 6.5 keV,
while its small size minimizes the contribution of the circum-
nuclear diffuse emission. A spectrum of the local background,
accounting for the instrumental background as well as the con-
tribution of the circumnuclear diffuse emission (which domi-
nates in the soft band), was obtained from an annulus around the
nucleus between 7y, = 278 (~0.5 kpe) and rax = 878 (1.5 kpe).
Two pointlike sources lying within this background region were
excluded. We detect a total of 2677 counts in the nuclear source
aperture, 155 of which are estimated to be due to the local back-
ground. The nuclear spectrum was grouped to a minimum of
25 counts per bin before background subtraction, in order to ap-
ply x? statistics. For the spectral analysis, we used the XSPEC
version 11.1 package. The results of the spectral fits are pre-
sented in Table 2. We corrected for the time-dependent deg-
radation of the ACIS sensitivity (see, e.g., Marshall et al. 2004)
by using the ACISABS model in XSPEC. We also performed
tests with ancillary response files (arf) created with CIAO ver-
sion 3.0 (using CALDB ver. 2.26), and we found no difference
within the uncertainties through changing the calibration and
analysis technique.

Simple models such as an absorbed power law (PO; model 1)
or absorbed Raymond-Smith thermal plasma (RS; Raymond
& Smith 1977) gave unacceptable fits to the nuclear spectrum
(x2 > 10.0). A combination of a thermal plasma and a power-
law component (model 2) resulted in an improved fit at more
than 99% confidence level (based on an F-test for two addi-
tional parameters; see, e.g., Bevington & Robinson 1992) but

still with an unacceptable x> > 2.0. The best-fit temperature for
the thermal component was k7 = 0.41 keV, and the slope of the
power law was I' = —0.02.* This very flat power law suggests
that the hard component is either heavily absorbed or dominated
by reflection (cf. Turner et al. 1997; Matt et al. 2000). However,
including an absorber for the power law (model 3) did not im-
prove the fit, and no additional absorbing column was required
(Vg < 7.8x10%° cm™2).

Since from the imaging analysis we find that the X-ray jet
extends to the nucleus, we attempted to model a jet-related com-
ponent with a second power law, absorbed by a different column
(model 4). This model gave an improved fit at more than 95%
confidence level based on an F-test for three additional parame-
ters. The best-fit slopes for the two power laws are I'; = 1.46 and
I', = 2.25, while their respective column densities were Ny | =
8.13x10%* cm~2 and Ny » < 9.6 x10?° cm~2. We also investi-
gated the existence of an unresolved Fe Ka line at 6.4 keV (ab-
sorbed by the same column as the hard power law; model 5),
which is usually a telltale signature of AGN activity (see, e.g.,
Nandra et al. 1997). The inclusion of this component slightly im-
proved the x? but not at a statistically significant level (30% prob-
ability of improvement in x> by chance, based on an F-test).
The new parameters for the continuum (I'; = 1.54f8j§é, Nujp =
8.4135 %102 em =2, T, = 2.25%032, and Ny » < 3.7 x 1020 cm—2)
are consistent within the 1 o errors with the parameters of the
previous model (model 4). The equivalent width (EW) of the
line with respect to the unabsorbed continuum of the power-law
component is 260 eV (<590 eV at 90% confidence for three
interesting parameters; Table 2). Our best-fit value is consistent
with the EW of the Fe Ko line detected in the XMM-Newton
spectrum of NGC 4261 (Sambruna et al. 2003). This best-fit
model together with the observed spectrum is presented in Figure 4,

4 As is demonstrated later in this section, the dependence of the derived spec-
tral parameters on the abundance of the thermal components is small; therefore,
all thermal components have solar abundances unless otherwise stated.
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TABLE 2
FirTinG REsSuLTS

Parameter Model 1 Model 2 Model 3 Model 4 Model 5

Lesr p omgn wedg e

4.357)n 1.047¢15 L. 0570 16 10.3%5 18.177,

sty 235y

) 1-0.02 00,04 > 412 32 2.4%122

0.417 03 02870 03 0.4170 45 0-5%0 04

> 56843 5687033 415558 415553

Ny (total)? ... 0.0 (<0.006) 0.058° 0.058° 0.058° 0.058°

Na (soft) <0.078 <0.034 <0.037

Nirz (hard) e, 8.13131° 8.3713%3

Energy (KEV ).oceeeeeeeeeeieeeneeeeereeeneeenees 6.387997
Equivalent width (eV ) ......ccccoovvvvvivniinnnnns o e .. . 260 (<590)

X2 (OF). oo 951.2/69 152.9/68 152.9/67 83.7/64 80.5/62

Note.—Description of the models: model 1: Abs (PO); model 2: Abs (RS +PO); model 3: Abs (RS + Abs[ PO]); model 4: Abs (RS +
Abs[ PO] + Abs[ PO]); model 5: Abs (RS + Abs[PO] + Abs[ PO + G3]). Abs: cold absorption (wabs model in XSPEC); RS: Raymond-
Smith (Raymond & Smith 1977) thermal plasma; PO: power law; G: Gaussian line. All errors are at the 90% confidence level for one

interesting parameter, unless otherwise stated.

? Norm,, Norm,: Normalization of the power-law components in units of 10~ photons s~ keV~! cm? at 1 keV.

® Norms: Normalization of the thermal plasma component in units of 10~'* [ #?dV/4xD* cm~

the electron density.
¢ Ny fixed to the Galactic value.

Nu, N1, and Ny are in units of 10?2 cm—2.

5, where D is the distance and 7 is

¢ Equivalent width of the Fe K line with respect to the hard power-law continuum errors have been calculated from the
uncertainty in the line normalization for three interesting parameters (hard power-law slope and normalization, line normalization)

and with the other model parameters fixed to their best-fit values.

and the contribution of the different spectral components to the
0.1-10.0 keV X-ray luminosity of NGC 4261 is given in Table 3.

Based on the emission measure of the thermal nuclear com-
ponent within the 2” (340 pc) extraction radius, and assuming
an isothermal sphere, we estimate a gas density of 0.34 cm—3
within a radius of 0.32 kpc of the nucleus. This corresponds to a
total mass of 1.6 x10° M, within the sphere and a cooling time
of ~60 Myr.

Since the slopes of the two power-law components could be
consistent within the errors, the double power-law model is phe-
nomenologically similar to a partially covering absorber. There-
fore, we fitted the data with a power law seen through a partially
covering absorber and an additional thermal plasma component.
The overall spectrum is seen through a neutral absorber with

0.1

NGC 4261 nuclear spectrum |

normalized counts/sec/keV
1073

T A
& R b i

0.5 1 2 5
channel energy (keV)

4

2

—4-2

Fic. 4—Best-fitting model of the nuclear spectrum (model 5 in Table 2)
and the residuals in units of ¢. The light dashed line shows the thermal com-
ponent, the heavy line shows the power-law components (solid for the hard,
absorbed power law, and dotted for the soft, unabsorbed component), and the
light dotted line shows the Fe Ko line.

a column density fixed to the Galactic value along the line of
sight. This model gives a fit of the same quality as the double
power-law model. We find a best-fit photon index of I'=1. 37*8 3,
seen through an absorber with Ny = 7. 7733 %10% cm~2, and a
covering factor of 0. 92*8 8‘7‘ Similar values have also been re-
ported by Gliozzi et al. (2003) from their fits to the Chandra and
XMM-Newton spectra of NGC 4261.

Since such a hard spectrum is also typical of an AGN with a
strong reflection component (see, e.g., Matt et al. 2000), we re-
placed the hard power law in the last spectrum with a reflec-
tion model (PEXRAV model in XSPEC). This model gives the
reflected spectrum from an illuminated slab of neutral mate-
rial (Magdziarz & Zdziarski 1995). The incident spectrum is a
power law, and the viewing angle is fixed at § = 65° (cos 0 =
0.45). Fits with the reflected and direct components free to vary
resulted in a small contribution of the reflected component, mak-
ing this model effectively indistinguishable from the previously
presented double power-law model (model 5) but not improv-
ing the quality of the fit. Next we investigated the case for a pure
reflection component. Again the quality of the fit was not im-
proved over the power-law fits.

The results of the spectral fits showed evidence for a thermal
component (k7T = 0.4 keV; Table 2) in the nuclear spectrum,
which most probably is associated with the circumnuclear dif-
fuse emission (see, e.g., Fig. 1). We investigated the properties of
the gas outside the core by extracting spectra from four annuli
between 0.4 and 2.8 kpc from the nucleus. From these regions,
we excluded any pointlike sources and jet emission. The back-
ground was taken from source-free regions in the outskirts of the
galaxy. We used the PROJECT model in XSPEC to deproject the
four spectra, fitted by an absorbed thermal plasma model with
atomic hydrogen column density fixed to the Galactic line-of-
sight value. The four models had the same abundance, which was
free to vary. We find that there is no temperature gradient outside
the core region (typical temperature ~0.6 keV') out to ~3.0 kpc
from the nucleus, while the best-fit abundance was significantly
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TABLE 3
CONTRIBUTION OF SPECTRAL COMPONENTS IN OVERALL EMIssION

OBSERVED LumiNosiTy®

INTRINSIC LUMINOSITY®

COMPONENT 0.1-2.0 keV 2.0-10.0 keV 0.1-2.0 keV 2.0-10.0 keV
Hard power law .......c.cccceevnenee 0.2 92.6 95.1 145.8
Soft power law.... 8.3 6.3 21.3 6.3
Thermal Component .. 15.9 0.2 23.4 0.2
Fe Ka line............... . 3.7 o 43
Total ..... 244 102.8 139.8 156.5

Note.—Based on the spectral fits with model 5 (Table 2).

* Luminosity in units of 10°° ergs s~

subsolar (0.22739% Z.). These values are similar to those mea-
sured with ASCA for other early-type galaxies (see, e.g.,
Matsushita et al. 2000).

However, Xu et al. (2002) find higher abundances (0.5—
1.0 Z., depending on the element) based on high-resolution
X-ray spectra of the elliptical galaxy NGC 4636. Moreover, stud-
ies of the diffuse emission in the Fornax A galaxy showed that
a contaminating power-law component from an unresolved pop-
ulation of X-ray binaries (XRBs) may result in subsolar abun-
dances in spectra fitted with a single thermal component (Kim &
Fabbiano 2003). Therefore, we also fitted the spectrum of each
annulus with a two-component model consisting of a thermal
plasma (with abundance fixed to the solar value) and an absorbed
power law (representing a population of unresolved XRBs). This
model also gave a good fit for all four annuli. The overall absorb-
ing column density was free to vary, but its lower limit was fixed
to the Galactic value along the line of sight. The power-law com-
ponent comprises <50% of the total 0.1-2.0 keV emission (cor-
rected only for the foreground absorbing column) in any annulus,
and within the uncertainties the fraction of the emission from the
power law is consistent across all annuli (Fig. 5). The best-fit
temperature of the thermal component is ~0.6 keV in all bins,
slightly higher than but consistent with the temperature of the
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Fic. 5.—Spectral properties of the circumnuclear diffuse emission. The top
panel shows the parameters of the absorbed power law, while the middle panel
shows the temperature distribution (see text for details). The bottom panel shows
the luminosity of each component in the 0.1-10.0 keV band (corrected only for
foreground absorption) in units of ergs s~. Points shown by crosses correspond
to the power-law component, and the points shown by circles correspond to the
thermal component. The errors reflect the 1 o uncertainties in the model normal-
izations and do not take into account uncertainties in any other spectral param-
eters. [See the electronic edition of the Journal for a color version of this figure.]

nuclear thermal component. The photon indices in all four annuli
were similar within the errors and consistent with those of low-
mass XRBs (I" ~ 1.7-2.0; see, e.g., [rwin et al. 2003; Colbert
et al. 2004) but steeper than the power law measured in the nu-
clear spectrum. Only in the two innermost annuli do we measure
significant absorption for the power-law component; the first re-
quires an absorption of 9.4 x10?! cm~? (although this is strongly
correlated with the poorly constrained slope of the power law),
while the second annulus requires a somewhat lower absorption
(N ~ 1.6 x10?! cm™2). The best-fit temperatures and photon
indices for each bin are also presented in Figure 5.

In order to assess the effect of a low-abundance thermal com-
ponent in the spectral fits of the nuclear source, we repeated them
by fixing the abundance of the Raymond-Smith model compo-
nent to the value found for the circumnuclear diffuse emission.
Only in the case in which a single power law is combined with
a thermal plasma model (models 2 and 3) did we obtain a bet-
ter (but still unacceptable) fit compared to the models with so-
lar abundance. In all cases the subsolar abundance resulted in
slightly flatter slopes for the power-law components but was still
consistent within the errors with those from the fits with solar
abundance. We found that altering the assumed abundance of the
thermal gas leads to no significant difference in the absorbing
column that we infer for the heavily absorbed component. Given
the large uncertainties associated with the abundance measure-
ments and the possibility that they are affected by the presence of
a power-law component, in our analysis we consider only the re-
sults for solar abundance, but our conclusions hold in either case.

As was mentioned in § 2 the observation was performed in
1/2 subarray mode to minimize the effect of pile-up. In order to
investigate to what extent our results were affected by pile-up,
we fitted the nuclear spectrum with the pile-up model of Davis
(2001). Since this model has not been tested for complex spec-
tra, we applied it on the simplest model that reasonably describes
the data (model 3). The results from these spectral fits (k7 =
0.417005 keV, I' = —0.047093) were consistent with those from
fits without the pile-up model, indicating that the effect of pile-up
in our spectrum is minimal. Further support for this comes from
the low value of the o parameter (o < 0.078), which is a measure
of'the grade migration due to pile-up (Davis 2001). Therefore we
conclude that our spectral results are unaffected by pile-up.

3. DISCUSSION

We have found that the nuclear X-ray emission of NGC 4261
can be described by three components: a heavily obscured, flat
power law (I'y = 1.547070, Nyy = 8.377353 1022 cm2), a
less absorbed, steeper power law (I'y = 2.257032, Ny » < 3.7 x
10%° cm™?), and a thermal component (k7 = 0.50+0:94). These
spectral parameters as well as those reported in the rest of this
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section are based on model 5 (Tables 2 and 3). We obtain an
equally good fit with a single power law (I" = 1.37f8j§%) seen
through a partially covering absorber (N = 7.733 x1022 cm ™2,
Jeov = 0.92f8j8‘7‘) plus a thermal plasma component. The follow-
ing discussion holds for both spectral models. These results are
in general agreement with the results from the XMM-Newton
observation of NGC 4261 (Sambruna et al. 2003). However, the
XMM-Newton spectrum did not require the second, less obscured
power-law component, which is highly significant in our spectral
fits. We believe that this is due to the larger beam of XMM-Newton
(~10" radius) encompassing a larger fraction of the diffuse com-
ponent, which would mask the weak unobscured power law that
is observable only below 2 keV. Although the XMM-Newton data
provide better constraints than our data on the slope of the ob-
scured power law, in the following discussion we use the results
from our spectral fits, which treat the soft and the hard compo-
nents consistently.

The imaging analysis shows that the emission is extended in
the soft band (0.3—2.0 keV), while it is almost pointlike above
4.0 keV. Residuals after subtraction of the nuclear and circum-
nuclear emission show evidence for an X-ray jet component down
to arcsecond scales from the nucleus.

The kinematics of the optically emitting ionized gas in the
circumnuclear region indicates the existence of a supermassive
black hole (Mg ~ 4.9 x10% M_). However, there is no clear
optical spectral evidence for an AGN (e.g., no broad lines ob-
served either directly or in scattered light; Ho et al. 1997c; Barth
et al. 1999). Radio data do show clear evidence for an AGN:
NGC 4261 shows prominent jets (see, e.g., Birkinshaw & Davies
1985), while absorption features at their base are interpreted
as shadowing by a parsec-scale disk (Jones et al. 2001). In this
section, we discuss the nature of the different X-ray spectral com-
ponents of the nucleus of NGC 4261 and relate them to the multi-
wavelength observations.

3.1. The Heavily Obscured Component

Although the large obscuring column toward the line of sight
of the hard component is suggestive of an almost Compton-
thick AGN, the lack of a strong Fe Ko line (EW > 1keV) does
not support a reflection-dominated spectrum. On the other hand,
the Fe Koo EW expected for transmission of a power-law con-
tinuum (I" ~ 1.2) through a spherical distribution of gas with the
measured equivalent hydrogen column density of ~10> cm™2
is consistent with the measured upper limit of <590 eV (see, e.g.,
Makino et al. 1985; Leahy & Creighton 1993).

The best-fit photon index for the highly obscured power-
law model is I" ~ 1.5, similar to the “canonical”> AGN slope of
I' = 1.7 (see, e.g., Turner et al. 1997). The absorption-corrected
luminosity of this component is 2.4 x 10*! ergs s~ (in the 0.1—
10.0 keV band), which implies a fraction ~3.9x107° of the
Eddington luminosity for a 4.9 x10% M, black hole (or an ac-
cretion rate of 4.3 x107¢ 5~ M, yr~!, where 7 is the accretion
efficiency and is expected to be ~0.1). Even with a bolometric
correction of Lx/Lye ~ 0.2 (based on the spectral energy dis-
tributions of low-luminosity AGNs [LLAGNs]; Ho 1999) the
emitted luminosity is only a fraction 2.0 x 10~ of the Eddington
luminosity.

Using the parameters derived for the hot gas in the vicinity
of the nucleus (§ 2.2), we estimate, following Di Matteo et al.
(2003), the Bondi-Hoyle (Bondi 1952) accretion luminosity to
be Lp-n = 176.2 x10* ergs for the measured black hole mass
0f 4.9 x10% M. The accretion luminosity is a factor of ~2500n
larger than the emitted luminosity of the hard power-law
component.
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Recent theoretical accretion models suggest that in signifi-
cantly sub-Eddington accretion rates (which is the case here)
the standard geometrically thin/optically thick accretion disks
are unstable, and other forms of accretion appear (see, e.g., Frank
et al. 2002). These types of accretion, which are radiatively in-
efficient, have been used to describe the broadband emission of
several other LLAGNSs (see, e.g., Di Matteo et al. 2000). On the
other hand, the existence of strong radio jets down to subparsec
scales from the nucleus suggests that the jets could be the origin
of the hard X-ray component. We discuss these three possibili-
ties in turn.

1. Advection-dominated accretion flows (ADAFs).—ADAFs
(Kato et al. 1998; Narayan & Yi 1995) have been the standard
model for low radiative efficiency accretion either on their own
or as part of a hybrid accretion flow consisting of a truncated
standard accretion disk that in its inner part becomes an ADAF
(see, e.g., Quataert et al. 1999).

The detection of shadowing of the jet in NGC 4261 strongly
supports the case for an accretion disk extending at least 0.2 pc
from the black hole but which could be truncated at a smaller
radius (Jones et al. 2000, 2001), in agreement with existing hy-
brid accretion disk models. The measured X-ray spectral index
(I' = a4+ 1 = 1.54) is similar to the radio core slope (o = 0.53
for a 175-3"75 beam; Verdoes Kleijn 2002), indicating that
the X-rays could be due to Comptonization of either the accre-
tion disk emission or electron synchrotron emission (synchrotron
self-Compton; SSC). Given the intensity of the nuclear X-ray
emission, the observed radio emission is much higher than ex-
pected from the accretion flow in ADAF models, although this
is most probably due to the contribution of the jet. Nonetheless,
a truncated accretion disk with an inner ADAF is qualitatively
consistent with the current multiwavelength data.

2. Convection-dominated accretion flow (CDAF).—This type
of accretion flow has been proposed recently, in order to over-
come instability problems in ADAFs (Ball et al. 2001). The
X-ray spectra predicted by CDAF models for a nucleus with the
luminosity of NGC 4261 have I" ~ 1.8, steeper than but consis-
tent within the limits with the measured spectrum of the nucleus.
However, we note that if the power-law parameters determined
from the XMM-Newton spectra are not affected by the larger ex-
traction region, the smaller error of the power-law slope given by
Sambruna et al. (2003) rules out the CDAF scenario.

The X-ray (1 keV) to radio (4.8 GHz) flux density ratio pre-
dicted by CDAF models (Ball et al. 2001) is consistent with
the observed ratio [log (VL xev/vL4 g gu,) = 1.30] only for rela-
tively high-viscous heating parameters (6 ~ 0.5) and low accre-
tion rate (72 ~ 107% Mgqq). Similarly, only these CDAF models
have radio to X-ray spectral indices (0.62 < ar < 0.96), con-
sistent with the value we measure for NGC 4261 (a;x = 0.84).
Since the measured radio emission of NGC 4261 is dominated
by the jet, the estimated log (vLx/vL;,q) ratio does not reflect
the properties of only the accretion flow, and in this respect
should be considered as a lower limit.

3. Emission from jets.—Recently Yuan et al. (2002) proposed
that the broadband properties of LLAGNSs can be explained by
emission from jets (e.g., NGC 4258, Yuan et al. 2002; IC 1459,
Fabbiano et al. 2003). The detection of a two-sided radio jet in
NGC 4261 down to subparsec scales (Jones et al. 2001) sug-
gests that the hard X-ray emission might be related to the jets
before they emerge from the obscuring material. This is sup-
ported by the similarity between the radio spectral index of the

> Defined as a; = —log [f;,(1 keV)/f;(8.4 GHz)]/7.45.
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jets (v = 0.29 & 0.07; Piner et al. 2001)° and the X-ray photon
index (I' = 1.54f8:§é). The radio (4.8 GHz) to X-ray spectral
index (ayx = 0.84) indicates that the spectrum breaks between
the radio and X-ray bands. However, the uncertainty on the X-ray
spectral index is such that no useful estimate of the break fre-
quency can be made, and it is not possible to distinguish between
a synchrotron origin for these X-rays (where, for example, the
spectrum might break at about 10'3 Hz by A« =~ 1 to a value
consistent with the upper bound of the measured X-ray photon
index) or an inverse Compton origin, where the X-ray and radio
spectral indices should match (which is consistent with the lower
bound of the measured X-ray photon index). It is clear that this
component of the X-ray emission could be related to either the
large scale or the milliarcsecond-scale VLBI jet, with either a
synchrotron or inverse Compton emission mechanism being pos-
sible. We note that since the jet is two sided (in both milliarc-
second and arcsecond scales) and so has little relativistic beaming,
we would not expect to see significant variability.

3.2. Obscuration

An important parameter of the hard power-law component is
its large obscuring column density. As is clearly seen in Figure 1,
the region from which we extracted the spectrum includes the
obscuring dust lane, which might be responsible for the mea-
sured X-ray absorption. However, the detection of a nuclear,
arcsecond-scale, pointlike source in optical/UV wavelengths
(see, e.g., Ferrarese et al. 1996; Jaffe et al. 1996; Chiaberge et al.
2003) indicates that the X-ray absorber has a much smaller scale
than the optically emitting region. This is because the X-ray col-
umn density, which corresponds to an equivalent extinction of
Ay ~ 36 mag (from the scaling given by Gorenstein 1975), would
totally obscure the nuclear optical/UV light, unless the extinc-
tion curve and/or the gas-to-dust ratio differ greatly from those
of the Galaxy. The observed nuclear optical/UV emission is thus
most probably scattered rather than direct light or is related to
the radio jet (after it emerges from the obscuring screen), as dis-
cussed by Chiaberge et al. (2003). If, with better astrometry, the
0”2 offset between the X-ray and optical nuclear sources proved
to be real, this would support the latter interpretation for the
origin of the optical emission, since the optical emission appears
to extend in the direction of the radio jet. Another possibility is
that the X-ray absorption is due to warm absorbing material (see,
e.g., Brandt et al. 1997). In this case, the gas-to-dust ratio would
differ greatly from that in the Galaxy, and it is possible that a sig-
nificant fraction of the intrinsic UV radiation will not be absorbed.

High-resolution (~20 mas; 3.4 pc) H 1 observations at 21 cm
(van Langevelde et al. 2000) show that the column density to-
ward the core is <2.2 x 1018(TSP/K) cm 2, where Ty is the spin
temperature of the absorbing gas. An unrealistically high value
for the spin temperature, >10* K, is required to match the H 1
column density with the Ny inferred from the spectral fits. This
indicates that the obscured X-ray component lies on scales much
smaller than ~20 mas, and its high Ny is diluted within the radio
beam. In fact, based on the estimate of Langevelde et al. (2000)
and the detection of a shadow on the counter jet, Jones et al.
(2001) give an upper limit of ~4000 Schwarzschild radii on the
transition from an optically thick accretion disk to an optically
thin accretion flow (e.g., ADAF). This limit, as they point out, is
much larger than the radius where the optically thin accretion

S Here, in contrast to Piner et al. (2001), we follow the S o v~ definition
for the spectral index, for consistency with the notation customarily used for
the X-ray photon index I' = o + 1.
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flow is expected to initiate, allowing for a denser disk on smaller
scales, which might be associated with the X-ray emission.

Despite the presence of a UV nuclear component in NGC
4261, its intensity is much lower than would be expected for
a typical AGN (see, e.g., the spectral energy distribution of
Chiaberge et al. 2003; Ho 1999). These results indicate that ab-
sorption of the UV/X-ray emission from the central engine may
be partly responsible for the optical properties of LINER gal-
axies; the absorption alone could account for the lack of a UV
bump and broad emission lines, as has been postulated before
(Maoz et al. 1995; Pogge et al. 2000). Obscuring material uni-
formly distributed around the central engine may also explain
the weakness of the high-excitation lines, since the ionizing
continuum, which is responsible for the optical emission lines,
would be significantly attenuated. In this case the commonly
used optical line diagnostic diagrams (see, e.g., Veilleux &
Osterbrock 1987; Kewley et al. 2001) cannot be used to iden-
tify the activity type, since they are based on power-law ioniz-
ing continua, which would not be appropriate in the presence of
significant extinction.

3.3. The Unobscured Nuclear Component:
A Subarcsecond X-Ray Jet?

Apart from the heavily absorbed, hard power-law component
in the nuclear spectrum, the double power-law model requires
a softer (I' = 2.25%032) unabsorbed (Mg < 3.7x10%° cm~2)
power law. The low absorption and the relatively soft spectrum
of this component indicate that it does not originate from the
same emitting region as the hard, heavily obscured power law
discussed earlier (§ 3.1), nor is it due to scattering of the latter.
While the photon index of this component (I' = 2.25532) would
be compatible with a population of XRBs, this is unlikely, since
a large number (>50) of luminous XRBs (Lx ~ 5x1038) in a
small region (of radius ~160 pc) would be required in order to
reproduce its intrinsic luminosity. Therefore, we suggest that this
X-ray component emanates from the innermost regions of the jet
(Fig.2;§2.1), as proposed by Worrall & Birkinshaw (1994) based
on ROSAT data. This connection is supported by the 1 keV flux
of this component, which is within a factor of a few of that esti-
mated on the basis of the nuclear 4.8 GHz radio flux, using the X-ray
to radio ratio of knot A in the western jet: f101?esv = 2.4f8:§§ X
1075 keV em 2 s keV~! versus £, = 8.1 107 keV cm 2
s~ ! keV~!. Given the strong dependence of the flux density on
the details of the electron spectrum, these two estimates are in
reasonable agreement. Moreover, based on the difference of the
spectral index of this component (ax = I' — 1 = 1.257032) and
the radio index of the nucleus (ax ~ 0.50; Jones et al. 2000), the
soft component cannot be the result of inverse Compton scat-
tering of the nuclear emission by the radio-jet electrons. There-
fore, the most plausible interpretation for this component is that
it is due to synchrotron emission by the jet.

Contrary to Chiaberge et al. (2003), we believe it is likely that
this component with low column density is related to the nuclear
UV and optical continuum emission. If the obscured power-law
component is related to the base of the jet, the steep unobscured
power law could be associated with the inner part of the jet after
it emerges from the obscuring screen.

A possibility with less physical basis, but which is supported
by the similarity (within the errors) between the spectral indices
of the obscured and unobscured components, is that they are
originating in the same region covered by a ““leaky’ absorber.
In this case based on the ratio of their luminosity, we estimate
a covering factor of ~90%.
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3.4. The Diffuse Emission

As was indicated by fitting the nuclear spectrum, there is a
0.5 keV thermal component that accounts for 80% of the ob-
served soft (0.1-2.0 keV) X-ray emission of the nucleus. The
surface brightness profile in this band, presented in Figure 3,
shows that this emission is extended.

Based on the existing data for circumnuclear diffuse emission,
we cannot discriminate between single-component thermal plasma
models with subsolar abundances and thermal plasma/power-law
composite models. However, since a power-law component as-
sociated with unresolved XRBs is expected, we favor the latter
model. In fact, the slope of the power law (I" = 2.5) is similar to
that observed in galactic discrete sources (see, e.g., Fabbiano
1989; Zezas et al. 2002; Irwin et al. 2003). This power law is seen
through progressively lower absorption at larger radii from the
nucleus.

Based on the J-band radial profile of the galaxy and the re-
lation between F-band and X-ray luminosity for XRBs in ellip-
tical galaxies (Kim & Fabbiano 2004; Athey 2003), we find that
the estimated total luminosity of an XRB population is in ex-
cellent agreement with the observed absorption-corrected lu-
minosity of the power-law component in each bin [Lx ~ (2—4) x
103 ergs s71].

4. IMPLICATIONS FOR THE LINER PHENOMENON
AND CONCLUSIONS

We have presented results from a study of the nucleus of the
LINER type 2 galaxy NGC 4261, based on a Chandra ACIS-S
observation. We find that the X-ray spectrum of the nucleus is
flat and can be well fitted with a heavily absorbed power law
(T = 1.547070, Ny = 8.377353 x10?? cm~2) associated with
either the accretion flow or the base of the jet within 20 mas
(3.4 pc) from the nucleus, and a softer (I'; = 2.25f8:§§), less
absorbed (N2 < 0.037 x10%° cm™2) power law associated with
synchrotron radiation from the jet after it emerges from the ob-
scuring screen. The 0.1—10.0 keV luminosity of the heavily ab-
sorbed component implies that the accretion rate is a fraction
~107° of the Eddington rate. The multiwavelength data are con-
sistent with ADAF, or jet/disk accretion models, expected to ap-
ply in such low accretion regimes.

The results from this study of NGC 4261 indicate that a
heavily obscured low luminosity AGN may explain the basic
characteristics of at least some type 2 LINERs:

1. Obscuration of the central engine may be responsible for
the nondetection of broad lines in the optical spectra of LINERs,
as was suggested by Maoz et al. (1995). In this case the observed
UV emission could be reprocessed nuclear emission (e.g., by
scattering), jet-related emission (see, e.g., Chiaberge et al. 2003),
or foreground stellar radiation. In either case we would not ex-
pect a strong UV bump. The first two possibilities may apply in
NGC 4261, since the absorbing column density for the hard com-
ponent (equivalent to Ay ~ 36 mag) is much higher than that in-
ferred from optical observations (4 < 1.0 mag; Ferrarese et al.
1996), and this discrepancy cannot be explained by any realistic
models for non-Galactic gas-to-dust ratios. Foreground star for-
mation is ruled out on the basis of optical spectroscopy.

2. A fully covering absorber situated between the broad-
and the narrow-line regions could explain the absence of high-
excitation lines in the LINER spectra. In this case the optical
line ratios cannot be used as a reliable activity diagnostic, unless
the effect of the obscuration on the shape of the photoionizing
continuum is taken into account.
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3. The detection of radio cores and jets appears to be a
common feature in LINERs and LLAGNS in general (see, e.g.,
Falcke et al. 2000; Ulvestad & Ho 2001). Since some of the
observed X-ray emission from the core of NGC 4261 is almost
certainly of jet origin, it is possible that it is the source of the
UV ionizing continuum. In this case, if the synchrotron spec-
trum breaks in the optical/UV range, the UV bump would be
weak or even absent, resulting in weak or absent high-excitation
lines.

4. The presence of a jet may be responsible for the devel-
opment of shocks in the nuclear and circumnuclear regions of
galaxies and therefore may explain the class of LINERs that
have optical spectra consistent with shock excitation (see, e.g.,
Dopita & Sutherland 1996). Recently Kewley et al. (2001) showed
that the optical spectra of some LINERs are consistent with shocks
in gas-poor environments. All of the LINERs from the work of
Nagar et al. (2001, 2002) and Falcke et al. (2000) also have op-
tical spectra consistent with shocks in gas-poor environments, as
do the majority of the LINERs from the unbiased sample of Ho
et al. (1997b).

The similarity of the intrinsic spectrum of the nucleus of
NGC 4261 with the spectrum of the X-ray background suggests
that if large enough numbers of such objects exist at higher red-
shift, they could make a significant contribution to the X-ray
background. If such AGNs are associated with spiral galaxies,
the lack of broad lines and strong UV continuum in their optical
spectra make them good candidates for the emission line gal-
axies (ELGs) found in the Chandra deep surveys. On the other
hand, if these AGNs are hosted by early-type galaxies (as is
the case for NGC 4261), it is possible that the weak emission
lines will be diluted by the much stronger starlight in integrated
optical spectra. Thus, for example, an optical spectrum of the
NGC 4261 nucleus with even a 2”5 aperture is typical of early-
type galaxies, with only weak Ha and [N 1] lines and no HS
or [O m] emission lines. Such objects would be classified as
absorption-line galaxies (ALGs) if observed at the typical bright-
nesses of the optical counterparts of the deep X-ray survey sources.
In fact, in the Chandra Deep Field—North survey (Brandt et al.
2001), 67% and 33% of the X-ray—detected ELGs and ALGs,
respectively, are also radio sources (Bauer et al. 2002). However,
the stacked X-ray spectra of the ALGs suggest steeper photon
indices than observed in NGC 4261.

These results provide evidence that the radio galaxy NGC
4261, which has a LINER type 2 spectrum, has a heavily ob-
scured nucleus. Similar studies of other LINER type 2 AGNs
can be used to measure which fraction of them are bona fide
AGN:s, in order (1) to constrain the demographics of the least
luminous (but most numerous; Ho et al. 1997a) AGNs, and
(2) to investigate if they can have a significant contribution in
the X-ray background.
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