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ABSTRACT

We report the discovery of a faint (LX � 4�1:5 ; 1037 ergs s�1, 0.5Y2 keV), outflowing gaseous hot interstellar
medium (ISM) inNGC 3379. This represents the lowest X-ray luminosity ever measured from a hot phase of the ISM
in a nearby early-type galaxy. The discovery of the hot ISM in a very deep Chandra observation was possible thanks
to its unique spectral and spatial signatures, which distinguish it from the integrated stellar X-ray emission, re-
sponsible for most of the unresolved emission in theChandra data. This hot component is found in a region of �800 pc
in radius at the center of the galaxy and has a total massM � 3� 1 ; 105 M�. Independent theoretical prediction of the
characteristics of an ISM in this galaxy, based on the intrinsic properties of NGC 3379, reproduce well the observed
luminosity, temperature, and radial distribution and mass of the hot gas, and indicate that the gas is in an outflowing
phase, predicted by models but not observed in any system so far.

Subject headinggs: galaxies: elliptical and lenticular, cD — galaxies: individual (NGC 3379) — X-rays: galaxies —
X-rays: ISM

Online material: color figures

1. INTRODUCTION

The nature of the X-ray emission of elliptical galaxies has been
debated since their discovery as X-ray sources with the Einstein
Observatory, which led to the early suggestion of ubiquitous hot
X-ray-emitting halos in hydrostatic equilibrium (Forman et al.
1985). These haloswould originate from the stellar ejecta resulting
from their normal evolution, accumulated during the lifetime of
the galaxies, and retained by their deep dark matter potentials.
However, from the analysis of these early observations and of
ROSAT and ASCA data, a more complex picture of the X-ray
emission emerged, suggesting that the nonnuclear X-ray emission
of these galaxies consists of varying amounts of hot interstellar
medium (ISM), and of a baseline component related to the stellar
population, either from the final stages of stellar evolution (i.e.,
low-mass X-ray binaries [LMXBs]; Trinchieri & Fabbiano 1985;
Canizares et al. 1987; Kim et al. 1992; Fabbiano et al. 2006;
Matsushita et al. 1994) or possibly from coronal stellar emission

(Pellegrini & Fabbiano 1994). Although controversial at the time,
this picture has important implications for the evolutions of the
stars and of the gaseous components of ellipticals, suggesting halo
retention in the most massive systems, and partial or full winds in
most galaxies (Ciotti et al. 1991; David et al. 1991; Pellegrini &
Ciotti 1998).
With Chandra for the first time the X-ray emission of nearby

ellipticals can be imaged, and the existence of the different emis-
sion components can be pursued by direct observational means.
These observations have led to the detection and study of LMXB
populations (see review in Fabbiano 2006), and the removal of
their contamination from the diffuse emission component (e.g.,
NGC 1316; Kim&Fabbiano 2003). In some galaxies this diffuse
emission is due to gaseous halos; however, in other galaxies,where
the X-ray luminosity function can be probed to very low lumi-
nosities and the residual emission is itself of low luminosity, un-
resolved LMXBs and possibly stellar emissionmay account for a
large amount or even the bulk of the X-ray luminosity (e.g.,

A

1000

The Astrophysical Journal, 688:1000Y1008, 2008 December 1

Copyright is not claimed for this article. Printed in U.S.A.



NGC 821: Pellegrini et al. 2007a, 2007b; M32: Revnintsev et al.
2007).

We can now attempt to constrain the presence and properties
of vestigial hot halos in these gas-poor galaxies. Since ellipti-
cals are expected to host supermassive nuclear black holes (e.g.,
Richstone et al. 1998), which are, however, radiatively quiescent
in most cases (Fabian & Canizares 1988; Pellegrini 2005; Ho
2008), thesemeasurements provide useful constraints formodels
of halo evolution and nuclear feedback (e.g., Springel et al. 2005;
see Pellegrini et al. 2007a). The nearby, gas-poor, early-type
galaxy NGC 3379 provides an excellent target for these investi-
gations. This is a very well studied prototypical elliptical, with
LB ¼ 1:5 ; 1010 LB�. A series of very deep exposures were ob-
tained for this galaxy by our team (PI: G. Fabbiano), as part of a
very large Chandra program aimed at unraveling and studying
the different X-ray emission components of ellipticals. Together
with preexistent archival data (David et al. 2005), these observa-
tions resulted in an integrated exposure of 337 ks with ACIS S-3
(see Brassington et al. [2008] for details). In this paper we pre-
sent our analysis of the diffuse/unresolved X-ray emission com-
ponent of this galaxy. This analysis leads us to conclude that in
addition to the unresolved emission of faint LMXBs and other
stellar sources (Revnivtsev et al. 2008), a hot ISM is likely to be
present in the central 800 pc of NGC 3379.

We discuss our data analysis in x 2 and our interpretation of
these results in x 3. Our conclusions are summarized in x 4. We
assume a distance of 10.6Mpc (Tonry et al. 2001), which gives a
scale of 51 pc arcsec�1.

2. ANALYSIS AND RESULTS

We have used the same data set that Brassington et al. (2008)
used to determine the source list and compose the most complete
X-ray catalog to date in NGC 3379, down to (0.3Y8.0) keV lu-
minosities LX � 1036 ergs s�1. All sources in the catalog have
been excluded from the present analysis. We have used an aper-
ture of 200 radius. On axis, this aperture encircles >97%/95% of
the point-spread function (PSF), for energies 0.5 keV/1.5 keV
(see Figs. 4.6 and 4.20, and Table 4.2 in The Chandra Proposers’
Observatory Guide, and our own simulations with the Chandra

RayTracer [ChaRT]; see theAppendix), and it degrades very slowly
to encircle�90% at�30 for the same energies (see Fig. 4.13 in the
The Chandra Proposers’ Observatory Guide). As will become
apparent in what follows, this work will concentrate on the central
areaNGC3379, of�8000 radius; therefore, our data are not affected
by the degradation of the Chandra point response function, and
we do not need to consider a larger area for source exclusion. We
discuss the possible contamination of the PSF in the Appendix.

The size of the area considered also ensures a very homoge-
neous coverage from all five observations, since the region under
study resides well within the area uniformly covered in all the
Chandra exposures (roughly a 80 ; 50 rectangle; see Fig. 1 in
Brassington et al. 2008). Therefore we do not need to resort to
modeling of the exposure, and we can use a local estimate of the
background from the same merged data set. This procedure min-
imizes the uncertainties introduced by using a template or ‘‘blank-
sky observations’’ of different portions of the sky at different times,
to estimate the field background.

We have used two different merged data sets for our analysis.
All five observations were used for the spatial analysis, but only
the four most recent observations were merged for the spectral
analysis, given the significantly different response of the ACIS
S3 CCD in the first observation obtained in 2001 (AO2). Since
this observation has the shortest exposure, not using it will not
significantly degrade the statistics, while reducing the systematic
error from the calibration uncertainties. The responses of the last
four observations over the area of interest are virtually identical.

2.1. Radial Distributions of the X-Ray Surface Brightness

Figure 1 shows azimuthally averaged radial profiles of the dif-
fuse X-ray emission in the (0.3Y2.0) and (2.0Y5.0) keV energy
bands. The choice of the spectral ranges is motivated by our
intention to discriminate between a harder band (2.0Y5.0) keV,
where all the emission, resolved and unresolved, is likely to arise
from stellar sources, and a softer band (0.3Y2.0) keV, to which a
hot ISM may contribute. We have excluded all detected sources
(as explained above), and centered the concentric annuli on the
nucleus, identified as the optical / IR center and coinciding with
source 81 in Brassington et al. (2008). Note that as a consequence

Fig. 1.—Azimuthally averaged radial profiles of the unresolved emission in NGC 3379, in two broad energy bands. Left: Raw data. Right: Background-subtracted data.
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of this, and also due to source crowding at the center, the X-ray
profiles cannot probe the very central region within r ¼ 200Y300.
The raw profiles shown in Figure 1 flatten at a radius of >8000,
indicating that the field background dominates. We can therefore
use the 10000Y14000 region to estimate the local background and
subtract it from the emission, to produce the net profiles shown in
Figure 1—right in the same energy bands. Note that the soft pro-
file is more extended and more centrally peaked relative to the
hard profile.

In Figure 2 we divide the full energy range considered in three,
and show the azimuthally averaged net profiles in the (0.3Y0.7),
(0.7Y1.5), and (1.5Y5.0) keV bands. This choice of energy bound-
aries was motivated by the results of the spectral analysis of the
diffuse emission (see next section; Fig. 5), to maximize the con-
tribution of the two optically thin thermal plasma components
identified in the X-ray spectrum, with temperatures of �0.3 keV
and at �1 keV, respectively. It is clear from Figure 2 that while
both the very soft and the harder component follow a similar radial
distribution, the soft (0.7Y1.5 keV) component has a distinct ex-
cess for galactocentric radii r � 2000.

In the same Figure 2 we plot the radial profiles in the optical
and in the near-IRK band, from theHubble Space Telescope (HST )
F814 filter image and the Two Micron All Sky Survey (2MASS)
K-band image, obtained from their respective archives (see also
Cappellari et al. 2006). These profiles are also azimuthally aver-
aged, but do not cover the full 360

�
azimuthal plane of the gal-

axy, except for the very center (1000 and 3000 radius for HST and
2MASS, respectively), since the two images only partially cover
the galaxy. We also add the SAURON I-band data profile from
Cappellari et al. (2006) that cover instead the full extent of the
galaxy. The profiles are normalized to the X-ray data by rescaling
them for radii r > 10000.

With the exception of the very central region (<300 radius), the
optical-IR profiles follow one another, and trace well the distribu-
tion of the very soft and hard X-ray profiles. On the contrary, the
(0.7Y1.5) keV profile is more centrally peaked and only becomes
consistent with the shape of the optical-IR ones at r > 1500.

2.2. Spectral Analysis

We have analyzed the spectral data extracted in the 200Y1500,
200Y3000, and 200Y4500 regions from the merged data set from the
four more recent observations. Most of the results discussed here
come from the 200Y3000 region, which is a reasonable compromise
that includes a large fraction of the diffuse emission at high sig-
nificance, but all regions studied give a consistent picture. To
increase the statistical significance of each spectral bin, we have
binned the data to obtain a minimum significance of 2 � or better
in the net data. The spectral fits are done assuming the line-of-sight
galactic NH of 2:7 ; 1020 cm�2, the abundance tables of Wilms
et al. (2000), the Astrophysical Plasma Emission Code (APEC)
model to account from the optically thin thermal emission of a
plasma, with abundances fixed at the 100% value (different values
do not change the final results), and a bremsstrahlung to account
for the X-ray emission of unresolved fainter LMXBs and stellar
X-ray sources.
We find that a single APEC component, with kT � 0:3 keV,

and a 7 keV bremsstrahlung model are able to approximate the
data and give an acceptable value for the reduced �2 � 1. How-
ever, inspection of the residuals shows a noticeable excess at around
1 keV (with a peak at about 5 �) and a less significant deficit at
0.6Y0.8 keV, as shown in Figure 3. The addition of a secondAPEC
component reduces the �2 value and most of all eliminates the
excess, suggesting two separate components at 0.3 and 1.0 keV
(Fig. 3, bottom). Figure 4 shows the 68%, 90%, and 99% confi-
dence regions for the two interesting parameters, the temperatures

Fig. 2.—Azimuthally averaged net profile in different X-ray bands, compared
to the optical and K-band profiles. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 3.—Spectral data in the 3000 region, fitted with a single-temperature
(0.3 keV) and a two-temperature APEC model (top and bottom panels, respec-
tively; see text), plus a 7 keV bremsstrahlung. For displaying purposes, data are
rebinned to 5 �.
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of the very soft and soft components. Figure 5 shows the best-fit
unfolded spectral components, fromwhich it becomes evident that
the �1 keV component is clearly dominant over the �0.3 keV
component in the 0.7Y1.5 keV band.

We tested whether the existing data support a requirement of a
second soft plasma component in the spectrum, by computing
the Bayesian Information Criterion (BIC), discussed by Schwarz
(1978; an astronomical introduction to it can be found in Liddle
[2004], and an application in Tajer et al. [2007]) for both models.
This quantity approximates the Bayes factor (Jeffreys 1961; Kass
& Raftery 1995), which gives the posterior odds of one model
against another, presuming that the models are equally favored
prior to the data fitting (Liddle 2004). The difference�BIC can
be used to evaluate the relative value of the two models. We find
�BIC of 5Y6 (depending on the region used), which can be used
as a strong evidence (see Jeffreys 1961; Liddle 2004) that we
are justified in introducing the 1 keV component in the spectral
modeling.

We have investigated further the spatial distribution of the dif-
ferent spectral components by comparing the spectra from the

200Y1500 and 2000Y3000 regions, both fitted with a single APEC
spectrum at 0.3 keV (Fig. 6). It is clear that there is no residual
emission at 1 keV in the spectrum from the outer region; this sug-
gests that the additional ‘‘soft’’ component is more concentrated
toward the center, consistent with the radial profile comparison
of Figure 2.

From the spectral results we can estimate the luminosity of
each individual component, summarized in Table 1. Themeasured
unabsorbed luminosity of the total unresolved emission,within the
3000 region, is LX � 4� 0:4 ; 1038 ergs s�1 in the 0.3Y10 keV
range, equally divided below and above 2 keV. The hard-band
luminosity is totally accounted for by the bremsstrahlung compo-
nent, which alone gives a luminosity LX � 1� 0:1 ; 1038 ergs s�1

in the 0.5Y2.0 keV band. The 1 keV component contributes for
LX � 4þ2:5

�0:2 ; 10
37 ergs s�1 in this band, and the residual LX �

6þ2:5
�0:4 ; 1037 ergs s�1 is due to the 0.3 keV emission. Errors are

estimated from the best-fit values (68% confidence values, from
XSPEC). We have estimated a correction factor to recover the
area lost due to masking the point sources (see Table 1), and a
second one to account for the fraction of emission not included
in the area used in the spectral analysis (given in Table 2). These
can be used to estimate the total luminosity of the very soft and
hard components, which we list in Table 2. The component at
1 keVappears to contribute only in the central region, for r < 3000.

3. SUMMARY OF RESULTS AND COMPARISON
WITH THE LITERATURE

We have analyzed the spectral and spatial distribution of the
diffuse X-ray emission in NGC 3379 with deep Chandra data,

Fig. 4.—Confidence contour regions (at 68%, 90%, and 99% level for two in-
teresting parameters) for the two temperatures of the APEC component (radius 1500;
see text). [See the electronic edition of the Journal for a color version of this figure.]

Fig. 5.—Region 30 00, unfolded spectrum: 0:3þ1:0 keV, APECþ 7 keV
bremsstrahlung, line-of-sight absorption. [See the electronic edition of the Journal
for a color version of this figure.]

Fig. 6.—Spectral data in the 000 Y1500 and 2000 Y3000 region, fitted with a single-
temperature plasma model.
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cleaned of all detected sources down to a threshold luminosity
LX � 1036 ergs s�1 (see Brassington et al. 2008). The residual
emission can be detected only out to r � 10, corresponding to 3 kpc,
well within the D25, measured at 5:40 ; 4:80 (from the NASA/
IPAC Extragalactic Database [NED]; see also Cappellari et al.
2006).

The spectral distribution of this unresolved emission in the 3000

region used for the spectral analysis suggests the presence of three
distinct components. The dominant contribution in the broad 0.3Y
10 keV band can be modeled with a bremsstrahlung emission at
�7 keVand is likely to arise from lower luminosity LMXBs and
other stellar components that cannot be detected individually in
the present data, as also suggested by its spatial distribution,which
follows that of the optical and IR stellar light (Fig. 2). This com-
ponent accounts for all of the emission above 2 keVand about 1/2
of the emission below 2 keV, and has an estimated total LX �
5 ; 1038 ergs s�1 (0.5Y10 keV; see Table 2).

We also find two additional optically thin thermal components,
with best-fit temperatures of �0.3 and�1keV, contributing roughly
2/3 and 1/3 of the 0.5Y2.0 keV residual luminosity, respectively
(see Table 1), in the 3000 radius region. This result is supported by
the combined evidence of excess emission at �1 keVover the
dominant 0.3 keV plasma in the spectral data (Fig. 3), and of a
different spatial distribution of the two components, when the
data below and above 0.7 keV are selected (Fig. 2).

On average, the 0.3 keV component has a spatial distribution
consistentwith that of the lower luminosity LMXBs and coronally
active stars (traced by the emission above 1.5 keV) and of the
stars (traced by the I-band and K-band emission), while the 1 keV
emission is more centrally peaked, and is prominent out to
r � 1500Y2000.

Two previous detailed studies of the diffuse emission of NGC
3379 based onChandra data can be found in the literature. Based
on the first 2001 short observation David et al. (2005) conclude
that the diffuse emission is dominated by undetected faint point
sources, but with a 10% contribution from a gaseous component,
with kT � 0:6 keV, in the central 770 pc. This hot ISM would
have a luminosity of�9 ; 1037 ergs s�1 (0.3Y10 keV) and amass

of �5 ; 105 M�. Our estimate of the luminosity of the optically
thin thermal diffuse emission in the same region is consistent with
that of David et al. (2005), but we are able to distinguish two
separate components of this emission. NGC 3379 is also included
in the sample examined by Fukazawa et al. (2006), who also re-
port a detection of a component at 0.5 keV in a small region of
the galaxy.
More recently, Revnivtsev et al. (2008) have suggested a dif-

ferent interpretation for the unresolved emission: using the full
data set as in the present work, they derive a radial profile of the
0.5Y2.0 keV emission, cleaned of detected sources, which they
compare with the K-band profile. Based on this comparison they
conclude that all of the unresolved emission observed in NGC
3379 can be attributed to the emission of stellar sources, with no
evidence of a truly diffuse ISM. Our net radial profile of Figure 1
is entirely consistent with that of Revnivtsev et al. (2008), giving
us confidence that slight differences in the data analysis, in the
subtraction of detected sources obtained with different algorithms
or in the choice of the background level, are not significant sources
of discrepancies. The main difference between this work and
Revnivtsev et al. (2008) therefore lies in our spectral and spatial
analysis, which enables us to distinguish two separate spectral
components of the soft diffuse emission, with different spatial prop-
erties, which contribute equal amounts to the total in the inner
1500 radius.

4. DISCUSSION

Our analysis suggests the presence of three components of the
diffuse emission of NGC 3379. As summarized above, the hard
and very soft emission are spatially consistent with a stellar origin;
a detailed discussion of this integratedX-ray emission from stellar
sources (LMXBs, cataclysmic variables, active stars, and stellar
coronae) is given by Revnivtsev et al. (2008). This stellar emis-
sion has been invoked to explain the diffuse X-ray emission of
the Galactic ridge (Revnivtsev et al. 2006; Sazonov et al. 2006),
the bulge of M31 (Bogdan & Gilfanov 2008), M32 (Revnivtsev
et al. 2007), and NGC 821 (Pellegrini et al. 2007b).
In what follows we will concentrate on the emission of the

(0.7Y1.5) keV band. This component has a different spatial dis-
tribution, more concentrated in the center and more centrally
peaked than the stellar emission (see Fig. 2), indicating a different
origin.We suggest that this component is likely to originate from a
�1 keV hot plasma, and discuss it in the context of an appropriate
model for a galactic flow.

4.1. Evidence for Hot ISM in NGC 3379

The interpretation of the 0.7Y1.5 keV emission detected in
NGC 3379 as due to a different component than the softer and
harder ones opens the possibility that this is the long sought for
evidence of a hot ISM in this galaxy (e.g., Ciotti et al. 1991; David
et al. 2006). However, as shown by Figure 5, all three components

TABLE 1

Measured Luminosities of the Different Components

Region

(arcsec) Net Counts a
LX

b

(0.3Y10 keV)

LX
b

(0.5Y2.0 keV)

LX
b

(2.0Y10.0 keV)

B/A1/A2c

(0.5Y2.0 keV) Correctiond

2Y30..................... 1550 � 53 4.4 ; 1038 2.0 ; 1038 2.0 ; 1038 1/0.6/0.35 1.15

2Y15..................... 978 � 35 2.9 ; 1038 1.3 ; 1038 1.3 ; 1038 0.8/0.27/0.28 1.34

a Net counts used in the spectral fit.
b Total luminosity in the given band in ergs s�1.
c The LX in the 0.5Y2 keV band for the bremsstrahlung /APEC @ 0.3 keV/APEC @ 1 keV components, in units of 10 38 ergs s�1.
d Correction factor to take into account the area lost due to the excised sources.

TABLE 2

Total Luminosities of the Different Components, after Correcting

for Area Lost and Total Extent

Component

(keV)

Extension

(arcsec) Correctiona
LX

(0.5Y2.0)
LX

(2Y10)

Very soft (0.3)......... 95 1.60 1.1 ; 1038 2.3 ; 1035

Soft (1) .................... 20 1.00 4.0 ; 1037 5.0 ; 1036

Hard (7)................... 50 1.35 1.6 ; 1038 3.0 ; 1038

a Correction factor to extrapolate from the spectral extraction region (3000; see
Table 1) to the total source counts.
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contribute to the 0.7Y1.5 keVemission, while both the softer, and
in particular the harder, energy ranges are less contaminated by
the other components. The spectral results can be reliably used to
estimate the contribution of each component to the total lumi-
nosity. To estimate the spatial distribution of each separately, we
have to resort to a few reasonable assumptions, which we have
already discussed and that we summarize below: (a) the profiles
in both the very soft and hard energy bands are very similar in
shape; therefore, we can treat them as having a common origin
with different rescaling factors; (b) they are also consistent with
the I-band and K-band profiles, again with possibly different re-
scaling along the full spatial extent probed; and (c) the 0.7Y1.5 keV
profile is also consistent in shape with all above profiles for
r > 1500, where there is no longer any evidence of the emission
due to the 1 keV component (Fig. 6).We can therefore reasonably
conclude that the 0.7Y1.5 keVemission at r > 1500 traces the soft
and hard components, and that an extrapolation at smaller radii
could be used to give a reasonable estimate of the local contribu-
tion from the stellar component at different radii. We have used
the K-band data normalized to the 0.7Y1.5 keV emission at
r > 1500 as the best proxy to extrapolate the profile at smaller radii,
since we can use it as a model with virtually no errors. While this
relies on the assumption that the stellar light is a good tracer of
the X-ray binary population, with no local, although small, var-
iations, the observed agreement with the X-ray profiles of the
residual emission at softer and harder bands (Fig. 2) supports this
assumption. We therefore derive the radial distribution of the
�1 keV component as the excess over our model (Fig. 7), which
we can now compare to the expected emission from a hot ISM,
derived from the hydrodynamical simulations described below.
Note that the X-ray luminosity derived from integrating the radial
distribution of Figure 7 is LX � 2:5� 1 ; 1037 ergs s�1, consis-
tent with that derived from the spectral analysis.

From the spectral results and the assumption of spherical sym-
metry, we can estimate the average density and total mass of gas
responsible for the emissionmeasured. We derive a very low den-
sity of ne � 0:007 cm�3 and a totalmass of gasM � 3 ; 105 M�,
in a region of �770 pc in radius at the center.

4.2. The Hot Gas from Hydrodynamical Simulations

The round optical shape (morphological type E1), its optical
colors, typical of an old population (Terlevich & Forbes 2002),
and the lack of signs of current or past interactions (Schweizer &
Seitzer 1992) allowus to assume that a simple ‘‘passively evolving’’
stellar population feeds a hot gas flow, whose evolution can be
reasonably studied with spherically symmetric hydrodynamical
simulations. The numerical code used to solve the time-dependent
equations of hydrodynamics with source terms is described in
detail in Ciotti et al. (1991). We adopt a central grid spacing of
20 pc, which provides a good match to the scale of the observa-
tions in the inner regions; the simulations do not cover feedback
effects and the flow evolution close to the central massive black
hole (Shapiro et al. 2006).

Given the high-quality data available for this galaxy, it is pos-
sible to build a mass model tailored specifically onto NGC 3379,
and consider the best recipes available for the mass and energy
source terms. These are briefly described below.

4.3. The Mass Model

The optical profile iswell described by a deVaucouleurs (1948)
law over a span of 10 mag (Capaccioli et al. 1990; Peletier et al.
1990); therefore, the simulations use the stellar mass density pro-
file given by the Hernquist (1990) distribution, which is a very
good approximation of the deVaucouleurs law and has the advan-
tage that its dynamical properties can be expressed analytically.We
also impose the observed B-band luminosity of 1:5 ; 1010 LB�,
the central stellar velocity dispersion of 230 km s�1 (from the de-
tailed modeling of ground-based andHST spectroscopy; Shapiro
et al. 2006), and a total stellar mass M� ¼ 1011 M�, obtained
from dynamical and stellar population synthesis studies (Saglia
et al. 1992; Gerhard et al. 2001; Napolitano et al. 2005; Cappellari
et al. 2006; Douglas et al. 2007). The resulting shape of the stellar
profile, when projected, is close to the optical profiles in Figure 2.

The radial density distribution of the dark halos of ellipticals
is not well constrained by observations; theoretical arguments and
high-resolution numerical simulations of dissipationless collapse
produce a density distribution /r�1 near the center (Dubinsky &
Carlberg 1991; Navarro et al. 1996). The model galaxy is there-
fore a superposition of two Hernquist density distributions, one
for the luminous matter and one for the dark matter.

The total amount of mass in NGC 3379 has been calculated
several times using the observed stellar velocity dispersion pro-
file, extending out to �1Y2 effective radii (Re; e.g., Saglia et al.
1992; Kronawitter et al. 2000; Samurovic &Danziger 2005), and
dynamical tracers as planetary nebulae or globular clusters ex-
tending out to larger radii (Romanowsky et al. 2003; Dekel et al.
2005; Teodorescu et al. 2005; Pierce et al. 2006; Bergond et al.
2006; Douglas et al. 2007; De Lorenzi et al. 2008). Regardless of
the details of the modeling, studies based on the observed stellar
velocity dispersion profile invariably show very little dark matter
within Re, or even no dark matter. Within 2Y3Re, the stellar com-
ponent alone satisfies reasonably well the observations, and the
amount of darkmatter is constrained to be atmost verymodest (with
a darkYtoYstellar mass ratio of orderMh /M� � 0:1; Kronawitter
et al. 2000; Cappellari et al. 2006). The evidence for dark matter
is at the largest scales (10Y40 kpc), probed mostly by globular
clusters (see also the analysis of an H i ring; Schneider 1985),
with a global galactic value of Mh /M� ¼ 1:1Y1:5 (Dekel et al.
2005),Mh /M� � 2 (Puzia et al. 2004), up toMh /M� � 6 (Bergond
et al. 2006).

In order to make the model mass distribution consistent with
the observations, we also imposed the ratioMh /M� ¼ 0:1 within

Fig. 7.—Observed 0.3Y2 keV emission from the ‘‘pure’’ 1 keV component,
compared with the profiles resulting for two gas models, one with s ¼ 1:0 (dashed
line) and the other with s ¼ 1:5 (solid line). See x 4 for more details.
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1Re,
1 while on the global galactic scale it has been varied instead

between 1 and 6.

4.4. Time-evolving Inputs

Themodel does not assume a steady state configuration; there-
fore, the input ingredients of the numerical simulations, which
are the rates of stellar mass loss from the aging stellar popula-
tion and the rate of Type Ia supernova (SN Ia) heating, are both
evolving with time. In the numerical code the exact mass return
rate prescribed by the stellar evolution theory is used (Ciotti et al.
1991), updated to take into account the latest stellar population
synthesis models and more recent estimates for the mass ejection
from stars as a function of their mass (Maraston 2005). This gives
a present epoch (�10 Gyr) mass return rate of�0.3M� yr�1 for
the whole galaxy.

The SN Ia heating rate is parameterized asLSN(t)¼ESNRSN(t)LB,
where ESN is the kinetic energy injected in the ISM by one SN Ia,
and the number of events as a function of time isRSN(t)LB / t�s,
where the slope s describes the unknown decay rate; RSN(t) is
normalized to give the present SN Ia’s explosion rate in nearby
E /S0s of Cappellaro et al. (1999), i.e., 0:16 h2

70 SNu (where
1 SNu ¼ 1 SN Ia per 100 yr per 1010LB;�, h70 ¼ H0 /70), which
has an associated uncertainty of �30%. A detailed theoretical
modeling of the evolution of the rate shows that, after the first
0.5Y1 Gyr, it is well approximated by a power law with a slope
s � 1:0Y1:2 for double-degenerate exploders, and a slope s �
1:5Y1:7 for the single-degenerate exploders (Greggio 2005).

The thermalization of the stellar mass losses to the local ‘‘tem-
perature’’ set by the stellar velocity dispersion is another heating
source, although of lower relevance. Its contribution is determined
at each radius using the velocity dispersion profile obtained by
solving the Jeans equation for the two-component Hernquist model
in the globally isotropic case (Pellegrini &Ciotti 2006). For real-
istic anisotropy distributions, the difference with the isotropic case
is small; in addition, the heating due to thermalization of stellar
motions is significantly smaller than SN Ia heating.

4.5. Results and Comparison with Observations

With the SN Ia’s explosion rate from Cappellaro et al. (1999)
and the adopted mass model, the resulting gas flow phase is of a
global outflow,with velocities ranging from107 to a few107 cms�1,
going from the central region to the galaxy outskirts (e.g., sub-
sonic out to r � 1 kpc and supersonic outward). When varying
the total amount of dark matter within the range Mh /M� ¼ 1Y6
allowed for by observations, this flow pattern keeps basically the
same (provided that the SN Ia’s rate increases together with
Mh /M�, but still within its observational uncertainty).

For the resulting gas flows, the X-ray luminosity in the energy
bands of 0.3Y2 and 2Y8 keV, and the temperature weighted with
the emission in the 0.3Y8 keV band (hkTi), have been calculated.
In order to do this, the values of the cooling function �(T ; Z ), as
a function of temperature, have been obtainedwith theAPEC code
inXSPEC, for solar abundance, consistent with the estimate for the
stellar population (Terlevich & Forbes 2002); a ‘‘best fit’’ � was
then derived from these values and used in the LX and hkTi cal-
culation (which takes into account the whole density and temper-
ature distributions over the computational grid).

After �9 Gyr, the gas has a 0.3Y2 keV luminosity of 2 ;
1037 ergs s�1, in good agreement with the observed one. This

is a reasonable timescale that corresponds to the estimated age of
NGC3379: Terlevich&Forbes (2002) give an age of 9:0þ2:3

�1:9 Gyr;
more recently, a mean age in the range 8Y15 Gyr has been con-
firmed by Gregg et al. (2004) and Denicolò et al. (2005). The
central temperature is�107 K out to a few hundred parsecs, and
is steeply declining outward; the central gas density is ne ¼ 2 ;
10�2 cm�3 and is also steeply declining outward. Themass of the
hot gas is �(3Y4) ; 105 M� within a radius of 800 pc (in good
agreement with that obtained in x 4.1). The emission-weighted
gas temperature within a radius of 1500 is hkTi � 0:8 keV, a value
near the lower range of those allowed for by observations (see
Fig. 4). The projection along the line of sight of the 0.3Y2 keV
emission is shown in Figure 7, for two models with a total
Mh /M� ¼ 4, a SN Ia’s rate close to that of Cappellaro et al. (1999),
and a slope for the SN Ia’s decay rate of s ¼ 1:0 and s ¼ 1:5. Both
model profiles reproduce well the observed ‘‘gas profile’’ derived
above.We note that a larger age for the gas flowwould result in a
lower stellar mass loss rate and lower gas content, with conse-
quently lower ISM emission, below the observed one.

5. CONCLUSIONS

With the very deep Chandra observation of NGC 3379 we
have scored two firsts: we have the first evidence of a very small
amount of hot ISM in a nearby galaxy, down to the level of LX �
4 ; 1037 ergs s�1 (0.5Y2.0 keV), and at the same time we have
the first evidence that this gas is in an outflow phase, which has
been predicted by models but as of yet has not been observed. As
a third and equally important result, we find that detailedmodeling
based on the optical data (stellar mass, total mass, and super-
nova rate) reproduces remarkably well the observed total lumi-
nosity, total mass, and spatial distribution of the hot phase of the
gas.
After detection and removal of point sources down to a lumi-

nosity of LX � 1036 ergs s�1 we have been able to study the un-
resolved emission in NGC 3379. The detailed spectral analysis
has led us to the evidence of three separate components: a very
soft (plasma at kT � 0:3 keV) and a hard (bremsstrahlung at
kT ¼ 7 keV) component can be attributed to the integrated emis-
sion of unresolved sources, closely linked to the stellar popula-
tion (binary systems and coronally active stars, as discussed by
Revnivtsev et al. [2008]). However, we also detect a hot ISM in
this galaxy, within the innermost�800 pc, with a luminosity LX �
4� 1:5 ; 1037 ergs s�1 (0.5Y2.0 keV). This is the lowest detec-
tion of a hot gas in a nearby early-type galaxy. The total gas mass
involved is also very small, of order a few 105 M�.
With the aid of hydrodynamical simulations and a galaxymodel

tailored specifically on NGC 3379, we have reproduced both the
luminosity and the average radial distribution of this hot gas com-
ponent. For a SN Ia’s explosion rate consistent with current esti-
mates, the gas is outflowing, even for the ‘‘maximum’’ darkmatter
model, in which the amount of dark mass is the maximum allowed
for by optical studies.
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1 In the code the presence of dark matter contributes also to produce the ob-
served central stellar velocity dispersion, as described in Pellegrini &Ciotti (2006),
although this aspect is not very important here given the small amount of dark
matter in the central regions.
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APPENDIX

CONSIDERATION ON THE EFFECTS OF THE PSF

At the suggestion of the referee, we have thoroughly checked that the results obtained above, in particular the detection of the�1 keV
component, are not due to a faulty subtraction of the detected sources. We have run several tests, which we illustrate below.

1. We have first redone the spatial and spectral analysis assuming a circle of 2.500 and 300 radius for point-source exclusion, with
analogous results, albeit somewhat larger errors, due to the smaller statistics available.

2. We have also simulated theChandra’s PSF using ChaRT (Carter et al. 2003). Since we were interested in the wings of the PSF, we
have run several simulations for 20,000 counts each and then merged the resulting images to increase the statistics at radii larger than 100.
We have used the average spectrum obtained in the inner 1500, inclusive of all detected sources, as an input parameter in all simulations.
We have then treated the results as we have the data of NGC 3379; namely, we have produced radial profiles in the same energy bands
and calculated the expected contribution from point sources in the regions of interest. We expect that 4% of the counts detected from
point sources within 200 from its peak fall in the 200Y3000 region, and 3.6% in the 200Y1500 region, in the 0.3Y2.0 keV band (with values
between 3% and 5% in the softer and harder of the bands considered). If we integrate the contribution due to the ‘‘wings’’ of all point
sources detected in a radius r ¼ 3000, we can only account for 10%Y25% of the detected counts in the 0.3Y0.7 and 0.7Y1.5 keV bands in
the unresolved component. This is a generous estimate of the contribution from the discrete population, since only sources at the center
of the region will contribute the full amount, the wings of the others being only partially included in the region considered.

3. We have used the current documents online2 and directly contacted the experts on both the PSF and its wings (T. Gaetz and
D. Jerius) to better understand the effects of thewings of the PSF. Themost updated studies on the PSFwings are based on the groundX-Ray
Calibration Facility (XRCF) and on-orbit Her X-1 data. Both data sets demonstrate the existence of the PSFwings, but the effects of this
component decrease rapidly with decreasing energy. The ray-trace model used to simulate the PSF (point 2 above) includes some of the
effects of wings, and appears to be reliable at low energies (<2 keV) and small radii, although it might be underestimating the wing
effects at energies above 2.0Y2.5 keV. However, we are mostly interested in the emission below �1.5 keV and relatively small radii,
where the model appears to be adequate.

4. We have reanalyzed the spectrum of the emission in the 200Y1500 regions excluding only the five brightest sources with a sig-
nificantly smaller exclusion region of 100 radius. This exclusion is necessary to avoid the point-source population completely dominating
the spectral results; on the other hand, if the sources were responsible for the 1 keV component, it should be significantly stronger when
sources are included in the spectral analysis. The spectral results indicate that, while the net counts increase by a factor of 4, the 1 keV
component only increases by a factor of 1.5 the original value, consistent with the ratio of the areas of the regions considered.

All in all, we believe that the excess emission observed in the 0.7Y1.5 keV band is a real effect, and is not an artifact related to the
wings of the many individual sources detected in the area. This excess is relative to the emission in adjacent energy bands, and is seen at
energies where the effects of PSF wings are significantly smaller than at higher energies. We also believe that there is excess emission
over the scattering from the detected point sources, although we are fully aware of the fact that the exact evaluation of its strength has
large uncertainties, both in the soft and in particular in the hard band.
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Denicoló, G., Terlevich, R., Terlevich, E., Forbes, D. A., & Terlevich, A. 2005,
MNRAS, 358, 813

de Vaucouleurs, G. 1948, Ann. d’Astrophys, 11, 247
Douglas, N. G., et al. 2007, ApJ, 664, 257
Dubinski, J., & Carlberg, R. G. 1991, ApJ, 378, 496
Fabbiano, G., et al. 2006, ApJ, 650, 879
———. 2006, ARA&A, 44, 323
Fabian, A. C., & Canizares, C. R. 1988, Nature, 333, 829
Forman, W., Jones, C., & Tucker, W. 1985, ApJ, 293, 102
Fukazawa, Y., Botoya-Nonesa, J. G., Pu, J., Ohto, A., & Kawano, N. 2006,
ApJ, 636, 698

Gerhard, O., Kronawitter, A., Saglia, R. P., & Bender, R. 2001, AJ, 121, 1936
Gregg, M. D., Ferguson, H. C., Minniti, D., Tanvir, N., & Catchpole, R. 2004,
AJ, 127, 1441

Greggio, L. 2005, A&A, 441, 1055
Hernquist, L. E. 1990, ApJ, 356, 359
Ho, L. C. 2008, ARA&A, 46, 475
Jeffreys, H. 1961, Theory of Probability (3rd ed.; Oxford: Oxford Univ. Press)
Kass, R. E., & Raftery, A. E. 1995, J. Am. Stat. Assoc., 90, 773
Kim, D.-W., & Fabbiano, G. 2003, ApJ, 586, 826
Kim, D.-W., Fabbiano, G., & Trinchieri, G. 1992, ApJ, 393, 134
Kronawitter, A., Saglia, R. P., Gerhard, O., & Bender, R. 2000, A&AS, 144, 53
Liddle, A. R. 2004, MNRAS, 351, L49

2 See http: //cxc.harvard.edu /cal /Hrma /psf / index.html.

DISCOVERY OF HOT GAS IN OUTFLOW IN NGC 3379 1007No. 2, 2008



Maraston, C. 2005, MNRAS, 362, 799
Matsushita, K., et al. 1994, ApJ, 436, L41
Napolitano, N. R., et al. 2005, MNRAS, 357, 691
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462, 563
Peletier, R. F., Davies, R. L., Illingworth, G., Davis, L. E., & Cawson, M. 1990,
AJ, 100, 1091

Pellegrini, S. 2005, ApJ, 624, 155
Pellegrini, S., Baldi, A., Kim, D. W., Fabbiano, G., Soria, R., Siemiginowska, A.,
& Elvis, M. 2007a, ApJ, 667, 731

Pellegrini, S., & Ciotti, L. 1998, A&A, 333, 433
———. 2006, MNRAS, 370, 1797
Pellegrini, S., & Fabbiano, G. 1994, ApJ, 429, 105
Pellegrini, S., Siemiginowska, A., Fabbiano, G., Elvis, M., Greenhill, L., Soria, R.,
Baldi, A., & Kim, D. W. 2007b, ApJ, 667, 749

Pierce, M., et al. 2006, MNRAS, 366, 1253
Puzia, T. H., et al. 2004, A&A, 415, 123
Revnivtsev, M., Churazov, E., Sazonov, S., Forman, W., & Jones, C. 2007,
A&A, 473, 783

———. 2008, A&A, 490, 37
Revnivtsev, M., Sazonov, S., Gilfanov, M., Churazov, E., & Sunyaev, R. 2006,
A&A, 452, 169

Richstone, D., et al. 1998, Nature, 395, A14
Romanowsky, A. J., et al. 2003, Science, 301, 1696
Saglia, R. P., Bertin, G., & Stiavelli, M. 1992, ApJ, 384, 433
Samurovic, S., & Danziger, I. J. 2005, MNRAS, 363, 769
Sazonov, S., Revnivtsev, M., Gilfanov, M., Churazov, E., & Sunyaev, R. 2006,
A&A, 450, 117

Schneider, S. 1985, ApJ, 288, L33
Schwarz, G. 1978, Ann. Stat., 5, 461
Schweizer, F., & Seitzer, P. 1992, AJ, 104, 1039
Shapiro, K. L., Cappellari, M., de Zeeuw, T., McDermid, R. M., Gebhardt, K.,
van den Bosch, R. C. E., & Statler, T. S. 2006, MNRAS, 370, 559

Springel, V., Di Matteo, T., & Hernquist, L. 2005, ApJ, 620, L79
Tajer, M., et al. 2007, A&A, 467, 73
Teodorescu, A. M., Mendez, R. H., Saglia, R. P., Riffeser, A., Kudritzki, R.-P.,
Gerhard, O. E., & Kleyna, J. 2005, ApJ, 635, 290

Terlevich, A. I., & Forbes, D. A. 2002, MNRAS, 330, 547
Tonry, J. L., et al. 2001, ApJ, 546, 681
Trinchieri, G., & Fabbiano, G. 1985, ApJ, 296, 447
Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914

TRINCHIERI ET AL.1008


