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ABSTRACT

An analysis of the properties of the hot ISM in the
merging pair of galaxies known as The Antennae (NGC
4038/39), performed using the deep 411 ks Chandra

formed (a process called “feedback”). Feedback exer-
cises an influence not only on the gas-phase conditions in
the immediate environment of the clusters hosting mas-
sive stars (e.g. Pudritz & Fiege 2000), but also on the
phase structure and energetics of the ISM on galactic
scales (e.g. McKee & Ostriker 1977) and on the thermo-

ACIS-S data set is presented. These deep observationsdynamics and enrichment of the inter-galactic medium

and Chandra’s high angular resolution allow us to inves-
tigate the properties of the hot ISM with unprecedented
spatial and spectral resolution. Through a spatially re-
solved spectral analysis, we find a variety of temperatures
(0.3-0.7 keV), densities3(x 1072-1.5 x 10~ cm™?),

and Ny (up to2 x 102! cm~2). Metal abundances for
Ne, Mg, Si, and Fe vary dramatically throughout the ISM
from sub-solar values~0.2) up to~20 times the solar
abundance. Comparison of the abundances with the av-
erage stellar yields predicted by theoretical models of SN
explosions points to Type Il SNe as the main contribu-
tors of metals to the hot ISM. No evidence of correla-
tion between radiooptical star formation indicators and
the metal abundances is found. Although uncertainties in
the average density cannot exclude that mixing may have
played some important role, the time required to produce
the observed metal masses3 Myr) suggests that the
correlations are unlikely to be destroyed by the presence
of efficient mixing. More likely a significant fraction of
Type Il SNe ejecta may be in a cool phase, in grains, or
escaping in the wind.

Key words: galaxies: peculiar; galaxies: individ-
ual(NGC4038/39); galaxies: interactions; X-rays: galax-
ies; X-rays: ISM.

1. INTRODUCTION

Massive stars deeply influence the baryonic component
of the Universe. Their ionizing radiation and the super-
novae (SNe) return kinetic energy and metal-enriched gas
to the interstellar medium (ISM) from which the stars

(IGM) on scales of several Mpc (e.g. Heckman 1999).
The vast range of spatial scales involved is only one of
the difficulties encountered in attempting to study feed-
back. Even restricting the discussion to purely mechani-
cal feedback from SNe and stellar winds (SN feedback),
another difficulty is the broad range of complicated gas-
phase physics, which includes (magneto)hydrodynamic
effects such as shocks and turbulence, thermal conduc-
tion, and non-ionization equilibrium (NEI) emission pro-
cesses.

Several attempts at putting quantitative constraints on
the metal enrichment caused by SN feedback in star-
burst galaxies have been made in the recent past. From
a small sample of edge-on starburst galaxies observed
by ROSAT and ASCA, Weaver, Heckman, & Dahlem
(2000) obtained abundances completely consistent with
solar values and no evidence of super-solar ratios of the
a elements with respect to Fe, as required by type-1l SN
feedback (e.g., Gibson, Lowenstein, & Mushotzky 1997).
Moreover, they concluded that the technique of measur-
ing abundances through X-ray spectral fitting is highly
uncertain because of ambiguities in the fits (e.g., a de-
generacy between the temperature and metallicity), and
strongly dependent on the model choice (see also Dahlem
et al. 2000; Strickland et al. 2002, 2004). The advent
of Chandra, with its sub-arcsecond angular resolution,
allowed a better subtraction of the point sources from
the galactic diffuse emission, simplifying the spectral fit
ting. However, the low resolution spectra of the Chan-
dra ACIS CCDs (Weisskopf et al. 1996) did not allow

a dramatic improvement in the accuracy of abundance
measures. Notwithstanding the limits of ACIS spectral
resolution, Martin, Kobulnicky, & Heckman (2002), ob-
serving the dwarf starburst galaxy NGC 1569, claimed to
obtain ratios ofx elements to Fe 2 -4 times higher than



the solar value.

While X-ray observations of the halos of nearby edge-
on disk galaxies may provide the best single probe of the
action of mechanical feedback on galactic scales, obser-
vations of the disks dface-omearby spiral galaxies may
provide useful insights into the physics and enrichment of
the hot gas. Such observations allow a spatially resolved
analysis of the hot ISM in the disk that is much less af-
fected by internal absorption than in the case of edge-on
galaxies.

The Antennae are the nearest pair of colliding, relatively
face-on spiral galaxies involved in a major merger (D =
19 Mpc for Hy = 75 km s~ ' Mpc~'). Hence, this sys-
tem not only allows a study of the properties of the ISM
relatively unaffected by internal absorption, but it also
provides a unique opportunity to get the most detailed in-
sight possible into the consequences of a galaxy merger,
such as induced star formation and its effect on the ISM.
The presence of an abundant hot ISM in The Antennae
was originally suggested by the firkinstein observa-
tions of this system (Fabbiano & Trinchieri 1983), and
has since been confirmed by observations with several
major X-ray telescope ROSATRead, Ponman, & Wols-
tencroft 1995, Fabbiano, Schweizer, & Mackie 1997; and
ASCA Sansom et al. 1996). The fiGhandraACIS ob-
servation of The Antennae in 1999 gave us for the first
time a detailed look at this hot ISM, revealing a com-
plex, diffuse, and soft emission component responsible
for about half of the detected X-ray photons from the two
merging galaxies (Fabbiano, Zezas & Murray 2001; Fab-
biano et al. 2003, hereafter FO3). The spatial resolution
of Chandrais at least 10 times superior to that of any pre-
vious X-ray observatory, which allows us to resolve the
emission on physical scales f75 pc (for D=19 Mpc)

and to detect and subtract individual point-like sources
(most likely X-ray binaries; see Zezas et al. 2002).

While the firstChandradata set demonstrated the rich-
ness of the ISM in The Antennae, the number of detected
photons was insufficient to study its detailed small-scale
morphology and spectral properties. A deep monitor-
ing observing campaign of The Antennae w@thandra
ACIS has produced a detailed and rich data set. This
data-set revealed a complex diffuse emission, with sig-
natures of strong line emission coming from some of the
hot ISM regions, pointing to high element abundances
(Fabbiano et al. 2004, Baldi et al. 2005a,b). Here we
resume the physical properties of the hot gas and we in-
vestigate its enrichment by SN explosions.

2. IMAGING AND SPECTRAL ANALYSIS

NGC 4038/39 was observed withandraACIS-S seven
times during the period between December 1999 and
November 2002, for atotal 6411 ks. The data products
were analyzed with the CXC CIAO v3.0.1 software and
XSPEC package. Full details about the data processing
and reduction are given in Baldi et al. (2005a, hereafter
Paper I).

Paper | presents a mapped-color image of the diffuse
emission in The Antennae, representing contributions
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Figure 1. 0.3-6 keV Chandra ACIS-S image of The An-
tennae. The 21 regions used for the spectral analysis of
the hot ISM are marked in white. A high-resolution color
version of this figure can be found in Paper I.

from three different energy bands: 0.3-0.65 keV, 0.65—
1.5 keV and 1.5-6 keV. Before combining the images
from the three bands, all point sources were subtracted
and an adaptive gaussian kernel was applied to each of
the three images. A similar procedure was applied to
generate a line-strength map for the emission lines from
O+Fe+Ne (0.6-1.16 keV), Mg (1.27-1.38 keV), and Si
(1.75-1.95 keV) in different regions of the hot ISM.

Both the mapped-colorimage of the diffuse emission and
the line-strength map (presented in Figure 4 and 6 of Pa-
per 1) guided us in selecting 21 spectrally similar regions
for a proper spectral analysis. These regions are shown
in Figure 1. The method used for the spectral extraction
and analysis is fully described in Paper I.

Almost all regions could be fitted with a single thermal
component. Only Region 4b required two thermal com-
ponents with differenkT; in this region, we could not
constrain the lowtT" value (although we found a mini-
mum in they? statistics at7T = 0.20 keV), and we could

put only alower limit &7" > 0.54 keV) to the higher tem-
perature component. Almost all the single-temperature
regions required a temperaturekdf ~ 0.6 keV to fit the
data, except for regions 5, 8b, and ¥4'(~ 0.3 keV).
Considering all the regions analyzed, the temperatures
(both in the single- and two-temperature cases) range
from ~ 0.2 to ~ 0.8 keV (including the errors). Our
analysis yielded metal abundances that have acceptable
constraints in the majority of regions, and led to the most
important, and somewhat unexpected, result of our spec-
tral analysis: the abundances of Silicon and Magnesium
cover a wide range of values ranging from the very low
values found in regions 2, 6a, 12a, and 12~ 0.27)

to the very high values observed in Region’k £10-—

20 Zg). The intrinsic absorption throughout the hot ISM

is generally low, withNy ~ 102° cm~2 typical and of-

ten consistent with zero. The exceptions are the southern
nucleus (regions 8a and 8b) and Region 7, which is sig-
nificantly obscured also in the optical. In the optical and



near infrared, Region 7 corresponds to the “Overlap Re-
gion,” where the most active star formation is now occur-
ring (Mirabel et al. 1998; Wilson et al. 2000; Zhang, Fall,
& Whitmore 2001). These three regions show intrinsic
absorption ok~ 1 — 2 x 102! cm—2.

3. HOT-GASPARAMETERS

From the parameters determined from the spectral fits
we estimated various properties of the emitting plasma,
such as electron density. (~ ng), thermal energy
contentE,;, cooling timer,., and pressurg. Since we
observe regions projected on the plane of the sky, we can
only measure the “footprint” of each emitting region. To
estimate the emitting volumes we adopted the following
procedure. For all “single”-temperature regions, we
assumed a depth of 200 pc for the emitting volume,
corresponding to the typical depth of a spiral disk. In the
case of Region 4b, where we have two temperatures, we

assumed that the high- and low-temperature components

are in pressure equilibrium, and derived the thicknesses
for the volumes occupied by these two phases from
the best-fitkT's, imposing the condition that they add
up to a total value oR00K pc. The filling factorn is
assumed to be unity in our calculations. A filling factor
7 close to unity for the hot phase of the ISM is plausible
from recent results coming from 3D hydrodynamical
simulations {4 ranging between 0.17 and 0.44 for SN rate
between Galactic and 16 times the Galactic value; see,
e.g., de Avillez & Breitschwerdt 2004 and references
therein). However, our parameters have only a slight
dependence on ito{ n~'/? or x 7n'/?), hence our
estimates are precise within a factor of two or less.

The calculated cooling times are in thé"—10% yr range

and in agreement with the results of FO3. The pressure
is generally of the order of a few0~!* dyne cnt2, but
reaches higher values (a feMd—1° dyne cn?) in the

two nuclei and also in the regions corresponding to the
hot-spot regions R1 and R2 of FO3. These new values
are in excess of those found in FO3, possibly reflecting
the fact that larger areas were averaged over in that work.
FO3 argued for a possible pressure equilibrium between
the hot gas and the cold molecular clouds. Zhu, Seaquist,
& Kuno (2003) derived from CO measurements a
pressure oft.2 x 10! for the northern nucleus (NGC
4038) and of3.1 x 10! dyne cm 2 for the southern
nucleus (NGC 4039). Our observations suggest that
the hot-gas pressure is a few times higher than the CO
estimate for the northern nucleus and almost an order
of magnitude higher in the southern nucleus. Such a
large pressure difference would imply that shock waves
are being driven into the CO clouds. The hot ISM may
therefore in part be responsible for compressing and
fragmenting the CO clouds, triggering star formation.
However, we must bear in mind the large uncertainties
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Figure 2. Abundance-ratio diagrams for regions of the
Antennae hot ISM: [Ne/Fe] vs. [Mg/Fe] (left); [Ne/Fe]
vs. [Si/Fe] (right). Abundance units refer to meteoritic
abundances of Anders & Grevesse (1989). Each region
is plotted with a small black dot (upper limits with black
arrows). Dotted line symbols correspond to ratios ex-
pected in SNe la yields, while solid line symbols refer to
the average stellar yield of SNe II. “FO0” indicates val-
ues adopted in Finoguenov et al. (2000), while the other
labels refer to the theoretical works listed in Nagataki
& Sato (1998). Cas A and N132D SN ratios derived
from the metallicities observed by BeppoSAX (Favata et
al. 1997a, 1997b) are plotted too . Other symbols and
lines refer to determinations of abundance ratios in other

in the estimated pressures, due to the assumptions we 9alaxies: the warm Galactic halo, NGC 253, NGC 6946
had to make on the emitting volume and the small-scale and the Strickland et al. (2004) sample of edge-on star-

properties of the clouds.

bursts (see text for details).



4. ABUNDANCES

The elemental abundances of Ne-1X, Mg-XI, Si-XIlIl, and
Fe-L that we measure in the hot ISM of The Antennae

previous efforts aimed at measuring theto Fe ratio

in starburst galaxies. The only exception comes from
the Strickland et al. (2004) sample of edge-on starburst
galaxies. This data point, which has smaller error bars
than our typical error bars, is consistent with the ratios

are generally consistent with the stellar abundances mea- observed in almost all the regions of The Antennae. How-

sured from optical datay(0.5 solar; Fritze-v.Alvensleben
1998), except for a few regions (4b, 5, 7, 8a and 8hb)

ever, note that their smaller error bars derive from the fact
that they come from the observed hot halo emission in all

where the measured abundances are clearly in excess often galaxies of the sample. Moreover, in this sample they

this value and, in the case of Region 5, even significantly
super-solar. While all the other regions have metallic-
ities consistent with solar (within the errors), Region 5
is showing particularly enhanced abundances for three
out of the four elements we measuredn( > 3.9,
Zmg > 3.8, Zp > 1.3, at 90% confidence level). Such
high X-ray derived metallicities of Fe and especially of
thea elements are quite rare and have been rarely found
in previous observations of other galaxies (e.g. Soria &
Wu 2002; Schlegel et al. 2003). This could be due both to
the peculiarity of Region 5 and to the fact that constrain-
ing abundances through X-ray fitting of low resolution
spectra is always a challenging task.

cannot put a stringent upper limit on the [Si/Fe] ratio, a
thing that we were able to do in at least some of our re-
gions.

4.1. X-ray abundancesvs. Optical/Radio SF indica-
tors

To further explore our results, we searched for correla-
tions with age and star formation indicators for the dif-
ferent regions of The Antennae. NGC 4038/39 was ob-
served byHSTWFPC2 (F336W, F439W, F555W, and

The ratios between elemental abundances in each region F814W filters) in 1996 January (Whitmore et al. 1999).
can be related to the type of supernovae generating the There were also VLA observations (in configurations

metals. If the elemental enrichment results from Type I
supernovae, one would expect [Ne/Fe] and [Mg/Fe] val-

BnA, CnB, and B at 6 and 4 cm) performed in 1997 Jan-
uary and 1998 September (Neff & Ulvestad 2000).

ues approaching 0.3, and [Si/Fe] values approaching 0.5 From the published data and our visual estimates it was
on average; the corresponding values expected in Type la possible to derive—for each region—four quantities that

supernova enrichment are dramatically lower (Nagataki
& Sato 1998). We used our results to explore the origin
of the metals in The Antennae. The [Ne/Fe], [Mg/Fe],

and [Si/Fe] ratios of each spectral region are plotted in di-
agrams displaying the [Ne/Fe] ratio vs. [Mg/Fe] ratio and

[Ne/Fe] vs. [Si/Fe] (Figure 2). In these diagrams, we also
show the theoretical stellar yields expected from SNe la
and SNe lI, taken from the compilations by Finoguenov
et al. (2000) and Nagataki & Sato (1998). We also indi-

cate the regions occupied by the type-Il supernova rem-

might correlate with ISM metal abundances: a mean clus-
ter age, the relative strength of star formation, the star
formation per unit area, and the number of SNRs per unit
area. Details on how these quantities were calculated can
be found in Baldi et al. (2005b).

Figure 3 displays the relations between the SF per unit
area, SNRs per unit area and the mean abundanee of
elements in each region. There are no strong correlations
between the different star-formation indicators we calcu-
lated and the mean abundances in the same regions. The

nants (SNR) Cas A and N132D, using the abundances “star-formation per unit area” and the number of “SNRs
measured by Favata et al. (1997a,b) from BeppoSAX per unit area” are supposed to be among the best indica-
data. To relate our results to other measurements of these tors of star formation. Yet, these two quantities appear

ratios in the literature we plot also the values relative to
the warm Galactic halo (Savage & Sembach 1996), to the
emission both from the disk and from the northern halo
of NGC 253 (Strickland et al. 2002), to the X-ray diffuse
emission observed in NGC 6946 (Schlegel et al. 2003),
and to the averaged value in the hot halo of a sample of
ten nearby edge-on starbursts (Strickland et al. 2004).
Although the uncertainties are often large, almost all
regions observed in The Antennae show [Ne/Fe] and
[Mg/Fe] ratios fully consistent with a SN Il-dominated
enrichment scenario. However, the [Si/Fe] ratio is clearly
lower than expected in a SN Il enrichment scenario, and
in some cases it could be consistent with SN la enrich-
ment, although the uncertainties are quite large also for
this ratio. The only two exceptions to these trends are
regions 5 and 7, both located in the upper right corners
of the diagrams. These two regions have a [Si/Fe] ra-
tio fully consistent with an enrichment stemming entirely
from type-1l supernovae.

Although our measurements are affected by large uncer-
tainties they represent clearly an improvement over the

uncorrelated with the metal abundances.

The hot-gas masses derived from the measure of the
abundances may yield some clues toward an interpreta-
tion of this lack of correlations. Assuming the average
SN I stellar yields listed in Nagataki & Sato (1998),
we estimated the number of type-lIl SNe necessary to
produce the observed metal masses in the hot ISM, and
the time required to produce that number of SNe. If
the resulting time is significantly shorter thaf0 Myr,

then the lack of correlations may either be related to the
speed at which mixing occurs in the hot ISM or indi-
cate that the metals are somehow removed from the hot
phase of the ISM. Conversely, if the SN production time
is >100 Myr, then mean cluster ages may not be rel-
evant because over periods of 100 Myr or longer ma-
jor fractions of the decaying galaxy orbits are traversed
and it is unclear whether any relation could be estab-
lished between regional abundances and the past local
star-formation history.

A calculation for a range of theoretical models (see e.g.
Nagataki & Sato 1998) for SN Il average yields has been
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Figure 3. Diagrams of the mean abundancesaflements in each spectral region of the Antennae hot ISkepl@ersus
star formation per unit area (left), and SNRs per unit areglt).

performed in Baldi et al. (2005b). In that paper, we esti-

mated the time necessary to produce the required number

of SNe II, assuming a constant SN rate throughout The
Antennae. Neff & Ulvestad (2000) derived a SN rate di-
rectly associated with the compact radio sources detected
in The Antennae of 0.03 yi', assuming a typical SNR
emits 6-cm radio emission for 30,000 yr and has the lu-
minosity of Cas A. Applying instead the Condon & Yin
(1990) method (based on the ratio of non-thermal radio
luminosity to the radio-emitting SN rate in our Galaxy) to
the total steep-spectrum radio emission of The Antennae,
and not only to the detected compact sources, they predict
a SN rate of 0.26 yr*. For both rate estimates the times
required to produce the metals observed are quite short:
in the ~3.4-12 Myr range for a SN rate of 0.03yrand

in the ~0.4—1.4 Myr range for 0.26 yr.

Indeed, 2 Myr is a relevant time threshold for mixing in

a hot gas of the temperature we detect, corresponding to
average velocities of 500 kms™!. At 500 km s™*, gas
travels only~ 1 kpc in 2 Myr. If the time required to
produce the metals is actually of this order<2 Myr,

it may be unlikely that efficient mixing takes place on a
scale larger than a few hundred pc, and it is probably in-
sufficient to destroy the correlation. Other factors may
have destroyed the correlation as well like, e.g., (i) the
presence of a significant fraction of the SN ejecta in a
cool phase or (ii) in dust grains, or (iii) the escape of
the ejecta in a galactic wind. Another possibility could
be that the other metals are invisible in soft X-rays. In-
deed, in a Chevalier & Clegg (1985) wind model the met-
als would be expected to be in much hott&r £ 107-°

K) gas. Therefore the hot gas observed could be primar-
ily ambient ISM heated, but not particularly enriched, by
Type Il SNe.

5. SUMMARY AND CONCLUSIONS

In this paper we described the main results of an exten-
sive study of the X-ray properties of the diffuse emission

of The Antennae (NGC 4038/39), analyzing the entire

411 ks exposure obtained wi@handraACIS-S.

To summarize:

1) Fitting the Fe-L, Ne-IX, Mg-XI and Si-XIll emission

for the hot ISM, we find significant metal enrichment.
Metal abundances are generally consistent with solar, but
reach extremes of 20 solar in Region 5 and are signifi-
cantly subsolar in a few regions.

2) We derived physical parameters of the hot gas, such as
density, thermal energy, cooling times and pressure.

3) Comparison of elemental ratios with those expected
from Type la and Type Il SNe suggests that SNe Il are
mainly responsible for the metal enrichment of the hot
ISM in The Antennae, although the measured [Si/Fe]
ratios are mostly lower than those predicted for SN I

yields. This may be due by poor data quality at the energy
of the Si line (B2 keV).

4) We report a remarkable lack of correlations between
our abundance measurements and stellar age indicators,
estimated from either th& ubble observations of stellar
clusters (Whitmore & Schweizer 1995; Whitmore et al.
1999) or VLA SNR estimates (Neff & Ulvestad 2000).
The time required to produce the observed quantities of
metals through type-Il SN explosions is probabiy
Myr, implying that efficient mixing is unlikely to be the
main agent destroying the expected correlation between
abundances and radio-optical star-formation indicators.
This may point toward the presence of a significant frac-
tion of SN Il ejecta in a cool phase, in dust grains, or



escaping in a wind of hot gas, undetectable at soft X-rays
wavelengths.
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