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ABSTRACT

We examine X-ray emission produced from hot gas during collisions and mergers of disk galaxies. To study this
process, we employ simulations that incorporate cosmologically motivated disk-galaxy models and include the
effects of radiative cooling, star formation, supernova feedback, and accreting supermassive black holes. We find
that during a merger, the colliding gas in the disks is shock heated to X-ray-emitting temperatures. The X-ray lu-
minosity is spatially extended, rises during the initial stages of the merger, and peaks when the galactic centers
coalesce. When a physical model for accreting black holes is included, the resulting feedback can drive powerful
winds that contribute significantly to the amount and metallicity of hot gas, both of which increase the X-ray lu-
minosity. In terms of their stellar kinematics and structural properties, the merger remnants in our simulations re-
semble elliptical galaxies. We find that the X-ray luminosities of the remnants with B-band luminosities in the range
Lg ~10'°-10'"! L are consistent with observations, while remnants with smaller or larger masses are under-
luminous in X-rays. Moreover, because the majority of the merger remnants are broadly consistent with the ob-
served scaling relations between temperature, B-band luminosity, and X-ray luminosity, we conclude that major

mergers are a viable mechanism for producing the X-ray halos of large, luminous elliptical galaxies.

Subject headings: galaxies: active — galaxies: evolution — galaxies: formation — galaxies: interactions —
methods: n-body simulations — X-rays: galaxies

Online material: color figures

1. INTRODUCTION

It is now well established that elliptical galaxies contain sub-
stantial quantities of hot gas (see Mathews & Brighenti 2003,
and references therein). Detailed studies of the X-ray emission
produced by this hot gas have revealed that its luminosity is cor-
related with the gas temperature, B-band luminosity, and stellar
velocity dispersion of the host elliptical galaxy (O’Sullivan et al.
2001a, 2003). These correlations argue for an evolutionary link
between the process that formed the elliptical galaxy and the sur-
rounding, X-ray-emitting gas.

According to the “merger hypothesis,” elliptical galaxies are
formed when two spiral galaxies interact and merge (Toomre &
Toomre 1972; Toomre 1977). Thus, it is possible that disk-galaxy
interactions transform spirals galaxies into ellipticals and gen-
erate their hot gaseous halos. Using the X-ray satellite ROSAT,
Read & Ponman (1998) investigated the X-ray luminosity evo-
lution along the “Toomre sequence” (Toomre 1977), a series of
eight local galaxies representing different stages of merging, in
chronological order. Their study found that extended X-ray emis-
sion is produced during the encounter and persists as the nuclei
merge. Similar results obtained from observations of merging
and interacting systems using the higher resolution Chandra
X-ray Observatory (Fabbiano etal. 2001; McDowell et al. 2003;
Huo et al. 2004).

A puzzling aspect of the analysis of Read & Ponman (1998)
is that the merger remnants appear to be underluminous when
compared to typical elliptical galaxies, bringing into question
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the likelihood that merger remnants evolve into normal ellipticals.
These authors suggested several methods by which a merger rem-
nant could acquire an X-ray halo, late infall of tidal material, re-
acquisition of gas ejected by galactic winds during the merger,
and ongoing mass loss by stars born during a merger-induced
starburst. One clue to the origin of the hot gas lies in the corre-
lation between the X-ray and B-band luminosities. O’Sullivan
et al. (2001a), also using ROSAT, found that Lx o< Lg for less
massive ellipticals, consistent with their X-ray luminosity being
primarily stellar in origin. However, the X-ray emission from
more luminous ellipticals varies as Lx o< L3, indicating a non—
stellar formation process.

Another clue to the origin of hot gas in spheroidal systems is
its high metallicity. Humphrey & Buote (2006) analyzed a sam-
ple of 29 X-ray-luminous elliptical galaxies and found that their
two-phase models for the hot X-ray-emitting plasma yielded met-
allicities that were typically solar or even higher and generally
correlated with the stellar metallicity. This result indicates that
the gas that makes up the hot coronae surrounding ellipticals
has been recycled from star-forming gas and likely once resided
within the dense central regions of the galaxies. This also sug-
gests that a significant amount of energy was injected into this
gas in order to expel it from the depths of the potential well and
redistribute it throughout the galactic halo.

The work described here is a first attempt to address the via-
bility of galaxy mergers in generating X-ray-emitting gaseous
halos consistent with observed ellipticals. While numerical sim-
ulations have demonstrated that galaxy interactions can indeed
produce remnant galaxies whose stellar component is reminis-
cent of local ellipticals (Barnes 1992; Barnes & Hernquist 1996;
Hernquist 1992, 1993b; Naab & Burkert 2003; Robertson et al.
2006; Springel et al. 2005a; Cox et al. 2006a), little is known
theoretically about the evolution of the hot gas component in
these events. Barnes & Hernquist (1996) considered simulations
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in which the gas was not allowed to cool radiatively and showed
that in this limit it would be mostly shock heated to the virial tem-
perature of the remnant, leaving a corona of hot, X-ray-emitting
material. Later, Cox et al. (2004) showed that the amount of hot
gas is dependent on the interaction orbit, i.e., more radial en-
counters produce more hot gas. Yet the ability of this hot gas to
produce X-rays, the luminosity of the X-ray emission, and the
correlation to the remnant stellar properties are all open ques-
tions. In particular, these studies did not attempt to model all
feedback processes in detail. Recently, Springel et al. (2005b)
have developed methods for modeling feedback from both star
formation and black hole growth in galaxy mergers. This addi-
tion to our galaxy modeling has significant implications for the
X-ray evolution, as the feedback energy from an accreting black
hole can generate a substantial amount of hot gas through the
production of a large-scale galactic wind.

The rest of this paper is organized as follows. In § 2 we de-
scribe the numerical simulations upon which our results are based.
In § 3 we detail the X-ray emission produced during and after the
collision of two gas-rich disk galaxies. We follow this by show-
ing how the global properties of X-rays and hot gas depend on
progenitor mass and gas fraction in § 4. Section 5 discusses our
results, specifically addressing the X-ray luminosities of our merger
remnants and the generation of hot gaseous halos observed in lu-
minous elliptical galaxies. Finally, we conclude in § 6.

2. MERGER SIMULATIONS

To simulate mergers of disk galaxies, we employ GADGET2
(Springel 2005), which is based on a “conservative-entropy”’
formulation (Springel & Hernquist 2002) of smoothed particle
hydrodynamics (SPH) that conserves both energy and entropy
(unlike earlier versions of SPH; see e.g., Hernquist 1993a), while
improving shock capturing. The code includes the effects of ra-
diative cooling and heating by a uniform UV background, and
star formation, supernova feedback, and metal enrichment are
treated in the manner detailed in Springel & Hernquist (2003).
Within this formalism, the subresolution physics of star forma-
tion and supernova feedback acts to maintain star-forming gas at
a temperature specified by an effective equation of state (see e.g.,
Robertson et al. 2004). As an extension of this star formation and
feedback model, Springel et al. (2005b) introduced an additional
parameter ggos, SO that the effective equation of state can be var-
ied between that for an isothermal gas at ey = 10°K, gros = 0,
and the “stiff”” Springel-Hernquist equation of state, which has
an effective temperature Tor ~ 10° K, ggos = 1. In the work pre-
sented here, ggog Was set to 0.25, resulting in a mass-weighted
temperature of star-forming gas ~10*3 K.

Our simulations also allow the presence of a supermassive
black hole (BH). BHs are represented by ““sink” particles that
can accrete neighboring gas at a rate given by the Bondi-Hoyle-
Lyttleton approximation with an imposed upper limit equal to
the Eddington rate. A small fraction (typically 5%) of the bolo-
metric luminosity (0.1 ¢?, assuming an accretion efficiency of
10%) thermally couples to the gas surrounding the BH. These
parameters are selected so that simulations of disk-galaxy merg-
ers successfully reproduce the normalization of the Mpy-o rela-
tion (Di Matteo et al. 2005). The BH, when included, has a seed
mass of ~10° M, although we find that the outcome is insensi-
tive to this choice. A more complete discussion of the method-
ology is provided in Springel et al. (2005b).

The mergers used throughout this paper are identical to those
in Cox et al. (2006a) and are described in more detail there and
in Robertson et al. (2006). A full description of the construction
of these galaxies is given in Springel et al. (2005b); here we

simply outline the parameter choices for the simulations dis-
cussed in this work. The composite system contains an expo-
nential disk embedded in a dark matter halo. For simplicity, we
do not include a spheroidal bulge. The dark matter halo is ini-
tialized with a Hernquist (1990) profile, a concentration ¢ = 9,
and a spin parameter 4 = 0.041. In § 4 we investigate hot gas
production for mergers between equal-mass galaxies with a range
of masses, but much of our discussion is based on a fiducial case
where the progenitor galaxies have properties similar to the
Milky Way. The virial velocity in this case is V200 = 160 km s,
resulting in a halo mass of 1.4 x 10'2 M. The exponential disk
composes 4.1% of the total mass, with a fixed fraction f'in a
collisional gaseous component. Our fiducial simulation fixes
f = 0.4. The compound galaxy is realized with 500,000 par-
ticles to represent the dark matter and 50,000 to represent the
disk. Since the disk comprises both stellar and gaseous compo-
nents, a fraction f x 50,000 are consider gas and the remainder
represent the collisionless stellar disk.

Once the model galaxies are generated, we collide two disks
by placing them on a parabolic orbit with an initial separation
of 143 kpc and a pericentric distance of 7.1 kpc, resulting in a
nearly radial collision. To investigate the consequences of black
hole growth and feedback, we have performed simulations that
include centrally accreting BHs, and are labeled as such, and
others that do not that are referred to as “standard.” Figure 1
shows six representative images of both types of galaxy merg-
ers (i.e., with and without BHs). Details of the morphology,
dynamics, and resulting star formation can be found elsewhere
(see e.g., Barnes & Hernquist 1996; Mihos & Hernquist 1996;
Springel 2000, 2005b; Cox et al. 2006b).

Figure 1 also demonstrates the additional diffuse gas present
when the merger includes an accreting black hole. Owing to the
energy put into the gas by the growing BHs, particularly during
the final merger, a significant fraction of the gas participates in
a large-scale galactic wind. This ““blowout” phase is very effi-
cient, and star formation is almost completely shut off (Springel
et al. 2005a), leaving a remnant that quickly reddens and evolves
nearly passively (Hopkins et al. 2006c). Moreover, as discussed
further in the following section, the expulsion of the gas during
the blowout greatly enhances the X-ray luminosity relative to
cases in which no BH is present, because not only is there addi-
tional gas throughout the halo, but this gas is highly metal-enriched.

While a complete survey of the parameter space that describes
the merger of two disk galaxies is beyond the scope of this work,
it is important to understand how the production of hot gas de-
pends on our initial assumptions. To this end, we merge disk gal-
axies with varying gas fractions and masses and describe the
outcomes in § 4.

3. A CASE STUDY

In this section we provide a detailed look at the evolution of hot
gas and X-rays during one merger. While the X-ray luminosity, gas
temperature, and mass depend strongly on the initial halo size/mass
and disk gas fraction (discussed in § 4), the production of hot gas
during a galaxy collision is a general feature of all our simulations.

3.1. X-Ray Emission

Our analysis of the simulations assumes that X-rays are pro-
duced by the cooling of hot, diffuse gas. In reality, the observed
X-ray emission has contributions from stellar sources such as super-
nova remnants and X-ray binaries, as well as accreting black holes
and the hot phase of the interstellar medium. Because the compos-
ite emission from these sources is generated mostly in the dense
central regions of the galaxies, this luminosity may be heavily
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Fic. 1.—Time sequence of the projected gas density, shown in gray scale, with X-ray contours overlaid (in black). The top six panels demonstrate the collision for
our standard, no-black hole merger, while the bottom six panels are the case in which a central supermassive black hole is included. Each panel is 100 kpc square and
the color and X-ray contour scales are identical. The simulation time, in Gyr, is indicated in the top left of each plot, and the merger occurs at 7 ~ 1.6 Gyr. [See the
electronic edition of the Journal for a color version of this figure.)

extinguished, owing to the large column density of intervening gas We follow Navarro et al. (1995) and assume the X-ray lumi-
and dust. In fact, as described by Hopkins et al. (2005, 2006a), we nosity for each SPH particle can be estimated from

find that the central accreting BHs in merger simulations remain

obscured for the majority of their active lifetimes. To simplify our _ ' KT\ /2

analysis, we restrict ourselves to X-ray emission from the diffuse Ly;=12x107%# (mgas”> pi ( ! ) ergs s, (1)
hot gas, since it should be relatively unaffected by obscuration. ’ pmy ) pmy, \ 1 keV
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where m,, is the proton mass, y is the mean molecular weight
(0.6 for a fully ionized primordial plasma), and m,s ;, p;, and
T; are the mass, density, and temperature of the ith gas particle
in cgs units, respectively. Equation (1) assumes that the primary
mechanism for X-ray emission is thermal bremsstrahlung, an as-
sumption consistent with the zero-metallicity cooling included
in the simulation. However, metal-enriched gas with a temper-
ature of ~10° K cools primarily through metal-line emission, a
mechanism that is more efficient and would thus produce a much
larger X-ray luminosity. In this sense, the X-ray emission com-
puted via equation (1) is a lower limit.

In light of the increased X-ray luminosity expected from metal-
enriched gas, we supplant equation (1) with X-ray emission cal-
culated using a Raymond & Smith (1977, hereafter RS77) code
that does include metal-line emission. The gas metallicity is pro-
vided by the star formation model (see Springel & Hernquist
2003), assuming a metal yield of 2%, and we include emission
from 0.1 to 2 keV.

The bolometric luminosity is then calculated according to

Nhot gas

Lx polo = Z Lx, (2)

i=1

where the sum is carried out over all gas particles with density be-
low the critical density for star formation pyresn =~ 1072 M pc’3
and a temperature greater than 10°2 K. Gas particles that meet
these criteria are fully ionized (for zero metallicity) and are deemed
“hot” or “X-ray” gas hereafter. We note that our low temperature
(10°2 K) threshold for gas to be included in the X-ray luminosity
probes temperatures below current observational limits. However,
this cutoff does serve as an accurate gauge of the amount of hot,
ionized gas.

3.2. Time Evolution

Figure 2 shows the bolometric X-ray luminosity as determined
by equation (2) for the entire major merger. For both simulations,
two X-ray luminosities are shown. One where the X-ray lumi-
nosity is calculated via equation (1), in essence when the gas is
assumed to have zero metallicity, and the second uses the RS77
code to include metal-line cooling. As expected, the inclusion of
metallicity-dependent cooling greatly enhances the X-ray emis-
sion produced during the galaxy merger. In addition, the spatial
distribution of the X-ray emission is shown with overlaid con-
tours in Figure 1.

Initially, the X-ray emission from both galaxies is negligible
because we ignore contributions from the star-forming inter-
stellar medium. X-ray emission begins when the gas disks first
interact, in shocks that lie directly between the two disks (see
T = 0.28 Gyr panel in Fig. 1). In general, the majority of the
X-ray emission is produced by shock-heated gas, and thus the
X-ray emission essentially tracks shocks that occur during
the galaxy merger.

Figure 1 also shows that when the galaxies separate, the
X-ray emission is concentrated around the two galactic nuclei.
This emission resembles that in observed systems that are in a
similar dynamical state, such as the Mice (Read 2003). Figure 1
also demonstrates that when BHs are present, additional hot gas
is generated by thermal feedback from BH accretion beginning
at T = 0.7 Gyr. This results in an Ly that is over an order of
magnitude larger than the no-BH case.

The excess X-ray emission from 7’ = 0.7 to 1.5 is generated
by small-scale winds in the still-separated disks. These winds
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FiG. 2.—Bolometric X-ray luminosity owing to diffuse hot gas during sim-
ulated major mergers. Shown are mergers with (“BH ") and without (“std”)
accreting black holes (BHs). Each simulation has two curves, one in which the
gas is assumed to have zero metallicity (solid line and asterisks), and, the other,
in which the emission is calculated using RS77 models, which include metal-
line cooling (open squares and filled circles). The arrow at T = 1.5 Gyr shows
the time of the final merger in both simulations. [See the electronic edition of the
Journal for a color version of this figure.]

are, in general, collimated and escape perpendicular to the disk
plane, similar to those shown in Springel et al. (2005b, their
Fig. 9). In the simulations presented here, the winds are gen-
erated by the energy input by the accreting black holes and thus
are present only in the BH simulations. Collimated winds such
as these are seen in many starbursting systems (Martin 2005;
Rupke et al. 2002; Veilleux et al. 2005; Strickland et al. 2002).

One of the most prominent features in Figure 2 is the coin-
cidence of the peak X-ray luminosity with the final merger, re-
gardless of whether or not BHs are present. This X-ray emission
results from the abundant shocks that occur as the gas disks
attempt to follow the collisionless stellar nuclei. Gas is heated to
10°-108 K and forced out of the central regions owing to shocks
and pressure forces. Hence, the X-ray luminosity is spatially ex-
tended, as can be seen in Figure 1 from 7" ~ 1.5-1.9 Gyr.

The maximum X-ray emission ranges from 8 x 10*° to 2.5 x
104 ergs s~!, depending on the presence of a BH and if
metallicity-dependent cooling is included. These luminosities
are consistent with observations of the X-ray emission seen in
interacting and merging systems (Fabbiano et al. 2001; Xia
etal. 2002; McDowell et al. 2003; Huo et al. 2004; Jenkins et al.
2005; Read 2005; Smith et al. 2005) as well as that expected on
theoretical grounds (Jog & Solomon 1992). Because the X-ray
luminosity is a direct consequence of the collision between gas
in each progenitor disk, we expect a range of peak luminosities
depending on the gas content in each galaxy, their (relative and
cumulative) mass, and the merger orbit. The mass and gas frac-
tion dependence of Ly is investigated further in § 4.

After the galactic nuclei coalesce, at 7'~ 1.6 Gyr, the X-ray
luminosity decreases. When no BH is present, Ly drops slowly
as gas settles into hydrostatic equilibrium, and tidal material
slowly returns to the remnant. However, when an accreting BH



696 COX ET AL.

is included, the drop in Ly is more pronounced owing to the
“blowout” phase, which expels a significant amount of metal-
enriched, X-ray-emitting gas. The eventual fate of gas caught up
in the galactic wind is dictated by its energy relative to the depth
of the galaxy potential well. In the simulation we describe in this
section, a substantial amount of gas is injected with enough
energy to completely unbind it from the remnant. However, even
if a significant amount of gas is ejected from the system, the
blowout does not leave the remnant completely devoid of gas. A
substantial amount (~75%) of the remaining gas remains bound
to the remnant galaxy, is spread throughout the dark matter halo,
and makes up the X-ray corona.

Figure 3 provides an accounting of the gas mass for merg-
ers with and without accreting BHs. This figure also shows the
mass of unbound (i.e., £ > 0) gas and the mass of gas that con-
tributes to the X-ray luminosity. Gas that is not unbound or
X-ray emitting is typically cold and, depending on its density, star
forming. Consistent with the findings of Springel et al. (2005a),
there is little cold gas in the remnant that includes a BH, and star
formation is efficiently quenched subsequent to the merger at
T ~1.6 Gyr.

Figure 3 demonstrates that the BH has a significant impact on
the amount of X-ray and wind gas. Owing to the merger-induced
energy input from the BH and the significant wind that ensues,
the BH system has over 10 times the mass of unbound gas as
compared to the no-BH case. The BH feedback also contributes
the X-ray gas and results in nearly 3 times the amount of mass as
compared to when no BH is present. At first the differing amounts
of X-ray gas in the two cases seem at odds with the identical
X-ray luminosity (for emission by thermal bremsstrahlung) dem-
onstrated in Figure 2. However, as shown in § 3.5 (see Fig. 8), the
gas within the inner 10 kpc of the remnant without a BH is over
an order of magnitude denser than the no-BH remnant and thus is
more efficient at producing X-rays. We note that the thermal
structure is quite similar between the two remnants, as is shown
in § 3.4.

The hot gas in the remnant relaxes on a timescale that is short
when compared to that of the stellar component of the halo, as
reflected by both the regularity of the X-ray isophotes (see the
bottom right panel in Fig. 1) and the steady X-ray luminosity
after 7 = 3.0 Gyr, a little more than 1.5 Gyr after the merger.
In contrast, stellar material in tidal tails is accreted by the rem-
nant to produce long-lived shells, loops, and other fine structure
(Hernquist & Spergel 1992) by “phase-wrapping” (Quinn 1984;
Hernquist & Quinn 1988, 1989). Similar features are seen around
many ellipticals (Malin & Carter 1983; Schweizer 1980; Schweizer
et al. 1990). Because this debris is on nearly radial orbits, gas in
the tails is stripped out and deposited in the halo or inner regions
of the remnant (Hernquist & Weil 1992; Weil & Hernquist 1993),
and the shells quickly redden.

The BH-driven wind is also efficient at dispersing metals.
Because the blowout is triggered by the centrally located BH,
gas that is ejected from the system has been significantly en-
riched by metals. To demonstrate this more explicitly we refer to
Figure 4. Plotted are contours of the gas density at 7" =~ 0.9 Gyr,
shortly after the first passage of the two disks. Overlaid are dots
that denote the gas particles that will eventually constitute the hot
X-ray-emitting gaseous halo. When no BH is present, the gas in
the X-ray halo was once almost exclusively composed of loosely
bound tidal material. In these low-density regions, little star for-
mation occurs, and thus metal enrichment is only modest. While
this same loosely bound tidal material will make it into the X-ray
halo of the BH remnant, the majority of the X-ray gas in this case
comes from gas that was once more centrally concentrated. This
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Fic. 3.—Time evolution of gas mass during the disk galaxy merger. Shown
with a solid black line is the total gas mass. During the simulation, gas is
steadily depleted owing to efficient star formation. The line with crosses is the
mass of gas which emits X-rays. The line with asterisks is the mass of gas that
becomes unbound from the system. Two plots are shown, one with and the
other without a centrally accreting black hole. [See the electronic edition of the
Journal for a color version of this figure.]

gas is spread throughout the disk and has been significantly en-
riched by star formation.

For the BH merger shown in Figure 4, X-ray gas in the rem-
nant has an X-ray weighted mean metallicity of 0.9 solar. The
unbound wind material has an even higher metallicity, nearly
twice solar. In this sense, the wind could be considered ‘“mass
loaded.” The high metallicity of the gas suggests that the wind
is made up primarily of the densest, most metal-rich gas. In con-
trast, without the energy input from a BH, the X-ray gasis 1/10 Z,
and the small amount of unbound gas is less than 1/20 Z,. Without
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Fic. 4— Contours show the gas density subsequent to the first passage of the
interacting dark galaxies. Tidal tails and a bridge are clearly present. Overlaid
are dots that denote gas particles that eventually end up as part of the hot, X-ray-
emitting gaseous halo. Two images are shown, one with and the other without a
centrally accreting black hole. [See the electronic edition of the Journal for a
color version of this figure.]

the energy input from the BH, essentially the entire metal budget
is locked in stars or star-forming gas.

The dispersal of metals by the wind also has a profound
influence on the X-ray emission. Because the metallicity of the
X-ray-emitting gas is nearly 10 times larger in the BH remnant
as compared to the standard remnant, the X-ray luminosity is
greatly increased. We show the X-ray luminosity when metal-
line cooling is considered in Figure 2. We hereafter restrict our
analysis to X-ray emission calculated using the metal-line cool-
ing of RS77.
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Fic. 5—As in Fig. 2, except the X-ray luminosity has been divided by the
B-band luminosity. For clarity, only the metal-line X-ray emission is plotted.
Again, the arrow at 7 = 1.5 Gyr shows the time of the final merger in both sim-
ulations, and the slope shows the observed slope (O’Sullivan et al. 2001b, OFP01).
[See the electronic edition of the Journal for a color version of this figure.]

3.3. Time Evolution of Lx/Lg

Because galaxies encompass a range of masses, studies of the
X-ray emission caused by galaxy interactions have typically nor-
malized the X-ray emission by the B-band luminosity of the host
galaxy (Read & Ponman 1998; O’Sullivan et al. 2001b). In order
to facilitate a more direct comparison to these studies, we show
Lx/Lg for our mergers in Figure 5. For simplicity, we ignore the
effects of extinction when computing Lg. This approximation is
likely to be valid during the postmerger phases but may dramat-
ically overestimate the luminosity during the highly obscured
merger stage. In any case, many of the features in Lx/Lg are very
similar to those of just Ly (shown in Fig. 2). This result is not
surprising, given the moderate gas fraction of our progenitor disks
and hence the modest fraction of stellar mass that is produced
during the merger. For the most part, Lz slowly decreases over
time owing to an aging stellar population.

Both Ly and Lx/Lg (Figs. 2 and 5, respectively) demonstrate
a characteristic rise and fall of X-ray emission. The peak of this
emission is coincident with the merger, a trend that is also seen
observationally (Read & Ponman 1998, their Fig. 13). One dis-
crepancy may be the decline from the peak, which is larger in
the simulations than the observations. However, Figure 2 shows
a wide range of peak luminosities depending on the presence of
a BH and the metallicity of the gas. The luminosities will also
fluctuate owing to the gas content of the progenitor disks as well
as the merger orbit, complicating a quantitative comparison with
the observations.

We can also compare the X-ray luminosity from the simula-
tions subsequent to the merger to the study of disturbed ellipti-
cals by O’Sullivan et al. (2001b). These authors determined that
Lx/Lp steadily increases with remnant age when age is measured
by the fine structure parameter 3 (Schweizer & Seitzer 1992) and
is zero at the last merger event. The slope of the best-fit relation
by O’Sullivan et al. is shown as a short line in Figure 5 (“OFP01”’).
The shallowness of this X-ray evolution demonstrates that the
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Fi. 6.—Azimuthally averaged X-ray surface brightness profile. The line
types are identical to Fig. 5. [See the electronic edition of the Journal for a color
version of this figure.]

increase of Lx/Lg over time is a very subtle effect and that the hot
gaseous halos of elliptical galaxies are grown over long periods
of time.

For the simulation that includes BHs, the Lx/Lp ratio is nearly
constant after the merger, a by-product of the equivalent fading
of both Ly and Lg. While we followed each remnant for only a
short period of time after the merger, and the isolated nature of
the galaxies in our simulations make the long term luminosity
evolution fairly uncertain, it does not appear that our remnant
Lx/Lp increases at the same rate as observed merger remnants.

3.4. Remnant Emission

As discussed in § 1 the “merger hypothesis” posits that the
interaction and merger of two spiral galaxies leads to the for-
mation of an elliptical. In general, our simulations support this
picture, as we are left with a spheroidal stellar component sur-
rounded by a halo of hot, X-ray-emitting gas, similar to observed
elliptical galaxies. In this section we investigate this in more de-
tail by directly comparing the X-ray emission of our remnants to
observations of postmerger and relaxed elliptical galaxies.

To begin, we show the X-ray surface brightness in Figure 6.
The emission is calculated using the RS77 metal-line cooling
and is azimuthally averaged from 100 random viewing directions.
The presence of BHs has a significant impact on the shape and
radial extent of the X-ray emission. Apparently, energy injected
by the BH decreases the emission on small scales (<3 kpc) and
increases the emission on large scales (>3 kpc). In both cases,
however, there is detectable emission to ~100 kpc.

It is common practice to fit the observed X-ray surface bright-
ness profiles of elliptical galaxies to a beta model of the form

:| —-34+0.5

ExR) = Exo[1 + R/Reore)* , (3)

where Yy o is the central surface brightness, R, is the core ra-
dius, and [ quantifies the slope at large projected radii. We fit
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equation (3) to the surface brightness of our remnants and find
the best fit to yield § = 1.85 and R¢oe = 43.3 kpc for the BH
remnant and § = 2.12 and R = 38.6 kpc for the remnant
without a BH.

We note that the above fit was performed over the entire sur-
face brightness profile, which includes emission out to ~100 kpc.
At these radii the X-ray surface brightness is over 5 orders of
magnitude fainter than the central regions. This large dynamic
range is nearly 3 orders of magnitude more than is probed by the
standard integration time of observations. Thus, a more realistic
comparison can be achieved by restricting our fits to radii where
the X-ray surface brightness is within 2 orders of magnitude of
the peak. This corresponds to 12 and 50 kpc for the standard and
BH remnant, respectively. In this case, we find 3 = 0.80 and
Reore = 18.4 kpc for the BH remnant and 5 = 0.53 and R oe =
0.73 kpc for the remnant without a BH.

The (-profile fits restricted to the inner surface brightness
profiles are in much better agreement with observations than
the unrestricted fits. Observed merger remnants have measured
[ values between 0.5 and 1.15 (Nolan et al. 2004; Fabbiano &
Schweizer 1995; Kim & Fabbiano 2003). We also note the much
flatter profile and larger core radius of the BH remnant. These
features are observed in several X-ray-faint early-type galaxies
(O’Sullivan & Ponman 2004b).

In addition to the X-ray surface brightness profile, an increas-
ing number of galaxies have well-determined temperature and
metallicity profiles. Acquiring this information has been pos-
sible with the high spatial and spectral resolution of Chandra
and XMM-Newton, as well as the proper accounting of point
sources and complex modeling of the hot X-ray-emitting plasma.
In particular, recent work has shown that multitemperature plasma
models provide a much better fit to the data and result in a larger
estimate for the hot gas metallicity (Buote & Fabian 1998).

Figure 7 shows the temperature (fop) and metallicity (bottom)
profiles for our merger remnants. Regardless of the presence of
BHs, the temperature is approximately isothermal within ~10 kpc
and a strongly decreasing function at larger radii. The additional
energy injected by the BH uniformly heats the gas at all radii
without affecting the slope. However, inside of ~2.5 kpc, the
temperature difference is much larger owing to different cooling
times of the hot gas. Without a BH, gas has a shorter cooling time
and a cool(er) core has formed. In contrast, the energy input by
the BH generates a hot(ter) cusp. We note that these curves are
expected to have some time variability, since gas has cooling times
less than the Hubble time in both instances (see § 3.5).

In comparison to the temperature, the differences in the met-
allicity profiles are much more striking. As described earlier,
the BH-induced galactic wind is ““mass loaded”” and transports
a significant amount of metals to large radii. This metal-rich
wind results in an increasing metallicity profile. The largest ra-
dial bin is supersolar and the most metal rich. As we showed in
§3.2, the trend of increasing metallicity with radius continues to
the unbound wind material as well. Without a BH, metals are re-
tained very near to where they are produced, and hence the met-
allicity profile is flat or slightly decreases.

The majority of the spatially resolved data exists for X-ray-
luminous early-type galaxies. These systems typically have nearly
isothermal temperature profiles and metallicity gradients, although
there is very often a slight decrease in temperature at small or large
radii, or both (O’Sullivan & Ponman 2004a, 2004b; Sivakoff
et al. 2004; Kim & Fabbiano 2003; Mushotzky et al. 1994). At
first glance, the profiles presented in Figure 7 appear to be at odds
with the observed trends. However, as we mentioned previously,
restricting our analysis to the inner regions would render the
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Fic. 7.—Projected temperature and metallicity profiles for the merger rem-
nants. Both temperature and metallicity are X-ray luminosity weighted and —
azimuthally averaged. Line types are as in Fig. 5. [See the electronic edition of E 100 ¢
the Journal for a color version of this figure.) 13)
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temperature profile much closer to isothermal. The metallicity g
gradient may be indicative of mixing between metal-rich gas —
produced during the merger and diffuse low-metallicity gas that E 10
is accreted by the galaxy, a process that is not included in the o) 5
present simulations. We also note that X-ray-luminous galaxies 5
are generally large ellipticals, and thus our comparison is best ch-'I:
directed toward merger remnants, which, because they are X-ray
faint, do not usually have measured temperature or metallicity 1 . .
profiles. 1 10 100

One generic feature of observed ellipticals and merger rem-
nants is the near solar metallicity of X-ray gas (Nolan et al. 2004;
Kim & Fabbiano 2003; Humphrey & Buote 2006). This is gen-
erally reproduced in the simulations that include a BH. Because
the no-BH merger produces an X-ray halo of low metallicity, this
suggests a mechanism to produce the low metallicities observed
in a few X-ray-faint ellipticals (O’Sullivan & Ponman 2004b).
This could occur if black hole growth is inefficient, as would be
the case if the progenitors are gas-poor, or if the emission is so
faint that one could only detect the central part of the rising met-
allicity profile present in the BH remnant.

3.5. Spherical Profiles

Figure 8 shows the spherically averaged gas density (fop),
cooling time (middle), and entropy (bottom) for X-ray gas and
provides a general picture of the state of hot gas in the merger
remnants. While the remnant profiles are quite similar regardless
of the presence of BHs, there is a distinct transition at ~10 kpc.
Inside of this radius, gas in the no-BH remnant has a higher den-
sity, and thus a significantly shorter cooling time, and lower en-
tropy. Outside of this radius, the trend reverses, mirroring what
was seen in the X-ray surface brightness profiles in Figure 6.

radius (kpc)

Fic. 8.—Spherically averaged density, cooling time, and entropy for X-ray-
emitting gas. Line types are as in Fig. 5. [See the electronic edition of the
Journal for a color version of this figure.]

It is noteworthy that the temperature and metallicity profiles
shown in Figure 7 do not show a break. In this case, the BH
remnant has a higher temperature and metallicity at a// radii.
Together, these trends suggest that feedback from the BH has
pumped energy and metals into the gaseous component and
affected diffuse gas at all radii. In response to this injection of
energy, gas flows outward (and some even escapes in a wind),
filling more of the dark matter halo than when no BH is present.

Even though gas that is located at >10 kpc is relatively sim-
ilar in temperature and density in both the BH and no-BH cases,
there is a significant difference in the cooling times caused by
the higher metallicity of gas in the BH remnant. In fact, much
of the existing X-ray halo would cool within the next several
Gyr in this model.

Finally, the spherical gas profiles display kinks at ~3 kpc.
While very pronounced in the cooling time and entropy profiles,
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Fi6. 9.—X-ray luminosity calculated using the metallicity-dependent RS77 model for several disk galaxy major mergers. In all cases, the progenitor disks are identical,
while their orientation with respect to the orbital plane (leff), or their merging orbit (right) has been varied. The left plot shows the four orientations (tilted 1, fiducial
coplanar, tilted 2, and polar) with different shade lines (dark to light, respectively). [See the electronic edition of the Journal for a color version of this figure.]

this kink exists in some form in all the profiles, both projected
and spherical. Features such as this are quite common in the sim-
ulations with BHs and result from a small number of residual
cold gas clumps within the inner few kpc.

4. SCALING WITH PROGENITOR
GAS FRACTION AND SIZE

Because hot gas is generated by shocks that attend the disk-
galaxy collision, and is bolstered by feedback from black hole
accretion, it is natural to expect that the X-ray emission will de-
pend on the amount of gas present in the progenitor disk galaxies
as well as their masses. To understand this relationship better, we
perform a series of merger simulations that span a range of pro-
genitor gas fractions and masses as well as the orbits by which
the disk galaxies merge.

All the progenitor disk galaxies used for this parameter ex-
ploration have identical halo properties such as concentration,
spin parameter, and mass fraction. While holding these prop-
erties constant, we systematically change the disk gas fraction
or virial velocity, or both. In total, we construct three halos
smaller (V200 = 56, 80, and 115 km s~!) than our fiducial model
(V200 = 160) and three that are larger (V200 = 225, 320, and
500 km s~ ). These virial velocities correspond to total masses
spanning 5.8 x 10'°-4.2 x 10'*> M_,, a range of nearly 3 orders
of magnitude. For each galaxy the exponential disk composes
4.1% of the total mass, with a fixed fraction f'in a collisional
gaseous component. The compound galaxies are realized with
500,000 particles to represent the dark matter and 50,000 to rep-
resent the disk. Since the disk comprises both stellar and gas-
eous components, a fraction f'x 50,000 are considered gas and
the remainder represent the collisionless stellar disk. In what
follows we investigate four values of £, 0.05, 0.2, 0.4, and 0.8.
Black holes are included in all of the simulations described
in this section, and the X-ray emission is calculated using the
metallicity-dependent RS77 model.

Before we begin our exploration of the effects of varying the
progenitor mass and gas fraction, we wish to determine if the

fully coplanar progenitor disk orientations and radial orbit of
our fiducial disk-galaxy merger significantly affect the resul-
tant X-ray luminosity, discussed at length in § 3. To this end, we
merged the identical progenitor disks on the fiducial orbit with
three alternate disk orientations. Besides our fiducial coplanar
orientation (¢ = ¢, = 6 = 0, = 0°), we also simulated a tilted
orientation (¢; = 30°,6; = 60°, ¢, = —30°, 6, = 45°), another
tilted orientation (¢ = —109°,0; = —30°, ¢ = 71°, 0, = —30°),
and a polar orientation (¢; = 60°,0; = 60°, ¢, = 150°,6, = 0°),
where ¢ and 6 are the standard spherical coordinates, and the
subscripts 1 and 2 denote the two progenitor disks. The X-ray
evolution for these runs is presented in the left panel of Figure 9.
In the right panel of this figure, we show the X-ray evolution for
our fiducial progenitor disk and fiducial orientation merging on
six orbits with different angular momenta, one with less and five
with more.

Together, the orbits and orientations presented in Figure 9
display a range of X-ray luminosities. At any particular time, Ly
may differ by over an order of magnitude. Much of this vari-
ability is attributable to the effect that orbits and orientations
have on the consumption of gas and thus the effective gas frac-
tion at the time the galaxies interact. An additional factor is the
growth of the black hole, as larger black holes will input more
energy and produce additional hot gas.

To understand how the progenitor gas fraction influences the
X-ray luminosity without the complications associated with var-
ious orbits and orientations, we resimulate the fiducial merger
while systematically varying the progenitor gas fraction. The
resultant X-ray evolution is presented in Figure 10. As the pro-
genitor gas fraction increases, the peak X-ray luminosity also
increases. There is also an increase in Ly prior to the merger,
from 7 = 1.0 to 1.8 Gyr, owing to the larger BHs and additional
hot gas produced by their feedback. Because the BH feedback
drives a powerful wind in the high gas fraction mergers, the
X-ray luminosity drops subsequent to the peak. There is very
little difference in the remnant X-ray emission for gas fractions
greater than 20%.
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Fi. 10.—X-ray luminosity (RS77) during a major merger between disks
with varying progenitor gas fractions. The shade and thickness of each line is
proportional to the gas fraction, with lighter, thicker lines representing the high
gas fraction mergers and dark, thin lines the low gas fraction mergers. [See the
electronic edition of the Journal for a color version of this figure.)

For the lowest gas fraction progenitor in Figure 10, the X-ray
emission is very small prior to the final merger. Many of these
trends with gas fraction can be understood in terms of the feed-
back provided by the BH driving a large-scale wind. As the gas
fraction (and black hole mass) increases, the wind becomes dom-
inant and affects a larger amount of gas. Thus, the temperature
and entropy of the remnant gas steadily increase in remnants with
larger progenitor gas fractions. These effects will be the subject of
future work that details the winds produced by black hole feed-
back (P. F. Hopkins et al. 2006, in preparation).

The last dependency we explicitly address is progenitor mass.
For this we merge galaxies with a variety of masses on orbits that
are self-similar, i.e., the pericentric distance is scaled in propor-
tion to the size of each disk. Figure 11 presents the X-ray evo-
lution during these mergers. In all instances, the progenitor gas
fraction was 80%.

There is a regular progression for more massive progenitors
to produce more X-ray emission. This is to be expected if gas
settles into hydrostatic equilibrium in each remnant halo. There
is also a subtle difference between the maximum X-ray luminos-
ity and the remnant X-ray luminosity. Both the most and least
massive galaxies have relatively little difference between the max-
imum and remnant Ly, while moderate masses have a large dif-
ference. This trend results from two competing effects. First, the
impact of black hole feedback varies with system mass in a dif-
ferential manner (Hopkins et al. 2006b), being increasingly more
violent for more massive galaxies. Second, the gas consumption is
much more efficient for more massive systems (Robertson et al.
2006), and thus they have lower effective gas fractions.

Finally, we summarize the production of X-rays and hot gas
during the various disk-galaxy major mergers by compiling a
number of global quantities for each merger remnant. In order
to characterize the X-ray luminosity, we determine the peak and
remnant Ly for each galaxy merger. We also find the mass of gas
that composes the hot X-ray halo and the mass of gas that be-
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Fic. 11.—Shown is the X-ray luminosity (RS77) during disk galaxy major
mergers for progenitors of varying mass, from 5.8 x 101 to 4.2 x 10'3 M. The
mergers between more massive galaxies produce larger X-ray luminosities and
these curves are drawn with progressively lighter, and thicker, lines. [See the
electronic edition of the Journal for a color version of this figure.]

comes unbound from the galaxy potential owing to the black
hole—feedback—induced blowout. These global quantities are
shown in Figure 12 for our entire merger series, which includes
the seven different mass initial conditions, four initial disk gas
fractions, and four disk orientations. The scatter resulting from
the four initial disk orientations simulated is shown by the 1 o
error bars for all quantities.

The top panels of Figure 12 demonstrate what was also ap-
parent in Figure 11, namely, that more massive galaxy mergers
produce more X-ray luminosity. For a self-similar model we
expect Lx ~ o, which is close to what is present in the simu-
lated remnants. There is, however, a slight flattening at high o,
which reflects the more efficient star formation and thus less
relative gas in these systems.

Apparent in the middle panels of Figure 12 is a trend for low-
mass mergers to produce more unbound material. This is op-
posite to the trend found for X-ray gas mass, where the most
massive systems have a larger fraction. Both trends hold across
all progenitor gas fractions investigated. However, there is a sys-
tematic increase in the fraction of unbound gas with progenitor
gas fraction. This trend reflects the increased wind efficiency in-
duced by the black hole feedback for these systems.

The bottom panels of Figure 12 show the metallicity of the
X-ray and unbound gas. In nearly all the remnants, both the un-
bound and X-ray gas have solar or supersolar metallicity. There
is a slight decrease in metallicity at high masses, as these sys-
tems have very short gas consumption timescales (Robertson
et al. 2006). Thus many of the metals become locked up in the
stars, producing a correlation between remnant mass and stellar
metallicity.

5. DISCUSSION

The previous section demonstrates that galaxy mergers pro-
duce significant X-ray emission and that each merger remnant
contains hot X-ray-emitting gas. However, we have not addressed
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Fic. 12.—Global properties of the hot gas produced during disk-galaxy major mergers, which include an accreting BH and its associated feedback. Each column
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the fraction of the progenitor gas that is either physically unbound (i.e., £ > 0) from the remnant or that constitutes the hot X-ray halo. The bottom row shows the
average metallicity of the unbound wind and X-ray gas. [See the electronic edition of the Journal for a color version of this figure.]

whether this X-ray emission is comparable to observed ellipti-
cals. Observations indicate that merger remnants are underlumi-
nous when compared with elliptical galaxies and that ellipticals
build their X-ray emission slowly over the course of several Gyr
(O’Sullivan et al. 2001b). In this section we compare our merger
remnants to common scaling relations for elliptical galaxies and
speculate on their future evolution.

5.1. The Lx-Lg Relation

One of the most common relations used in the study of X-ray
emission from individual galaxies is the Lx-L relation. Figure 13
shows our entire series of gas fraction and size/mass remnants
(from Fig. 12) in the Lx-Lg plane. Also shown on this plot as
points are data from O’Sullivan et al. (2001a) and luminous el-
lipticals from O’Sullivan et al. (2003) as crosses. The dot-dashed
line (with the shallower slope) that demarcates the lower bound
of observed galaxies is an estimate of the point source contribu-
tion to the total X-ray luminosity (Ciotti et al. 1991). Galaxies
that reside near this line have X-ray emission that is presumably
dominated by point sources. Shown with a dashed line of slope
~2.7 is the best-fit relation for luminous ellipticals from O’Sullivan
et al. (2003).

Our merger remnants trace out an arc that passes through the
observed galaxies. Because we have not included any contri-
bution to the X-ray luminosity from point sources, the low-mass
remnants fall well below the observations. This is consistent

with the expectation that these systems radiate little diffuse
gas emission or that the diffuse gas is too cold to be easily de-
tected. Our moderate Lg (~10'°-10'") galaxies are very com-
parable to observed ellipticals, while the higher Lp systems are
underluminous.

The comparison between observed ellipticals and our remnants
is muddled by two facts, one is the uncertain Lz owing to the un-
known star formation history of stars that are formed before we
begin our simulation, and the second is the baryon fraction of our
initial disk galaxies, which we assume is less than one-third of the
cosmic mean.

To address the first point, we assume that stars present at the
beginning of the simulation have been steadily formed during
the 5 Gyr prior to our 7 = 0. Metallicities are selected randomly
between solar and 1/10 solar and Lp is calculated using the
models of Bruzual & Charlot (2003). We also note that the stop-
ping point for our simulations is arbitrary. An additional 5 Gyr
of evolution would decrease Lp by another factor of 2.

The second point above, the initial baryon fraction, is partic-
ularly relevant for our most massive systems, whose closest an-
alogs are probably groups rather than individual galaxies. Groups
tend to have baryon fractions closer to the cosmic mean value
(Sanderson et al. 2003), and thus it may not be surprising that
these remnants are underluminous. We also find it intriguing that
X-ray emission is only detected in groups that have at least one
early-type galaxy (Mulchaey et al. 2003). This correlation naturally
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Fic. 13.—Merger remnants from our entire series of gas fraction and size/
mass simulations plotted in the Lx-Lp plane. These are the same systems as in
Fig. 12. The black points are galaxies from the X-ray catalog of O’Sullivan et al.
(2001a), OFPO1, and the crosses are X-ray-luminous ellipticals from O’Sullivan
etal. (2003), OPCO3. The dotted line is the estimated point source contribution
log Liscrete = 29.5log L from Ciotti et al. (1991), and the dashed line is the
best-fit relation for luminous ellipticals found by OPCO3. [See the electronic
edition of the Journal for a color version of this figure.]

arises when the X-ray emission and early-type galaxy are formed
in a common process, as we suggest here.

5.2. The Lx-Tx Relation

Figure 14 shows the remnant X-ray luminosity versus X-ray-
weighted average temperature for our merger remnants in the
Lx-Tx plane. The Lx-Tx relation is commonly used to study
X-ray emission from clusters, groups, and more recently, ellip-
tical galaxies. The best-fit relation for ellipticals appears to have
an offset in both slope and normalization from the relations
found for groups and clusters (which themselves are not iden-
tical), indicating that these systems have had an injection of en-
ergy (or entropy) above that expected from purely self-similar
gravitational collapse (see Voit 2005 for a review). On this figure
we also plot the data of O’Sullivan et al. (2003), which consists
primarily of luminous ellipticals, as crosses, and their best-fit re-
lation, which has a slope of 4.8.

The majority of the remnants are overluminous when com-
pared to the observed Lx-Tx relation, while the most massive
remnants are underluminous. The only remnants that appear to
match the observed data well are the remnants of mergers be-
tween disks with 80% initial gas fractions.

The discrepancy for the most massive remnants appears to be
that they are simply underluminous, as this is the case for Lx-Tx
as well as Lyx-Lp. However, most of the other merger remnants
appear consistent with the observed Lx-Lp relation, and thus it
is unclear whether they are really overluminous or whether their
temperature is underestimated. The latter scenario could arise
because of the radial temperature gradient present in most of
the simulations. Hence, using a smaller aperture to measure the
X-ray temperature or only detecting the central emission will
yield higher T than that measured here.

Fic. 14.—Bolometric X-ray luminosity vs. X-ray-weighted average temper-
ature for our merger remnants. The crosses are X-ray-luminous ellipticals from
OPCO03, along with their best-fitting line. [See the electronic edition of the Jour-
nal for a color version of this figure.)

5.3. The o-Tx Relation

As a final comparison, we plot the X-ray temperature against
the stellar central velocity dispersion in Figure 15. As discussed
in § 5.2, Tx is the mean X-ray weighted gas temperature and, as
shown in § 3.4, is a decreasing function of radius. The central
stellar velocity dispersion is measured within the half-mass
radius from 100 random projections. The typical 1 o error owing
to projection effects is ~10%.
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Fic. 15.—Merger remnants and the central stellar velocity dispersion o vs.
Tx plane. The crosses are X-ray-luminous ellipticals from OPCO03. The dashed
line marks equipartition of energy between X-ray gas and stellar velocity disper-
sion. [See the electronic edition of the Journal for a color version of this figure.)
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Provided that both the gas and stars are relaxed and in equi-
librium, both ¢ and Tx are a measure of the system potential.
Also shown in Figure 15 is a dashed line, expected when the gas
and stars are in equipartition, i.c.,

um,o?® = kT, 4)

where p is the mean mass per particle, and m,, is the proton mass.

Figure 15 plots o versus Tx for our series of merger remnants.
In general, there exists a tight relation between ¢ and Tx for
high-mass remnants, signifying that these systems contain gas
that is in hydrostatic equilibrium throughout the remnant halo.
There exists a trend for low-mass systems to peel away from the
o-Tx relation. In particular, the remnants produced by gas-rich
mergers show the largest discrepancy. These remnants are also
strongly affected by the BH feedback (see, e.g., the amount of
unbound gas mass in Fig. 12) and their high temperature reflects
this additional energy input.

5.4. Building an X-Ray Halo

Overall, our model for the production of X-ray emission
during the merger of two equal mass disk galaxies successfully
matches the rise and fall of X-ray emission observed for the
Toomre sequence (Read & Ponman 1998). In addition, we find
that the X-ray luminosity of the merger remnants span a wide
range that depends on the initial disk gas fraction and size/mass.
Compared to observed early-type galaxies of equivalent L, our
models are broadly consistent with the data for log(Lz) < 11 L,
and underluminous for more massive remnants. However, be-
cause the hot gas is generally consistent with the Ly-7x and o-Tx
relations, we argue that a disk-galaxy merger that includes the
feedback from accreting supermassive BHs is a sufficient mech-
anism to produce hot gas in the correct “state,” i.e., metal-rich
and in hydrostatic equilibrium, but in some cases there is simply
not enough of this gas.

As stated in the introduction, three mechanisms have been
proposed to explain the growth of a luminous X-ray halo for
elliptical galaxies, infalling tidal material, the reacquisition of
material ejected in a galactic wind during the formation of the
elliptical galaxy, and stellar mass loss. We discuss each of these
in turn.

5.4.1. Infalling Tidal Material

One definitive conclusion from our simulations is that in-
falling tidal material contributes very little to the remnant X-ray
emission. While tidal material continues to rain down on the
remnant long (~1 Gyr) after the nuclei have coalesced, the mass
ofthese cold tidal tails is small (~20%) compared to the mass of
hot diffuse gas already in place. Not only is the mass in the tidal
material not sufficient to significantly alter the X-ray luminosity,
but the efficiency at which this infalling cold gas is converted to
X-ray-emitting hot gas is less than 30%. Thus, the diffuse hot gas
is largely in place soon after the merger, as demonstrated in the
T = 1.85 Gyr panel of Figure 1, and the tidal material serves
only to “top off” the amount of hot gas. This is consistent with
the theory that shells around ellipticals form from accreted tidal
debris (Hermnquist & Spergel 1992), because the stellar luminosity
of these features is small compared with that of the host galaxies.

5.4.2. Reacquisition of Ejected Hot Gas

Within the context of the simulations we present, only the
mergers that include BHs and produce a wind have a reservoir
of ejected gas to reacquire. This is evidenced by Figures 3 and
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12, which show that the galactic wind is ubiquitous in small-
mass halos and depends on the initial disk gas fraction. In some
cases, the wind contains more mass than that which remains in
the X-ray halo.

Of course, all of our remnants will also accrete pristine gas
through the hierarchical growth of structure, which we do not
follow here. This gas is likely to be acquired by infall from the
ambient intergalactic medium (which may be pre-enriched at
a low level) or via discrete subunits. However, the high met-
allicity observed in the halos of hot gas around local ellipticals
(Humphrey & Buote 2006) suggests that this is not the domi-
nant mechanism to form the diffuse X-ray halo. Reacquiring
metal-enriched wind material allows for the growth ofthe X-ray
halo while also maintaining a high metallicity. It is also possible
that the enriched wind material will mix with the ambient in-
tergalactic medium, thereby diluting its metallicity. Effects such
as this may be responsible for the scatter in the observed me-
tallicities of X-ray halos or in radial metallicity gradients.

5.4.3. Stellar Mass Loss

Owing to the large population of stars formed during the merger,
we expect a significant contribution to the hot gas content from
ongoing stellar mass loss. The generation of diffuse hot gas from
stellar mass loss has been discussed extensively in the literature
(see, e.g., Ciotti et al. 1991) and is generally punctuated by a brief
period of outflows triggered by ongoing Type I supernovae and
stellar mass loss, followed by an extended period (~10 Gyr) in
which gas is retained, and the hot gaseous halo then builds up. We
emphasize that this “wind” is in addition to and would follow the
galactic wind induced by BH feedback. This long timescale for
the buildup of the X-ray halo is consistent with the observations of
elliptical galaxies and merger remnants, as discussed by O’Sullivan
et al. (2001a). While our merger simulations do not alter this
picture, they do provide a physically motivated initial condition
that includes the mass of young stars.

For the simulations we study here, the majority of the gas
initially present in the progenitor galaxies is consumed by star
formation. Thus the mass of young stars is typically 3—4 times
that of the hot gas, which is either in the X-ray halo or unbound.
While the amount of mass that is recycled from new stars back
into the interstellar medium depends on the assumed initial mass
function; if, for example, we assume a value of ~25%, then
stellar mass loss will contribute an amount of hot gas that is
roughly equivalent to what already exists from the merger alone.

5.5. Galactic Winds

A generic feature of the merger simulations that include feed-
back from an accreting black hole is the production of a large-scale
outflow of metal-enriched gas. This outflow carries a significant
fraction of the available gas mass and eventually deposits this gas
throughout the halo and in some cases out of the galactic potential.
Winds such as these may play a significant role in redistributing
metals and may be required in order to terminate star formation
and produce red ellipticals (Springel et al. 2005a; Hopkins et al.
2006c¢).

Observationally, there is evidence that winds such as these ex-
ist (for a review see Veilleux et al. 2005). At low redshift, winds
are mainly observed in starburst galaxies via metal-line absorp-
tion and emission studies. It has been shown that there is a cor-
relation between the outflow rate and the star formation rate and
that some of these winds are powerful enough to escape the gal-
axy (Rupke et al. 2005a, 2005b; Martin 2005). At high redshift,
evidence for large-scale outflows comes from blueshifted absorption
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lines, redshifted Ly« emission lines (Pettini et al. 2002; Adelberger
etal. 2003; Shapley et al. 2003), and the excess of C 1v absorption
systems and a deficit of neutral hydrogen near Lyman break gal-
axies (Adelberger et al. 2005).

It is currently unclear how closely the winds produced in
the simulations resemble observed winds. We note that under-
standing these winds in more detail may require embedding our
simulations in a diffuse intergalactic medium, as many of the ob-
servations are actually a signature of the interaction between the
wind and the local diffuse medium. This fact should be kept in
mind when interpreting the fractional wind material presented in
Figure 12. Theoretical models predict that all galaxy halos, in-
cluding those of spirals, should contain some hot gas component,
yet it is currently unclear if these hot gas halos are observed ( Toft
etal. 2002; Benson et al. 2000). In any case, including diffuse gas
will provide a backstop against which the outflowing gas will
interact, causing it to thermalize some of its energy, slow down,
and possibly decrease the amount of outflowing material. We have
performed one simulation in which both initial disks included a
diffuse gaseous halo with one-quarter the baryonic mass. In this
experiment the wind punched through the diffuse gas, and this
resulted in very little difference from the case without any diffuse
gas. More work will be necessary to determine how the wind
interacts with diffuse gas and to compare these simulations to the
observations.

As a final point, we note that the absence of these outflows in
simulations without black holes does not mean that winds are
only produced by accreting black hole feedback. This is quite
apparent observationally, where systems such as M82 contain
significant outflows and a corresponding starburst, but there
is no evidence for an accreting black hole. In our simulations
the outflows are produced by pointlike energy injection and one
could easily consider other formulations of star formation (see
e.g., Springel & Hernquist 2003) that would also produce ga-
lactic outflows.

6. SUMMARY AND CONCLUSIONS

Our hydrodynamic simulations show that collisions between
gas-rich disk galaxies generate appreciable X-ray emission. This
emission comes from hot diffuse gas that is produced by strong
shocks attending the merger process. The presence of an accret-
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ing black hole increases the X-ray luminosity during the merger
through the production of a hot, metal-rich galactic wind. This
galactic wind transports a significant fraction of metals from the
galactic center to the diffuse gaseous halo and outside the poten-
tial well of the remnant galaxy.

The wind-induced metal enrichment appears to be necessary
to reproduce the near solar metallicity of observed ellipticals
(Humphrey & Buote 2006). Transporting metals out of the gal-
axy potential well may also help explain the high metallicity of
the intragroup and intracluster media and the apparent deficit of
baryons in lower mass galaxies.

Our merger remnants span a wide range of luminosities, yet
are broadly consistent with X-ray properties of elliptical galaxies.
This result suggests that galaxy mergers are a viable mechanism
for generating the observed hot gas present in most interacting
and merging systems. In addition, we argue that both stellar mass
loss and the reacquisition of galactic wind material are viable
mechanisms to increase the luminosity of the diffuse X-ray halo.

This paper shows that galaxy mergers may play an integral
role in the production of the hot, metal-rich gaseous halos that
are present in most luminous elliptical galaxies. Using simula-
tions similar to ours, recent studies demonstrate that gas-rich
galaxy mergers that include black hole accretion and feedback
can reproduce the black hole mass—central velocity dispersion
relation (Di Matteo et al. 2005) and the colors (Springel et al.
2005a), fundamental plane (Robertson et al. 2006), and kine-
matics of elliptical galaxies (Cox et al. 2006a). Together, these
results provide strong evidence for a “cosmic cycle” (see Fig. 1
of Hopkins et al. 2006a) of galaxy formation and evolution, in
which gas-rich galaxy mergers and the growth of supermassive
black holes play key roles.
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