An array of physical processes, often acting in concert, affect the evolution of galaxies and the intracluster medium (ICM) in groups and clusters. These process
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s include tidal interactions from galaxy collisions and

mergers, ram pressure and turbulent viscous stripping of galaxy gas caused by the galaxy’s motion through the ambient group/cluster gas, and outflows induced by star formation and/or AGN activity powered by accretion
onto a central black hole within the galaxy. Each process imprints characteristic signatures, such as cavities, surface brightness edges, and wakes, on the hot gas in and near the galaxy. We use Chandra and XMM-Newton
X-ray observations of nearby galaxies, spanning a range of galaxy types and environments, including elliptical galaxies NGC 4552 in Virgo, NGC 7618 near the UGC 12491 group, NGC 7619 in Pegasus I, and the
interacting pair NGC 4782/3, and spiral galaxies NGC 6872 in the Pavo group and NGC 2276 in the NGC 2300 group, to investigate the physical processes at work in the evolution of these systems.

ELLIPTICAL GALAXY NGC 4552
IN THE VIRGO CLUSTER

on in NGC 4552 i the Virgo
s been background subtracted,

FiG. 1 — Chandra image of the 0
Cluster. Point sources have been
exposure corrected el with o = 1". Contours denote X-
ray surface brights levels of 0.4, 1,2 x 10~% photonss~' em ™2 arcsee 2, respectively.
North is up and cast is to the left.

In Fig. 1 we show the 0.5 — 2 keV diffuse emission, as mea-
sured in a 54 ks Chandra observation of the elliptical galaxy
NGC 4552 in the Virgo Cluster (Machacek et al. 2005¢). The
0.5 — 2keV X-ray emission shows the classic features of ram
pressure stripping, as found in simulations (e.g. see Stevens
et al. 1999; Toniazzo & Schindler, 2001; Acreman et al. 2003),
of a gas rich galaxy moving supersonically through the sur-
rounding Virgo [CM. We see:

othed with a Gaussian

« asharp, flattened leading surface brightness edge located
3.1kpe from the center of NGC 4552 due to the ram-
pressure of the Virgo ICM. The temperature of galaxy
gas inside the leading edge is cool (kT = 0.437, 8 H: keV),
a factor ~ 5 lower than the surrounding 2.2keV Virgo
ICM, consistent with the leading edge being a “cold front™
(Vikhlinin et al. 2001; Machacek et al. 2005a).

two cool (kT ~ 0.3 —0.6keV) horns of emission extend-
ing 3 —4kpe to either side of the edge, consistent with
galaxy gas in the process of being stripped due to the on-
set of Kelvin-Helmholtz instabilities, and

a cool (kT ~ O,Slf:mgkc\’). dense (n ~ 5.4 £ 1.7 x
102 em ) tail of emission extending ~ 10 kpe behind
NGC 4552 opposite the leading edge.

Following Viklinin et al. (2001), we use the pressure ratio
between gas inside the cold front and the free-streaming Virgo
ICM to constrain the three dimensional motion of NGC 4552
relative to the Virgo ICM. Assuming that NGC 4552 and M&7
(Virgo Cluster center) both lie in the plane of the sky, we com-
bine our spectral data with fits to the surface brightness profile,
as shown in Fig. 2 below, and find density and pressure ratios
between gas inside the cold front and the free streaming Virgo
ICM of 35+ 7 and ~ 7 £ 1.4, respectively. These results suggest
that NGC 4552 is moving at Mach 2.1 £0.2 through the cluster
gas with speed v ~ 16104+ 150 kms~!at an angle & ~ 37“:’45

towards us with respect to the plane of the sky.
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Fie. 2 The 0.5 — 2keV surface brightness profile as a function of distance from
the center of NGC 4552 across the galaxy’s leading edge to the north. The blue line de-
s model with n, o r~® within the galaxy w
kpe) and & = 1.3£0.2 between the two edges
g X irgo ICM is modelled by a f model with f —0.47
and core radius 1, — 2'7 (Sehindler et al. 1999),

Two ring-like emission features, consistent with bipolar nuclear

e

outflow cavities, are found in the X-ray images at r ~ 1.3 kpc
from NGC 4552’ center (See Fig. 3 below).
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Fiéi. 3— Chandra image of the 0.5 — 2 keV diffuse emission from the inner rings in the
central region of NGC

In contrast to the cold front, the rise in surface brightness
(and density) at the rims of the rings, shown at r = 1.3kpc in
Fig. 2, also corresponds to a rise in the temperature, k7" =
0.61 £ 0.02keV, measured through the ring rims, consistent
with the rings being shocks.

Fi6. 4— (lefi) Spherical shock model fits to the surface brightness profile across the
inner edge for a preshoc thermal (0.43keV) r— ' density distribution inside the
galaxy. Upper, middle and lo epresent shock Mach numbers 1.9, 1.7 and 1.6,

ctively. (right) Temperature profile (solid line) for the Mach 1.7 model shock shown
in the left panel. Dashed line denotes the emission-measure-weighted temperature profile
for lines of sight through the galaxy,

Modeling these shocks with simple spherical models
(Nulsen et al. 2005), as shown above in Fig. 4, the shape of the
surface brightness profile across the rims and the temperature
of the gas in the ring rims are consistent with a Mach 1.7 shock
with mean mechanical power L, ~ 3 x 10 erg s~ ! produced
by a ~ 1.4 x 10% erg nuclear outburst ~ 1 — 2 Myr ago. One
outburst of this magnitude every ~ 18 Myr would be sufficient
to balance the radiative cooling of the hot ISM in NGC 4552.

TRANSONIC INFALL OF ELLIPTI-
CAL GALAXIES INTO GROUPS

The characteristic leading edge-trailing wake morphology in
the X-ray surface brightness, suggestive of ram pressure and/or

turbulent-viscous stripping of galaxy gas, is also seen in the
subsonic/transonic infall of elliptical galaxies into groups.

NGC 7619 in Pegasus [

Fig. 5— An adaptively smoothed, background subtracted, exposure corrected
Chandra/ACIS-I image of NGC 7619 and NGC 7626, the twe dominant elliptical galaxies
of the Pegasus I group

In Fig. 5 above we show a Chandra/ACIS-I image of
NGC 7619 and NGC 7626, the two dominant elliptical galax-
ies in the Pegasus I group. In contrast to the transonic infall of

elliptical galaxies in clusters, as in NGC 1404 falling towards
NGC 1399 in Fornax where a factor ~ 5 — 6 rise in density
is accompanied by a factor ~ 3 drop in temperature between
the free-streaming ICM and galaxy gas inside the leading edge
(Machacek et al. 2005a), there is no significant difference in the
gas temperature across the discontinuity for NGC 7619. Fitting
the surface brightness profile of NGC 7619 with simple den-
sity models, we do find a pressure jump of ~ 1.5 across the
edge. From 2D hydrodynamical simulations of Mach 0.5 — 1.0
infall of galaxies into a group potential, we show such pressure
discontinuities can be maintained in these flows when an equi-
librium is established between the external ram pressure and the
internal gas pressure and gravitational potential (Kraft et al. in
preparation).

NGC 7618: Infall into a Failed Cluster?

The leading edge — trailing wake morphology is also seen in
Fig. 6 in Chandra images of the clliptical galaxy NGC 7618,
located ~ 14'.1 from galaxy group UGC 12491. These features
could result from a radio lobe/IGM interaction, from a gravi-
tational interaction with UGC 12491, from “sloshing™ of gas
in the larger scale dark matter halo due to a recent merger, or
from ram-pressure stripping due to infall into a larger gravita-
tional potential. Although deeper observations are needed to
distinguish between these scenarios, ASCA/GIS observations
of ~ 3 —4keV diffuse gas surrounding NGC 7618 suggest that
the X-ray features in NGC 7618 are likely the result of ram-
pressure stripping of group gas during either a group-group
merger or infall of the two groups into a larger dark matter po-
tential (Kraft et al. in preparation).
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FiG. 6.— An adaptively smoothed, background subiracted, exposure corrected 0.5 —
2keV Chandra/ACIS-S image of NGC 7618

THE DUMBBELL GALAXIES:
NGC 4782 (3C278) & NGC 4783

Dumbbell galaxy systems, such as NGC 4782 and NGC 4783,
offer a unique window into the study of strongly interacting
galaxies and their impact on their environment. NGC 4782/3
shows a v > 700kms ', deeply penetrating encounter of two
roughly equal mass elliptical galaxies, viewed 13.5 — 25 Myr af-
ter pericenter passage, and is likely the prelude to the galaxies’
eventual merger (Borne et al. 1988; Madjesky & Bien 1993).
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FiG. 7—0.3 = 2keV Chandra X-ray image of the NGC 4782/3 dumbbell system overlaid
with linearly spaced contours from the 2MASS J-band image of the NGC 4783 is
to the north and NGC 4782 is to the south. The Chandra X-ray ime background-
subtracted, exposure corrected and smoothed with a o = 1" Gaussian kernel

In Fig. 7 we overlay a 0.3 — 2 keV Chandra ACIS-S image
of NGC 4782/3 with linearly spaced contours from the 2MASS
J-band image of this system. We find (Machacek etal. in prepa-
ration):

« the peak of the X-ray emission in each galaxy is ofl-
centered and coincident with the peak in the J-band
isophotes of each galaxy. Instead of distorted stellar arms
seen in tidally interacting spiral galaxies (see Fig. 10), the
signature for tidal interactions between clliptical galaxies
is such an off-centering of the optical isophotes (Borne
et al. 1988).

« X-ray emission from surrounding hot group ga: ob-
served to > 5" from NGC 4782, with temperatures in-
creasing from ~ 1 keV at large radii to 1.4 — 2keV near
the interacting system, suggesting the interaction is occur-
ing near the core of a massive dark group halo.

a sharp X-ray surface brightness discontinuity on the cast-
ern edge of NGC 4783 (northern galaxy) with an extended
trailing wake to the west, indicating NGC 4783 is moving
to the east at high speed relative to the surrounding group
gas. These features suggest that ram pressure and turbu-
lent viscous stripping may also be important.

+ the temperatures of gas in the galaxy features are cool,
~ 0.5 —6keV in the central regions of the galaxies and
~ 0.6 —0.8keV in the gas between and trailing cach
galaxy, consistent with galaxy gas ram-pressure and/or
tidally stripped.

Fi6. 8. — Tricolor image of NGC 4782/3 with the LA ima
in blue, and Chandra 0.3 — 2keV and 2 — 8 keV' in
Chandra images have been background subtracted, exposure corrected am_{ \Il\ﬂﬂlhld with
a o = 1" Gaussian kernel.

NGC 4782 has long been known to host the strong radio
source 3C278 (Harris & Roberts 1960). In Fig. 8 we show
a VLA 5GHz image (M. Hardcastle, private communication)
of the twin radio jets (blue) from 3C278 superposed on the
0.3 —2kev (red) and 2 — 8keV (green) Chandra X-ray images
of NGC 4782/3. The asymmetric radio lobes carve out large X-
ray cavities in the surrounding group IGM, and as shown in Fig.
9, X-ray knots (E1, W1, W2) are found in the Chandra images
near the nucleus (N) of NGC 4782, coincident with the ends of
highly collimated radio features in the jets.
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Fi6. 9.— Chandra 0.3 — 2keV X-ray image of NGC4782/3 ( ¢ overlaid with
VLA 5 GHz radio contours and X-ray point sources identificd in the Chandra images in
the 0.3 — 8 keV bandpass. X-ray knots (E1, W1, W2), likely associated with the radio jet,
and the nucleus (N) are shown in red.

SPIRAL GALAXY NGC 6872 IN PAVO

NGC 6872 in the Pavo Group, shown in Fig. 10, hosts a par-
ticularly intriguing array of galaxy-galaxy and galaxy-gas in-
teractions in a cool group environment. This large spiral galaxy
NGC 6872 shows dramatic evidence of tidal damage in its long,
distorted stellar spiral arms. The path of a recent collision be-
tween NGC 6872 and nearby companion galaxy IC 4970 is
traced by a stellar bridge connecting 1C 4970 to NGC 6872’
northern spiral arm.
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Fic. 10— (fop) The D33 image of the Pavo Group with the five Pavo galaxics
(NGL 6872, 1C 4970, NGC 6876, NGC 6877 NGC 6880) that ae also deteeted in X-
ys labeled. (hotom)The XMM-Newton 0.5 — 2keV background-subtracted, exposure
rected, coadded MOS and PN images from a 3 MM-Newton obscrvation of the

2 1 extending between the
evidence of interaction

dominant elliptical NGC 6876 and the large s
tween the spiral and the group,

Perhaps most surprising is our discovery, using XMM-
Newton data, of a hot X-ray trail (see Fig. 10 lower panel)
connecting, in projection, the large spiral NGC6872 to the dom-
inant group elliptical NGC 6876 (Machacek et al. 2005b), and
providing dramatic evidence for the interaction of the spiral
NGC 6872 with the Pavo group. Results from our analysis of
the X-ray trail are:

« the trail is long, spanning the full ~ 67 x 100 kpc pro-
jected distance between NGC6876 and NGC6872;

« the temperature of the trail (~ 1 keV) is twice that of the
ambient Pavo IGM;

the mean density of the trail (9.5 x 10*em—3) is ~ 1.7
times larger than that of undisturbed Pavo group gas at the
same mean distance from the group center;

the geometry and physical properties of the trail
strongly suggest that NGC 6872 is moving at 2>
1200kms ' (Mach = 3) through the densest regions of
the Pavo IGM.

Although rare today, such high velocity interactions were
likely common at high redshift, when the number densities of
groups and subgroups undergoing collisions and mergers was
greater.

Processes that could contribute to the formation of the X-ray
trail are:

« Tidal stripping from either NGC6876 or NGC6872, dur-
ing their close encounter near the deepest part of the group
potential. Tidal interactions with the group or the spiral’s
companion [C 4970 may also enhance other gas stripping
processes by moving ISM gas to a higher potential where
it could be more casily stripped.

« Ram-pressure stripping (Gunn & Gott 1972) where ISM
gas 1s bodily pushed out from the spiral NGC 6872 by
the pressure of the Pavo IGM during the spiral’s passage
through the group IGM.

» Bondi-Hoyle gravitational focusing (Bondi 1952) of the
IGM gas into a trailing wake by the dark matter halo of
NGC6872 and 1C4970, as the spiral-dominated subgroup
passes through dense IGM near the Pavo group core.

« Turbulent viscous stripping (Nulsen 1982) of ISM gas
from NGC6872, that is then thermally mixed with the am-
bient IGM gas.

The current data suggest that the long trail is most likely ei-
ther a thermal mixture of ~ 60% Pavo IGM gas with ~ 40%
galaxy gas that has been removed from the spiral NGC 6872 by
turbulent viscous stripping, or IGM gas gravitationally focused
into a Bondi-Hoyle wake, or both, due to the spiral’s supersonic
motion through the densest region of the Pavo IGM.

SPIRAL GALAXY NGC 2276
IN THE NGC 2300 GROUP

NGC 2276
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NGC 2300

FiG. 11— rop DSS B-band imag spiral galaxy NGC 2276 and the central group
lliptical galaxy NGC 2300 in the NGC 2300 galaxy group. Note th
of the stellar distribution and bow-shaped appearance of the w
botiom 0.3 — 2keV Chandra X-ray image overlaid with line contours from the
top image. The Chandra image has been background-subliracted, exposure corrected and
smoothed witha & 1 kernel. Note the close correspondence of the 0.3 — 2 keV
X-ray and optical emission in the spiral galaxy

A second example of a large spiral galaxy in interaction with
its environment is NGC 2276 in the poor NGC 2300 group. As
shown in the top panel of Fig. 11, there is a sharp truncation
of the stellar light along the western edge as compared to the
cast. This bow-shaped western morphology is also found in all
tracers of the cool ISM (CO, Ha, HI, 20 ¢cm radio continuum)
with recent star formation clustered near the western edge. The
disturbed morphology and enhanced star formation are likely
the result of both a gravitational interaction of NGC 2276 with
the central galaxy NGC 2300 or the core of the group potential
and ram-pressure from NGC 2276’ motion through the group
IGM (Davis et al. 1997).

X-ray observations by ROSAT (Davis et al. 1997, Liu &
Bregman 2005) and XMM-Newton (Davis & Mushotzky 2004)
showed that the X-ray emission in NGC 2276 shares the same
distorted morphology as the stars and cool ISM, with the peak
X-ray emission displaced from the nucleus and located near the
sharp western edge. This is confirmed by a 0.3 —2 keV Chandra
image overlaid with optical contours shown in the lower panel
of Fig. 11. As shown in the high resolution Chandra image in
Fig. 12, we find the peak of the X-ray emission dominated by 3
X-ray point sources along the western edge, that are likely asso-
ciated with recent star formation triggered by the interactions.
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age superposed. (hottom) Tricolor Chandra image
NGC 2276 showing 0.3 — 1 keV (red), 1 — 2keV (green) and 2 — & keV (blue) X-ray emis-
sion. Each pixel is 0.49" x 0.49”
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