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Galaxies are not “Island of Universes”, rather they 
   interact with neighboring galaxies and matters, and
   are affected by environment.

Galaxy interactions (collisions) are common:
   The extent of galaxy halos is comparable to the separation between them. 
   Most galaxies have interaction histories.

Galaxy interactions are one of the primary drivers of galaxy evolution
   by rearranging the structure of the galaxies &
   by triggering lots of the cosmic star formation, etc.

Intro: Galaxy Interactions & Evolution
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Figure 3. Morphology of the disks of the Antennae model every 50 Myr. On each row, the black line represents 10 kpc. t = 0 (b) corresponds to the first pericenter. The
tidal bridges and tails are created in the first 107 yr after the first passage, while the galaxies move apart. The best match with observations is obtained at t ≈ 300 Myr
(h). Red dots denote the particles standing in the fully compressive tidal mode.

Figure 2) derived a map of the compressive regions. They used
a three-dimensional grid-based method applied on the potential
given by the N-body simulation to get rid of projection effects.
The good match between this map and the candidate clusters
identified by Mengel et al. (2005), in addition to the TDGs as
discussed above, is a strong hint that the compressive tides are
to be linked to the formation of substructures.

Figure 4 traces the evolution of the mass fraction in a
compressive mode along time. Results for lower resolutions
(factors 1/2 and 1/4) are also plotted to demonstrate that the
derived quantities are independent of the number of particles
used to represent the galaxies. The main peaks correspond to
the two pericenter passages, and the smaller spikes are linked to
the formation of smaller structures such as bridges.

In the background of all these steps, an intrinsic subset (∼3%)
of the stellar mass stays in a compressive mode in the galaxies’
centers (within a radius of ∼1.3 kpc, when the disks are at rest).
This offset is due to the initial mass distribution and thus will
change with, e.g., the dark matter halo shape. Because of orbital
mixing, some particles will stay in this region for a very long
time, but others will be replaced, keeping this fraction almost
exactly constant (deviation of 0.2% over 12 Gyr).

4.2. Characteristic Times

For an isolated progenitor, the most bound particles stand
in the central part of the potential well and thus in the intrinsic
compressive region. They will stay in this region for an arbitrary
long time provided their energy is smaller than the energy level
at the boundary of the compressive region. The fraction in
this regime (constantly compressive) represents ∼1.1% of the

Figure 4. Evolution of the mass fraction of the disks of the Antennae in a
compressive mode. The peaks denote the main steps of the merger such as the
pericenter passages (at t = 0 and t = 300 Myr). Lower resolutions give similar
results (with deviations from the 1,400,000 resolution of σ = 0.79, and σ = 1.0
for 700,000 and 350,000 particles, respectively).

total disk mass.5 In the following, we subtracted these objects
from the statistics and concentrated on the particles entering
compressive modes. The others ∼2% in the compressive region

5 Some ∼1% of these particles will leave the compressive region, over 1 Gyr,
because of two-body relaxation.

Martin et al. 2005

Renaud, Boily, Naab, & 
Theis 2009

  Intro: The key to understanding various
             phenomena driven by interactions

1 - A
traditional merger

Figure II.6: Composite image of far-UV
(blue) and

near-UV
(red) observations of the

Antennae by GALEX
(M

artin
et al. 2005), clearly showing the TDGs candidates near

the tip of the southern tail. (Adaptation of Figure 1.a of Hibbard et al. 2005.)
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Observations in multi-wavebands reveal
   important physical quantities, &
   information about various physical processes in the systems.

Well-constrained numerical models provide:
   direct laboratory experiments & analyses via simulated media, 
   predictions of the distributions of star formation, &
   additional constrains or information about the systems.
     

  --> Careful comparison of 
           multi-wavebands observations of nearby galaxies
           with dynamical models



Until the early 1970ʼs, 
there was still much debate on the tidal deformation of interacting galaxies, 
particularly for the very extended filamentary features observed:
    - tidal origins? 
    - magnetic fields or bizarre explosions involved?

Intro: Early Views on Peculiar Galaxies



Intro: ʻGalactic Bridges & Tailsʼ
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A prograde passage 

- A seminal work in the field of galaxy interactions & numerical models of encounters
- By Toomre & Toomre (1972)          
- Used a simplistic stellar dynamics code 

  Development of tidal bridges & tails 
        by a close planner encounter of a companion of equal mass:



Intro: Collisional Rings
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Toomre (1978):

  Collisions between a smaller companion
      with a spiral victim

  Smooth transitions from rings to spirals

  Completeness & symmetry of rings 
     - offset of collision
     - vertical component of velocity   

  Star Formation at the center & outer edge

http://www.galex.caltech.edu/
The End of Intro.



Stephanʼs Quintet
SQ is a relatively close (~94 Mpc), bright, and isolated system, 
     showing many interesting features of interactions.
     ---> It has been a popular object of study.

Although numerous observational & theoretical studies have helped 
    to understand many features in the group,  
    its evolutionary history and the effects of various interactions 
    have remained poorly understood due to its multiple violent interactions.
    ---> Dedicated simulations for SQ has been requested!

However, constraining models for a compact group is difficult.
No specific modeling has been performed for SQ before
   - Renaud, Appleton, & Xu 2010 (just accepted, ApJ) 
           ---> N-body stellar dynamics models
   - Hwang, Struck, Renaud, & Appleton (about to submit) 
           ---> SPH models, including gaseous component into the simulations



NGC 7319
(Seyfert 2)

~ 6600 km/s

NGC 7320c
~ 6600 km/s

NGC 7318b
~ 5700 km/s

NGC 7318a
~ 6600 km/s

NGC 7317
~ 6600 km/sNGC 7320

~ 800 km/s

Stephanʼs Quintet (ʻSQʼ, HCG 92, Arp 319, VV 288):
 - discovered by Edouard Stephan in 1877
 - one of the first compact groups identified (Hickson 1982) 
 - a visual grouping of five galaxies (NGC 7317, 7318a/b, 7319, & 7320) 
 - NGC 7320 is a foreground galaxy
 - instead, NGC 7320c is related to the group
 - NGC 7320c is coming toward us with the large relative velocity, 
   having collided with the IGM, triggering the group-wide shock.

Membership of SQ

 6600 km/s ---> SQ Velocity, High-Vr 

 6000 km/s ---> IN Velocity, Intermediate-Vr

 5700 km/s ---> IN Velocity, Low-Vr



A very deep blue image of SQ
(Credit : V. Martinez)
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SQ seen in multi-wavebands
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FIG. 1.ÈISOCAM LW3 (15 km) image (false color) of SQ Ðeld. The scale is in logarithm and the units are 0.1 mJy pixel~1 (pixel equals 6@@ ] 6@@). As shown
by the chromatometer, the range of the surface brightness shown in the Ðgure is [ 1 ¹ log mJy pixel~1)] ¹ 2. The Ðve members of the group,[S15km/(0.1
including the foreground galaxy NGC 7320, are clearly detected. Four other sources outside the galaxies are marked in the image : source A and source B are
star formation regions associated with the group (see Table 1). Source C is a foreground star, and source D is a background galaxy.

rest of the group (v ^ 6600 km s~1), CCD images of the
II] emission were obtained using two narrowbandHaÈ[N

Ðlters, 667/7 and 674/8, centered at 6667 and 6737 withA!
FWHM bandwidths of 66 and 76 respectively. The trans-A! ,
mission of the 667/7 Ðlter for the line of redshift 0.019Ha(v \ 5700 km s~1) is 0.49, and for the line of redshiftHa0.022 (6600 km s~1) is 0.04. The transmissions of the 674/8
Ðlter for the same two components of the emission areHa0.06 and 0.49, respectively. The 5700 km s~1 component of
the II] emission is therefore estimated from theHaÈ[N
image obtained using the 667/7 Ðlter, and the 6600 km s~1
component is estimated from the 674/8 image. The contin-
uum in both images is subtracted using an R-band CCD
image of the same Ðeld. To enhance the sensitivity for the
di†use emission, both II] maps (original resolutionHaÈ[N
D1A) are smoothed to a round Gaussian beam with
FWHM \ 2@@. Note that in some regions the two com-
ponents have similar morphology. This could be an indica-
tion that the emission in those regions is associated with
another component, namely the one with recession velocity
of 6000 km s~1 (Moles et al. 1997 ; Shostack et al. 1984).
However, this uncertainty does not seriously a†ect the HaÑuxes (which are sums of the 5700 and 6600 km s~1
components) reported in Table 1, because while the 6000
km s~1 component might have been counted twice, its Ñux
would have been underestimated by about a factor of 2 in

both the 667/7 map and the 674/8 map, given that the trans-
missions of the two Ðlters for the 6000 km s~1 component
are only about half of the transmissions for the 5700 and
6600 km s~1 components, respectively.

2.3. Near-Infrared K@-Band Observation
A NIR K@-band km) image of the central part of(j0 \ 2.1

SQ were obtained using the 3.5 m telescope of the observa-
tory at Max Planck Institut at Calar Alto, Spain, mounted
with the 256 ] 256 pixels (pixel size equal to MAGIC0A.81)
camera. The observations were made in 1997 March. The
weather conditions were photometric, and stellar photo-
metry was consistent to D2% throughout the night. The
seeing was about 1A. The image covers about 4@ ] 4@ sky
(Fig. 2). In the central 3@ ] 3@ Ðeld, and the 1 p rms noise is
20.4 mag arcsec~2. Because of the mosaic, the noise is
higher near the edges.

3. RESULTS

3.1. A Starburst (Source A) Far Away from Galaxy Centers
Figure 1 presents the central D4@ ] 4@ region of the 15

km ISOCAM image of SQ (false color). As shown by
Sauvage et al. (1996), the 15 km emission is a good, nearly
extinction-free star formation rate (SFR) indicator. Located
slightly upper right from the map center, source A lies about

  
ISOCAM 15 micron image

 
   Sources A & B: Star formation regions 
                              associated with the group
   Source C: A foreground star
   Source D: A background galaxy   (Xu et al. 1999)
                                                                

  
WFC3 Hubble Space Telescope

 
(Credit: NASA, ESA, and the Hubble SM4 ERO Team)
                                            

Papa 
(Seyfert 2)

Foreground

Seyfert 2



detected massive molecular gas in this region. In other
places, it might be powered by either stars stripped from
galaxies during previous close encounters between SQ
members (Moles, Sulentic, & Márquez 1997; Sulentic et al.
2001) or the diffuse X-ray–emitting gas (Trinchieri et al.
2003). This will be a very interesting problem for future,
more sensitive IR observations.

The early-type galaxy NGC 7317, detected by ISOCAM
at both 15 and 11.4 lm, was not detected by ISOPHOT, nor
were ISOCAM sources C (a star in the north of SQ) and D
(a background galaxy in the south of SQ).

3. RADIO CONTINUUM OBSERVATIONS
WITH THE VLA

3.1. Observations and Data Reduction

There have been several interferometric radio continuum
observations of SQ in the literature (Allen & Hartsuiker
1973; van der Hulst & Rots 1981; Williams et al. 2002;
Xanthopoulos et al. 2002). With new high-sensitivity, high
angular resolution VLA imaging observations in two bands
(1.40 and 4.86 GHz), we aim to constrain the spectral indi-
ces of individual sources. We also try to detect the polariza-
tion, particularly in the shock front region, in an attempt to
constrain the magnetic field.

In order to image the radio continuum brightness, polar-
ization, and spectral index distributions of SQ, we observed
SQ with the VLA at 1.4 GHz in B configuration for 5 hr on
1999 November 15 and at 4.86 GHz in C configuration for 8
hr on 2000 April 27. During both observations, the source
3C 48 (S1:40GHz ¼ 16:19 Jy, S4:86GHz ¼ 5:52 Jy; Baars et al.
1977) was used to calibrate the fringe amplitudes to the
updated VLA flux density scale. The polarization position
angles were determined from 3C 138, and the nearby source
J2236+284 was used as the phase calibrator.

Preliminary total intensity (Stokes I ) images were made
and cleaned by the AIPS task IMAGR. To maximize sur-

face brightness sensitivity and at the same time minimize the
synthesized sidelobes, we used tapered uniform weighting
with Gaussian amplitude tapering to 30% at 25,000 wave-
lengths and truncated at 45,000 wavelengths. This strong
taper yields a large synthesized beam area having the high
surface brightness sensitivity of natural weighting. The
nearly uniform weighting below 25,000 wavelengths reduces
the dirty beam sidelobes that natural weighting would pro-
duce because the central part of the VLA synthetic aperture
would be ‘‘ overilluminated.’’ Then the clean components
from these images were subtracted from the ðu; vÞ data. All
residual visibilities having amplitudes much larger than the
rms noise were flagged, and the clean components were
added back to the edited data set. This procedure removes
low-level interference and other problems that cause indi-
vidual visibilities to disagree significantly with the data set
as a whole. New images of 1024 pixels times 100 pixel$1 on a
side were made, cleaned, and restored with 6>0 FWHM cir-
cular Gaussian beams, and the final images were corrected
for primary-beam attenuation. The rms noise levels are
! % 25 lJy beam$1 at 1.40 GHz and ! % 17 lJy beam$1 at
4.86 GHz. Matching Stokes Q and U images were also
made, and they have somewhat lower noise levels. No line-
arly polarized emission brighter than 50 lJy beam$1 was
found in any component of SQ at either 1.40 or 4.86 GHz.

3.2. Radio Continuum Images

In Figure 4 we present the total intensity contour maps of
the 1.40 and 4.86 GHz images, both overlaid on an R-band
CCD image (Xu et al. 1999).

The following radio sources are visible in these maps, and
their fitted parameters are listed in Table 3:

1. There is a strong steep-spectrum source whose cent-
roid at " ¼ 22h36m03 955, # ¼ þ33'58032>6 (J2000.0) over-
laps the optical nucleus of the Seyfert 2 galaxy NGC 7319 at
" ¼ 22h36m03 956, # ¼ þ33'58033>2. We fitted this source

Fig. 4.—Left: Contours of the radio continuum at 1.40 GHz (VLA B configuration) overlaid on an R-band CCD image. The lowest contour is 90 lJy
beam$1, and the spacing is equal to 2 in ratio.Right:Contours of the radio continuum at 4.86GHz (VLAC configuration) overlaid on the sameR-band image.
The lowest contour is 50 lJy beam$1, and the spacing is equal to 2 in ratio. For both radio maps the FWHMof the synthesized beam is 6>0.

670 XU ET AL. Vol. 595

(Xu et al. 2003)

Contours: Radio continuum at 1.4 GHz 
                   (VLA B configuration)  
Image: R-band

SQ seen in multi-wavebands
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FIG. 2.ÈK@ (2.1 km) image overlaid by contours of the II] emission, covering the same Ðeld of sky as in Fig. 1. The K@ image is in logarithmic scale.HaÈ[N
The two components of the II] emission are marked by di†erent colors : the contours of the 6600 km s~1 component are in red, and those of the 5700Ha È[N
km s~1 component are in blue. The two contour sets have the same levels, which are 0.3, 0.9, 2.7, 8.1, and 24.3 ] 10~16 ergs cm~2 s~1 pixel~1 (pixel equals

The Ðrst contour level is chosen to hide most of the residuals of the continuum subtraction, the most important source of the errors of the0A.533 ] 0A.533).
II] maps.Ha È[N

1@ (D25 kpc at D \ 80 Mpc, where north of NGCH0 \ 75)
7318b and about 1@ west of NGC 7319. It covers a region of
D30A, and its peak surface brightness in the 15 km map is
second only to that of the Sy2 nucleus of NGC 7319. At 80

Mpc the 15 km Ñux density of source A corresponds to a
luminosity about 30 times(lL l) L 15k \ 4.8 ] 108 L

_
,

higher than the (1.7 ] 107 of the foreground SdL 15k L
_

)
galaxy NGC 7320 (assumed to be at 10 Mpc; Table 1).

TABLE 1

MIR, AND NIR FLUXES OF SOURCES IN STEPHANÏS QUINTETHa,

R.A. Decl. v
r

f15ka Hab EW(Ha)c K21@ d
Source (J2000) (J2000) Type (km s~1) (mJy) (10~13 ergs cm2 s~1) (A! ) (mag)

NGC 7319 . . . . . . . . . . 22 36 03.5 ]33 58 33 SBb (Sy2) 6764 79.8 1.41 ^ 0.30 7.6 ^ 2.5 10.03
NGC 7318a . . . . . . . . . 22 35 56.7 ]33 57 56 Epec 6630 . . . . . . . . . . . .
NGC 7318b . . . . . . . . . 22 35 58.4 ]33 57 58 SBbc 5774 . . . . . . . . . . . .
NGC 7318a/be . . . . . . . . . . . . . . . . . . 19.3 1.08 ^ 0.16 5.0 ^ 1.2 9.23
NGC 7317 . . . . . . . . . . 22 35 52.0 ]33 56 41 E 6599 2.1 . . . . . . . . .
NGC 7320 . . . . . . . . . . 22 36 03.5 ]33 56 54 Sd 786 27.5 . . . . . . 10.40
Source A . . . . . . . . . . . . 22 35 58.7 ]33 58 55 SF region . . . 11.9 1.27 ^ 0.13 115 ^ 15 15.09
Source Bf . . . . . . . . . . . . 22 36 10.2 ]33 57 21 SF region . . . 1.8 0.14 ^ 0.01 85 ^ 10 . . .

NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a The 15 km Ñux density measured through aperture photometry covering areas included in 2 p contours. The uncertainties are about 30%,

dominated by the errors in the calibration.
Ñux, corrected for [N II jj6583/6548] contamination. For NGC 7319, the Sy2 galaxy, the ratio [N II is taken fromb Ha j6583]/Ha \ 1.8

Keel et al. 1985. For other galaxies and SFR, the [N II ratio is assumed to be 0.4 (Kennicutt et al. 1994). The errors are dominated byj6583]/Hathe uncertainties in the continuum subtraction. No extinction correction is applied.
c The equivalent line width of the emission, which is the ratio between the Ñux (in ergs cm~2 s~1) and the Ñux density of theHa Haunderlying continuum (in ergs cm~2 s~1 The continuum is estimated from the R-band Ñux. For NGC 7319 and NGC 7318a/b, theA! ~1).

continuum includes the emission from the entire galaxy and from the galaxy pair, respectively. For source A, both the Ñux and theHacontinuum Ñux density are measured through a rectangular aperture of 30@@ ] 25@@.
d K@ (2.1 km) magnitude measured through isophotal photometry down to K@ \ 21 mag acrsec~2. NGC 7317 is not fully covered by the K@

image. Source B is not detected in the K@ band. The errors of the K@ magnitudes are less than 0.2 mag.
e The Ñuxes of this pair of galaxies cannot be separated reliably. Hence they are reported jointly for the pair.
f Like source A, although much fainter, source B is also an SFR in the IGM. On the other hand, this source is far away from the shock front

and apparently has not been involved in the current collision between NGC 7318b and the IGM. Located at the end of one of the tidal tails
pointing to NGC 7320c (Arp & Lorre 1976), presumably caused by previous interactions between SQ and NGC 7320c (Moles et al. 1997),
source B is perhaps a star formation condensed out of the tidal tail (Mirabel, Dottori, & Lutz 1992).

Contours : Hα + [N II]  
                   (~6600 km/s & ~5700 km/s) 
Image : Kʼ (2.1 micron)

(Xu et al. 1999)
Credit : NASA/ JPL-Caltech/ Max-Planck Institute/ 
              P. Appleton (SSC/ Caltech)

Bleu : R-band
Green : Hα 
Red : 8-micron

~ 40 kpc

The shock front 
seems to be associated with 
the 6600 km/s component



SQ seen in multi-wavebands

700 G. Trinchieri et al.: SQ with XMM-Newton

20.0 10.0 22:36:00.0 35:50.0

34:00:00.0

59:00.0

58:00.0

57:00.0

33:56:00.0

Fig. 4. (Left) Merged EPIC-MOS contours superimposed on a deep R-band image taken at the 2.5 m INT (courtesy of Carlo Gutiérrez). The
0.3−3.0 keV band X-ray data were smoothed with an adaptive algorithm before contouring. Outer contours chosen to show maximum extent
of X-ray emission. (Right) Optical R band contours superimposed on a “true” color X-ray image produced from 3 different EPIC-MOS energy
bands: red: 0.3−1.5 keV; green= 1.5−2.5 keV; blue= 2.5−6.0 keV. Contours were chosen to show maximum extent of the diffuse halo.

SE (TAIL) and the SW (towards NGC 7317) at an average ra-
dius of 2′−3′. The smaller extent towards S could reflect the
presence of additional absorption, due also in part to the fore-
ground NGC 7320; however, the same should be true for TAIL.
The EPIC-MOS CCD gaps make any characterization of any
diffuse structure outside r ∼ 4′ difficult to quantify properly.

In order to better highlight different spectral signatures
in the complex emission from SQ, we generated a color im-
age combining data in three broad bands: 0.3−1.5, 1.5−2.5,
and 2.5−7.0 keV (displayed as red, green, and blue, respec-
tively). The resulting image, shown in Fig. 4, shows a number
of localized regions with different colors that imply differences
in photon energy distribution. Many of these regions lack suffi-
cient photons for a detailed spectral analysis but we can make a
rough comparison of the relative photon distributions for some
of the regions that are illustrated in Fig. 5. A more detailed
analysis is given for regions with high enough photon statistics
(see Sect. 2.2). Constant broad energy bins are used for con-
structing all of the “pseudo-spectra” displayed in Fig. 6. These
energy distributions have not been corrected for instrumental
response. They were extracted from relatively small areas of
the central CCD in EPIC-MOS, so we do not expect variations
in the response matrix to affect this qualitative comparison be-
tween different sources and regions, but cannot be used to de-
rive spectral shapes.

The pseudo-spectra show significant differences that sug-
gest these sources are unlikely to be fit with the same spectral
model. We comment on the most striking:

1. Regions B and C (top panel) show similar distributions
especially compared with region A. The average pseudo-
spectrum of the shock region is intermediate between A
and B distributions. Chandra data suggest that a compact
source (Chandra #5 Trinchieri et al. 2003) is embedded in
condensation C (but not at its center). With the current as-
trometry and published positions of the Hα knots (e.g. Xu
et al. 2003), the Chandra position does not suggest coinci-
dence with any obvious optical feature in the new intruder,
so it might be an unrelated background source. A region of

20.0 10.0 22:36:00.0 50.0 35:40.0

01:00.0

34:00:00.0

59:00.0

58:00.0

57:00.0

33:56:00.0

B

SEY
V

2A

HALO

shock

TAIL

D

N7317

   C

     

       N7318a

Fig. 5. Identification of source regions used in the production of
pseudo-spectra (Fig. 6). Unlabeled red regions within a marked area
were excluded from the spectral analysis of that region. Also shown
are the regions used to produce the cuts shown in Figs. 9 and 10.

intense star formation (STARBURST A in Xu et al. 1999)
and associated H  and CO emission lie between the N end
of the shock and source C.

2. The sources in the middle panel are associated with
SQ galaxies and show similar pseudo-spectra. NGC 7319
shows a strong hard photon excess which is most likely
related to an obscured active nucleus. Significantly dif-
ferent line-of-sight absorbing column densities might ex-
plain the large difference between the lowest energy points
of NGC 7318a and NGC 7317. This is consistent with
the lack of any radio line or continuum detections near
to NGC 7317. Unresolved radio continuum emission is de-
tected from NGC 7318a (Williams et al. 2002; Xu et al.
2003). Source # 2 is also included in this panel. This is the
only one of four very large (D ∼ 400 pc) Hα emission con-
densations detected as a discrete X-ray source (Trinchieri
et al. 2003) and belongs to NGC 7318b (Sulentic et al.
2001).

(Trinchieri et al. 2005)

Contours : XMM Newton  EPIC-MOS X-ray (0.3~3 keV)
Image : deep B-band

 Contours : Chandra X-ray    
                    (0.5~3 keV)
 Image : B-band

174 G. Trinchieri et al.: Shock in SQ

22:36:001020 50

34:00:00

59:00

58:00

57:00

56:00

55:00

54:00

01:00

6

11

13

2

3
4

510

12
1

14 7

9

8

gaussian smoothing

0.5-8 keV

22:36:001020 50

34:00:00

59:00

58:00

57:00

56:00

55:00

54:00

01:00

NGC  7318 a bNGC  7320c
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NGC  7319
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Fig. 1. Left: Full field Chandra image (ACIS-S: back-illuminated chip S3 only) of SQ in the 0.5–8 keV energy range with X-ray contours

and source numbers (see Sect. 2.2) superimposed. The map is binned with 1′′ × 1′′ pixels and smoothed with a bidimensional Gaussian filter
(σ = 4′′). Right: X-ray contours superimposed on the blue DSS2 image of the field. Galaxies are identified, and the ACIS-S field of view is
indicated.

22:36:0006 04 0208 35:58 56 54

33:58:00

33:59:00

58:30

57:30

Fig. 2. A zoomed X-ray contour map (0.5–3 keV) of the main con-

centration of X-ray photons. Contours are superimposed on a CFHT

B-band image of the field. The X-ray data are smoothed with an adap-

tive filter and 2.5σ as the lowest significance of the signal within the
kernel.

resolution, covering different portions of the field and in dif-
ferent energy bands. We applied a Gaussian filter or an adap-

tive smoothing filter using the csmooth routine in the CIAO
package (FFT method, and using 2.5σ as the minimal signifi-
cance of the signal within the kernel). The left panel of Figure 1

presents an X-ray image of the entire back-illuminated CCD

chip (S3) with X-ray contours superimposed. The right panel

shows X-ray contours superposed on an optical B-band im-

age from the DSS2. Considerable extended emission is concen-

trated within the core of the compact group. Additional sources

are associated with the galaxies (members of SQ and the

foreground galaxy NGC 7320) or, in some cases, may be unre-

lated background sources (see Table 1).

Figure 2 presents a closer look at the X-ray emission most

unambiguously associated with SQ. The soft (0.5–3.0 keV)

X-ray contours are shown overlayed on an average of CFHT

B-band images kindly provided by C. Mendes de Oliveira (see

Plana et al. 1999; Mendes de Oliveira et al. 2001; S01 for dis-

cussion of the images). The complex X-ray emission that was

detected in previous ROSAT observations (Pietsch et al. 1997;

S01) is clearly resolved into two main components almost cer-

tainly associated with SQ: 1) complex clumpy and extended

emission centered on a radio continuum/optical emission-line

emitting shock zone and 2) emission from the Seyfert nucleus

in NGC 7319. Additional sources detected do not always have

obvious optical counterparts, although they appear to be asso-

ciated with the galaxies in several cases (the central region of

NGC 7318a, and associations in Table 1).

Figure 3 shows Chandra images in different energy ranges.
Comparison of the images shows that the extended X-ray emis-

sion is found only below ∼2 keV, and more compact sources
coincident with the Seyfert 2 nucleus of NGC 7319 and an un-

resolved source SW of the NGC 7318a nucleus and apparently

coincident with one of the new intruder emission regions (#14

in Fig. 7 of S01) are prominent at higher energies.

2.1. Distribution of extended X-ray emission

Diffuse emission in SQ extends from NE of the Seyfert 2 nu-
cleus of NGC 7319 to SW of the nucleus of NGC 7318a.

Elongated clumpy NS structure lies near the center of more dif-

fuse emission. We derived azimuthally averaged radial profiles

of the extended emission in several energy bands and in several

ranges of position angle. The goal of the radial profile analysis

(Trinchieri et al. 2003)
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Figure 5. [Ne ii]12.81 µm and [Ne iii]15.56 µm emission compared to the distribution of H2 S(1) emission. Contour levels are as follows (in units of MJy sr−1):
(a) 0.22, 0.4, 0.57, 0.75, 0.92, 1.1 and (b) 0.06, 0.08, 0.1, 0.13, 0.16, 0.18, 0.2, 0.23, 0.25.

Figure 6. Dust as tracers of star formation. The 11.3 µm PAH contours overlaid on (a) the NUV, (b) an 8 µm image, and (c) a 24 µm image. By comparison, the H2
0-0 S(1) contours show little correlation with the 8 µm image (as shown in d). Contour levels are as follows (in units of MJy sr−1): (a), (b), and (c) are 0.2, 0.35, 0.5,
0.65, 0.8. Contour levels for (d) are as in Figure 2(b).

more detailed description of the dust and faint PAH emission
in the SQ group (including results from MIPS 70 µm imaging)
is discussed in separate papers (Guillard et al. 2010; Natale
et al. 2010, in preparation). Guillard et al. (2010) show that the
IR emission in the shock is faint due to dust being heated by
a relatively low intensity UV radiation field and determine a
Galactic PAH/VSG abundance ratio in this region.

A more complete understanding of the likely existence of
cool dust in the shock will require higher angular resolution and
a broader wavelength coverage than that achieved by Spitzer.

Despite the faintness of emission from the main shock, the
24 µm map presents a new result, which was less obvious
in previous studies, namely that the dominant regions of star
formation in SQ lie not in the galaxies themselves, but in two
strikingly powerful, almost symmetrically disposed regions at

either end of the shock. The region to the north is the well-
studied SQ-A, but the region to the south (which we refer to
as 7318b-south) is also very powerful, and both regions lie at
the ends of the shock, as defined by the H2 distribution. This
may not be a coincidence, and we will discuss this further in
Section 6.1.

The [Ne ii]12.81 µm, [Ne iii]15.56 µm, and [S iii]33.48 µm
fine-structure lines, as mentioned above, are also tracers of star
formation in SQ as these lines are often associated with H ii
regions. The [Ne ii]12.81 µm emission appears to follow both
the H2 and the star formation regions (see Figure 5(a)), appearing
more extended in the south than the corresponding H2 emission
and flaring out where star formation regions, especially 7318b-
south, are observed optically, and through PAH emission (see
Figure 6).
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south, are observed optically, and through PAH emission (see
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Figure 3. X-ray image from XMM-Newton (Trinchieri et al. 2005) in the 1.5–2.5 keV band with (a) H2 S(0) contours and (b) H2 S(3) contours overlaid. Also shown
are 1.4 GHz radio continuum images from the VLA (Xu et al. 2003) with (c) H2 S(0) contours and (d) H2 S(3) contours overlaid. Contours levels are as in Figure 2.

Figure 4. Fine structure emission ([Fe ii]25.99 µm and [O iv]25.89 µm blend, [S iii]33.48 µm and [Si ii]34.82 µm) compared to the distribution of H2 S(1) emission.
Also shown are [Si ii]34.82 µm contours compared to X-ray 0.5–1.5 keV emission. Contour levels are as follows (all in units of MJy sr−1): (a) 0.08, 0.1, 0.13, 0.15,
0.165, 0.18, 0.2, 0.22, 0.23, 0.25, (b) 0.2, 0.33, 0.47, 0.6, 0.73, 0.87, 1.0 with (c) and (d) having levels of 0.5, 0.66, 0.83, 0.99, 1.15, 1.31, 1.48, 1.6, 1.8. These levels
are chosen to best show the intensity of emission associated with the shock and do not reflect the full intensity range for NGC 7319.

SQ seen in multi-wavebands

Little correlations between 8 micron and H2 distributions

Correlation between H2 and X-ray distributions

(Cluver et al. 2010)

(Cluver et al. 2010)
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Figure 2. Large-scale distribution of warm H2 in Stephan’s Quintet with each detected 0-0 transition overlaid on an R-band image from Xu et al. (1999). The gray
box indicates the limit of the SL module coverage. Contour levels are as follows (all in units of MJy sr−1): (a) 0.1, 0.14. 0.19, 0.28, 0.32, 0.37, 0.41, 0.46, 0.5, (b) 0.3,
0.53, 0.75, 0.98, 1.2, 1.43, 1.65, 1.88, 2.1, (c) 0.3, 0.4, 0.5, 0.6, 0.7, (d) 0.25, 0.42, 0.58, 0.75, 0.92, 1.08, 1.25, (e) 0.11, 0.19, 0.27, 0.36, 0.44, 0.52, 0.6, and (f) 0.3,
0.46, 0.61, 0.77. 0.93, 1.09, 1.24, 1.4. The SL coverage for (f) is larger due to incorporating the “parallel mode” SL2 slit observations from the “off-target” positions
when SL1 mapping observations were the primary observing mode.
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umn density between (1–4) ! 1020 atoms cm"2. Even
though this reported surface brightness is well above the
VLA sensitivity limit (see x 5.2), it was not imaged in our
VLA map, nor in Fig. 6 of Allen & Sullivan (1980). As we
discuss in x 5.2, we suspect that the difference is related to
the effect of residual radar interference and unstable levels
in the continuum emission that compromised the quality of
theWSRT data.

The intensity-weighted mean velocity map (Fig. 8b)
shows nearly constant line-of-sight velocity along the entire
length of Arc-N. In contrast, the velocity gradient observed
along Arc-S is monotonic and nearly linear, characteristic
of a streaming motion typically associated with tidal tails
(e.g., Hibbard & Mihos 1995). The radial velocity increases
by 100 km s"1 over an angular distance of 2<5 (62 kpc) in a
northwestern direction across this fainter tail. Shostak et al.
(1984) did not detect this feature; instead, they report a simi-
lar velocity gradient across Arc-N that the VLA does not
confirm.

All of the H! regions cited above have been cataloged by
Arp (1973) as high-redshift objects, i.e., optical sources with
radial velocities between 5700 and 6700 km s"1. C1 has a
redshift greater than 6500 km s"1. The ionized gas has radial
motions consistent with that of the H i gas detected in the
directions of both optical tidal tails. Moles et al. (1998)

found no evidence of low-redshift H! sources in the south-
ern optical tail and concluded that it is a background feature
to NGC 7320. Our H i data confirm this finding. The simi-
larity between the shape of the H i emission and the optical
tails and the spatial correlation between the H i emission
peaks and high-redshift H! regions would indicate that the
gas in the tidal tails is associated with the quartet rather than
with the disk of NGC 7320.

5.1.2. NWFeatures

H i emission north of NGC 7318 is detected in two
compact clouds at two distinct velocities, projected along
the same direction at !1950.0 = "1<2, "1950.0 = 0<25, near
the crossing point of the two tidal features (Figs. 8 and
9) north of NGC 7318A/B. In the intermediate-frequency
(IF) band centered at 1389.9 MHz (6595 km s"1), emis-
sion around this position is present in 12 velocity chan-
nels (Fig. 7) and contained within a slightly resolved
feature, NW-HV (Fig. 9b). This feature was first discov-
ered with WSRT by Shostak et al. (1984). It shows a
large velocity gradient along a position angle of #50$,
with the mean radial velocity increasing 60 km s"1 to the
SW over an angular distance of 0<7 or 17.3 kpc (Fig. 8b).
In the higher IF band centered at 1392.5 MHz (6025 km

Fig. 5.—Map of the total H i column density distribution in HCG 92 superposed on the same R image as in Fig. 1. The POSS image has been used for the
eastern part of the field. The integration range is from 5597 to 6918 km s"1 and the contours are 5.8, 15, 23, 32, 44, 61, 87, 120, 180 ! 1019 atoms cm"2. The
synthesized beam is 19>4 ! 18>6.
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HI distribution
Most of the HI gas are found outside the members 
   in 5 physically distinct components,
    (“Arc-N”, “Arc-S”, “NW-HV”, “NW-LV”, & “SW”),  
   in 3 discrete velocity bands
    (high, intermediate, & low Vr ranges).  

(Williams et al. 2002)

major features (Table 4). As in the NW feature, the H i
peaks in the SW feature also appear to coincide closely with
the H! objects B3 and B4 from Arp (1973) or 15 and 14 in
Plana et al. (1999). Taken on its own, the velocity field seen
in Figure 11b is similar to that of a distinct, rotating galactic
disk. The motions of the gas are not compatible with those
measured near the nucleus of NGC 7318A (Moles et al.
1998). Instead, the gas velocity field is closer to the radial
motions in NGC 7318B.

The images shown in Figure 11 and 12 provide greater
detail in the distribution and kinematics of the H i than is
available in the corresponding Westerbork maps (Shostak
et al. 1984) and reveal for the first time that the SW compo-
nent is clearly distinct and separate from the other H i fea-
tures. When taken together, the unrelated velocity gradients
across the low-velocity features, i.e., NW-LV and SW com-
ponents (Table 4), do not support the Moles et al. (1997)
model of a single rotating disk of H i that is gravitationally
bound toNGC 7318B. It is clear from the VLAH i data that
the lower velocity gas emanates from two structures that are
spatially and kinematically distinct.

5.1.4. Summary of theH i Features

The new VLA observations improve our understanding
of the nature and extent of the atomic gas in SQ. The distri-
bution of the H i gas detected with the VLA follows very
closely the high surface brightness features present in the
WSRT data. The large eastern cloud resolves into 2 kine-
matically distinct features that coincide with the optical
tidal tails that extend eastward toward NGC 7320C. It is
now clear that the two low-velocity clouds in the western
part of SQ are physically and kinematically distinct from
each other and the rest of the cloud features. The presence
of ionized gas traced in H!, coincident both in location and
velocity, is ubiquitous for all H i features.

All but one bright structure present in theWSRT data are
confirmed. The one exception, found just south of NGC
7819 in the WRST map, is puzzling. Given the VLA’s flux
density and surface brightness sensitivities, this source
should have been confirmed at the !20 " level. The WSRT
data by Shostak et al. (1984) was affected by radar interfer-
ence, and this feature may be a resulting artifact (see below).

5.2. Integrated Profiles of Distinct Regions in the Quartet

In order to investigate the global properties of the compo-
nents described above, we produced integrated line profiles
of the H i emission within the four regions shown in Figure
5. The integrated profiles of NW-LV, NW-HV, SW, Arc-S,
and Arc-N, shown in Figure 13, have been reconstructed
point by point from the individual channel maps (Figs. 7,
10, and 12). Table 4 lists the relevant parameters of these
line profiles along with the integrated fluxes determined
directly from the H i spectra (Fig. 13), the total hydrogen
masses for each feature, and the corresponding values from
Table 2 of Shostak et al. (1984) for comparison.

The most peculiar H i profile shape obtained in the direc-
tion of Arc-S (see Fig. 13) is remarkably similar to the Are-
cibo H i profile measured by Peterson & Shostak (1980) in
their direction ‘‘ SSWW ’’ just south of NGC 7318A/B and
west of NGC 7320. This asymmetric profile shape is gener-
ated by the high-velocity gas in the faint tail behind NGC
7320, where the motions are observed to be very systematic
(Fig. 6b). Since the line shape cannot be attributed to irregu-
larities in the velocity field, this result suggests that there is
more H i in the southeastern end of the tidal tail than
toward the northwestern edge where the continuum ridge
begins. In region Arc-N, the line profile (Fig. 13) has its
smallest width and most symmetric shape illustrating how
uniform the motions are over this extended region. These
motions can be understood if we are observing a sheetlike

Fig. 11.—(a) Map of the H i column density distribution in HCG 92 in the velocity range 5597–5789 km s"1 superposed in the same R image shown in
Fig. 1. The POSS image has been used for the eastern part of the field. The contours are 5.8, 15, 23, 32, and 41 # 1019 atoms cm"2 and the synthesized beam is
19>4 # 18>6. (b)Map of the first-order moment of the radial velocity field in the same velocity range as in Fig. 11a. The numbers indicate heliocentric velocities
in kilometers per second.
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~ 5700 km/s

SW

5.1.3. Southwest Feature

The remaining H i detected toward the quintet resides in a
diffuse cloud just south of NGC 7318A/B (Fig. 11). This
feature was originally detected by Shostak et al. (1984), who
named it ‘‘West B ’’, and we identify it as the SW compo-
nent in Table 4. With the IF band centered at 1394.3 MHz
(5597 km s!1), we successfully detected emission in 10 veloc-
ity channels (Fig. 12). The systemic velocity of the SW fea-
ture is at 5700 km s!1 (Table 4) and is consistent with the

value obtained by Shostak et al. (1984). Both the velocity
integrated H i image (Fig. 11) and the channel maps (Fig.
12) suggest that this feature consists of two large clumps.
The northern clump spatially coincides with the tidal feature
seen just south of NGC 7318A and a second stream of tidal
features and H! sources seen further south. The second
clump is located about 10 (25 kpc) south, and no stellar or
H! emission are associated with it.

The H i peaks of the SW feature have a much lower col-
umn density than the peaks associated with the other three

Fig. 8.—(a) Map of the H i column density distribution in HCG 92 in the velocity range 6475–6755 km s!1 superposed in the sameR image shown in Fig. 1.
The POSS image has been used for the eastern part of the field. The contours are 5.8, 12, 18, 23, 29, 44, 58, 73, and 87 " 1019 atoms cm!2 and the synthesized
beam is 19>4 " 18>6. (b) Map of the first-order moment of the radial velocity field. The numbers indicate heliocentric velocities in kilometers per second.

Fig. 9.—(a) Map of the H i column density distribution in HCG 92 in the velocity range 5959–6068 km s!1 superposed in the sameR image shown in Fig. 1.
The POSS image has been used for the eastern part of the field. The contours are 5.8, 12, 18, 23, 29, 44, 58, and 73 " 1019 atoms cm!2 and the synthesized beam
is 19>4 " 18>6. (b) Map of the first-order moment of the radial velocity field in the same velocity range as in Fig. 9a. The numbers indicate heliocentric
velocities in kilometers per second.
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~ 6000 km/s

NW-LV

s!1), H i is present in seven velocity channels (Fig. 10)
and is confined to the more extended cloud feature NW-
LV. This low-velocity cloud was also originally detected
in the WSRT data and was dubbed ‘‘West A ’’ by Shos-
tak et al. (1984). Its velocity gradient is similar in magni-
tude, but nearly opposite in direction, to that of NW-
HV, along a position angle of 40", over an angular dis-
tance of 10 or 25 kpc (Fig. 9b).

Detailed examinations of the channel maps in Figs. 7
and 10 reveal clear differences between the two NW fea-
tures in that the NW-LV feature is much more extended
spatially (>30 kpc), following along both optical tidal
features, while the NW-HV feature is far more compact.
The H i emission peaks in NW-HV and NW-LV are
coincident at the resolution of these observations and lie
in the same direction as the luminous 15 lm source A of
Xu et al. (1999) and several bright H! sources that are
probably indicative of star-forming activity embedded in
the densest regions of the gas. B10, a luminous H!
source cataloged by Arp (1973), sits near this H i peak.

Moles et al. (1998) identify this same H! source as K3
and report a radial velocity of 6680 km s!1, in good
agreement with that reported by Plana et al. (1999) for
their source 6 (6670 km s!1), and this H! source is asso-
ciated with the NW-HV feature. On the other hand, B11
and B13 (Arp 1973), other H! sources that align with
the H i peak, appear to be related to the NW-LV feature.
These H! sources, later renamed K1 and K2 by Moles et
al. (1998), have a redshift cz # 6020 km s!1 (Moles et al.
1998), in good agreement with the motion of the H i gas
in NW-LV. Redshifts reported by Plana et al. (1999) for
their H! sources 1–5 near the H i peak also have radial
motions between 5950 and 6005 km s!1. Most of the H!
sources with measured velocities have radial motions very
similar to the H i gas in NW-LV, which has the smaller
velocity dispersion (Table 4). The mean radial velocity of
the ionized gas is consistent with the H i motions in both
of the NW features (Figs. 9b and 8b) and suggests that
the H i gas and the ionized gas are physically related and
are part of the same large structure.

Fig. 6.—Map of the H i column density distribution in HCG 92 Arc-N (a) and Arc-S (b) superposed in the sameR image shown in Fig. 1. The POSS image
has been used for the eastern part of the field. The contours are 1.5, 5.8, 12, 18, 23, 29, 44, 58, 73, and 87 $ 1019 atoms cm!2 and the synthesized beam is
19>4 $ 18>6.
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tures in that the NW-LV feature is much more extended
spatially (>30 kpc), following along both optical tidal
features, while the NW-HV feature is far more compact.
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coincident at the resolution of these observations and lie
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Xu et al. (1999) and several bright H! sources that are
probably indicative of star-forming activity embedded in
the densest regions of the gas. B10, a luminous H!
source cataloged by Arp (1973), sits near this H i peak.

Moles et al. (1998) identify this same H! source as K3
and report a radial velocity of 6680 km s!1, in good
agreement with that reported by Plana et al. (1999) for
their source 6 (6670 km s!1), and this H! source is asso-
ciated with the NW-HV feature. On the other hand, B11
and B13 (Arp 1973), other H! sources that align with
the H i peak, appear to be related to the NW-LV feature.
These H! sources, later renamed K1 and K2 by Moles et
al. (1998), have a redshift cz # 6020 km s!1 (Moles et al.
1998), in good agreement with the motion of the H i gas
in NW-LV. Redshifts reported by Plana et al. (1999) for
their H! sources 1–5 near the H i peak also have radial
motions between 5950 and 6005 km s!1. Most of the H!
sources with measured velocities have radial motions very
similar to the H i gas in NW-LV, which has the smaller
velocity dispersion (Table 4). The mean radial velocity of
the ionized gas is consistent with the H i motions in both
of the NW features (Figs. 9b and 8b) and suggests that
the H i gas and the ionized gas are physically related and
are part of the same large structure.

Fig. 6.—Map of the H i column density distribution in HCG 92 Arc-N (a) and Arc-S (b) superposed in the sameR image shown in Fig. 1. The POSS image
has been used for the eastern part of the field. The contours are 1.5, 5.8, 12, 18, 23, 29, 44, 58, 73, and 87 $ 1019 atoms cm!2 and the synthesized beam is
19>4 $ 18>6.

2424 WILLIAMS, YUN, & VERDES-MONTENEGRO

Arc-N

Arc-S
5.1.3. Southwest Feature

The remaining H i detected toward the quintet resides in a
diffuse cloud just south of NGC 7318A/B (Fig. 11). This
feature was originally detected by Shostak et al. (1984), who
named it ‘‘West B ’’, and we identify it as the SW compo-
nent in Table 4. With the IF band centered at 1394.3 MHz
(5597 km s!1), we successfully detected emission in 10 veloc-
ity channels (Fig. 12). The systemic velocity of the SW fea-
ture is at 5700 km s!1 (Table 4) and is consistent with the

value obtained by Shostak et al. (1984). Both the velocity
integrated H i image (Fig. 11) and the channel maps (Fig.
12) suggest that this feature consists of two large clumps.
The northern clump spatially coincides with the tidal feature
seen just south of NGC 7318A and a second stream of tidal
features and H! sources seen further south. The second
clump is located about 10 (25 kpc) south, and no stellar or
H! emission are associated with it.

The H i peaks of the SW feature have a much lower col-
umn density than the peaks associated with the other three

Fig. 8.—(a) Map of the H i column density distribution in HCG 92 in the velocity range 6475–6755 km s!1 superposed in the sameR image shown in Fig. 1.
The POSS image has been used for the eastern part of the field. The contours are 5.8, 12, 18, 23, 29, 44, 58, 73, and 87 " 1019 atoms cm!2 and the synthesized
beam is 19>4 " 18>6. (b) Map of the first-order moment of the radial velocity field. The numbers indicate heliocentric velocities in kilometers per second.

Fig. 9.—(a) Map of the H i column density distribution in HCG 92 in the velocity range 5959–6068 km s!1 superposed in the sameR image shown in Fig. 1.
The POSS image has been used for the eastern part of the field. The contours are 5.8, 12, 18, 23, 29, 44, 58, and 73 " 1019 atoms cm!2 and the synthesized beam
is 19>4 " 18>6. (b) Map of the first-order moment of the radial velocity field in the same velocity range as in Fig. 9a. The numbers indicate heliocentric
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Figure 10. Schematic diagram of the H i distribution in SQ, from Williams et al.
(2002), and the Hα emission (Xu et al. 1999), with the H2 0-0 S(1) emission
overlaid. The gray dots represent the locations of the core galaxies in the group
as shown in Figure 1.

from that produced in the shock. To address this, we use the
[Ne ii] 12.81 µm and [Ne iii] 15.56 µm maps to mask areas as-
sociated with star formation (see Section 3.3) and determine a
lower limit for the [Ne ii] 12.81 µm/[Ne iii] 15.56 µm ratio in
the shock of ∼4.54. This value corresponds to a shock velocity
of ∼150 km s−1.

The average electron density is determined from the
[S iii]18.71 µm/[S iii]33.48 µm (two lines of the same ioniza-
tion state) ratio. For SQ-A, we find a ratio of ∼0.56, and in the
main shock ∼0.41. This corresponds to an electron density of
100–200 cm−3 (Martı́n-Hernández et al. 2002) for both, i.e., in
the low-density limit for this diagnostic (Smith et al. 2009).

6. THE GROUP-WIDE SHOCKS

6.1. Origin of the H2 and X-ray Emission

Our observations have shown that the molecular hydrogen and
X-ray-emitting plasma appear to follow a similar distribution,
and we have ruled out the possibility that this is a consequence of
X-rays heating the H2, since the H2 has the dominant luminosity.
How then can we explain the similar distributions? Are these
results consistent with the hypothesis that the shock is formed
where the intruding galaxy NGC 7318b collides with a pre-
existing tidal filament of H i drawn out of NGC 7319 in a
previous interaction with another group member (Moles et al.
1997; Trinchieri et al. 2003)?

This basic mechanical picture appears plausible as can be
seen in Figure 10 which shows that the H2 distribution “fills in”
the gap in the H i tidal tail as observed by the Very Large Array
(VLA; Williams et al. 2002). The implication is that the H i has
been converted into both a hot X-ray component and a warm
H2 component by the collision of the intruder with the now
missing H i.

Part of the puzzle of how this high-speed (Vs ∼ 700–
1000 km s−1) shock can lead to both X-ray and very strong
molecular line emission is presented in a model by Guillard
et al. (2009). The high-speed collision of NGC 7318b with the
H i filament (assumed to be composed of a multiphase medium)
leads to multiple shocks passing through and compressing
denser clumps (which become dusty nucleation sites for H2
formation) as opposed to the lower density gas, which is shock
heated to X-ray temperatures. The H2 therefore forms in denser

clouds experiencing slower shocks. Thus, the co-existence of
both hot X-ray gas and cooler molecular material is a natural
consequence of the multiphase medium of the pre-shocked
material.

Modeling of the H2 excitation by Guillard et al. (2009)
demonstrates that the emission can be reproduced by low ve-
locity (∼5–20 km s−1) magnetohydrodynamic (MHD) shocks
within the dense (nH > 103 cm−3) H2 gas. The denser clouds
survive long enough to be heated by turbulence in the hot gas
component, tapping into the large available kinetic energy of
the shock. This picture is consistent with both the broad H2
line width (870 km s−1) measured in IRS high-resolution spec-
trometer observations of Appleton et al. (2006) and the velocity
center of the warm H2 (based on new IRS spectral calibrations,
see Appendix B) which places the gas at intermediate velocities
between the intruder and the group IGM. Both of these mea-
surements are consistent with H2 being accelerated in a turbulent
post-shocked layer.

Intermediate pre-shock densities and post-shock temperatures
result in regions of H i and H ii that have cooled, but where the
dust content has been destroyed (Guillard et al. 2009). Pre-
existing giant molecular clouds (GMCs) which may have been
embedded in the H i gas would be rapidly compressed and
collapse quickly, thus forming stars. This mechanism, proposed
for SQ-A by Xu et al. (2003), might also apply to 7318b-south.
However, if this was the case, it would have to explain why
two such GMCs happened to be positioned at the extreme ends
of the current shock—an unlikely coincidence. More probable,
however, is that the geometry of the shock somehow favors the
collapse of clouds at the ends of the shock—perhaps in regions
where the turbulent heating is less efficient.

6.2. Origin of [Fe ii] and [Si ii] Emission

As outlined above, the combination of emission detected
in the shock region of SQ can be understood in terms of
a spectrum of shock velocities. The fastest shock velocities
(Vs ∼ 600 km s−1) are associated with the lowest density pre-
shock regions and the post-shock X-ray-emitting plasma. These
are fast J shocks and represent a discontinuous change of hy-
drodynamic variables and are often dissociative (Hollenbach &
McKee 1989). C shocks have a broad transition region such that
the transition from pre-shock to post-shock is continuous and
are usually non-dissociative (Draine et al. 1983). The lowest
velocity shocks associated with the turbulent H2 emission are
∼5–20 km s−1 C shocks (Guillard et al. 2009). Xu et al. (2003)
find optical emission-line ratios consistent with shock models
that do not include a radiative precursor (Dopita & Sutherland
1995).

The [Fe ii]25.99 µm emission associated with the shock
region in SQ is relatively weak, but coincides with the most
energetic part of the shock as traced by the X-rays (Figure 4).
We also detect abundant [Si ii]34.82 µm emission associated
with the main shock.

Silicon and iron have very similar first and second ionization
potentials. Their first ionization potentials (7.9 and 8.15 eV
for Fe and Si, respectively) are lower than that of hydro-
gen, but their second ionization potential is higher (16.19 and
16.35 eV). The MIR [Fe ii] and [Si ii] line emission observed
from the SQ shock could thus arise from predominantly neu-
tral, as well as ionized gas. We discuss the contribution from
the ionized gas using the [Fe ii](25.99 µm)/[Ne ii](12.81 µm)
and [Si ii](34.82 µm)/[Ne ii](12.81 µm) line ratios. The high
[Ne ii](12.81 µm)/[Ne iii](15.56 µm) MIR line ratio (see

(~ 6600 km/s)

(Cluver et al. 2001)

SQ seen in multi-wavebands

HI seemed to be converted into 
both a hot X-ray component and a warm H2 component 



umn density between (1–4) ! 1020 atoms cm"2. Even
though this reported surface brightness is well above the
VLA sensitivity limit (see x 5.2), it was not imaged in our
VLA map, nor in Fig. 6 of Allen & Sullivan (1980). As we
discuss in x 5.2, we suspect that the difference is related to
the effect of residual radar interference and unstable levels
in the continuum emission that compromised the quality of
theWSRT data.

The intensity-weighted mean velocity map (Fig. 8b)
shows nearly constant line-of-sight velocity along the entire
length of Arc-N. In contrast, the velocity gradient observed
along Arc-S is monotonic and nearly linear, characteristic
of a streaming motion typically associated with tidal tails
(e.g., Hibbard & Mihos 1995). The radial velocity increases
by 100 km s"1 over an angular distance of 2<5 (62 kpc) in a
northwestern direction across this fainter tail. Shostak et al.
(1984) did not detect this feature; instead, they report a simi-
lar velocity gradient across Arc-N that the VLA does not
confirm.

All of the H! regions cited above have been cataloged by
Arp (1973) as high-redshift objects, i.e., optical sources with
radial velocities between 5700 and 6700 km s"1. C1 has a
redshift greater than 6500 km s"1. The ionized gas has radial
motions consistent with that of the H i gas detected in the
directions of both optical tidal tails. Moles et al. (1998)

found no evidence of low-redshift H! sources in the south-
ern optical tail and concluded that it is a background feature
to NGC 7320. Our H i data confirm this finding. The simi-
larity between the shape of the H i emission and the optical
tails and the spatial correlation between the H i emission
peaks and high-redshift H! regions would indicate that the
gas in the tidal tails is associated with the quartet rather than
with the disk of NGC 7320.

5.1.2. NWFeatures

H i emission north of NGC 7318 is detected in two
compact clouds at two distinct velocities, projected along
the same direction at !1950.0 = "1<2, "1950.0 = 0<25, near
the crossing point of the two tidal features (Figs. 8 and
9) north of NGC 7318A/B. In the intermediate-frequency
(IF) band centered at 1389.9 MHz (6595 km s"1), emis-
sion around this position is present in 12 velocity chan-
nels (Fig. 7) and contained within a slightly resolved
feature, NW-HV (Fig. 9b). This feature was first discov-
ered with WSRT by Shostak et al. (1984). It shows a
large velocity gradient along a position angle of #50$,
with the mean radial velocity increasing 60 km s"1 to the
SW over an angular distance of 0<7 or 17.3 kpc (Fig. 8b).
In the higher IF band centered at 1392.5 MHz (6025 km

Fig. 5.—Map of the total H i column density distribution in HCG 92 superposed on the same R image as in Fig. 1. The POSS image has been used for the
eastern part of the field. The integration range is from 5597 to 6918 km s"1 and the contours are 5.8, 15, 23, 32, 44, 61, 87, 120, 180 ! 1019 atoms cm"2. The
synthesized beam is 19>4 ! 18>6.

No. 5, 2002 STEPHAN’S QUINTET 2423

Past dynamical history: 
  - two long parallel tidal tails 
  - stripping of most of the HI from Papa 
     (and other involving members)

Current dynamical state:
  - Intruder is colliding though the IGM at a high speed (~900 km/s),
    triggering the large-scale shock.  

Relatively close past ~ current:
   - Intruder looks still intact 
     ==> entering the group for the first time?

   - however, seems to have experienced tidal disruption
     ==> might interacted (with Mama) before!

Dynamical History & Model Constrains

 

---> 3 scenarios



Involving Papa, Eastern, and/or Mama:

(A) Both tails produced simultaneously 
      by an encounter of Eastern with Papa (Moles et al. 1997):
        - the same formation age for the parallel tail
      - parallel tails are not seen frequently
             
(B) The outer and inner tails produced one after one 
      by two (or more) encounters of Eastern with Papa 
        (Moles et al. 1997; Sulentic et al. 2001):
      - 1st:  at least 500 Myr ago  
      - 2nd: as recently as 200 Myr ago

(c) The outer tail produced by an encounter of Eastern with Papa, and then 
      the inner tail by an encounter of Mama with Papa (Xu et al. 2005)
      - but, slow passage of Eastern require more time
      - UV inner tail  ==> Mama / Papa

L96 XU ET AL. Vol. 619

Fig. 1.—(a) Composite UV color image of SQ (blue: FUV, green: , red: NUV). In order to match the NUV resolution, the FUV image is smoothedFUV!NUV
to a beam of , and rms noise of the smoothed map is 29.40 mag arcsec"2. The overlaid FUV contour levels are 28.20, 27.33, 26.69, 25.94, andFWHM p 7!.3
25.19 mag arcsec"2. North is up and east on the left. The scale of 1" is given, corresponding to 27 kpc if the distance of SQ is assumed to be 94 Mpc (H p0
Mpc"1 km"1 s). The red ellipse outlines the UV disk associated with NGC 7318b. (b) The same FUV contours overlaid on an B-band image. (c) The FUV70

image compared with the Ha (green contours; X99), H i (red contours; W02), CO from BIMA (blue contours; Gao & Xu 2000), and CO from IRAM (cyan
contours; Lisenfeld et al. 2002).

Recently, Mendes de Oliveira et al. (2004, hereafter MdO04)
discovered several intergalactic H ii regions in a region north
of the young tail (see also S01), possibly associated with the
stripped interstellar medium of NGC 7319 (S01). The Ha ob-
servations (Arp 1973; Vı́lchez & Iglesias-Páramo 1998; Plana
et al. 1999; S01) reveal numerous huge H ii regions along
several arms of NGC 7318b. Hunsberger et al. (1996), Iglesias-
Páramo & Vı́lchez (2001), and Mendes de Oliveira et al. (2001)
classified them as tidal dwarf galaxy candidates, although S01
argued that the crossing time of NGC 7318b (∼107 yr) is too
short for any tidal effects. There has been no estimate of the
total star formation rate (SFR) in SQ in the literature. Therefore,
it is not clear whether the overall star formation activity is
enhanced by the interactions. In addition, because a clear pic-
ture for the interaction history of SQ is still missing, most
results in the literature linking the star formation activity to
interactions in SQ were at best suggestive.
In this Letter we present the first UV images of SQ obtained

using the Galaxy Evolution Explorer (GALEX; Martin et al.
2005). The GALEX observations are sensitive to very low levels
of star formation averaged over ∼108 yr, the timescale of the
tidal effects. This enables the first quantitative study of the overall
star formation and its distribution in SQ. Comparisons between
the UV, optical, H i, and the emission in other wavebands put
new constraints on the star formation history and on the relation
between star formation and galaxy-galaxy interaction.

2. GALEX OBSERVATIONS

SQ was observed by GALEX on 2003 August 23, 2003 Sep-
tember 5, and 2003 September 6 in five orbits, with total ex-
posure time of 3327 s. Data reduction was done using standard
GALEX pipeline (IR0.2 calibration; Morrissey et al. 2005). The
rms noise is 27.65 mag arcsec"2 and 28.11 mag arcsec"2 in the
far-UV (FUV; 1530 ) and near-UV (NUV; 2310 ), respec-˚ ˚A A
tively. The UV magnitudes are in the AB system. The FWHM
of the FUV beam is 4!.8, for NUV beam it is 7!.3.
The GALEX image (Fig. 1a) looks very different from the

optical image (Fig. 1b). The foreground Sd galaxy NGC 7320
is the most prominent UV source, but as NGC 7320 is not a
member of SQ, we do not discuss it further. A striking feature
of the UV emission in SQ is that there are large regions that
do not coincide with significant optical light from the galaxies
or optically detected tidal features. This is in contrast to the

merger that gives rise to the Antennae (Hibbard et al. 2005),
where the UV emission is seen to follow the tidal tails and
merger body closely.
There is an extended UV disk (outlined by the red ellipse

in the UV image) centered between the nuclei of NGC 7318a
and NGC 7318b. It is most likely to be associated with NGC
7318b, and the contribution from NGC 7318a is insignificant.
This is because NGC 7318a has the optical appearance of an
ordinary elliptical galaxy, and no H ii region or H i gas in this
area is likely to be associated with it (M97; S01). The UV
disk, with a physical size of ∼80 kpc, is about 1" larger (along
the major axis) than the disk found by S01 on the image.B" R
The emission peaks in the south side of the UV disk are in
good agreement with those in the H i gas in this region, which
has the same redshift as NGC 7318b (W02). This agrees with
the results of Thilker et al. (2005), who found that the UV
emission regions in the outer disk of M83 are typically asso-
ciated with H i structures. The north tip of the disk goes beyond
the H i gas boundary (Fig. 1c). This discrepancy between the
UV and the cold gas may well be due to the shock. SQ-A is
also located within this disk.
The Seyfert 2 nucleus of NGC 7319 is faint in the UV,

indicating very high extinction within the active galactic nu-
cleus (AGN), consistent with the Seyfert 2 classification. Both
the young and old tails are detected. The young tail looks more
like a loop in the UV image. Compared to the optical tail, it
extends farther in the northeast direction and includes the four
intergalactic H ii regions found by MdO04. The UV emission
within the NGC 7319 disk shows a disturbed morphology. It
is interesting to note that no H i gas has been detected in the
NGC 7319 disk (Fig. 1c; W02). The UV emission in the north-
east part of the disk is along two strong optical arms. It does
not coincide with the Ha emission, nor with the CO emission
(Fig. 1c). The elliptical galaxy NGC 7317 is faint in the UV,
and there is no indication that it has been involved in any recent
interactions with other members of SQ.

3. STAR FORMATION IN SQ

The UV data are analyzed quantitatively to study the star
formation activity in different regions in SQ. The results are
presented in Table 1. For both the FUV and NUV magnitudes,
a calibration uncertainty of 0.1 mag is assumed (Morrissey
et al. 2005). The FUV magnitude and the andFUV" NUV
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Fig. 9. A very schematic view of the presumed path of the old intruder

NGC 7320c. The image of new intruder NGC 7318b is suppressed

(shaded out) since it was not in SQ at the time.

Moles et al. (1997) proposed a dynamical model for SQ to

explain the observational evidence. Using a larger body of mul-

tiwavelength data, S01 recently evaluated and tested their “two

intruder” scenario, that interprets twin tidal tails as the products

of two subsequent passages of NGC 7320c, the old intruder,

through the group (cf. Fig. 9). The new intruder, NGC 7318b,
is now entering SQ with a relative line of sight velocity of

∼1000 km s−1. Some aspects of the two intruder scenario are
not shared by all investigators (e.g. Williams et al. 2002), but

there is a consensus about the evidence of past and present

episodes of interactions in SQ, that allow us to interpret much

of the X-ray evidence in a self-consistent way.

The increased sensitivity of Chandra allows us to identify

several components of extended X-ray emission. 1) The NS

feature, a clumpy structure elongated in the NS direction (with

possible branches towards NGC 7319 and the NW) closely co-

incident with the strongest radio continuum and optical line

emission. 2) An irregular low surface brightness component

surrounding the NS feature (radius = 1.′5). 3) Smaller scale ex-
tended emission coincident with NGC 7319 and NGC 7318a.

Component 1) is almost certainly shock related while compo-

nent 2) could involve shock and/or underlying diffuse emission.

The most straightforward interpretation for components 3) in-

volves an association with the respective galaxies. We cannot

rule out a connection with the recent/ongoing collision because

both galaxies, especially NGC 7318a, may lie in the path of the

new intruder. Individual galaxies are discussed in Sect. 4.

3.1. The shock zone in SQ

The NS feature was previously interpreted as evidence for a

large scale shock (Pietsch et al. 1997; S01). Chandra data rein-

force this view with better evidence for (see Fig. 10): a) spatial

coincidence between the NS feature and similar radio contin-

uum, Hα and [N   ] emission structures; b) lack of coincidence
between the X-ray emission and the galaxies or extended stellar

halo in SQ (Moles et al. 1998) and c) lack of X-ray coincidence

with HI line emission in the velocity range of the new intruder

NGC 7318b (S01). Optical spectroscopy (Xu et al. 2001) also
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Fig. 10. X-ray contours (from the 0.5–2.0 keV band adaptively

smoothed map) superimposed on optical emission line and radio con-

tinuum data. Contours are overlayed on: a) X-ray image, binned to

2′′ × 2′′ pixels; b) Hα emission in the 6500 km s−1 SQ velocity range;
c) Hα emission in the 5700 km s−1 new intruder velocity range; d)

1400 MHz radio continuum emission. Images have all the same scale.

shows that emission line ratios from gas coincident with the NS

region imply shock conditions. In the simplest scenario, the

shock results from the collision of NGC 7318b with previously

stripped gas in SQ.

In the strong shock approximation, as expected from an im-

pact with v ∼ 1000 km s−1, the shock temperature

Tsh =
3

16
(µm̄/kB)∆v

2 sin2 φ

≈ 2.7 × 107µv28 sin2 φ K. (1)

The quantities µ, m̄, kB, and v8 are the mean molecular weight,
mean particle mass of the gas, Boltzmann’s constant, upstream

velocity in units of 108 cm s−1, respectively. In a perpendicular
shock, the angle between the incoming flow direction and the

shock surface φ = 90◦. We further assume µ = 1, which ac-
counts for a completely neutral upstream gas and a perfect gas

with ratio of specific heats, γc = 5/3.
This shock temperature is significantly higher than that de-

rived in Sect. 2.3 and cannot be interpreted as the result of

significant cooling if the collision is ongoing (or even recent,

see later). It is more likely that the shock conditions are not

as simple as assumed in Eq. (1), and require either an oblique

(small φ, cf. Appendix A.1) and/or weak shock (i.e. the up-
stream medium is hot and has a sizeable counter-pressure) in

which case the strong shock assumption breaks down. The ef-

fects of a magnetic field are also considered in Appendix A.2,

but the field strength derived appears to be rather high.

If the new intruder collides with a neutral hydrogen cloud,

as suggested by the spatial “continuity” between the NS fea-

ture and H  clouds N and S of it with consistent velocities (see



Modeling Goals & Strategy
Our modeling work is extension of the earlier work of 
     Renaud et al. (2010) which used an N-body stellar dynamics code
     adding thermohydrodynamic effects to the N-body models.

The primary goal is 
   to figure out the dynamical interaction history
   in hopes that SQ is a prototypical 
   and that teaches us about other systems too.

Several interactions seem to occur sequentially:
   a sequence of two-at-a-time collisions 
   (which makes modeling of this complex system more feasible).

Three major stages:
   (1) to reproduce the inner and outer tails in a good configuration, 
         stripping much of gas off the involving members,
   (2) to test the occurrence of any intermediate interaction before the present,
   (3) to make a high-speed collision between Intruder & the IGM. 

==> based on 
    the 3 scenarios



The Simulation Code
The SPH code of Struck (1997, ApJS, 113, 269): 
   - Hydrodynamical forces are computed with a spline kernel on a grid. 

   - Local self-gravity is calculated between gas particles in adjacent cells.

   - Each model galaxy consists of two disks with gas & collisionless star particles, &
      a rigid dark matter halo.

   - Simple treatment of heating & cooling for gas particles are included.

   - Star-forming gas particles are identified by using density & temp. thresholds.                                   

   - A restricted 3-body approximation for the halos is used to simulate the 
      large-scale dynamics. 

   - The effects of dynamical friction are included, in some cases.  

   - The non-inertial reference frame of a “primary” galaxy is used.

   - The code variables are dimensionless & 
      are converted to the physical units after simulations.
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Models A: Both tails --> by Eastern (a single encounter)             

Models B: The outer tail --> by Eastern (earlier encounter)
                  The inner tail --> by Eastern (recent encounter) 

Models C: The outer tail --> by Eastern 
                  The inner tail --> by Mama 

Models of Type A, B, & C
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Fig. 9. A very schematic view of the presumed path of the old intruder

NGC 7320c. The image of new intruder NGC 7318b is suppressed

(shaded out) since it was not in SQ at the time.

Moles et al. (1997) proposed a dynamical model for SQ to

explain the observational evidence. Using a larger body of mul-

tiwavelength data, S01 recently evaluated and tested their “two

intruder” scenario, that interprets twin tidal tails as the products

of two subsequent passages of NGC 7320c, the old intruder,

through the group (cf. Fig. 9). The new intruder, NGC 7318b,
is now entering SQ with a relative line of sight velocity of

∼1000 km s−1. Some aspects of the two intruder scenario are
not shared by all investigators (e.g. Williams et al. 2002), but

there is a consensus about the evidence of past and present

episodes of interactions in SQ, that allow us to interpret much

of the X-ray evidence in a self-consistent way.

The increased sensitivity of Chandra allows us to identify

several components of extended X-ray emission. 1) The NS

feature, a clumpy structure elongated in the NS direction (with

possible branches towards NGC 7319 and the NW) closely co-

incident with the strongest radio continuum and optical line

emission. 2) An irregular low surface brightness component

surrounding the NS feature (radius = 1.′5). 3) Smaller scale ex-
tended emission coincident with NGC 7319 and NGC 7318a.

Component 1) is almost certainly shock related while compo-

nent 2) could involve shock and/or underlying diffuse emission.

The most straightforward interpretation for components 3) in-

volves an association with the respective galaxies. We cannot

rule out a connection with the recent/ongoing collision because

both galaxies, especially NGC 7318a, may lie in the path of the

new intruder. Individual galaxies are discussed in Sect. 4.

3.1. The shock zone in SQ

The NS feature was previously interpreted as evidence for a

large scale shock (Pietsch et al. 1997; S01). Chandra data rein-

force this view with better evidence for (see Fig. 10): a) spatial

coincidence between the NS feature and similar radio contin-

uum, Hα and [N   ] emission structures; b) lack of coincidence
between the X-ray emission and the galaxies or extended stellar

halo in SQ (Moles et al. 1998) and c) lack of X-ray coincidence

with HI line emission in the velocity range of the new intruder

NGC 7318b (S01). Optical spectroscopy (Xu et al. 2001) also
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Fig. 10. X-ray contours (from the 0.5–2.0 keV band adaptively

smoothed map) superimposed on optical emission line and radio con-

tinuum data. Contours are overlayed on: a) X-ray image, binned to

2′′ × 2′′ pixels; b) Hα emission in the 6500 km s−1 SQ velocity range;
c) Hα emission in the 5700 km s−1 new intruder velocity range; d)

1400 MHz radio continuum emission. Images have all the same scale.

shows that emission line ratios from gas coincident with the NS

region imply shock conditions. In the simplest scenario, the

shock results from the collision of NGC 7318b with previously

stripped gas in SQ.

In the strong shock approximation, as expected from an im-

pact with v ∼ 1000 km s−1, the shock temperature

Tsh =
3

16
(µm̄/kB)∆v

2 sin2 φ

≈ 2.7 × 107µv28 sin2 φ K. (1)

The quantities µ, m̄, kB, and v8 are the mean molecular weight,
mean particle mass of the gas, Boltzmann’s constant, upstream

velocity in units of 108 cm s−1, respectively. In a perpendicular
shock, the angle between the incoming flow direction and the

shock surface φ = 90◦. We further assume µ = 1, which ac-
counts for a completely neutral upstream gas and a perfect gas

with ratio of specific heats, γc = 5/3.
This shock temperature is significantly higher than that de-

rived in Sect. 2.3 and cannot be interpreted as the result of

significant cooling if the collision is ongoing (or even recent,

see later). It is more likely that the shock conditions are not

as simple as assumed in Eq. (1), and require either an oblique

(small φ, cf. Appendix A.1) and/or weak shock (i.e. the up-
stream medium is hot and has a sizeable counter-pressure) in

which case the strong shock assumption breaks down. The ef-

fects of a magnetic field are also considered in Appendix A.2,

but the field strength derived appears to be rather high.

If the new intruder collides with a neutral hydrogen cloud,

as suggested by the spatial “continuity” between the NS fea-

ture and H  clouds N and S of it with consistent velocities (see

x : initial positions

Papa
Eastern

Renaud et al. 2010
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Fig. 6.— Schematic view of the orbits of the two colliders around
the main galaxy. According to the ages of the tails (and thus
the ages of the tidal interactions) the two colliders might interact
where their trajectories cross. Circles show the position of the three
galaxies at present time.

deed, after its collision, NGC 7320c flies eastward, north
of the main disk, while NGC 7318a is approaching to cir-
cle around the the main galaxy from north-east to south-
west, as shown in Figure 6. The lack of observational
clues (like tails between NGC 7318a and NGC 7320c or
a common halo) suggests that the two galaxies have not
interacted with each other. In order to keep the same
timescales and the same orbits with respect to the main
galaxy, the only solution to avoid the collision between
NGC 7318a and NGC 7320c is that they do not share
the same orbital plane. According to the measured ra-
dial velocities, the second collider might be behind the
first one, at present time. This suggests to tilt the orbital
plane of NGC 7319a so that it starts closer to the Earth,
interacts with the main galaxy, and then goes behind.
By doing this, the trajectories of the two colliders do not
cross.

This scenario involving three galaxies allows to tune
the initial parameters in order to place the two intruders
at their right positions after the interaction, i.e. in the
far east for NGC 7320c and near the center, ready for
a collision with NGC 7318b, in the case of NGC 7318a.
The inclination of the orbital axis and the initial starting
point along the trajectories have been chosen so that the
two progenitors reach their observed position at the same
time (i.e. now). The initial Keplerian orbit of the second
collider has to be corrected to account for the mass loss
and shift in position due to early collision. The final
result is shown in Figure 7

We note the presence of a strong spiral and even a
barred shape in NGC 7319 (see Figure 1). Previous
studies suggested that such structures could result from
a tidal interaction (Walker, Mihos, & Hernquist 1996;
Berentzen et al. 2004). On the one hand, it is very likely
that more recent interactions erased or at least disturbed
them. On the other hand, deep images clearly reveal that
such asymmetric structures still exist in the quintet, in
particular in the main disk. Our simulation managed to
reproduce the spiral arms and even a weak bar after the
second collision. They are probably transient features
that will vanish within a few dynamical times.

4.3. Formation of the western region

For the next step in the interaction history of the quin-
tet, NGC 7318b hits the triplet NGC 7318a-19-20c and
its already existing web of tidal features. Although the
velocity field reveals itself to be extremely complex in
this region (Sulentic et al. 2001; Williams et al. 2002),

Fig. 7.— Morphology of NGC 7319 and NGC 7318a after the
formation of the inner tail (t = −80 Myr). NGC 7320c is included
in the simulation, but not shown here. The tail and the spread
ISM between the two galaxies are clearly visible. A secondary tail
originating from NGC 7318a is expanding toward the west but will
vanish during the next steps of the interaction history of SQ.

one can extract some hints from it. First of all, the
large velocity difference measured between NGC 7318a
and NGC 7318b (∼ 850 km s−1) clearly requires an or-
bit highly inclined from the plane of the sky for the
NGC 7318b (the intruder). Secondly, because the in-
ternal tidal structures (spirals and bars) are still blurry,
the interaction has taken place recently. Therefore, the
velocity of NGC 7318b should be high enough to sepa-
rate it from the rest of the group in such a small amount
of time. Consequently, it is possible to consider the in-
truder as a galaxy coming from the background at high
velocity and hitting the group in a configuration close to
the one currently observed.

4.3.1. Tidal tails of the pair

The most visible features in this region are two thin
tails (NW tails in Figure 1) expanding northward from
the two galaxies NGC 7318a/b. Their mean measured
velocity of ∼ 6000 km s−1 suggests that they stand be-
tween the two galaxies. Therefore, these structures have
been created by the tidal interaction of the second col-
lider with the high speed intruder. It seems that each tail
originates from one of two galaxies, the western one being
from NGC 7318a while the other starts from NGC 7318b.
Simulations of encounters show that a tidal structure ei-
ther links the two galaxies (bridge) or point away from
the counterpart (classical tail). Figure 8 shows the result
of an interaction between two disks galaxies that leads to
similar morphology than the pair. However, the northern
tail of NGC 7318b is connected to its disk on the right-
hand side, contrary to the observations of SQ. Hence the
crossing of the two NW tails we see in SQ would be a pro-
jection effect along the line of sight. In other words, the
two tails would not share the same plane. However, this
crossing matches the position of the starburst region SQ-
A (Xu et al. 1999). It is likely that the over-density due
to the physical overlap of the tails favors the formation of
stars. Therefore, the crossing is not a simple projection
effect but a volume common to both tails which have

Models C (based on Scenario C): 
to produce the outer tail from an encounter of Eastern/Papa,
and then the inner tail from a different encounter of Mama/Papa.

Our models show that
reconstructing the parallel tails one after one in a good configuration
out of a disk of Papa by two different close encounters
is very difficult and unlikely.

Papa, Mama, Intruder, & Eastern 

Models C

(Renaud et al. 2010)



Models C

In models C,
when Mama passes the vicinity of Papa, 
Mama destroys/disturbs the early generated nearby delicate tidal features.    



Models A

In models A,
Mama do not contribute in generating any of the parallel tail.
Mama needs to stay far from the parallel tails so that they can grow 
in a good configuration.
  



Models A

In models A,
The initial orbit of Mama is not strongly constrained. 



The Fiducial Model
The fiducial model (a representative of models A) designed:
  (1) to generate the inner & outer tails simultaneously 
       by a close encounter of Eastern (G4) with Papa (G1), 
  (2) to have a collision between Mama (G2) & Intruder (G3) 
       far below the plane of Papa,
  (3) to make a high-speed collision 
       between Intruder (G3) & the IGM.
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Table 2.1 Initial parameters of the fiducial model

G1 G2 G3 G4
Halo massesa (×1010M!)b 12.6 8.2 7.1 2.4
Halo cutoff radiic(kpc) 135.0 55.0 80.0 45.0
Gas disk radii (kpc) 27.0 8.0 16.0 9.0
Stellar disk radii (kpc) 18.0 11.0 11.0 7.0
Gas particle numbers 68,680 6,000 24,000 7,480
Star particle numbers 32,000 11,760 11,760 4,960
Disk orientationsd 180◦ about x-axis 180◦ about x-axis

Initial center positionse at origin (−70.0, 10.0, −20.0) (12.0, 2.0, −340.0) (12.5, −15.3, 15.3)
(x,y,z) (kpc)
Initial center velocities f (0.0, 0.0, 0.0) (110.0, −27.0, −72.5) (20.0, −7.5, 300.0) (35.9, 79.5, −77.5)
(vx,vy ,vz) (km s−1)

aThe given halo mass is that contained within a halo cut-off radius. Gas and star disk masses are
negligible in this model; see text.

bPhysical units used in this table. Conversion from code units described in text.
cIn this model, the halo cut-off radii for G1, G3, and G4 are set to five times their gas disk radii;

for G2, five times its star disk radius. No group halo is applied.
dAll galaxy disks are initialized in the x-y plane and then rotated as necessary. In this model, G1

and G4 are set in the x-y plane with counter-clockwise directional spins, and G2 and G3 with clockwise
directional spins. No additional tilts are applied in this model.

eCoordinates defined in a conventional, right-handed frame, with the origin fixed at the center of the
primary, G1. The x-y plane is defined as the plane of the sky, and positive z as the direction towards
the observer.

fPositive z velocities are towards us.

2.4.1 Evolution of the fiducial model

The fiducial model is designed firstly to generate the inner and outer tails simultaneously

by a close encounter of G4 with G1 (as suggested in scenario A in Section 2.2.2), then at

the second stage to have a collision between G2 and G3 relatively far below the plane of G1,

and finally at the third stage to make a high-speed collision between G3 and the material

found west of G1 (c.f, for the description of the modeling stages see Section 2.3.2). The initial

parameters and the subsequent orbits of the model galaxies are presented in Table 2.1 (see also

Section 2.3.2) and Figure 2.4, respectively. The distributions of star and gas particles of the

model galaxies at four times are shown in Figures 2.5 through 2.8: star particles projected on

to the x-y plane in Figure 2.5, and on to the x-z plane in Figure 2.6; gas particles projected

on to the x-y plane in Figure 2.7, and on to the x-z plane in Figure 2.8.

As mentioned earlier, the coordinate system that moves with the halo center of G1 (the

most massive and largest member in the model) is used in the SPH code, so the galaxy appears

fixed at the origin throughout the simulations, and the x-y plane is defined as the plane of the

The initial parameters of the fiducial model 
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Figure 2.6 Four snapshots from the fiducial model of star particles projected on

to the x-z plane. These are the same snapshots to those in Figure 2.5,

showing from the side. Colors are used in the same ways in Figure

2.5 (red for G1, green for G2, blue for G3, and cyan for G4). In the

top-left panel, G3 is not shown as it is at z ∼ − 160.
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Figure 2.5 Four snapshots from the fiducial model of star particles projected on

to the x-y plane. In each panel, particles originating from G1, G2, G3,

and G4 are plotted with red, green, blue, and cyan dots, respectively

(the red dots were plotted at first and then green, blue, and cyan dots

in order). The orbital trajectories (see Figure 2.4) of the members are

overlaid in the same colors used for the particles. Time indicated in

each panel is measured from the closest approach between G1 and

G4. In the top-left panel, the star particles of G2 and G3 are not

displayed in order to show the bridge and counter-tail pulled out of

G1 clearly (instead, the center positions of G2 and G3 are indicated

with small green and blue rings). The top-right panel is at the onset

of the collision between G2 and G3 (see Figure 2.6 for the view in

the x-z plane). The bottom-left and bottom-right panels are at times

near the present (shortly before and after the present) when G3 is

colliding with the particles placing between G1 and G2, and when G3

has collided through the particles, respectively.
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Figure 2.6 Four snapshots from the fiducial model of star particles projected on

to the x-z plane. These are the same snapshots to those in Figure 2.5,

showing from the side. Colors are used in the same ways in Figure

2.5 (red for G1, green for G2, blue for G3, and cyan for G4). In the

top-left panel, G3 is not shown as it is at z ∼ − 160.

Evolution of star particles at 4 times:
   1. Early development of the parallel tails.
   2. The onset of the collision between Mama / Intruder.
   3. During the high-speed collision between Intruder / IGM.
   4. Shortly after the high-speed collision. 

Papa, Mama, Intruder, & Eastern

t1                         t2                        t3                          t4 
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Figure 2.7 Four snapshots from the fiducial model of gas particles projected on

to the x-y plane. These snapshots are taken at the same times to

those in Figure 2.5, showing the distribution of gas particles. Colors

are used in the same ways in Figure 2.5 (red for G1, green for G2, blue

for G3, and cyan for G4). In the top-left panel, the gas particles of G2

and G3 are not displayed in order to show the bridge and counter-tail

pulled out of G1 clearly (instead, the center positions of G2 and G3

are indicated with small green and blue rings). The views in the x-z

plane are presented in Figure 2.8.
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Figure 2.8 Four snapshots from the fiducial model of gas particles projected on

to the x-z plane. These are the same snapshots to those in Figure

2.7, showing from the side. (The distribution of star particles at the

four times are shown in Figures 2.5 and 2.6.) Colors are used in the

same ways in Figures 2.5 through 2.7 (red for G1, green for G2, blue

for G3, and cyan for G4). In the top-left panel, G3 is not shown as it

is at z ∼ − 160.
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2.7, showing from the side. (The distribution of star particles at the

four times are shown in Figures 2.5 and 2.6.) Colors are used in the

same ways in Figures 2.5 through 2.7 (red for G1, green for G2, blue

for G3, and cyan for G4). In the top-left panel, G3 is not shown as it

is at z ∼ − 160.
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Figure 2.7 Four snapshots from the fiducial model of gas particles projected on

to the x-y plane. These snapshots are taken at the same times to

those in Figure 2.5, showing the distribution of gas particles. Colors

are used in the same ways in Figure 2.5 (red for G1, green for G2, blue

for G3, and cyan for G4). In the top-left panel, the gas particles of G2

and G3 are not displayed in order to show the bridge and counter-tail

pulled out of G1 clearly (instead, the center positions of G2 and G3

are indicated with small green and blue rings). The views in the x-z

plane are presented in Figure 2.8.

Evolution of gas particles at 4 times:
   1. Early development of the parallel tails.
   2. The onset of the collision between Mama / Intruder.
   3. During the high-speed collision between Intruder / IGM.
   4. Shortly after the high-speed collision. 
Gas tends to be affected more by encounters than stars.
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High-Vr gas: 
  - mostly from Papa, Mama, & Eastern
  - bulk of gas along the parallel tails
  - some gas at N of Intruder (W of Papa) 
    forming a compact feature

Intermediate-Vr gas:
  - mostly from Intruder & Papa
  - gas at N of Intruder 
    in a more extended feature
  
Low-Vr gas:
  - mostly from Intruder
  - Some diffuse gas at S of Intruder
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Figure 2.9 Gas particles of the fiducial model at t = 1070 Myr in three vr ranges.

(The time is the same to the forth snapshots presented in Figures 2.5

through 2.8.) The top to bottom rows show the gas particles in high,

intermediate, and low vr ranges (see the text how to divide the three

ranges). The left and right column show the gas particles projected

on to the x-y plane and x-z plane, respectively. Red, green, blue, and

cyan dots represent the particles originating from G1, G2, G3, and

G4, respectively (red dots are plotted first and then green, blue, and

cyan in order). The center positions of the four model galaxies at the

instant are indicated with black crosses.
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The hot gas in high-Vr range (during the high-speed collision)
shows an elongated feature at W of Papa.

Little star-forming gas is found at the shock region,
indicating the elongated feature is heated 
not by star formation, rather by the high-speed collision.   
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Figure 2.10 Hot to warm gas and star-forming gas particles of the fiducial model

at t = 890 Myr. (The time is the same to the third snapshots

presented in Figures 2.5 through 2.8.) In the top panel, gas particles

exceeding a temperature cur off (see the text) and in the high-vr
range are displayed with red, green, blue, and cyan dots (for the

particles originating from G1, G2, G3, and G4, respectively). The

center positions of the four model galaxies at the instant are marked

with black crosses. In the bottom panel, star-forming gas particles

in the high-vr range are shown with small stars in colors.
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Model Results

Guillard et al. (2009):
  The cooling time is significantly longer than 
  the age of the shock (~ 5 Myr). 

Our models:
   Gas particles (clouds) continue to interact 
      for some tens of millions of years. 

   This amounts to decaying turbulence with many small shocks 
      of various strengths in that region and we think it can account for 
      the observed emission without much star formation.

40 Myr

The End of 

Model Results.



We found a very interesting result in SQ, with collisions on mostly two-at-a-time.

This result may be general, because flyby or the final merger together time 
   would be short compared to the total orbital time. 

So, our major result can be extended to other groups 
   in studying the evolutionary histories or finding initial conditions of collisions.

Summary



Thank you!


