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Galaxy Groups - gas content

Study of ram pressure on NGC 2805 5

Figure 1. (a)(top panel)Hi column density contours and grey-scale at an angular resolution of 26′′ × 22′′.
Crosses mark the optical positions of the four group members. Note the large structure to the north-east
of NGC 2820 which we believe is a tidal dwarf galaxy. (b)(lower panel) The Hi column density contours
overlaid on the DSS B band (grey scale) image at an angular resolution of 26′′ × 22′′ . The contours are
plotted at 0.36×(3, 6, 12, 24, 40, 48, 96, 192, 220)×1019 atoms cm−2.
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Low-mass groups - galaxy interactions

G. Trinchieri et al.: Hot IGM in SCG0018-4854 197

Table 1. Journal of the XMM-Newton EPIC observations.

Observation Original Exp. time (ks) Cleaned Exp. time (ks) RA† Dec†
Id EPIC-pn/MOS1/MOS2 EPIC-pn/MOS1/MOS2 J2000

0152330101 35.3 39.2 39.3 16.7 29.9 29.9 00h21m23.s30 −48◦38′23.′′8
† Position of the target.
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Fig. 1. Left: iso-intensity contours of the emission in the 0.3–2.0 keV energy band from the EPIC-MOS data overlayed onto a 300 s V band image
obtained with DFOSC at the 1.54mt Danish Telescope. An adaptively smooth algorithm is applied. Contours are at: 0.033, 0.035, 0.038, 0.043,
0.048, 0.063, 0.078, 0.125, 0.238, 0.75, 1.625 cnt arcsec−2. Right: the optical contours are overlayed onto the X-ray smoothed image, displayed in
logarithmic scale.

is important, in particular considering that we want to measure a
very low surface brightness emission. Two methods of determin-
ing the background were tested, using the “blank sky” data avail-
able online vs. using a local background from our data. After
careful consideration (see below), we resolve to use a local de-
termination of the background, while using some information
from the blank sky field to make some required adjustments to
the surface brightness levels.

The medium filter event files for the “blank sky” data avail-
able online1 (see Carter & Read 2007, for a comprehensive dis-
cussion on the characteristics and preparation of the files) have
been cleaned from the high background episodes in a manner
consistent with the SCG0018-4854 data and the files have been
rotated to the same angle as our observation with the skycast2

program.
Figure 2 shows the comparison between the azimuthally av-

eraged radial profile obtained from our observation of SCG0018-
4854 and from the blank sky data, normalised to the SCG0018-
4854 profile at large radii (note that the normalisation is
consistent within ≤10% with the ratio of the exposure times).
We show both the full profile, inclusive of all sources (with filled
symbols), and the profile of the “residual" emission, where all
detected sources have been masked out, with the regions shown
in Fig. 3. We use the 0.3–2.0 keV band to maximise the relative

1 At http://xmm.vilspa.esa.es/external/xmm_sw_cal/
back-ground/blank_sky.shtml or kindly provided by A. Read and
J. Carter, that constitute and improved version of the on line data with
a smaller residual at the centre.
2 See http://www.sr.bham.ac.uk/xmm2/scripts.html

contribution to the total emission of the soft component, while
retaining a wide-enough band to include also the harder compo-
nents. The centre of the profile is at 00h21m24.s25, −48◦38′51.′′7,
in the central area between the 4 galaxies of the group. The good
agreement between the data and the blank sky profile shapes at
radii larger than ∼200′′ suggests that these could be used to es-
timate the background in the central area of the group, and indi-
cate a significant excess emission at least out to ∼150′′.

However, an analysis performed over narrower energy bins
indicates that the normalisation of the two sets is different at dif-
ferent energies, requiring a correction of up to ∼17% to raise the
background to the observed value at energies below 2 keV, and
∼6% to lower it for energies above 2 keV, relative to the aver-
age value for the 0.5–2.0 keV band. This is most likely a con-
sequence of the difference in the spectral shape of the blank sky
relative to our field background that converts into slightly dif-
ferent normalisations in different bands (see also Carter & Read
2007, and references therein).

Since it appears that outside a radius of ∼200′′–250′′ the spa-
tial shape of the emission is entirely consistent with the rescaled
blank fields, and that the shapes of the blank sky profiles are vir-
tually the same at all energies below ∼5 keV, we conclude that a
local determination of the background is possible, provided the
blank sky spatial profile is used to rescale it to the appropriate
level at the source area, which is what we have done.

The net profile from the diffuse emission in SCG0018-4854
is shown in Fig. 4, where all detected discrete sources have
been excluded. Emission is clearly visible out to a radius of
∼2′, with a total of ∼410 ± 40 net EPIC-pn counts. Since all

SCG 0018-4854, Trinchieri+ 2008
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Lisenfeld & Völk (2010) suggested that in situ shock
acceleration of CRs in the bridge can explain the strength of the
radio emission and radio spectral index. In this view, the
galaxies do not need to be the source of CR electrons, because
the CRs can be accelerated within the highly turbulent
conditions in the bridge (Condon et al. 1993; Braine
et al. 2003; Gao et al. 2003b; Zhu et al. 2007).

Further evidence that shocks may play an important role in
the material in the bridge was presented by Peterson et al.
(2012), who showed that the bridge contains >4.5 × 108 Me of
warm (150 < T < 175 K) molecular hydrogen. The excitation
of this warm intergalactic gas was found to have a strong
heating contribution from shocks and turbulence. The detection
of broad CO (1–0) lines in the bridge (Gao et al. 2003b) is
consistent with turbulent gas and kinetic energy dissipation in
this colder component. This could provide a significant fraction
of the heating needed to maintain the warm H2 for the ∼25Myr
since the collision (Condon et al. 1993). While Peterson et al.
(2012) were able to demonstrate that the warm H2 emission
was likely the result of turbulent or shock-heating of the bridge,
they could not rule out heating of the molecular gas by X-rays,
since, at that time, no observations of this kind had been made.

One of the consequences of a head-on collision between the
two galaxies is the possibility of the sweeping of gas out of the
galaxies. The large amounts of gas found in the bridge
(∼7 × 109 Me, Zhu et al. 2007; Peterson et al. 2012; Vollmer
et al. 2012) has to survive the violence of the collision (Braine
et al. 2003). Nevertheless, in the gas and stellar dynamical
modeling of the Taffy collision by Vollmer et al. (2012), it was
shown that momentum transfer between the gas clouds in the
galaxies during the collision was sufficient to transport large
quantities of gas into the bridge. The model also provided a
possible explanation for the spatial offset in the distribution of
the dense molecular gas, and the diffuse H I in the bridge (Gao
et al. 2003b). This was explained as a consequence of the two
galaxies colliding slightly off-center, leading to an asymmetry
in the density structure of the resulting bridge. The models did
not include the thermal balance of the different phases of the
interstellar medium (ISM) in the galaxies, which is especially
relevant to X-ray observations.

Hot X-ray emitting gas can extend outside galaxy disks
through both internal and external processes. In starburst
galaxies, supernova explosions can create hot bubbles of X-ray
emitting gas that can break-out of their host molecular disks,
and push gas into the halo (Fabbiano & Trinchieri 1984;
Watson et al. 1984; Heckman et al. 1990; Heckman 2002, p.
292). Large scale shocks can also heat gas to X-ray
temperatures in the intergalactic diffuse environment. In the
40 kpc-long filament in the Stephanʼs Quintet galaxy group,
X-ray emission was detected in association with a giant shock
structure (Trinchieri et al. 2003, 2005; O’Sullivan et al. 2009).
The filament also contains copious amounts of warm and cold
molecular gas (Appleton et al. 2006; Cluver et al. 2010;
Guillard & Boulanger 2012). The emission is consistent with
the model of Guillard et al. (2009) in which a large-scale shock
is propagated into a multi-phase medium. In this model, the
low density regions of this medium become heated to X-ray
temperatures, whereas the higher density clumps collapse and
can survive the initial disturbance and radiate strongly in the
mid-IR H2 lines. Shocked regions can also radiate strongly in
diffuse [C II] emission, as observed (Appleton et al. 2013).
Similarly powerful mid-IR H2, [C II], and [O I] emission have
been seen in the Taffy system (B. W. Peterson & P. N.
Appleton 2015, in preparation), providing further motivation
for the current study of the Taffy system in X-rays.
In this paper, we detect faint soft diffuse X-rays from the

Taffy galaxy disks and bridge region, as well as from a number
of luminous discrete sources. We explore various explanations
for the observed X-ray emission, favoring shock-heating as the
most likely explanation for the diffuse emission. We assume a
distance to the galaxies of 62Mpc based on the heliocentric
velocities for UGC 12914 and UGC 12915 of 4371 ± 8 and
4336 ± 7 km s−1, respectively, and a Hubble constant of
70 km s−1 Mpc−1.

2. OBSERVATIONS

2.1. Chandra Observations

The Taffy galaxies were observed for 39.5 ks on 2013
February 3 (ObsID 14898; PI P. Appleton) with the back-
illuminated CCD chip, S3, of the Chandra Advanced CCD

Figure 1. (a) VLA 20 cm radio continuum map of Taffy system superimposed on g-band SDSS image. Contour units are 0.1, 0.3, 0.6, 0.9, 1.2, 1.5, 2, 4, 7 mJy beam−1

(adapted from Condon et al. 1993), (b) 0.5–8 keV Chandra X-ray image slighty smoothed to emphasize the compact sources, and (c) 0.5–2 keV (soft) X-ray band
adaptively smoothed (see the text) to emphasize the faint extended soft X-rays from the bridge (contribution from point sources are included—but see Figure 2). Note
the offset between the peak radio continuum contours in the bridge (same units as in Figure 1(a)) and the brightest ridge in the extended soft X-ray emission.

2

The Astrophysical Journal, 812:118 (17pp), 2015 October 20 Appleton et al.

Taffy galaxies 
Appleton+ 2015

Chandra contours

Only a handful of spiral-rich groups with a X-ray detected IGrM known, Lx ≈ 1041 erg/s

IGrM appears strongly infl
• Collisional shocks

• Tidal interactions and stripping

• Star formation & AGN-driven winds



The MeerKAT view of Stephan’s Quintet GCG Meeting, CfA, 24 Mar 2026

PanSTARRS gri
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PanSTARRS gri

Stephan’s Quintet

Distance 94 Mpc 
3’ = 82kpc

Édouard Jean-Marie Stephan 
Reported in 1877 (MNRAS, 37, 334) 
 
“…excessively faint; excessively small; 
very difficult to observe.”
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Stephan’s Quintet: early radio observations
Shostak et al. 1984 (WSRT)

HI confirmed NGC 7320 as a foreground spiral, but also revealed

• HI structures at ~6600 km/s (group) and 5700-6000 km/s (intruder)

• A N-S ridge of continuum emission on the east side of the intruder NGC 7318b
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Stephan’s Quintet: the VLA view

3. CONTINUUM EMISSION

A line-free continuum image constructed by averaging
the 21 line-free channels is shown in Figure 1, and the main
parameters of the emission are given in Table 2. This 1500

resolution image has an effective bandwidth of 2.05 MHz
centered on an effective frequency of 1416 MHz. The rms
noise level achieved in Figure 1 is 0.10 mJy beam!1 (0.3 K).
This continuum image is a factor of 3 more sensitive in flux
density and about 30 times more sensitive in surface bright-
ness than the best continuum map produced by van der
Hulst & Rots (1981).

In its gross details our continuum map is in good agree-
ment with the 600 resolution image generated by van der
Hulst & Rots (1981) and with other published continuum
maps (Allen & Hartsuiker 1972; Shostak et al. 1984).
Besides detecting the two unresolved northern sources and
the extended linear source between NGC 7318B and NGC
7319, an unresolved continuum source coincident with the
nucleus of NGC 7318A is also clearly detected. A possible
detection of a source associated with the nucleus of NGC
7320 is also made (Fig. 1). More importantly, the new con-
tinuum image delineates the diffuse emission more clearly
than ever before.

The bright radio nucleus of NGC 7319 has a flux density
of 27 " 4 mJy, in good agreement with the results of van der
Hulst & Rots (1981) and Allen & Hartsuiker (1972). Their
high-resolution VLA data show a short (600) jetlike feature
emanating southwestward from the nuclear source in NGC
7319 (see Fig. 3 of van der Hulst & Rots 1981). The other
unresolved source to the northwest has no optical counter-
part brighter than 29 mag arcsec!2 (see Fig. 10, Arp 1973),
and it may be an unrelated background source. Its flux den-
sity is 10 " 1 mJy. The radio source coincident with the
nucleus of NGC 7318a was only marginally detected (at the
3 ! level) by van der Hulst & Rots (1981). We confirm their
detection of the nuclear radio source in NGC 7318A and
find that its flux density is 1.4 " 0.2 mJy, consistent with
their measurement. The new continuum image (Fig. 1) also
shows a 3.6 ! source nearly coincident with the nucleus of
NGC 7320.

The high surface brightness sensitivity achieved by the
new observations reveals for the first time the faint structure
in the extended radio ridge between NGC 7318B and NGC
7319. The new continuum image shows the smooth connec-
tion of the entire north-south ridge, from the bright north-
ern unresolved source to the elongated north-south feature

Fig. 1.—Contour map of the 21 cm continuum emission in HCG 92 overlaid on anR-band image obtained by J. Sulentic at the 3.5 m CAHA telescope. The
contours are!0.2, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 13, and 26 mJy beam!1. The synthesized beam, 15>4 # 14>8, is shown on the upper left corner. Coordinate offsets
are with respect to the optical nucleus of NGC 7319 at "B1950.0 = 22h33m46s1, #B1950.0 = 33$4300000.
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VLA 1.4GHz contours

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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VLA HI contours

Williams et al. 2002

HI mainly outside the galaxies, long 6600 km/s HI tail overlapping optical tails  
Continuum ridge links 6600 km/s HI components

➜ Single tidal filament whose central section has been transformed by collision shock?
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Stephan’s Quintet: VLA + H𝛂

•High velocity H𝛂 links 6600 km/s HI

•Note bridge to NGC 7319 

•Low velocity H𝛂 links 5700/6000 km/s HI

STEPHANÏS QUINTET 2999

FIG. 5.ÈH I 21 cm radio contours superposed on the interference Ðlter images. Top : H I contours for velocities in the SQ range 6475È6755 km s~1.
Bottom : H I contours for velocities in the new intruder range (5597È6068 km s~1). H I contours levels correspond to 5.26e19, 1.58, 2.63, 5.26, 7.89 ] 1020
cm~2 with last contour shown only in the top panel.

night sky line emission, which was subtracted using an
interactive routine in CIGALE. All regions for which
PUMA velocities could be obtained are numbered in
Figure 7 (right, SQ; left, NI). Velocities were obtained by
PUMA for virtually all emission features seen in the Calar
Alto IF images (Fig. 4), except for velocity-smeared emis-
sion in the shock. Table 2 lists PUMA-derived velocities for
all SQ (col. [6]) and NI (col. [2]) emission regions that are
numbered in Figure 7. Columns (3)È(4) list literature mea-

sures for comparison (CO and H I values can be found in
the text). Ha emission with SQ velocities in the range 6350È
6414 km s~1 is also detected in NI knots 18, 19, and 34.
Column (3) lists velocities from Plana et al. 1999 whenever
one of their possible velocities fell within ^100 km s~1 of
our adopted value. Other literature values are given in
column (4) (““ h ÏÏ denotes Gallagher et al. 2001 ; ““ f ÏÏ denotes
Arp 1973 ; ““ o ÏÏ denotes corrected value for Ohyama,
Nishiura, & Murayama 1998, which is contaminated by

6475-6755 km/s

5597-6068 km/s

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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Sulentic et al. (2001) narrow-band H𝛂 imaging
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PanSTARRS + HST WFC3

Observed by everyone
X-ray: XMM-Newton, Chandra, NuSTAR


UV: Galex, HST


Optical: HST, CFHT/SITELLE+MegaCam, WHT/WEAVE, APO/KOSMOS, Gemini/GMOS, etc etc


IR: Spitzer, Herschel, JWST (MIRI, NIRCam)


Radio continuum: WSRT, VLA, Effelsberg, Merlin, VLBA, GMRT, LOFAR


HI: WSRT, VLA, Arecibo, Green Bank, FAST


CO: IRAM 30m, PdBI, CARMA, ALMA+ACA+TP, in CO(1-0), (2-1), (3-2)



Deep imaging of Stephan’s Quintet L41

Figure 1. Top left-hand panel: composite u + g + r true colour image of the SQ. Top right-hand panel: g-band surface brightness map, with the principle
structures labelled. The faintest emission (with surface brightness above 26 mag.arcsec−2) revealed by the deep CFHT MegaCam image is shown in red. Bottom
left-hand panel: u − r colour map with HI/VLA map in the velocity range 6475–6755 km s−1 superimposed. The lowest contour is 6× 1019 cm−2 (adapted from
Williams et al. 2002). Selected intergalactic star-forming regions are labelled. Bottom right-hand panel: g − r colour map with archival X-ray/XMM–Newton
contours superimposed. For the surface brightness and colour maps, the scale in mag, respectively, mag arcsec−2 is indicated to the right. The field of view is
10 arcmin × 10 arcmin (250 kpc × 250 kpc). North is up and east left.

between the group and the spiral galaxy NGC 7331.2 Indeed, Arp
& Kormendy (1972) detected some streams, but could not firmly
conclude on their origin. Gutiérrez et al. (2002) obtained so far the
deepest optical image of SQ, using R band observations with the
Wide Field Camera on the 2.5-m Isaac Newton Telescope at La

2 Which is now known to be in the foreground and unrelated to SQ, but
perhaps not to the other foreground galaxy NGC 7320.

Palma. With a 2000-s exposure time, they reached a local surface
brightness limit of 27.3 mag arcsec−2, allowing them to disclose a
diffuse halo around SQ, and to trace back the known tidal tails in
the system to much larger distances. The field of view was however
too limited to investigate the structures previously found by Arp &
Kormendy (1972) between SQ and NGC 7331.

Meanwhile, with the advent of new generation of wide field of
view cameras coupled with new techniques optimised for the de-
tection of low surface brightness (LSB) structures, deep optical
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Stephan’s Quintet: deep optical imaging 
Duc et al. (2018) 
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Stephan’s Quintet: X-ray (Trinchieri et al. 2003, 2005, O’Sullivan et al. 2009)

• Irregular X-ray morphology correlated with galaxies and tidal features, centered on shock ridge

• Northwest extension, branches at southern tip of ridge, bridges linking ridge to NGC 7319

• Halo kT~0.8 keV ➜ M500 ≈ 2x1013 M⦿


• Shock ridge is cooler than surrounding gas! Expect kT=1.3-2.0 keV, observe kT=0.6 keV 
➜ oblique shock? additional cooling mechanisms?

Chandra 0.3-2 keV on HST optical

NW extension

Bridges

Branches

0.5 0.6 0.7 0.8 0.9 1 1.1

Chandra temperature (keV)

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

shock
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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 I 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).

XMM 0.5-3 keV contours on deep R-band optical 
(Trinchieri et al. 2005)
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Stephan’s Quintet: Multiphase gas in the shock ridge

WEAVE first light: Stephan’s Quintet 2275 
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Figure 4. The line-of-sight v ersus v elocity dispersion diagram used to dynamically identify regions of interests in SQ. The left panel shows the 2D distribution of 
the line-of-sight velocity and velocity dispersion for the different regions denoted, along with their 1D marginal distributions. The solid, dashed, and dot–dashed 
lines represent the line-of-sight velocities of the HI filaments from Williams et al. ( 2002 ). The colourbar, applicable to all four colour sets, denotes the number 
of spaxels. The right panel shows the region around the WEAVE FoV (approximate location denoted by the black hexagon) with spaxels colour-coded on 
the basis of the features identified in the left panel, o v erlaid on the JWST NIRCam F 356 W image in gre yscale. F or conte xt, we hav e further added the HI 
column density map, based on reprocessing the data from Williams et al. ( 2002 ; Hess, pri v ate communication), by integrating over a velocity range of 5618 
km s −1 < V < 6776 km s −1 . The contour levels are 7.5, 15, 23, 32, 44, 61, 87, 128, and 180 × 10 19 atoms cm −2 , similar to fig. 5 of Williams et al. ( 2002 ), with 
the different HI filaments labelled. 
structure in SQ, which does not appear to be a line-of-sight effect (as 
demonstrated by the position–velocity diagrams in Appendix A ). 

Overlaid on the left panel of Fig. 4 are vertical lines indicating the 
velocities of the various H I structures identified in Williams et al. 
( 2002 ), and the imaging of these data (Hess, pri v ate communication) 
is also o v erlaid as contours in the right panel of Fig. 4 . The H I 
data are particularly interesting in this context since there is a clear 
correspondence between the velocity of H II -low, the south-western 
H I cloud ( H I SW), and the new intruder, as well as between SQ-H 
and the north-western H I low-velocity component ( H I NW LV), and 
between the ‘bubbles’, the Southern H I arc ( H I Arc S), and the high- 
velocity component of the north-west H I emission ( H I NW HV). 
Taken together, these results strongly suggest that the collision of 
NGC7318b with the IGM has ionized the cool gas scattered through- 
out the region by the previous galaxy interactions, perhaps explaining 
the deficiency of H I that is apparent near the LSSR (though of course 
galaxy interactions rarely result in homogeneous distributions of 
stripped gas, at least until the system has had time to relax). This 
finding has been previously suggested (e.g. Iglesias-P ́aramo et al. 
2012 ), ho we ver, not with such a detailed kinematic decomposition. 
4.2 Extinction, dust, and gas with WEAVE and JWST MIRI 
To compare the properties of the ionized gas with the mid-infrared 
emission, we use the F 770 W and F 1000 W JWST MIRI images, 
which, as mentioned in Section 2.3 , are ef fecti ve tracers of PAH 
and warm H 2 emission, respectively. To do this, we first convolve the 
MIRI maps with a Gaussian kernel to match the spatial resolution 
of the WEAVE data (1.67 arcsec seeing), and in Fig. 5 superimpose 
orange contours showing the H α emission (in the left column), along 
with the kinematically defined regions from Section 4.1 (in the right 
column). There is clear correlation between the H α emission and 
the PAH features visible in the top row, especially in the H II regions 
which we identified in the line-of-sight v ersus v elocity dispersion 

diagram. This is particularly evident for H II -low (shown in blue 
in Fig. 5 ), which coincides with the southern arc, the spiral arm- 
like structure to the south of NGC7318a/b, where previous studies 
have confirmed that star formation dominates (e.g. Iglesias-P ́aramo 
et al. 2012 ; Konstantopoulos et al. 2014 ; Duarte Puertas et al. 
2021 ). Ho we ver, the correlation is also apparent for H II -high, which 
includes the green-shaded regions to the east and north of the shock 
region (which is outlined in red in the right column of Fig. 5 ) as well 
as SQ-H, located to the west. In the bottom row of Fig. 5 , on the other 
hand, there is an apparent association between the H α in the core of 
the shock region and the H 2 . As discussed by Guillard et al. ( 2009 ), 
Appleton et al. ( 2017 ), and Appleton et al. ( 2023 ), this could be 
evidence of the shock propagating through a multiphase medium; 
while the low-density regions are heated to X-ray temperatures, 
higher density regions can collapse to form H 2 on any remaining 
dust grains that have survived the shock, and this can take place 
on roughly the dynamical time-scale of the collision. We also note 
that the dynamically defined ‘bubbles’ appear anticorrelated with 
both the PAH and H 2 emission, demonstrating once more a distinct 
behaviour from that of both the H II and shock regions. 

To investigate the dust properties of SQ, we use the Balmer 
decrement method from Dom ́ınguez et al. ( 2013 ) to calculate the 
extinction in the V band ( A V ) across the system for all spaxels with 
≥ 3 σ detections in both H α and H β emission lines. To do this, we 
make the standard assumption of case B recombination for a typical 
gas of temperature of T = 10 4 K and an electron number density of 
n e = 10 2 cm −3 , along with the reddening curv e pro vided by Calzetti 
et al. ( 2000 ) and an extinction-to-reddening ratio of R V = 4 . 05. 
The resulting A V distribution is shown in the left-hand panel of 
Fig. 6 , where we can see V -band extinction values in the range 
0 . 0 < A V / mag < 2 . 0. This range is similar to the values obtained for 
a selection of points along the shock region in SQ by Konstantopoulos 
et al. ( 2014 ) and Duarte Puertas et al. ( 2021 ), though we find greater 
extinction in the shock region than was inferred in the immediate 
environment of NGC 7318a and b by Rodr ́ıguez-Baras et al. ( 2014 ). 
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Figure 4. The line-of-sight v ersus v elocity dispersion diagram used to dynamically identify regions of interests in SQ. The left panel shows the 2D distribution of 
the line-of-sight velocity and velocity dispersion for the different regions denoted, along with their 1D marginal distributions. The solid, dashed, and dot–dashed 
lines represent the line-of-sight velocities of the HI filaments from Williams et al. ( 2002 ). The colourbar, applicable to all four colour sets, denotes the number 
of spaxels. The right panel shows the region around the WEAVE FoV (approximate location denoted by the black hexagon) with spaxels colour-coded on 
the basis of the features identified in the left panel, o v erlaid on the JWST NIRCam F 356 W image in gre yscale. F or conte xt, we hav e further added the HI 
column density map, based on reprocessing the data from Williams et al. ( 2002 ; Hess, pri v ate communication), by integrating over a velocity range of 5618 
km s −1 < V < 6776 km s −1 . The contour levels are 7.5, 15, 23, 32, 44, 61, 87, 128, and 180 × 10 19 atoms cm −2 , similar to fig. 5 of Williams et al. ( 2002 ), with 
the different HI filaments labelled. 
structure in SQ, which does not appear to be a line-of-sight effect (as 
demonstrated by the position–velocity diagrams in Appendix A ). 

Overlaid on the left panel of Fig. 4 are vertical lines indicating the 
velocities of the various H I structures identified in Williams et al. 
( 2002 ), and the imaging of these data (Hess, pri v ate communication) 
is also o v erlaid as contours in the right panel of Fig. 4 . The H I 
data are particularly interesting in this context since there is a clear 
correspondence between the velocity of H II -low, the south-western 
H I cloud ( H I SW), and the new intruder, as well as between SQ-H 
and the north-western H I low-velocity component ( H I NW LV), and 
between the ‘bubbles’, the Southern H I arc ( H I Arc S), and the high- 
velocity component of the north-west H I emission ( H I NW HV). 
Taken together, these results strongly suggest that the collision of 
NGC7318b with the IGM has ionized the cool gas scattered through- 
out the region by the previous galaxy interactions, perhaps explaining 
the deficiency of H I that is apparent near the LSSR (though of course 
galaxy interactions rarely result in homogeneous distributions of 
stripped gas, at least until the system has had time to relax). This 
finding has been previously suggested (e.g. Iglesias-P ́aramo et al. 
2012 ), ho we ver, not with such a detailed kinematic decomposition. 
4.2 Extinction, dust, and gas with WEAVE and JWST MIRI 
To compare the properties of the ionized gas with the mid-infrared 
emission, we use the F 770 W and F 1000 W JWST MIRI images, 
which, as mentioned in Section 2.3 , are ef fecti ve tracers of PAH 
and warm H 2 emission, respectively. To do this, we first convolve the 
MIRI maps with a Gaussian kernel to match the spatial resolution 
of the WEAVE data (1.67 arcsec seeing), and in Fig. 5 superimpose 
orange contours showing the H α emission (in the left column), along 
with the kinematically defined regions from Section 4.1 (in the right 
column). There is clear correlation between the H α emission and 
the PAH features visible in the top row, especially in the H II regions 
which we identified in the line-of-sight v ersus v elocity dispersion 

diagram. This is particularly evident for H II -low (shown in blue 
in Fig. 5 ), which coincides with the southern arc, the spiral arm- 
like structure to the south of NGC7318a/b, where previous studies 
have confirmed that star formation dominates (e.g. Iglesias-P ́aramo 
et al. 2012 ; Konstantopoulos et al. 2014 ; Duarte Puertas et al. 
2021 ). Ho we ver, the correlation is also apparent for H II -high, which 
includes the green-shaded regions to the east and north of the shock 
region (which is outlined in red in the right column of Fig. 5 ) as well 
as SQ-H, located to the west. In the bottom row of Fig. 5 , on the other 
hand, there is an apparent association between the H α in the core of 
the shock region and the H 2 . As discussed by Guillard et al. ( 2009 ), 
Appleton et al. ( 2017 ), and Appleton et al. ( 2023 ), this could be 
evidence of the shock propagating through a multiphase medium; 
while the low-density regions are heated to X-ray temperatures, 
higher density regions can collapse to form H 2 on any remaining 
dust grains that have survived the shock, and this can take place 
on roughly the dynamical time-scale of the collision. We also note 
that the dynamically defined ‘bubbles’ appear anticorrelated with 
both the PAH and H 2 emission, demonstrating once more a distinct 
behaviour from that of both the H II and shock regions. 

To investigate the dust properties of SQ, we use the Balmer 
decrement method from Dom ́ınguez et al. ( 2013 ) to calculate the 
extinction in the V band ( A V ) across the system for all spaxels with 
≥ 3 σ detections in both H α and H β emission lines. To do this, we 
make the standard assumption of case B recombination for a typical 
gas of temperature of T = 10 4 K and an electron number density of 
n e = 10 2 cm −3 , along with the reddening curv e pro vided by Calzetti 
et al. ( 2000 ) and an extinction-to-reddening ratio of R V = 4 . 05. 
The resulting A V distribution is shown in the left-hand panel of 
Fig. 6 , where we can see V -band extinction values in the range 
0 . 0 < A V / mag < 2 . 0. This range is similar to the values obtained for 
a selection of points along the shock region in SQ by Konstantopoulos 
et al. ( 2014 ) and Duarte Puertas et al. ( 2021 ), though we find greater 
extinction in the shock region than was inferred in the immediate 
environment of NGC 7318a and b by Rodr ́ıguez-Baras et al. ( 2014 ). 
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two-dimensional IRS mapping of the Quintet. The first is a
traditional method of fitting single- or multiple-temperature
components to the excitation diagrams. This method is
commonly used in H2 studies of galaxies. A second method is
an extension of this idea, assuming that most galaxy excitation
diagrams can be modeled as a single power-law distribution of
temperatures. Both of these approaches assume that the gas is in
thermal equilibrium. A third method assumes that the excitation
of the warm H2 is caused primarily by C- or J-shocks (or a
combination of the two) following the methodology of Lesaffre
et al. (2013). Arguments strongly in favor of shock excitation
over other heating sources have been made in previous works
(see particularly Appleton et al. 2006, 2013; Guillard et al. 2009;
Cluver et al. 2010; Lesaffre et al. 2013). In this case, local
thermodynamic equilibrium (LTE) conditions are not assumed in
the derived properties of the warm gas.

4.1. Fitting One- or Two-temperature Models to the Excitation
Diagrams

The transitions we are considering are to the lowest ground-
state pure-rotational states of H2, e.g.,0–0 S(0)λ = 28.22 μm
(corresponding to J=2–0), 0–0 S(1)λ = 17.04 μm (corresp-
onding to J=3–1), and 0–0 S(2) to 0–0 S(6)λ = 6.11 μm.
These transitions radiate in the wavelength range detectable
with the Spitzer IRS12 Assuming that the mid-IR lines are
optically thin, the column density of the upper level of each
pure-rotational transition is measured observationally from the
spectral line flux F of a given transition according to
Nu=4πF/(hνAΩ), where h is Planck’s constant, ν is the
frequency of the transition, A is the Einstein coefficient for the
transition, and Ω is the solid angle of the observed region. In

LTE, the column density of the upper level is related to both
the excitation temperature T and the total column density Ntot
via Nu/gu= Ntot exp(−Eu/kT)/Z(T), where Eu is the energy of
the upper level transition, k is Boltzmann’s constant, and Z(T)
is the partition function.13 ( )( )= + +g S J2 1 2 1u is the
statistical weight of the transition, and Eu is the energy of a
particular upper level transition. For gu, S is the spin number for
a given J transition, where S=0 for even J (called para-
hydrogen) and S=1 for odd J (ortho-hydrogen). The H2
excitation diagram is usually presented as a plot of loge(N gu u)
versus E ku , and is convenient because, for a single excitation
temperature, the slope of a line fit to these points would be
proportional to T−1.
It is generally assumed that, for the lower pure-rotational H2

transitions, the ortho- and para-H2 species should be in
collisional equilibrium. As shown by Roussel et al. (2007)
for H2 densities 103 cm−3, most of the lower rotational
transitions should be thermalized, and temperatures derived
from fits to the ortho- and para-H2 transitions should be
consistent. Burton et al. (1992) showed that in collisional
equilibrium, the ortho-to-para ratio (OPR) increases from about
unity at T=75 K to a constant value of 3 at T > 250 K. Since
most of the temperatures we derive from the excitation fitting
are in the range 120 < T < 600 K, the equilibrium values of
OPR assumed are between 1.8 and 3. After normalizing for this
factor, significant deviations from LTE would appear as an
offset between the odd and even H2 transitions when plotted on
an excitation diagram. We see no evidence for deviations from
equilibrium in any of our observations (see also Paper 1).
A single-temperature fit is usually not found to be realistic,

since the excitation diagrams are rarely consistent with a
straight line and are often curved. In most cases a two-
temperature fit offers a reasonable solution. In the literature,
this is a very common approach because it provides a first
approximation to the temperatures, column densities, and total
H2 masses derived from the observations. We will generalize
this approach later in the paper to consider a power-law
distribution of temperatures. However, we will begin with a
simple one- or two-temperature fit to these data, under the
assumption of LTE. This approach yields interesting insight
into the excitation of the gas across this large-scale filament.
Single-temperature solutions were found where there were

not enough points to justify a two-temperature fit (22% of these
data; see Table 3 for details), and two-temperature solutions
were obtained for the other cases. The process for fitting a two-
temperature LTE model to these data is iterative. First we
create an initial excitation diagram with the line fluxes (from
Table 2). Initially we assume an OPR of 3 to obtain a first
approximation to the temperature, minimizing the chi-squared
deviations for a two-temperature model. Once the chi-squared
values are minimized, we assume those temperatures as a first
guess and adjust the OPR appropriate for LTE from Burton
et al. (1992) and re-run. This process is repeated for several
iterations until best-fit values for the temperature and column
density are determined. Figure 4 shows an examples of such a
fit for a point near the center of the filament. The results of the
fitting for the extraction regions of Figure 1(b) are presented in
Table 3. For the minority of observations where the 0–0 S(0)
line was not detected, we provide a range of possible
temperatures for the gas. We use both a regular fit to the

Figure 3. Herschel integrated map (contours) of the [C II] emission in
Stephan’s Quintet obtained with the PACS spectrometer. The map is a
combination of three overlapping pointings of the IFU into one single image.
The blue outline marks the edge of the mapping area (contours extend
slightly beyond these boundaries because of contour interpolation). The [C II]
emission extends along the main north–south filament (including the
extragalactic star-forming region known as the SQ-A), as well defining part
of the bridge seen the Spitzer data, which extends toward the nucleus of the
galaxy NGC 7319. Contour are 5, 7.5, 10, 12.5, 15, 17.5, 19, 21, and 25 in
units of 1.2×10−19 W m−2 pix−1.

12 For the Quintet, transitions shortward of the 0–0 S(6) line were not detected. 13 We assume Z(T)=0.0247T/(1−exp(−6000 K/T)).
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Table 3
Upper Limits to Important Undetected Lines

SPIRE Line Rest ν R.A. Decl. Line Fluxb Beam FWHM Comment
Detectora (GHz) (J2000) (J2000) (arcsec)

SLWC3 CO 4–3 461.040 22 36 00 33 58 04 <1.1 46 3σ upper limit
SLWC3 CO 5–4 576.267 22 36 00 33 58 04 <0.46 37 3σ upper limit
SLWC3 CO 6–5 691.473 22 35 00 33 58 04 <0.27 31 3σ upper limit
SLWC3 CO 7–6 806.651 22 35 00 33 58 04 <0.21 26 3σ upper limit
SLWC3 CO 8–7 921.800 22 35 00 33 58 04 <0.34 23 3σ upper limit
SLWC3 pH2O 202111 987.927 22 35 00 33 58 04 <0.48 21 3σ upper limit
SLWC3 pH2O 211202 752.033 22 35 00 33 58 04 <0.26 28 3σ upper limit
SLWC3 oH2O110101 556.936 22 35 00 33 58 04 <0.47 38 3σ upper limit
SSWD4 [N ii] 205 µm 1461.132 22 35 00.4 33 58 04.2 <0.27 14 3σ upper limit
SSWD4 OH+

c 1033.004c 22 35 00.4 33 58 04.2 <0.45 21 3σ upper limit
SLWC3 OH+

a 909.045c 22 35 00.4 33 58 04.2 <0.30 23 3σ upper limit
SLWC3 OH+

b 971.803c 22 35 00.4 33 58 04.2 <0.28 22 3σ upper limit

Notes.
a Regions defined in Figure 1.
b Fluxes in units of 10−17 W m−2.
c OH+ rest frequencies from Bekooy et al. (1985).

Figure 3. SPIRE FTS spectrum at position SSWD4 (see Figure 1(c)) covering
the range 900–1600 GHz and the detection of the pH2O line. Note the lack of
detection of the [N ii] 205 µm line at 1461 GHz. The zoomed inset shows a fit
to the line with a SINC function (red line).

The SSW spectrum for detector D4 is shown in Figure 3,
where the zoomed-in region shows the p-H2O (111000) line,
detected at a S/N of ∼10 (see Table 1). We refitted this line
allowing the FWHM to vary, but the line was still found to
be unresolved at 324 km s−1 (1.44 GHz) resolution. This is in

strong contrast to the [C ii] and [O i] emission which appears
much broader. The SPIRE fitted heliocentric velocities and
FWHM for the detected positions are provided in Table 2. The
heliocentric radial velocity of the H2O line for SSW D4 is
6457 ± 120 km s−1, which places it close to the line-center
of the broad, but asymmetric [C ii] emission from the same
position (PACS Region C of Figure 2(c)). Table 2 also provides
the central velocity and FWHM for the other detections in SSW
E3, E4, and C4. Note that there appears to be a significant radial
velocity difference between the center of the SQ shock near
SSW D4 and the SSW C4 (shock-south) and SSW E3 (shock-
north) detector positions. This follows the general trend of
lower heliocentric velocities in the southern part of the shocked
filament (Guillard et al. 2012).

Interestingly, no other H2O lines are detected (Table 3
provides upper limits). On the para-H2O ladder, the next highest
ground-state transition is the p-H2O (202 111) line at 987 GHz,
and on the otho-ladder, the o-H2O (110 101) at 557 GHz. Neither
of these or other higher-order lines are detected at 3σ levels
of <0.48–0.2 × 10−17 W m−2, 3–5 times lower than the
detection of the pH2O (111 000) line.

The [N ii] λ205 µm line (νrest = 1461.13 GHz), a line often
associated with H ii regions, is not detected, nor are any of the
higher-J CO lines, commonly found in SPIRE spectra of higher-
excitation galaxies detected convincingly. Upper limits for these
and other commonly encountered ISM lines are also given in
Table 3.

3.3. Comparisons with the Spitzer IRS: Extraction
of H2 and PAH Features

Spitzer IRS observations obtained as part of a large spectral
mapping program (Cluver et al. 2010) contain important spatial
information about molecular hydrogen cooling and PAH emis-
sion across the SQ filament. For comparison with the PACS
regions, we performed matching extractions of the IRS data
cubes covering the same areas as the PACS Regions A–E. The
spectra, shown in Figure 4, are strongly dominated by molecular
hydrogen lines.

Figure 4 also shows the model result of running PAHFIT
(Smith et al. 2007b) on the spectra. The red lines show the fits
to atomic and molecular lines (mainly H2), and the green line

6

Figure 2. Comparison of Lyα (red), Hβ (green), and CO (1–0) (blue) line profiles for the five positions observed. The CO (1–0) PdBI spectra are extracted at the COS
positions over an ellipsoidal beam of 4.3 × 3.5 arcsec2, P.A = 100 degrees. The Lyα, CO(1–0), and Hβ spectra have velocity resolutions of 20, 30, and 100 km s−1,
respectively.
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Line emission from shock includes:  
H𝛂, H𝛃, Ly𝛂, [CII], H2O, CO, H2, [FeII], [SiII], [NeII]…


• High-𝛔 H𝛂 associated with shock mainly in 
6200-6500 km/s range


• Ionized gas sees shocks of 100-300 km/s Appleton et al. 2013 Herschel H2O
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have been presented in Figures 8, 13, and 14 of Cluver et al.
(2010) and Figures 15 and 16 of Appleton et al. (2017). The
Spitzer IRS spectra showed that only a small minority of
places along the main filament (including parts of the SQ-A
region) are spectra found with line flux ratios more typical of
star-forming regions.

In Figures 3(a)–(c), we compare the filter transmission
bandpass for the MIRI imaging bands (F770W, F1000W, and
F1500W) directly with the Spitzer IRS spectra taken within
Fields 4, 5, and 6 (Figure 1). The MIRI filter F770W is likely to
contain emission primarily from the 7.7 μm PAH complex in
regions where star formation dominates, but in other regions,
especially those with strong H2 emission, the 0–0 S(5) can also

potentially contribute, as in Figure 3(a). The F1000W filter, on
the other hand, almost exclusively contains line emission from
the S(3) mid-IR pure rotational H2 line (see also Figures 15(e)
and (h) of Appleton et al. 2017). Based on the presented
spectra, we expect the MIRI F1500W filter to be dominated by
faint dust continuum from the general IGM, as well as from
warm dust from embedded star clusters and sometimes the
extended wing of the broad 17 μm PAH complex (Smith et al.
2007); see center panel of Figure 3.
A clean separation between the mainly PAH-dominated

emission in the F770W MIRI filter and the 0–0 S(3) H2-
dominated F1000W band can be seen in many regions along
the main IGM filament and in the bridge region in Figure 4.

Figure 2. Stephan’s Quintet: a false-color representation of the MIRI F770W, F1000W, and F1500W JWST image of the inner Stephan’s Quintet, showing the three
regions highlighted in the discussion that are detected near the primary beam centers in the ALMA CO(2–1) emission-line observations. Field 6 is representative of the
center of the main filament, where previous observations with Spitzer have shown that the molecular hydrogen has the highest temperature. Field 5 lies in the bridge
region between NGC 7319 and the main shock identified in Figure 1. Finally, in Field 4, a bright region in the SQ-A star-forming region is highlighted (see text).

Figure 3. Spitzer IRS spectra of three 5.5 × 5.5 arcsec2 (2.5 × 2.5 kpc2) regions centered on the three fields studied at high resolution in CO(2–1) emission with
ALMA and at 7.7 and 10 μm with JWST MIRI imaging (see Figure 5). The MIRI broadband filter transmissions are superimposed to emphasize that the F1000W
MIRI filter detects almost exclusively emission from the S(3) line and that the 7.7 μm band captures a combination of the weak 7.7 μm PAH complex and emission
from S(5) H2. The 15 μm MIRI bandpass detects mainly faint dust continuum and some (weak) [Ne III] emission. ALMA Field 5 was not covered by the Short-Low
IRS module. In regions of strong star formation the F1500W filter can also be contaminated with the wings of the 17 μm PAH complex (Smith et al. 2007).
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Table 2
Observed Fine Structure Line Fluxes in Units of 10−17 W m−2

Target Region [Ne ii] [Ne v] [Ne iii] [S iii] [Ne v] [Fe ii]+[O iv] [S iii] [Si ii]
λ12.81 µm λ14.32 µm λ15.56 µm λ18.71 µm λ24.32 µm λ25.99+25.89 µm λ33.48 µm λ34.82 µm

Main shock 5.31 ± 0.30 <0.9 1.94 ± 0.39 0.76 ± 0.13 <0.14 1.07 ± 0.10 1.87 ± 0.15 8.59 ± 0.27
Shock sub-region 1.04 ± 0.09 <0.18 0.15 ± 0.06 <0.12 <0.14 0.15 ± 0.03 0.13 ± 0.02 1.23 ± 0.04
Bridge . . . . . . 0.39 ± 0.04 <0.1 <0.15 0.29 ± 0.04 <0.22 1.1 ± 0.1
NGC 7319 . . . 2.89 ± 0.64 9.47 ± 0.29 2.81 ± 0.40 1.56 ± 0.39 10.9 ± 0.27 5.0 ± 0.42 9.24 ± 0.49
SQ-A . . . <0.8 1.29 ± 0.16 0.87 ± 0.06 <0.18 <0.17 1.54 ± 0.10 2.3 ± 0.16

Note. Upper limits are the 3σ values calculated from the RMS and the expected line profile width.

Figure 9. Excitation diagram of the main shock region in SQ. The ordinate
(N/g) represents the column density divided by the statistical weight of the
rotational state.

2.8 × 10−13 erg s−1 cm−2 corresponds to 2.95 × 1041 erg s−1, or
L(H2)/LX(0.001–10 keV) = 2.9. This is a lower limit since we have
not attempted to remove the contribution to the main shock aper-
ture of an extended group-wide X-ray component upon which
the emission from the shock lies. Therefore, it is likely that the
H2 line luminosity dominates over the main shock X-ray gas by
a factor ! 3. Similar calculations can be done for the other re-
gions for which H2 spectra have been extracted. For example, in
the “bridge” region which we have already indicated has many
of the same characteristics as the main shock, we find L(H2)/
LX(0.001–10 keV) = 2.5. These values demonstrate that throughout
the extended regions of SQ, the molecular hydrogen cooling
pathway dominates over the X-ray in this shocked system. This
is a very significant result, upturning the traditional view that
X-ray emission always dominates cooling in the later stages of
evolution in compact groups of galaxies.

5. EMISSION-LINE DIAGNOSTICS

The fine-structure flux ratios (see Table 2) can be used to
probe the conditions within the extracted regions of SQ. The
[Si ii] 34.82 µm/[S iii]33.48 µm ratio provides an indication of
the sources of excitation within the system. As mentioned previ-
ously, [S iii] is mainly a tracer of H ii regions, whereas enhanced

[Si ii] emission can be generated via several mechanisms, in-
cluding thermal excitation by X-rays (XDRs), or in shocks. In
the main shock, the [Si ii] 34.82 µm/[S iii]33.48 µm ratio of
∼4.59 is high compared to, for example, both normal galaxies
(∼1.2) and AGNs (∼2.9) in the Spitzer Infrared Nearby Galaxy
Sample (SINGS) sample (Dale et al. 2006). However, this large
aperture is contaminated by star formation emission from SQ-A
and the intruder galaxy. A better measure is given by the smaller
shock subregion, where the [Si ii] 34.82 µm/[S iii]33.48 µm ra-
tio is ∼9.5. Thus, it is clear that the [Si ii] emission is well
outside the normal range of values, even for local well-studied
AGNs. Using the upper limit found for [S iii] 33.48 µm in the
“bridge” structure, we find a ratio of >5—again values well
outside the range of normal galaxy disk emission. Indeed, these
high values are typical of galactic supernova remnants where
shock excitation is well determined (e.g., Neufeld et al. 2007;
Hewitt et al. 2009). We will argue in the following section
that silicon is being ionized in regions experiencing fast shocks
100 km s−1 < Vs < 300 km s−1 and depleted onto dust grains.
The [Fe ii] 26.0 µm/[Si ii] 34.82 µm ratio for the main shock
and subregion (∼0.12) is in agreement with values found by
Neufeld et al. (2007) for their sample of supernova remnants.

For the extragalactic star-forming region SQ-A, [Si ii]
34.82 µm/[S iii] 33.48 µm is ∼1.49, only slightly higher than
the average of ∼1.2 found for star-forming regions in the SINGS
sample (Dale et al. 2006); another indication that SQ-A is dom-
inated by star formation.

In star-forming galaxies, the [Ne iii] 15.56 µm/[Ne ii]
12.81 µm ratio can be used as a measure of the hardness of the
radiation field as it is sensitive to the effective temperature of the
ionising sources. In the main shock, we find a value of ∼0.36
which would be considered typical compared to those found in
starburst systems, which range from ∼0.03 to 15 (Verma et al.
2003; Bernard-Salas et al. 2009), and in supernovae remnants
ranging from ∼0.07 to 1.24 (Neufeld et al. 2007; Hewitt et al.
2009). The shock subregion has a ratio of only ∼0.14 indicat-
ing a lower intensity radiation field north of the shock center.
However, it is clear from its spatial distribution relative to the
8 µm and H2 emission that most of the neon is not originating
from star formation, and so shocks are an obvious source of
excitation.

The [Ne ii] 12.81 µm/[Ne iii] 15.56 µm ratio can be used to
estimate the shock velocity using the MAPPINGS shock model
library of Allen et al. (2008). In the main shock, this ratio cor-
responds to shock speeds between 100 and 300 km s−1 (using
pre-shock densities of 0.01 cm−3 < n < 100 cm−3 and mag-
netic parameter B/n0.5 = 1 and 3.23—the nominal equipartition
value12). We do, however, have contamination from star-forming
regions in the main shock and cannot disentangle this emission

12 See Allen et al. (2008).
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Guillard et al. (2009)

H2 excitation implies  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have been presented in Figures 8, 13, and 14 of Cluver et al.
(2010) and Figures 15 and 16 of Appleton et al. (2017). The
Spitzer IRS spectra showed that only a small minority of
places along the main filament (including parts of the SQ-A
region) are spectra found with line flux ratios more typical of
star-forming regions.

In Figures 3(a)–(c), we compare the filter transmission
bandpass for the MIRI imaging bands (F770W, F1000W, and
F1500W) directly with the Spitzer IRS spectra taken within
Fields 4, 5, and 6 (Figure 1). The MIRI filter F770W is likely to
contain emission primarily from the 7.7 μm PAH complex in
regions where star formation dominates, but in other regions,
especially those with strong H2 emission, the 0–0 S(5) can also

potentially contribute, as in Figure 3(a). The F1000W filter, on
the other hand, almost exclusively contains line emission from
the S(3) mid-IR pure rotational H2 line (see also Figures 15(e)
and (h) of Appleton et al. 2017). Based on the presented
spectra, we expect the MIRI F1500W filter to be dominated by
faint dust continuum from the general IGM, as well as from
warm dust from embedded star clusters and sometimes the
extended wing of the broad 17 μm PAH complex (Smith et al.
2007); see center panel of Figure 3.
A clean separation between the mainly PAH-dominated

emission in the F770W MIRI filter and the 0–0 S(3) H2-
dominated F1000W band can be seen in many regions along
the main IGM filament and in the bridge region in Figure 4.

Figure 2. Stephan’s Quintet: a false-color representation of the MIRI F770W, F1000W, and F1500W JWST image of the inner Stephan’s Quintet, showing the three
regions highlighted in the discussion that are detected near the primary beam centers in the ALMA CO(2–1) emission-line observations. Field 6 is representative of the
center of the main filament, where previous observations with Spitzer have shown that the molecular hydrogen has the highest temperature. Field 5 lies in the bridge
region between NGC 7319 and the main shock identified in Figure 1. Finally, in Field 4, a bright region in the SQ-A star-forming region is highlighted (see text).

Figure 3. Spitzer IRS spectra of three 5.5 × 5.5 arcsec2 (2.5 × 2.5 kpc2) regions centered on the three fields studied at high resolution in CO(2–1) emission with
ALMA and at 7.7 and 10 μm with JWST MIRI imaging (see Figure 5). The MIRI broadband filter transmissions are superimposed to emphasize that the F1000W
MIRI filter detects almost exclusively emission from the S(3) line and that the 7.7 μm band captures a combination of the weak 7.7 μm PAH complex and emission
from S(5) H2. The 15 μm MIRI bandpass detects mainly faint dust continuum and some (weak) [Ne III] emission. ALMA Field 5 was not covered by the Short-Low
IRS module. In regions of strong star formation the F1500W filter can also be contaminated with the wings of the 17 μm PAH complex (Smith et al. 2007).
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Table 2
Observed Fine Structure Line Fluxes in Units of 10−17 W m−2

Target Region [Ne ii] [Ne v] [Ne iii] [S iii] [Ne v] [Fe ii]+[O iv] [S iii] [Si ii]
λ12.81 µm λ14.32 µm λ15.56 µm λ18.71 µm λ24.32 µm λ25.99+25.89 µm λ33.48 µm λ34.82 µm

Main shock 5.31 ± 0.30 <0.9 1.94 ± 0.39 0.76 ± 0.13 <0.14 1.07 ± 0.10 1.87 ± 0.15 8.59 ± 0.27
Shock sub-region 1.04 ± 0.09 <0.18 0.15 ± 0.06 <0.12 <0.14 0.15 ± 0.03 0.13 ± 0.02 1.23 ± 0.04
Bridge . . . . . . 0.39 ± 0.04 <0.1 <0.15 0.29 ± 0.04 <0.22 1.1 ± 0.1
NGC 7319 . . . 2.89 ± 0.64 9.47 ± 0.29 2.81 ± 0.40 1.56 ± 0.39 10.9 ± 0.27 5.0 ± 0.42 9.24 ± 0.49
SQ-A . . . <0.8 1.29 ± 0.16 0.87 ± 0.06 <0.18 <0.17 1.54 ± 0.10 2.3 ± 0.16

Note. Upper limits are the 3σ values calculated from the RMS and the expected line profile width.

Figure 9. Excitation diagram of the main shock region in SQ. The ordinate
(N/g) represents the column density divided by the statistical weight of the
rotational state.

2.8 × 10−13 erg s−1 cm−2 corresponds to 2.95 × 1041 erg s−1, or
L(H2)/LX(0.001–10 keV) = 2.9. This is a lower limit since we have
not attempted to remove the contribution to the main shock aper-
ture of an extended group-wide X-ray component upon which
the emission from the shock lies. Therefore, it is likely that the
H2 line luminosity dominates over the main shock X-ray gas by
a factor ! 3. Similar calculations can be done for the other re-
gions for which H2 spectra have been extracted. For example, in
the “bridge” region which we have already indicated has many
of the same characteristics as the main shock, we find L(H2)/
LX(0.001–10 keV) = 2.5. These values demonstrate that throughout
the extended regions of SQ, the molecular hydrogen cooling
pathway dominates over the X-ray in this shocked system. This
is a very significant result, upturning the traditional view that
X-ray emission always dominates cooling in the later stages of
evolution in compact groups of galaxies.

5. EMISSION-LINE DIAGNOSTICS

The fine-structure flux ratios (see Table 2) can be used to
probe the conditions within the extracted regions of SQ. The
[Si ii] 34.82 µm/[S iii]33.48 µm ratio provides an indication of
the sources of excitation within the system. As mentioned previ-
ously, [S iii] is mainly a tracer of H ii regions, whereas enhanced

[Si ii] emission can be generated via several mechanisms, in-
cluding thermal excitation by X-rays (XDRs), or in shocks. In
the main shock, the [Si ii] 34.82 µm/[S iii]33.48 µm ratio of
∼4.59 is high compared to, for example, both normal galaxies
(∼1.2) and AGNs (∼2.9) in the Spitzer Infrared Nearby Galaxy
Sample (SINGS) sample (Dale et al. 2006). However, this large
aperture is contaminated by star formation emission from SQ-A
and the intruder galaxy. A better measure is given by the smaller
shock subregion, where the [Si ii] 34.82 µm/[S iii]33.48 µm ra-
tio is ∼9.5. Thus, it is clear that the [Si ii] emission is well
outside the normal range of values, even for local well-studied
AGNs. Using the upper limit found for [S iii] 33.48 µm in the
“bridge” structure, we find a ratio of >5—again values well
outside the range of normal galaxy disk emission. Indeed, these
high values are typical of galactic supernova remnants where
shock excitation is well determined (e.g., Neufeld et al. 2007;
Hewitt et al. 2009). We will argue in the following section
that silicon is being ionized in regions experiencing fast shocks
100 km s−1 < Vs < 300 km s−1 and depleted onto dust grains.
The [Fe ii] 26.0 µm/[Si ii] 34.82 µm ratio for the main shock
and subregion (∼0.12) is in agreement with values found by
Neufeld et al. (2007) for their sample of supernova remnants.

For the extragalactic star-forming region SQ-A, [Si ii]
34.82 µm/[S iii] 33.48 µm is ∼1.49, only slightly higher than
the average of ∼1.2 found for star-forming regions in the SINGS
sample (Dale et al. 2006); another indication that SQ-A is dom-
inated by star formation.

In star-forming galaxies, the [Ne iii] 15.56 µm/[Ne ii]
12.81 µm ratio can be used as a measure of the hardness of the
radiation field as it is sensitive to the effective temperature of the
ionising sources. In the main shock, we find a value of ∼0.36
which would be considered typical compared to those found in
starburst systems, which range from ∼0.03 to 15 (Verma et al.
2003; Bernard-Salas et al. 2009), and in supernovae remnants
ranging from ∼0.07 to 1.24 (Neufeld et al. 2007; Hewitt et al.
2009). The shock subregion has a ratio of only ∼0.14 indicat-
ing a lower intensity radiation field north of the shock center.
However, it is clear from its spatial distribution relative to the
8 µm and H2 emission that most of the neon is not originating
from star formation, and so shocks are an obvious source of
excitation.

The [Ne ii] 12.81 µm/[Ne iii] 15.56 µm ratio can be used to
estimate the shock velocity using the MAPPINGS shock model
library of Allen et al. (2008). In the main shock, this ratio cor-
responds to shock speeds between 100 and 300 km s−1 (using
pre-shock densities of 0.01 cm−3 < n < 100 cm−3 and mag-
netic parameter B/n0.5 = 1 and 3.23—the nominal equipartition
value12). We do, however, have contamination from star-forming
regions in the main shock and cannot disentangle this emission

12 See Allen et al. (2008).
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Stephan’s Quintet: Polarization (Nikiel-Wroczynski et al. 2013, 2020)

VLA 8.45 GHz polarization study: 5% polarization in the shock, 2% in surrounding diffuse emission

    ➜ low polarization fraction suggests we’re viewing shock face-on, not edge-on.

B-field vectors not a great match to shock morphology

H2 excitation implies  
MHD shocks 5-20 km/s
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Table 2. Spectral indices calculated for
Stephan’s Quintet.

Emission α1.43-4.86 GHz α4.86-8.35 GHz

Total 1.1 ± 0.2 1.1 ± 0.2
Point 0.8 ± 0.2 0.6 ± 0.2
Diffuse 1.2 ± 0.2 1.7 ± 0.2

The western extension coincides with a region that shows a sig-
nificantly steeper spectrum with a mean index of 2.0 ± 0.2. Such
a steep spectrum indicates that this region could be a remnant of
a past interaction within the group, because it shows the effects
of spectral ageing. The PI distribution map (Fig. 3) shows a high
degree of polarization of that region, approximately 40 per cent.

The mean spectral index of the whole diffuse emission of the
group has been determined by calculating the total flux of the radio
envelope in each of the three frequencies (taking into account only
those regions that are visible over the 3σ rms level) and then sub-
tracting the flux of all point sources (taken from Aoki et al. 1999
and Xu et al. 2003). The obtained values are given in Table 2, which
shows a steepening of the diffuse emission spectrum with increas-
ing frequency. This is a phenomenon typical for ageing particles in
the intergalactic medium (IGM; as mentioned above, the steepening
occurs because of electron energy losses; see, for example, Pachol-
czyk 1973). Any significant thermal component would manifest a
substantial flattening of the spectrum between higher frequencies,
which is not the case here.

4.1.4 H I tail or an interloper galaxy?

The low-resolution map (Fig. 6, right panel) was made to visualize
the spectral index of the diffuse emission regions, which have a
surface brightness that is too low to be visible in the high-resolution
map. One of these is the southern extension, where the HI tail
overlaps the galaxy NGC 7320 (Williams et al. 2002). The measured
α of approximately 0.9 ± 0.1 is a relatively flat spectrum (similar to
NGC 7318A and 7319), which suggests that the emission is related
to the star-forming interloper galaxy rather than to an intergalactic
structure. The polarized fraction of this region reaches 13 per cent,
as mentioned in Section 3.2. Fig. 7 demonstrates the alignment
of the vectors in the southern tail of the group. The vectors form
an arc bending in the eastern direction, matching the H I tail. The
arc itself is connected to the vectors overlapping the shock area.
However, because the inclination of NGC 7320 is approximately
60◦, this might only be a projection of the magnetic field lines of
the foreground galaxy.

NGC 7320 is an example of a late-type, slowly rotating, low-mass
system (see HyperLeda, Paturel et al. 2003), similar to the galaxies
described by Chyży et al. (2007). Such galaxies are characterized
by a relatively flat spectral index (α ≃ 0.5). If such radiation is
overlapping the emission from the H I tail, a combination of the
two components (assuming that 30 per cent of the flux comes from
interloper galaxy) would explain the observed value of the spectral
index.

4.2 Faraday depolarization

Because the PI distribution map at 1.43 GHz shows very weak
polarized emission (see Section 3.3), we decided to estimate the
depolarization level between 1.43 and 4.86 GHz. We use the term
‘depolarization’ defined as DP = 1 − p1.43/p4.86, where p refers to

Figure 7. Map of B-vectors of the PI at 4.86 GHz after the correction for
the foreground Faraday rotation overlaid upon the soft X-ray image from
Chandra. The contour levels are −3 (dashed), 3, 5, 10, 20, 50, 100, 200 and
500 × 6 µJy beam−1 (rms noise level). A polarization vector of 1 arcsec
corresponds to a PI of 4.5 µJy beam−1. The clip limit for the vectors is
15 µJy (2.5 × PI noise level). The angular resolution of the radio data is
20 arcsec.

the polarization degree at a given frequency. Because both maps
were made with the same beam size, such a definition makes this
parameter independent of beam depolarization. The mean depolar-
ization of the radio-emitting envelope between 1.43 and 4.86 GHz is
equal to 0.84. In contrast, the background source J223552+335425
shows depolarization of only 40 per cent. The exact values can be
affected by differences in the bandwidth depolarization at both fre-
quencies, but this effect cannot affect the variation of DP with the
position in the map. These values indicate that the depolarization
caused by the foreground Faraday dispersion is not likely to ex-
plain the high degradation of the polarized emission estimated for
Stephan’s Quintet. The alternative explanation is that the depolar-
ization in the group is caused either by Faraday rotation inside
Stephan’s Quintet or by internal Faraday dispersion. The first pos-
sibility is that the intergalactic space in Stephan’s Quintet hosts
a substantial unidirectional, dynamo-type magnetic field. However,
the present data do not allow us to disregard the scenario of depolar-
ization via Faraday dispersion. Moreover, there is a possibility that
the depolarization estimate for the background source is influenced
by its internal depolarization. Furthermore, the foreground depo-
larization distribution might be patchy. The RM synthesis method
(as described by Brentjens & de Bruyn 2005) will probably be able
to distinguish between these two mechanisms, but it needs much
better frequency coverage and higher resolution than those offered
by the existing data.

4.3 Magnetic field strengths in Stephan’s Quintet

The strength of the magnetic field and its energy density were cal-
culated from the 4.86-GHz data, assuming energy equipartition be-
tween the cosmic rays and the magnetic field, following the formulae
presented by Beck & Krause (2005). Table 3 presents the chosen
values of the parameters (the total path-length D, the proton-to-
electron energy density ratio K0, the spectral index α, the 4.86-GHz
flux S4.86 and the polarization degree p) for each of the regions. This
table also contains the calculated total and ordered field strength, as
well as the magnetic field energy density in each case.
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Figure 8. Map of B-vectors of the PI at 4.86 GHz after the correction
for the foreground Faraday rotation overlaid upon the near-UV image from
GALEX. A polarization vector of 1 arcsec corresponds to a PI of 4.5 µJy
beam−1. The clip limit for the vectors is 15 µJy (2.5 × PI noise level).
The angular resolution of the radio data is 20 arcsec. The ellipses mark the
positions, sizes and orientations of discussed radio sources (taken from the
HyperLeda data base). NGC 7320C lies approximately 1◦ away from the
eastern boundary of this image.

the southern end of the X-ray ridge, which indicates an increased
polarization degree of the IGM in that region. Because the shock is
clearly visible in the UV data, we have superimposed the Galaxy
Evolution Explorer (GALEX) near-UV image of Stephan’s Quin-
tet with the polarization B-vectors (corrected for the foreground
RM) at 4.86 GHz (Fig. 8). The orientation of the vectors (parallel
to the shock) strongly supports the idea of an enhancement of the
anisotropy because of shock-driven compression.

4.3.5 Magnetic field as a tracer of the previous interactions

Fig. 3 shows an extended area of enhanced polarization degree be-
tween the radio ridge and NGC 7319 (near RA2000 = 22h36m00s,
Dec.2000 = +33◦58′20′′). The polarized fraction is significant, rang-
ing from approximately 6 per cent near the ridge up to 13 per cent in
the outskirts of the western spiral arm of NGC 7319. The magnetic
field, represented by the B-vectors (corrected for the foreground
Faraday rotation of 182 rad m−2, as seen in Fig. 8) seems to connect
NGC 7319 with the pair NGC 7318A/B. The low-resolution map
of the spectral index (Fig. 6, right panel) shows that α varies from
approximately 1.2 to 1.8, with a mean value of 1.45 ± 0.15.

NGC 7319 is known to be perturbed by the previous interactions.
It is usually suggested that they were the result of a hypothetical
passage of NGC 7320C (Shostak, Allen & Sullivan 1984; Moles,
Sulentic & Marquéz 1997; Moles, Marquéz & Sulentic 1998) that
caused stripping of the material through the tidal tail containing
SQ-B. However, NGC 7318A (as well as NGC 7317) is considered
to be a non-interacting member of the group.

The diffuse emission with a steep spectrum and a high degree
of polarization is likely to originate in the material stripped from
NGC 7319, because this galaxy shows hardly any signs of the
emission in H I (Shostak et al. 1984; Williams et al. 2002), Hα

(Arp 1972; Moles et al. 1997) and CO (Yun et al. 1997). An active
role of NGC 7318A in the previous interactions was first proposed
by Shostak et al. (1984) and later supported by Xu et al. (2005),

who proposed that the ‘UV loop’ structure connected to NGC 7319
might be a ‘counter-tidal’ tail formed during an encounter.

5 C O N C L U S I O N S

We have observed the Stephan’s Quintet group of galaxies using
both the VLA at 1.43 and 4.86 GHz and the Effelsberg 100-m radio
telescope at 4.85 and 8.35 GHz. We have obtained maps of TP
emission and PI. These maps have been analysed together with the
archive X-ray and UV data in order to explore the properties of the
magnetic field in the group. We come to the following conclusions.

(i) The group has a large radio envelope, visible at 1.43, 4.86 and
8.35 GHz. The envelope encompasses all the member galaxies.

(ii) There is a narrow, S-shaped region of radio emission be-
tween the member galaxies. It extends from the background source
at RA2000 = 22h36m00s, Dec.2000 = +33◦59′11′′ towards the shock
region, and diminishes near the north-western edge of the fore-
ground galaxy NGC 7320.

(iii) The mean polarization degree of the shock region is
5 per cent. The magnetic field strength obtained within this region is
equal to 11.0 µG × (K0/100)0.244 ± 2.2 µG, with an ordered com-
ponent of 2.6 ± 0.8 µG. The energy density of 0.5 ± 0.15 × 10−11

erg cm−3 is comparable to that of the thermal component, indicating
the dynamical importance of the magnetic field in the physics of the
intra-group medium.

(iv) The radio emission from the aforementioned envelope is po-
larized, with a mean polarization degree of 2 per cent. The strength
of the mean magnetic field within its boundaries is equal to 6.4 ±
1.1 µG, with an ordered component of 1.1 ± 0.3 µG. The average
magnetic field energy density is 1.8 ± 0.5 × 10−12 erg cm−3.

(v) The depolarization of the emission from Stephan’s Quintet
calculated from the 1.43- and 4.86-GHz data exceeds 80 per cent.
This is more than two times higher than the depolarization of the
neighbouring background source. Such a difference suggests depo-
larization of the emission from the group either by intrinsic (within
the emitting region) Faraday rotation or internal Faraday dispersion.
In the first case, it would indicate the presence of a regular magnetic
field.

(vi) The intergalactic emission has a rather steep spectrum, with
a mean spectral index of 1.2 ± 0.2 between 1.43 and 4.86 GHz, and
1.7 ± 0.2 between 4.86 and 8.35 GHz. The steepness of the spectrum
indicates that the intergalactic emission might be dominated by an
ageing population of electrons and that the thermal component does
not play a significant role.

(vii) There is a region of steep-spectrum (2.0 ± 0.2), highly
(40 per cent) polarized emission on the north-western edge of the
radio envelope. This region might be a remnant of the past interac-
tions among the group members.

(viii) In the southern part of the group, the emission forms an
extension overlapping the H I tail (detected by Williams et al. 2002).
Although the orientation of the B-vectors seems to follow the H I

tail, the spectral index of the emission (0.9 ± 0.1) indicates that it
emerges not only from within the group, but also from the interloper
galaxy NGC 7320. Moreover, the high inclination of NGC 7320
might result in projecting its magnetic field so that the B-vectors
form an arc-like structure.

(ix) The radio emission from the starburst region SQ-B is sub-
stantially polarized (33 per cent), indicating the presence of a mag-
netic field with a total strength of 6.5 ± 1.9 µG and an or-
dered component reaching 3.5 ± 1.2 µG. Because this structure is
supposed to be an example of a TDG, the detected field is likely to
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Stephan’s Quintet: Open Questions

✗ What is the age of the collision?

- youngest star clusters <10 Myr


✗ What is the collision vector?

- Is there a plane-of-sky component?


✗ How was the radio ridge formed?

- Direct collision of HI clouds? hypersonic collision, 900 km/s is Mach ~40

- Diffusive Shock Acceleration from a shock in the hot (X-ray) phase?


- X-ray suggests Mach 2.3-2.9 oblique shock

- Relativistic seed population required? 


- Adiabatic compression? Requires Mach ~3.8 (Arnaudova+ 2024)

- Relativistic seed population required


✓New data: MeerKAT L-band (6 hrs), uGMRT bands 3 & 4 (7 hrs each)

✓Archival data: LOFAR HBA (LoTSS data) , JVLA S & C band [obs’d 2020-21, unpublished]birth clouds contribute more to the extinction and this leads to

a steeper extinction curve.
We now examine how µ varies and affects other SCC

parameters when treated as an additional free parameter. To
test this, we performed a CIGALE run varying µ from 0 to 1 in
steps of 0.1, while keeping all other input parameter grids
identical to those in the fiducial run. Any significant deviation
of the best-fit µ values from µ = 1 would indicate that dust
attenuation cannot be fully explained by the ISM alone in these
SED fits, suggesting a nonnegligible contribution by other
means such as birth cloud extinction. The results from the
CIGALE run, as shown in the top panel of Figure 4, clearly
indicate µ is highly variable, and the best-fit SEDs mostly
prefer µ values close to zero despite the fiducial value being 1.
We note that SCCs with AV,total = AV,ISM + AV,BC = 0 (334
SCCs) are excluded from this analysis, since µ has no physical
meaning in these cases. We find ∼16% (259/1588) of SCCs
are fitted with µ = 1 while ∼30% (500/1588) of SCCs give
µ = 0.1. This means that a considerable number of SCCs
might need a steeper extinction curve, possibly due to
extinction originating from dense molecular clouds around
star-forming regions.

Furthermore, we check if the variations in µ lead to any
changes in the best-fit values of cluster age and mass as shown

in the middle and bottom panels of Figure 4, respectively. The
best-fit SCC properties from this CIGALE run are provided as a
separate column in Table 5. We find that the overall age and
mass distributions remain largely unchanged, except for a
subset of ∼70 (4%) SCCs where the ages show a large
decrease from >108 yr to <107 yr, accompanied by a
corresponding decrease in µ. This indicates that the nature of
dust properties, specifically the steepness of the extinction
curve, can affect the cluster properties and should be seriously
considered while performing SED-fitting routines in future
analyses.
A detailed analysis of SCCs with lower µ values (µ < 0.5)

do not show any correlation with other cluster properties and
are distributed across SCCs of all ages and masses. In most
cases, these reduced µ values are favored as they provide
better fits by reproducing the large U336− B438 color driven by
the lower U336 fluxes strongly affected by extinction.
Projection effects may also contribute, as some SCCs could
be affected by unrelated dust along the line of sight given the
chaotic nature of the system. However, we acknowledge that
introducing this as an additional free parameter can increase
the overall uncertainties in other key parameters, and therefore
it was excluded from our fiducial runs.

3.2.2. Metallicity

Metallicity (Z), defined as the mass fraction of the metals in
a star as considered in the SSP model, is another important
parameter that can affect the SED fit considerably, especially
for the older globular clusters. CIGALE allows us to run a grid
on the metallicity with the possible values of 0.004, 0.008, and
0.02. The default solar value used in the fiducial run is 0.02.
The older globular clusters are known to be in metal-poor
environments due to their early formation, and it is interesting
to check if they are better fitted with a subsolar metallicity.
Figure 5 shows a histogram of the best-fit metallicity for older
clusters with ages above 108 yr. It is clear that older globular
clusters prefer subsolar metallicity as most SCCs have
metallicity values less than 0.02, with the peak at 1/5 solar
metallicity (Z= 0.004). This is consistent with the studies such
as B. C. Whitmore et al. (2020) that assumed Z= 0.004 for the
cluster age dating in NGC 4449. They also demonstrated that
varying the assumed metallicity by a factor of a few does not
considerably affect the age estimates across the full age range

Figure 4. Top panel: the histogram of best-fit µ values (µ =
+

A

A A
V

V V

,ISM

,BC ,ISM
)

after keeping it as a free parameter in CIGALE runs as discussed in 3.2.1. Note
that we exclude sources with AV,total = AV,ISM + AV,BC = 0 (334 SCCs) for
which µ values have no physical significance. Middle and bottom panels:
comparison of CIGALE parameters such as cluster age (top) and cluster mass
(bottom) using fiducial model parameters and after varying input parameters
such as µ.

Figure 5. Histogram of best-fit metallicity values after keeping it as a free
parameter for the older clusters (τ > 108 yr).
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MeerKAT: HI mapping

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 spectra

clearly shows, as expected, the three velocity components at
6600, 6000, and 5700 km s!1 with three emission peaks at
"55, "15, and "10 mJy, respectively. The distribution of
the relative flux in Fig. 13 is nearly identical with those of
spectra obtained with WSRT (Shostak et al. 1984), Arecibo
(Gordon & Gordon 1979; Shostak 1974; Williams & Rood
1987), Nancay (Balkowski et al. 1973), and the NRAO 91 m
(Williams & Rood 1987) telescopes, except that detection of
the 5700 km s!1 component is at best marginal in most of
the published profiles. Only the composite spectra of Shos-
tak et al. (1984) and Peterson & Shostak (1980) show all
three velocity components. The integrated flux reported by
Peterson & Shostak (1980) and Shostak et al. (1984) for the
6600 km s!1 velocity component is at least a factor of 2
higher than the VLA measurement (Table 4). The 6000 and
5800 km s!1 velocity components have integrated fluxes that
are also lower than their corresponding WSRT or Arecibo
values, but the difference is much less than that measured
for the high-velocity gas. If we are to believe their results,
then between 50% and 60% of the flux is missing from the
VLA observations, most of which can be attributed to the
high-velocity gas.

This large discrepancy cannot be accounted for by differ-
ences in the sensitivity or in the minimum spatial frequencies
sampled by the two configurations. TheWSRT high-resolu-
tion map has a synthesized beam (FWHP) of 2400 # 4700 and
the brightness sensitivity in the final channel maps is
6.8 # 10!4 mJy arcsec!2. The corresponding brightness sen-
sitivity in the final maps of the VLA is 7.9 # 10!4 mJy
arcsec!2. The shortest baselines included in the VLA and
WSRT observations are both "30 m; therefore, smoothly

distributed emission features with a size about 100 and larger
are missed by both instruments and do not contribute to the
flux. Close inspection of the WSRT composite spectrum
(Fig. 7a; Shostak et al. 1984) reveals a narrow high-velocity
profile on top a strongly curved baseline from 5300 to 7500
km s!1, in contrast to the very flat baselines present in the
VLA spectra (Fig. 13). Baseline problems seen in an inter-
ferometric spectrum usually indicate a calibration or imag-
ing problem with the data. Shostak et al. (1984) reported
that 15 out of 63 total channels in their data were corrupted
by radar interference. Although they claimed to have
removed affected data, even low-level residual interference
signal would affect the resulting images, particularly at the
largest spatial scales, resulting in extended negative sources
or displacement of emission peaks (e.g., see x 5.1.1). This
might be enough to explain all observed discrepancies.

Over the last 30 years SQ has been observed with at least
five different radio telescopes, three of which are single-dish
antennas. Comparisons of the integrated fluxmeasured with
smaller single-dish antennas could give some indication of
how much flux, if any, was missed with the synthesis array.
Figure 14 shows a plot of the integrated flux measurements
of the high-velocity gas as a function of telescope beam. We
have chosen to compare the high-velocity gas because it was
detected in all the published H i observations and, given its
extended distribution, would more likely be affected by the
sensitivity limitations and beam attenuation.

The beam areas plotted in Figure 14 span roughly 2
orders of magnitude, and most of the integrated flux values
lie between 3.2 and 6.5 Jy km s!1, consistent with the VLA
measurement given uncertainties in receiver noise, baseline
fits to the underlying continuum emission, and flux-scale
calibrations. The only measurement in Figure 14 commen-
surate with the higher WSRT value is the one derived from
an Arecibo composite spectrum (Peterson & Shostak 1980)
generated from individual observations made over a grid
centered on the group. Their low-resolution contour map
(Plate L1; Peterson & Shostak 1980) showsH i emission that
extends over "80 at an integrated brightness of 8 K km s!1

beam!1 or 0.94 Jy km s!1 beam!1 and fills a region as large

Fig. 13.—H i flux density in units of millijanskys as a function of helio-
centric velocity in units of kilometers per second for the features indicated
in each plot.
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Fig. 14.—VLA and published H i integrated fluxes of the high-velocity
gas between 6475–6755 km s!1 as a function of telescope beam area in units
of square arcminutes on a logarithmic scale. Values measured with Arecibo,
NRAO 91 m, Nancay, WSRT, and the VLA radio telescopes are labeled
for comparison.
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Williams et al. (2001)Cheng et al. (2023)

VLA MeerKAT

Single dish

MeerKAT captures majority of HI 
seen by single dish studies 
 
Additional components not seen 
by VLA:

• 6900 km/s peak

• flux at intermediate velocities, 

~6200-6500 km/s 

MH I= 2.356× 105D2 SΔv Me, where D is the comoving
distance in Mpc and SΔv the integrated H I flux in
Jy km s−1. Accordingly, the FAST result corresponds to an
H I mass of MH I= 3.48± 0.35× 1010Me for SQ.

With reference to the previous high angular resolution
synthetic observations of Shostak et al. (1984) and Williams
et al. (2002), who resolved the H I emission in SQ into several
spatially and kinematically separated features, we divide the SQ
spectrum into five velocity components: 5700 component
(5600–5800 km s−1), 6000 component (5800–6200 km s−1),
6300 component (6200–6400 km s−1), 6600 component
(6400–6800 km s−1), and 6900 component (6800–7000 km s−1).
Note that these components do not include the emission

outside the velocity range of 5600–7000 km s−1 whose
contribution to the total H I flux is negligible (see Figure 2).
The 5700 component corresponds to the “West A” feature in the
Westerbork Synthesis Radio Telescope H I map of Shostak et al.
(1984) and the “SW” feature in the Very Large Array (VLA)
map of Williams et al. (2002), the 6000 component to the “West
B” feature in Shostak et al. (1984) and the “NW-LV” feature in
Williams et al. (2002), and the 6600 component to the “Main”
feature in Shostak et al. (1984) and the combination of the “NW-
HV,” “Arc-S,” and “Arc-N” features in Williams et al. (2002).
The 6300 and 6900 components are undetected in the two
synthetic maps. The contour maps of the integrated emission
(i.e., moment-0 maps) in the velocity ranges of the five

Figure 1. Contour map (in blue contours) of the integrated H I emission between 5600–7000 km s−1 overplotted on an r-band image. The contour levels are [4, 8, 16,
32, 64, ...] × 3.5 × 1017 cm−2. The green boundary delineates the coverage of the FAST observations. The central red circle ( = ¢D 12 ) shows the aperture with which
the total H I spectrum presented in Figure 2 is extracted. The orange line delineates the diffuse H I feature whose systemic velocity is written in brown labels (Xu
et al. 2022). Provided in the figure is also information for the member galaxies and the main tidal features in SQ (in red labels), for neighboring galaxies detected by
FAST (in blue labels) whose positions are marked by blue circles, and for the neighboring galaxy KAZ 295 (in blue labels). For each source, the name, Hubble type
(when available), and velocity in km s−1 are listed.

Figure 2. H I spectra of SQ obtained by FAST (red), Arecibo (green; Peterson & Shostak 1980), and GBT (blue; Borthakur et al. 2015). The red vertical dashed lines
mark the boundaries of the five kinematical components. We have smoothed the Arecibo and GBT spectra to a resolution of 20 km s−1 for comparison, from their
original resolutions of 8.8 km s−1 and 10 km s−1, respectively.
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clearly shows, as expected, the three velocity components at
6600, 6000, and 5700 km s!1 with three emission peaks at
"55, "15, and "10 mJy, respectively. The distribution of
the relative flux in Fig. 13 is nearly identical with those of
spectra obtained with WSRT (Shostak et al. 1984), Arecibo
(Gordon & Gordon 1979; Shostak 1974; Williams & Rood
1987), Nancay (Balkowski et al. 1973), and the NRAO 91 m
(Williams & Rood 1987) telescopes, except that detection of
the 5700 km s!1 component is at best marginal in most of
the published profiles. Only the composite spectra of Shos-
tak et al. (1984) and Peterson & Shostak (1980) show all
three velocity components. The integrated flux reported by
Peterson & Shostak (1980) and Shostak et al. (1984) for the
6600 km s!1 velocity component is at least a factor of 2
higher than the VLA measurement (Table 4). The 6000 and
5800 km s!1 velocity components have integrated fluxes that
are also lower than their corresponding WSRT or Arecibo
values, but the difference is much less than that measured
for the high-velocity gas. If we are to believe their results,
then between 50% and 60% of the flux is missing from the
VLA observations, most of which can be attributed to the
high-velocity gas.

This large discrepancy cannot be accounted for by differ-
ences in the sensitivity or in the minimum spatial frequencies
sampled by the two configurations. TheWSRT high-resolu-
tion map has a synthesized beam (FWHP) of 2400 # 4700 and
the brightness sensitivity in the final channel maps is
6.8 # 10!4 mJy arcsec!2. The corresponding brightness sen-
sitivity in the final maps of the VLA is 7.9 # 10!4 mJy
arcsec!2. The shortest baselines included in the VLA and
WSRT observations are both "30 m; therefore, smoothly

distributed emission features with a size about 100 and larger
are missed by both instruments and do not contribute to the
flux. Close inspection of the WSRT composite spectrum
(Fig. 7a; Shostak et al. 1984) reveals a narrow high-velocity
profile on top a strongly curved baseline from 5300 to 7500
km s!1, in contrast to the very flat baselines present in the
VLA spectra (Fig. 13). Baseline problems seen in an inter-
ferometric spectrum usually indicate a calibration or imag-
ing problem with the data. Shostak et al. (1984) reported
that 15 out of 63 total channels in their data were corrupted
by radar interference. Although they claimed to have
removed affected data, even low-level residual interference
signal would affect the resulting images, particularly at the
largest spatial scales, resulting in extended negative sources
or displacement of emission peaks (e.g., see x 5.1.1). This
might be enough to explain all observed discrepancies.

Over the last 30 years SQ has been observed with at least
five different radio telescopes, three of which are single-dish
antennas. Comparisons of the integrated fluxmeasured with
smaller single-dish antennas could give some indication of
how much flux, if any, was missed with the synthesis array.
Figure 14 shows a plot of the integrated flux measurements
of the high-velocity gas as a function of telescope beam. We
have chosen to compare the high-velocity gas because it was
detected in all the published H i observations and, given its
extended distribution, would more likely be affected by the
sensitivity limitations and beam attenuation.

The beam areas plotted in Figure 14 span roughly 2
orders of magnitude, and most of the integrated flux values
lie between 3.2 and 6.5 Jy km s!1, consistent with the VLA
measurement given uncertainties in receiver noise, baseline
fits to the underlying continuum emission, and flux-scale
calibrations. The only measurement in Figure 14 commen-
surate with the higher WSRT value is the one derived from
an Arecibo composite spectrum (Peterson & Shostak 1980)
generated from individual observations made over a grid
centered on the group. Their low-resolution contour map
(Plate L1; Peterson & Shostak 1980) showsH i emission that
extends over "80 at an integrated brightness of 8 K km s!1

beam!1 or 0.94 Jy km s!1 beam!1 and fills a region as large

Fig. 13.—H i flux density in units of millijanskys as a function of helio-
centric velocity in units of kilometers per second for the features indicated
in each plot.
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Fig. 14.—VLA and published H i integrated fluxes of the high-velocity
gas between 6475–6755 km s!1 as a function of telescope beam area in units
of square arcminutes on a logarithmic scale. Values measured with Arecibo,
NRAO 91 m, Nancay, WSRT, and the VLA radio telescopes are labeled
for comparison.
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clearly shows, as expected, the three velocity components at
6600, 6000, and 5700 km s!1 with three emission peaks at
"55, "15, and "10 mJy, respectively. The distribution of
the relative flux in Fig. 13 is nearly identical with those of
spectra obtained with WSRT (Shostak et al. 1984), Arecibo
(Gordon & Gordon 1979; Shostak 1974; Williams & Rood
1987), Nancay (Balkowski et al. 1973), and the NRAO 91 m
(Williams & Rood 1987) telescopes, except that detection of
the 5700 km s!1 component is at best marginal in most of
the published profiles. Only the composite spectra of Shos-
tak et al. (1984) and Peterson & Shostak (1980) show all
three velocity components. The integrated flux reported by
Peterson & Shostak (1980) and Shostak et al. (1984) for the
6600 km s!1 velocity component is at least a factor of 2
higher than the VLA measurement (Table 4). The 6000 and
5800 km s!1 velocity components have integrated fluxes that
are also lower than their corresponding WSRT or Arecibo
values, but the difference is much less than that measured
for the high-velocity gas. If we are to believe their results,
then between 50% and 60% of the flux is missing from the
VLA observations, most of which can be attributed to the
high-velocity gas.

This large discrepancy cannot be accounted for by differ-
ences in the sensitivity or in the minimum spatial frequencies
sampled by the two configurations. TheWSRT high-resolu-
tion map has a synthesized beam (FWHP) of 2400 # 4700 and
the brightness sensitivity in the final channel maps is
6.8 # 10!4 mJy arcsec!2. The corresponding brightness sen-
sitivity in the final maps of the VLA is 7.9 # 10!4 mJy
arcsec!2. The shortest baselines included in the VLA and
WSRT observations are both "30 m; therefore, smoothly

distributed emission features with a size about 100 and larger
are missed by both instruments and do not contribute to the
flux. Close inspection of the WSRT composite spectrum
(Fig. 7a; Shostak et al. 1984) reveals a narrow high-velocity
profile on top a strongly curved baseline from 5300 to 7500
km s!1, in contrast to the very flat baselines present in the
VLA spectra (Fig. 13). Baseline problems seen in an inter-
ferometric spectrum usually indicate a calibration or imag-
ing problem with the data. Shostak et al. (1984) reported
that 15 out of 63 total channels in their data were corrupted
by radar interference. Although they claimed to have
removed affected data, even low-level residual interference
signal would affect the resulting images, particularly at the
largest spatial scales, resulting in extended negative sources
or displacement of emission peaks (e.g., see x 5.1.1). This
might be enough to explain all observed discrepancies.

Over the last 30 years SQ has been observed with at least
five different radio telescopes, three of which are single-dish
antennas. Comparisons of the integrated fluxmeasured with
smaller single-dish antennas could give some indication of
how much flux, if any, was missed with the synthesis array.
Figure 14 shows a plot of the integrated flux measurements
of the high-velocity gas as a function of telescope beam. We
have chosen to compare the high-velocity gas because it was
detected in all the published H i observations and, given its
extended distribution, would more likely be affected by the
sensitivity limitations and beam attenuation.

The beam areas plotted in Figure 14 span roughly 2
orders of magnitude, and most of the integrated flux values
lie between 3.2 and 6.5 Jy km s!1, consistent with the VLA
measurement given uncertainties in receiver noise, baseline
fits to the underlying continuum emission, and flux-scale
calibrations. The only measurement in Figure 14 commen-
surate with the higher WSRT value is the one derived from
an Arecibo composite spectrum (Peterson & Shostak 1980)
generated from individual observations made over a grid
centered on the group. Their low-resolution contour map
(Plate L1; Peterson & Shostak 1980) showsH i emission that
extends over "80 at an integrated brightness of 8 K km s!1

beam!1 or 0.94 Jy km s!1 beam!1 and fills a region as large

Fig. 13.—H i flux density in units of millijanskys as a function of helio-
centric velocity in units of kilometers per second for the features indicated
in each plot.
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Fig. 14.—VLA and published H i integrated fluxes of the high-velocity
gas between 6475–6755 km s!1 as a function of telescope beam area in units
of square arcminutes on a logarithmic scale. Values measured with Arecibo,
NRAO 91 m, Nancay, WSRT, and the VLA radio telescopes are labeled
for comparison.
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HI: low-velocity component

Gaps filled in ➜ Disturbed disk of intruder galaxy (NGC 7318b), clockwise rotation, Vrot=175 km/s 
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HI: high-velocity component

NGC 7319 linked to SQ-A by northern HI bridge at 
the group velocity (6500-6800 km/s)

arc-N

SQ-ANGC 7319

spiral 
disk

SQ-A

arc-S

NGC  7320C

arc-N

SQ-ANGC 7319

spiral 
disk

SQ-A

arc-S

NGC  7320C

Highest velocity HI (>6800 km/s) localized to SQ-A 
and northeast “arm” of NGC 7138b
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HI: intermediate velocities

Intermediate velocity HI in bridges, SQ-A,  
northern disk of NGC 7318b

NGC  7320C

SQ-A

Southern

SQ-A

NE arm NW arm

SE arm

20"

S Bridge

N Bridge

N-bridge S-bridge

N bridge: roughly 
constant velocity 

S bridge: 700+ km/s 
velocity gradient
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HI: correlated structures at very different velocities

• Gas around SQ-A and in northeast “arm” shows velocities across 1000 km/s range

• Spatial correlation ➜ limited plane-of-sky motion

arc-N

SQ-ANGC 7319

spiral 
disk

SQ-A

arc-S

NGC  7320C

arc-N

SQ-ANGC 7319

spiral 
disk

SQ-A

arc-S

NGC  7320C NGC  7320C

SQ-A

Southern

SQ-A

NE arm NW arm

SE arm

10

NGC  7320C

SQ-A

Southern

SQ-A

NE arm NW arm

SE arm

Figure 6. MeerKAT moment-zero (left), moment-one (middle) and moment-two (right) maps for the 5700, 6000 and 6300 km s�1 components.
HI contour level are plotted at 5.6, 11.1, 22.3, 44.5, 89.1, 178......⇥ 1019 atoms cm�2. The radio beam size is 1700 ⇥ 1400.

ward NGC 7319 (top-panel). The latter overlaps emission in470

the 6000 component, which extends north from this position471

along the northeast arm (and shock ridge), peaks around SQ-472

A, and continues down the west side of NGC 7318A/B along473

the northwest arm (Figure 6 middle-panel). As noted above,474

this northern low-velocity component is considerably more475

extended than the VLA data suggested. The moment-one476

maps of the two low velocity components show evidence of477

east-west velocity gradients in both components, with higher478

velocities seen on the west side of the southern (5700) com-479

ponent, and on the east side of the northern (6000) compo-480

nent.481

The intermediate velocity emission (6300 component) is482

resolved into a number of smaller clumps or agglomera-483

tions of HI (Figure 6 bottom-panel). These include gas in484

NGC 7320C, and small clumps in arc-S and arc-N coincident485

with the optical tidal tails but notably not associated with the486

star-formation regions of the northern (younger) tail. In the487

northern region, we see intermediate velocity gas near SQ-A,488

south of SQ-A in the northern part of the shock ridge, north-489

east of SQ-A, and extending west from the core of NGC 7319490

across its disk toward the shock ridge. The moment one map491

suggests a gradient across this latter feature, which also over-492

laps lower-velocity gas at its eastern end (and higher-velocity493

gas in the west). This is the "bridge" structure reported across494

multiple wavebands, and whose velocity gradient was found495

from the ACA CO(2-1) data (Emonts et al. 2025).496

6800 - 7050 km/s 6600 - 6800 km/s 6200 - 6500 km/s 5950 - 6200 km/s

Group velocity range Intruder galaxy
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Shock ridge connects high-velocity HI components
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Radio continuum morphology

MeerKAT L-band, 15” HPBW, 15𝛍Jy/bm, on HST+DSS

3. CONTINUUM EMISSION

A line-free continuum image constructed by averaging
the 21 line-free channels is shown in Figure 1, and the main
parameters of the emission are given in Table 2. This 1500

resolution image has an effective bandwidth of 2.05 MHz
centered on an effective frequency of 1416 MHz. The rms
noise level achieved in Figure 1 is 0.10 mJy beam!1 (0.3 K).
This continuum image is a factor of 3 more sensitive in flux
density and about 30 times more sensitive in surface bright-
ness than the best continuum map produced by van der
Hulst & Rots (1981).

In its gross details our continuum map is in good agree-
ment with the 600 resolution image generated by van der
Hulst & Rots (1981) and with other published continuum
maps (Allen & Hartsuiker 1972; Shostak et al. 1984).
Besides detecting the two unresolved northern sources and
the extended linear source between NGC 7318B and NGC
7319, an unresolved continuum source coincident with the
nucleus of NGC 7318A is also clearly detected. A possible
detection of a source associated with the nucleus of NGC
7320 is also made (Fig. 1). More importantly, the new con-
tinuum image delineates the diffuse emission more clearly
than ever before.

The bright radio nucleus of NGC 7319 has a flux density
of 27 " 4 mJy, in good agreement with the results of van der
Hulst & Rots (1981) and Allen & Hartsuiker (1972). Their
high-resolution VLA data show a short (600) jetlike feature
emanating southwestward from the nuclear source in NGC
7319 (see Fig. 3 of van der Hulst & Rots 1981). The other
unresolved source to the northwest has no optical counter-
part brighter than 29 mag arcsec!2 (see Fig. 10, Arp 1973),
and it may be an unrelated background source. Its flux den-
sity is 10 " 1 mJy. The radio source coincident with the
nucleus of NGC 7318a was only marginally detected (at the
3 ! level) by van der Hulst & Rots (1981). We confirm their
detection of the nuclear radio source in NGC 7318A and
find that its flux density is 1.4 " 0.2 mJy, consistent with
their measurement. The new continuum image (Fig. 1) also
shows a 3.6 ! source nearly coincident with the nucleus of
NGC 7320.

The high surface brightness sensitivity achieved by the
new observations reveals for the first time the faint structure
in the extended radio ridge between NGC 7318B and NGC
7319. The new continuum image shows the smooth connec-
tion of the entire north-south ridge, from the bright north-
ern unresolved source to the elongated north-south feature

Fig. 1.—Contour map of the 21 cm continuum emission in HCG 92 overlaid on anR-band image obtained by J. Sulentic at the 3.5 m CAHA telescope. The
contours are!0.2, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 13, and 26 mJy beam!1. The synthesized beam, 15>4 # 14>8, is shown on the upper left corner. Coordinate offsets
are with respect to the optical nucleus of NGC 7319 at "B1950.0 = 22h33m46s1, #B1950.0 = 33$4300000.

No. 5, 2002 STEPHAN’S QUINTET 2419

old VLA 1.4 GHz, ~15” HPBW, 100𝛍Jy/bm, Williams+ 2002

See also structures found by  
Nikiel-Wroczynski+ 2013, 2020 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Radio continuum morphology - correlated structures

• On large scale radio ridge correlated with cooler gas (bridge, branches, but not N X-ray bridge)

• X-ray brighter in N ridge, radio in S ridge ➜ Age? Available gas mass? influence of SF?

Bridge

Knot

N X-ray Bridge

Branches

JWST warm H2 Chandra 0.3-2 keV X-ray

Red / Green contours = MeerKAT L-band 
8” HPBW, 12𝛍Jy/bm 

 
White contours = VLA C+S-band 

3.4”x2.4” HPBW, 8𝛍Jy/bm
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Radio morphology - correlated structures

• VLA C+S band traces brightest parts of southern ridge

• Bright knot near (but not on) young star clusters and CO clouds in tidal arm ➜ SF?

• Other radio-bright regions (e.g., branches) not well correlated with SF

Red contours = 
MeerKAT L-band 

8” HPBW, 12𝛍Jy/bm 
 

Black / White contours 
= VLA C+S-band 
3.4”x2.4” HPBW 

8𝛍Jy/bm

VLA C+S band HST 438nm

Knot

Branches
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Spectral index

• No E-W spectral index gradient across ridge ➜ interloper vector close to line of sight

• Bad news: we’re looking through the shock front

• Good news: 900 km/s Vrec offset is a good measure of collision velocity 


• Integrated spectral index of steepest emission 𝛂 = -1.18 

144 MHz - 3 GHz index, 8” HPBW

SQ-A

NGC 7318A

NGC 7319

SQ-R

NGC 7320

SQ-A

NGC 7318A

NGC 7319

SQ-R

SQ-B

400 MHz - 1.28 GHz index, 15” HPBW

𝛂 = -0.99±0.03

• 𝛂 = -1.18±0.04
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Curvature and age

• Strongest curvature, oldest ages in N ridge, ~15-20 Myr.

• Over 20 Myr, at 900 km/s, intruder travels ≈ 18 kpc toward us, comparable to width of ridge

144-400 MHz vs 1.28-6 GHz, 8” HPBW Radiative age (Myr) assuming 𝛂inj = -0.7
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Curvature and age

• Strongest curvature, oldest ages in N ridge, ~15-20 Myr.

• Over 20 Myr, at 900 km/s, intruder travels ≈ 18 kpc toward us, comparable to width of ridge

144-400 MHz vs 1.28-6 GHz, 8” HPBW Radiative age (Myr) assuming 𝛂inj = -0.7

high temperatures, leading to a flatter or lower power-law index
in the warmest parts of the shocks because more power escapes
from the high-J transitions. This is noticeable in the figure
where the power-law index shows a gradient from its highest
values of 4.8–5 in the north of the filament, transitioning
through the center of the filament (with a peak at 4.45), and
reaching the lowest values (4.2–4.3) in the south. Because of
the need to include many lines in this fitting, the modeling does
not extend as far to the east as the two-temperature fitting, and
so the extension in the direction of NGC 7319 is less obvious,
although the spreading of the contours in the mid-shock region
shows a bulge in the direction of the “bridge” marked in
Figure 3.

The values of the power-law index in Figure 8 are almost all
lower than the mean found for normal galaxies of 4.84±0.61
(Togi & Smith 2016), and they fall in the asymmetric tail in the
distribution found in their study of SINGS galaxies. The tail is
populated by SINGS galaxies containing nuclei of Seyferts or
LINERs. Indeed the only region that approximates to a normal
power-law fit is the region near SQ-A, where the value for n
lies between 4.8 and 5.1. In the case of the center of the shock
ridge, the values are consistently higher than any seen in the

study of the SINGS sample. The shocks appear to be raising the
temperature of the gas to much higher levels than are seen in
more normal galactic environments. In Section 7.1we argue
that this is a result of higher turbulent energy dissipation there,
as measured by an increase in velocity dispersion in the
diffuse gas.
Another parameter in the power-law method is the

asymptotic value of Tℓ, the lowest extrapolated temperature
obtained from the fitting process. In Appendix B we discuss
how we calculate this, and how spatial variations in the H2
excitation can affect how this lower limit is determined. Tℓ can
affect how much mass in colder gas we estimate from the
power-law method.

5.3. Analysis of Shock Models

A combination of two shock velocities is required to match
the observed H2 line fluxes, usually a very low-velocity C-type
shock (3–6 km s−1, and a stronger shock (20–35 km s−1),
which is consistent with the models of Guillard et al. (2009)
and Lesaffre et al. (2013) using limited preliminary data from
this same survey. In order to fit best the excitation data for the
0–0 S(0) and 0–0 S(1) transitions, we found better results when

Figure 7.Map of the temperature distribution of the warm H2 gas derived from a two-temperature fit to the H2 excitation diagrams at each sampled position. (a) Image
of the lowest temperature (T1) map, with contours in K; (b) the same map superimposed on the F665N HST image of the Quintet; (c) image of the higher temperature
component (T2) with contours; (d) the T2 contours superimposed on the F665N HST image. The contour representation includes some spatial averaging to show
general trends.

16

The Astrophysical Journal, 836:76 (37pp), 2017 February 10 Appleton et al.

Spitzer H2 temperature 
Appleton+2017
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What have we learned? - Shock mechanism
• Star formation - important in some regions but can only contribute 10-15% of ridge flux

• Adiabatic compression


• Requires Mach ~3.8 shock, E-W velocity comparable to line-of-sight: inconsistent with data


• Relativistic seed population unlikely to last 100 Myr in tidally-stripped gas


• Diffusive Shock Acceleration

• Also implies high shock speed: integrated 𝛂 = -1.18 ➜ Mach ~3.5


• Requires star formation to produce 𝛂 < 1 in southern shock ridge


• Factor 106 too luminous to be consistent with M500:Lradio relation for radio relics


• Strong shock in HI


• Mach ~40 will produce 𝛂 ≈ 0.55 as seen in southern ridge


• Highly (up to ~30%) efficient acceleration by strong shock


• Radio and X-ray have same origin, shocked HI ➜ spatial correlations as expected
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What have we learned? - History of the collision

• Radio ridge structures correlated with cooler gas ➜ origin in stripped ISM material 

• No E-W spectral index gradient, low polarization fraction, HI structures near SQ-A correlated 
over 1000 km/s of velocity. 

➜ intruder has minimal E-W velocity, collision vector close to line of sight 

• Age of collision ~15-20 Myr, based on spectral curvature

➜ Age gradient implies collision started in north

➜ Suggests ~15-20º N-S tilt of tidal filament relative to intruder

➜ Intruder still within a few kpc of tidal filament, only passed through south end ~5 Myr ago 

• HI in southern ridge destroyed, but starting to reform in northern ridge? 
➜ Turbulent cascade, line cooling highly effective in reforming cold phases 
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Thank you!


