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A B S T R A C T 

We present a detailed study of the large-scale shock front in Stephan’s Quintet, a by-product of past and ongoing interactions. 
Using integral-field spectroscopy from the new William Herschel Telescope Enhanced Area Velocity Explorer (WEAVE), recent 
144 MHz observations from the LOFAR Two-metre Sky Survey, and archi v al data from the Very Large Array and JWST , we 
obtain new measurements of key shock properties and determine its impact on the system. Harnessing the WEAVE large integral 
field unit’s field of view (90 × 78 arcsec 2 ), spectral resolution ( R ∼ 2500), and continuous wavelength coverage across the 
optical band, we perform robust emission-line modelling and dynamically locate the shock within the multiphase intergalactic 
medium with higher precision than previously possible. The shocking of the cold gas phase is hypersonic, and comparisons with 

shock models show that it can readily account for the observed emission-line ratios. In contrast, we demonstrate that the shock 

is relatively weak in the hot plasma visible in X-rays (with Mach number of M ∼ 2 –4), making it inefficient at producing the 
relativistic particles needed to explain the observed synchrotron emission. Instead, we propose that it has led to an adiabatic 
compression of the medium, which has increased the radio luminosity 10-fold. Comparison of the Balmer line-derived extinction 

map with the molecular gas and hot dust observed with JWST suggests that pre-existing dust may have survived the collision, 
allowing the condensation of H 2 – a key channel for dissipating the shock energy. 

Key w ords: techniques: imaging spectroscop y – galaxies: groups: individual: Stephan’s Quintet – galaxies: interactions – radio 

continuum: ISM. 
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 I N T RO D U C T I O N  

alaxy mergers and interactions are a cornerstone of our under- 
tanding of galaxy formation and evolution. They are believed to 
lay key roles, not only in the mass build-up and morphological 
ransformation of galaxies, but also for triggering mild and extreme 
tarbursts and possibly active galactic nuclei (AGNs; e.g. Barnes & 

ernquist 1996 ; Hopkins et al. 2006 ; Smith et al. 2010 ; Satyapal
t al. 2014 ; Knapen, Cisternas & Querejeta 2015 ; Cibinel et al.
 E-mail: m.i.arnaudova@gmail.com (MIA); soumyadeep.das. 
44@gmail.com (SD) 
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019 ; D ́ıaz-Garc ́ıa & Knapen 2020 ; Pierce et al. 2023 ). Mergers and
nteractions occur predominantly in systems with high galaxy density 
nd low velocity dispersion, making nearby compact galaxy groups 
deal laboratories for studying their impact (e.g. Hickson et al. 1992 ).

One such system is Stephan’s Quintet (hereafter SQ), which has 
een e xtensiv ely studied across the electromagnetic spectrum ev er
ince its disco v ery by Stephan ( 1877 ). SQ has a systemic redshift of
 = 0 . 0215 (Hickson et al. 1992 ), and consists of three galaxies at
ts core (NGC 7317, NGC 7318a, and NGC 7319 as shown in Fig.
 ), which, according to the dynamical scenario proposed by Moles,
ulentic & M ́arquez ( 1997 ), have experienced several interactions
nder the gravitational influence of a fourth galaxy with a similar
is is an Open Access article distributed under the terms of the Creative 
 permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. A composite image of SQ made with JWST NIRCam’s F 277 W , 
F 356 W , and F 444 W bands, orientated such that north is up and east is to the 
left. NGC 7320c is outside the FoV, located to the east of NGC 7319. The 
green contours represent the 144 MHz radio flux density from LoTSS, with 
the lowest contour corresponding to a flux density of 1.2 mJy beam 

−1 and 
each subsequent contour increasing by a factor of 2. The hexagon denotes the 
approximate co v erage of the ne w WEAVE observ ations of the system. 
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edshift, NGC 7320c (the ‘old intruder’, to the east of NGC 7319,
ot shown in Fig. 1 ). A fifth nearby galaxy, NGC 7320, is considered
o be a foreground source due to its discordant redshift (Burbidge &
urbidge 1961 ). Unlike NGC 7317 and NGC 7318a, which have
lliptical morphologies, NGC 7319 and the old intruder exhibit spiral
tructures. Ho we ver, the process of interaction has stripped almost all
f their interstellar medium (Sulentic et al. 2001 ) into the intergalactic
edium (IGM). The system is currently undergoing a new interaction

etween the IGM and NGC 7318b, the ‘new intruder’, as it enters
he group for the first time at ∼ 1000 km s −1 towards our line of
ight. This has led to the formation of the large-scale shock region
hereafter LSSR), a giant filament of shocked gas, ∼ 45 kpc in extent.
he LSSR is located to the east of NGC 7318b, and has been
 xtensiv ely studied through X-rays (Trinchieri et al. 2005 ; O’Sulli v an
t al. 2009 ), ionized gas emission (Xu et al. 2003 ; Iglesias-P ́aramo
t al. 2012 ; Konstantopoulos et al. 2014 ; Rodr ́ıguez-Baras et al.
014 ; Duarte Puertas et al. 2019 , 2021 ), molecular H 2 gas (Appleton
t al. 2006 , 2017 , 2023 ; Cluver et al. 2010 ), and radio frequencies
Allen & Hartsuiker 1972 ; van der Hulst & Rots 1981 ; Williams,
 un & V erdes-Montenegro 2002 ; Xu et al. 2003 ; Nikiel-Wroczy ́nski

t al. 2013 ). 
Some of the key results from these works can be summarized

s follows: X-ray observations of the LSSR by O’Sulli v an et al.
 2009 ) revealed the presence of a hot plasma associated with a ‘ridge’
ith temperature ∼ 0 . 6 keV and metallicity Z = 0 . 3 Z �, embedded
ithin a larger hotter halo with similar metallicity, likely heated by
revious dynamical encounters within the system. The hot gas in the
idge is believed to originate from an oblique shock heating a pre-
xisting H I filament, presumably a remnant of a previous interaction
e.g Williams et al. 2002 ; Jones et al. 2023 ). Mid-infrared studies
ave found that the LSSR is further characterized by dominant
arm H 2 emission, whose luminosity exceeds that of the hot X-ray
lasma by a factor of 3 (Cluver et al. 2010 ), indicating that molecular
NRAS 535, 2269–2290 (2024) 
ydrogen lines play a far greater role in the cooling of the gas than
he thermal X-ray emission. By combining Spitzer Space Telescope
nd JWST Mid-Infrared Instrument (hereafter JWST MIRI) imaging
ith CO (2-1) imaging spectroscopy from the Atacama Large
illimeter/submillimeter Array, Appleton et al. ( 2023 ) propose that

his distinctive emission originates from the fragmentation of cold
olecular clouds as they are mixed with post-shocked gas. These

louds were formed during the collision event and were subsequently
ubjected to ram-pressure stripping from the hot X-ray plasma
enerated by the shock, leading to the formation of smaller fog clouds
mitting infrared H 2 radiation. Building upon the complexity of the
ystem, Guillard et al. ( 2022 ) used UV spectroscopic observations
ith the Hubble Space Telescope Cosmic Origins Spectrograph

Green et al. 2012 ) and detected extremely broad Ly α emission [full
idth at half-maximum (FWHM) ≈ 2000 km s −1 ], whose radiated

nergy was found to be comparable to the much cooler H 2 and
uch hotter X-rays (within a factor of a few). These findings

trongly support the picture that the galaxy-wide collision is driving a
urbulent cascade of energy affecting all gas phases on both large and
mall scales, as initially proposed by Guillard et al. ( 2009 ). Finally,
adio studies have revealed a steep non-thermal spectral index along
he shock front between 1.43 and 4.86 GHz [observed with the Very
arge Array (hereafter VLA); Thompson et al. 1980 ] and between
.85 and 8.35 GHz (using the Effelsberg 100-m Radio Telescope;
ielebinski, Junkes & Grahl 2011 ), indicating the presence of old

lasma. This suggests that the shock has been active for a significant
eriod, allowing electrons to undergo various stages of interactions. 
These works have been complemented by optical IFU obser-

ations, which have transformed our ability to study the sys-
em by enabling us to trace its resolved kinematics and ionized
as properties. Iglesias-P ́aramo et al. ( 2012 ) presented the first
FU observation of the LSSR in SQ using the Calar Alto 3.5 m
elescope with the Potsdam Multi-Aperture Spectro-photometer
PMAS; Roth et al. 2005 ) to obtain pointings with a 16 × 16
rcsec 2 field of view (FoV) in three separate regions of the shock
ith an ef fecti ve spectral resolution of FWHM = 3 . 6 Å across

he wav elength co v erage of 3810 Å < λ < 6809 Å. The authors
evealed the presence of three kinematic regimes: H II regions
ith recession velocities consistent with the new intruder (5400–
000 km s −1 ), low-velocity shock-ionized gas with solar metallicity
5800–6300 km s −1 ), and high-velocity shock-ionized gas with sub-
olar metallicity ( ∼6600 km s −1 ). These findings were confirmed
nd complemented by Rodr ́ıguez-Baras et al. ( 2014 ), who used the
ame instrument but in PMAS fibre PAcK mode (Kelz et al. 2006 ),
hich traded lower spectral resolution (FWHM = 10 Å) for a larger
oV (74 × 65 arcsec 2 ) and extended wavelength coverage (3700–
100 Å). In addition, they have demonstrated by comparing with
heoretical models that the nebular emission in SQ is consistent
ith a shock origin, with low-density pre-existing gas, and shock
elocities between 200 and 400 km s −1 . 

More recently, Duarte Puertas et al. ( 2019 , 2021 ) observed the
ntire system, using the large 11 × 11 arcmin 2 FoV of the SITELLE
nstrument (Grandmont et al. 2012 ), a Fourier transform spectrom-
ter on the Canada–France–Hawaii Telescope. With three filters
SN1, SN2, and SN3) co v ering emission lines from [O II ] 3727 Å
o [S II ] 6716, 6731 Å with a mean spectral resolution of R ∼500,
 ∼760, and R ∼1560, respectively, the authors were able to study the
tar formation rates, and oxygen and nitrogen-to-oxygen abundances
f 175 H α regions in SQ. They found that the majority of star
ormation is present in the starburst region A (SQ-A, the region to
he north end of the shock, which appears blue as seen in Fig. 1 as a
esult of recent star formation), suggesting that prior to the collision
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here was little ongoing star formation in the IGM. Their work also
evealed the presence of two chemically different regions, with the 
ow/high-metallicity material primarily associated with a relatively 
ow/high radial velocity, suggesting that the metal-rich component 
omes from the inner part of the new intruder. 

In this study, we build upon these results, by combining the first-
ight data from the William Herschel Telescope Enhanced Area 
elocity Explorer large integral field unit (WEAVE-LIFU; Dalton 
t al. 2012 ) with a range of new and archi v al multiwavelength
ata, including 144 MHz radio observations from the second data 
elease of the LOFAR Two-metre Sky survey (LoTSS; Shimwell 
t al. 2022 ). The combination of the arcminute-scale FoV (90 ×
8 arcsec 2 ) of the WEAVE-LIFU, 2.6 arcsec spaxels, high spectral 
esolution ( R ∼ 2500), and virtually complete wavelength coverage 
cross the optical wavelengths (3660 –9590 Å) sets the new data apart
rom those obtained in the past (e.g. WEAVE has a larger FoV than
MAS, plus higher spectral resolution than in an y pre-e xisting data,
oupled with the large wavelength coverage). These features allow 

s to study the dynamics and other properties of the shock front in
reater detail than previously possible. In addition, we expand the 
ultiwavelength picture of the system by considering low-frequency 

adio data, which traces older, more diffuse emission, allowing us to 
ain new insights into the complex history of SQ. 

The structure of this paper is as follows: Section 2 describes 
he data used in this work, including WEAVE-LIFU and LoTSS 

bservations along with additional auxiliary data from JWST and 
he VLA. Section 3 gives an overview of the spectral fitting process
sed in this work. Section 4 presents an o v erall view of SQ based
n the multiwavelength data we have assembled, while Section 5 
nvestigates the shock region in more detail. Finally, Section 6 
ummarizes and discusses our findings. 

F or consistenc y with previous works (e.g. Appleton et al. 2017 ,
023 ; Guillard et al. 2022 ), we assume a distance of 94 Mpc to SQ
for H 0 = 70 km s −1 Mpc −1 and a heliocentric group velocity of
600 km s −1 ). At this distance, 1 arcsec corresponds to a linear scale
f 0.456 kpc. 

 DATA  

.1 WEAVE first-light data 

IFU observations of SQ were taken on 2022 October 25, and 
eleased to members of the WEAVE consortium on 2022 December 
2 as part of WEAVE’s first-light data release. The WEAVE LIFU
onsists of 547 closely packed optical fibres with a filling factor of
.55, each 2.6 arcsec in diameter, together providing an FoV of 90

78 arcsec 2 . The data were acquired in two observing modes –
high-resolution’, which offers a spectral resolution of R ∼ 10 000 
cross the wavelength range of 4040 Å < λ < 6850 Å, and ‘low-
esolution’, which has R ∼ 2500 across 3660 Å < λ < 9590 Å. In
his work, we focus on the ‘low-resolution’ mode data due to its
igher signal-to-noise ratio, which enables us to study the emission 
ines in the LSSR on a per-spaxel basis. 

The observations were taken at a mean airmass of 1.01, 
n 1.67 arcsec seeing, and at a position angle of 120 ◦ centred
ear ( α, δ) = (22 h 35 m 59 . s 3, + 33 ◦58 ′ 12 . ′′ 3) between the galaxies
GC 7318a and NGC 7318b (see Fig. 1 for details, in which the
e xagonal WEAVE F oV is outlined in white). The observations 
onsisted of six exposures, each 1020 s in duration, using both 
he blue (3660 –6060 Å) and red arms (5790 –9590 Å) with the
ative 1 × spectral binning giving a scale of 0.30 and 0.48 Å pixel −1 ,
espectiv ely. Between e xposures, the telescope pointing was adjusted 
sing the default six-point dither pattern, designed to permit complete 
patial sampling once the individual observations are combined. The 
esulting data were fully reduced using the core processing system 

Walton et al. 2014 ) WEAVE pipeline located at the Cambridge
stronomical Surv e y Unit (CASU). More information about the data

eduction process is given by Jin et al. ( 2024 ); however, the main
teps can be summarized as follows. The data are bias- and flat-field
orrected, and observations of a quartz-halogen lamp are used to trace 
ut the location of each LIFU fibre’s spectrum along the CCDs, to
nable the spectra to be e xtracted. A wav elength solution is produced
ased on observations of ThArCr arcs, and a flux scale derived based
n observations of white dwarfs. ‘Superstack’ data cubes for each 
rm are then produced by reconstructing the 3D spectra on to a
x ed wav elength grid with 0.5 Å pix els. Spectra are produced at
ach location using the six individual exposures, conserving flux and 
nverse variance, and accounting for the dithering pattern. Finally, sky 
ubtraction is performed using sky spectra obtained simultaneously 
rom dedicated sky fibres positioned outside the main FoV. The sky
pectrum is modelled using a principal component analysis algorithm 

hat accounts for source contamination in the sky fibres, which will
e described in detail by a future work. 
The resulting data cubes are stored in FITS format, are 178 × 188

.5 arcsec spaxels on a side, and consist of sev en e xtensions: (i) data,
ii) inverse variance, (iii) data without sky-subtraction, (iv) inverse 
ariance without sky-subtraction, (v) sensitivity function used for 
ux calibration, (vi) white-light image collapsed in the wavelength 
irection, and (vii) white-light inverse variance. This work uses 
ersion 1 of the fully reduced data, which can be downloaded from
he WEAVE Archive System (WAS 

1 ). 

.2 Radio obser v ations 

he 144 MHz observations of SQ are included in the second data
elease of the LoTSS (LoTSS DR2) and are accessible on the
OFAR surv e ys website. 2 A comprehensive description of the data
rocessing is given by Shimwell et al. ( 2022 ). To briefly summarize,
he 144 MHz data were reduced using the fully automated LoTSS
rocessing pipeline, which corrects for direction-independent instru- 
ental effects, as well as ionospheric distortions that vary with time

nd direction. The resulting images have a resolution of 6 arcsec,
ith an RMS uncertainty of ∼130 μJy beam 

−1 near SQ. Due to the
 xcellent uv co v erage pro vided by the Dutch baselines, the LoTSS
mages are sensitive to emission on all scales up to ∼ 1 ◦ including
ompact sources, as well as those with diffuse, extended emission 
such as SQ). 

Additionally, we used publicly available observations of SQ using 
he Karl G. Jansk y VLA (Perle y et al. 2011 ). Project ID 18B-080
PI: Blazej Nikiel-Wroczynski) observed the system at 1.7 GHz in C-
rray configuration, while project ID AS939 (PI: M. Soida) made an
bservation at 4.86 GHz in the D-array configuration. These data sets
re selected for this study because of their high sensitivity to large-
cale extended emission (6 arcmin at 4.86 GHz and 17 at 1.7 GHz)
nd their angular resolution, which is similar to that of the LoTSS
ata (see Table 1 for details). We used the COMMON ASTRONOMY

OFTWARE APPLICATIONS ( CASA ; CASA Team 2022 ) VLA calibration
ipeline to reduce the 1.7 GHz data set, while the 4.86 GHz data set
as processed using the VLARUN routine within the ASTRONOMICAL 

MA GE PR OCESSING SYSTEM ( AIPS ; Greisen 2003 ). In both cases, we
MNRAS 535, 2269–2290 (2024) 
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Table 1. Information about the radio images of SQ used in this work, with 
details of the synthesized beam size, the peak flux densities, and rms noise 
values. 

Image Beam FWHM Peak flux RMS 
(arcsec 2 ) ( mJy ) ( μJy beam 

−1 ) 

LoTSS 144 MHz 6 × 6 662 129.6 
VLA C-Array 1.7 GHz 13 . 35 × 11 . 95 62 16.3 
VLA D-Array 4.86 GHz 13 . 63 × 12 . 63 3.5 8.6 

c  

s  

t

2

J  

o  

(  

a  

3  

t  

g  

f  

c
 

F  

r  

7  

b  

F  

(  

H  

d  

H  

o  

d  

A

3

T  

p  

t  

a  

m  

2  

a  

w  

t  

n  

l  

s  

s  

t  

t  

s  

s  

m  

3

f  

b  

H  

l  

T  

c  

b  

t  

i
 

G  

o  

d  

w  

a  

fi  

t  

(  

[  

a  

s  

s  

o  

t  

r
 

g  

r  

n  

r  

t  

e  

D  

i  

f  

C  

T  

e  

e  

t
 

e  

v  

m  

t

B

H  

p  

w  

a  

o
 

o  

o  

G  

t  

m  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/3/2269/7904663 by C
ancer Epidem

iology U
nit, U

niversity of O
xford user on 22 N

ovem
ber 2024
onducted multiple iterations of phase-only and phase + amplitude
elf-calibration to remo v e residual errors. More information about
he radio images co v ering SQ can be found in Table 1 . 

.3 Additional auxiliary data 

WST NIRCam and MIRI observations of SQ are available as part
f the Early Release Observations described in Pontoppidan et al.
 2022 ). NIRCam data were obtained using broad-band filters such
s F 277 W , F 356 W , and F 444 W (with central wavelengths of 2.776,
.566, and 4.401 μm, respectively) and the FULLBOX dither pattern
o produce a 6.3 ×7.3 arcmin 2 rectangular mosaic co v ering all
alaxy members, except NGC 7320c. These data are well suited
or providing an overview of the system, effectively highlighting the
omplexity and intricate details of SQ, as shown in Fig. 1 . 

In addition, the MIRI data were obtained in three bands ( F 770 W,
 1000 W , and F 1500 W with central wavelengths 7.7, 10, and 15 μm,

espectiv ely) o v er a smaller area using four tiles centred on NGC
318a/b, NGC 7319, and NGC 7320c. The significance of these
ands lies in their ability to capture specific spectral features. The
 770 W band is found to trace the polycyclic aromatic hydrocarbon

PAH) complex when star formation dominates, and the 0–0 S(5)
 2 emission otherwise. The F 1000 W band, on the other hand, is
ominated by emission coming from the S(3) mid-IR pure rotational
 2 line, whereas the F 1500 W filter captures the faint dust continuum
f the IGM (see Appleton et al. 2023 for further details). All these
ata are publicly available and were downloaded from the Mikulski
rchive for Space Telescopes. 3 

 SPEC TRAL  FITTING  M E T H O D  

o study the nebular gas properties of SQ, and the LSSR in
articular, we fitted the principal emission-line comple x es (including
he brightest species: H β λ4861, [ O III ] λλ4959/5007, H α λ6563,
nd [ N II ] λλ6548,6583) in all available 0.5 arcsec spaxels, using
ultiple Gaussian components (in a manner similar to Comer ́on et al.

021 ). To determine the optimal number of components required for
 giv en spax el, we used the Bayesian Information Criterion (BIC),
hich enables us to find a balance between the goodness of fit and

he number of free parameters in our model. Such a technique is
ecessary because of the comple x v elocity structure of the emission
ines in SQ. This is evident in Fig. 2 , in which the left-hand panel
ho + n from the H α + [N II ] complex, while the right-hand panel
hows a position–velocity diagram along the north–south direction of
he peak emission (the location is indicated by the red vertical line in
he left-hand panel). The H α + [ N II ] emission has been calculated by
umming o v er a spectral window 100 Å wide centred on H α for each
paxel after subtracting the continuum (approximated using a linear
odel). Despite the simple continuum model (which is responsible
NRAS 535, 2269–2290 (2024) 
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w  

e  

v  
or the faint emission apparently coincident with NGC7318a and
; see Section 4.1 for details), we can see that the majority of the
 α emission is concentrated in the region surrounding the LSSR,

ocated to the east of the two central galaxies (NGC 7318a and b).
he approximate location of the LSSR is indicated by the dashed
ontours in the left panel of Fig. 2 which has been derived on the
asis of the 144 MHz emission (see caption for details). Similarly,
he locations of the two central galaxies in the WEAVE data cube are
ndicated by the solid contours in the same figure. 

The first step in our modelling approach is to correct the spectra for
alactic extinction (which is considerable, with a V -band extinction
f A V ∼ 0 . 2) in the observed frame using the re-calibrated reddening
ata, E( B − V ), from Schlegel, Finkbeiner & Davis ( 1998 ), along
ith the Milky Way reddening curve from Fitzpatrick ( 1999 ) for

n extinction-to-reddening ratio of R V = 3 . 1. For each spaxel, we
tted spectral windows of interest from the blue and red arms simul-

aneously, modelling the local continuum near each line complex
i.e. co v ering from H β to [ O III ] λ5007 and from [ N II ] λ6548 to
 N II ] λ6583, and later extending to [ S II ] λ6731) with a straight line,
nd each emission line with up to four Gaussian components. Each
paxel was modelled independently of its neighbours. The simplistic,
traight-line approach to continuum subtraction was adopted since
ur primary interest is in the regions away from the galaxies, where
he continuum is faint and free from significant structure (see e.g. the
ight panel of Fig. 2 ). 

To reduce the number of free parameters in our model and obtain
ood constraints on the velocity structure of the system, we fixed the
elativ e v elocity offsets and line widths for each Gaussian compo-
ents across all of the lines modelled. In addition, we set the flux
atios for the [ O III ] λλ4959/5007 and [N II ] λλ6548/6583 doublets
o their predicted values (2.98 for [ O III ] following Dimitrijevi ́c
t al. 2007 , and 3.05 for [ N II ] following Doj ̌cino vi ́c, Ko v a ̌ce vi ́c-
oj ̌cinovi ́c & Popovi ́c 2023 ). As the number of free parameters

s still considerable (e.g. 28 for modelling six emission lines with
our Gaussian components), we employed the Markov Chain Monte
arlo (MCMC) method with 250 w alk ers running for 5000 steps.
o determine reliable flux estimates and associated uncertainties for
ach of the lines modelled, we discarded the first 4500 steps from
ach w alk er’s chain as burn-in. These results were visually inspected
o ensure that the chains converged and that the results were robust. 

Finally, to determine which of the four models to select (one for
ach number of Gaussian components), we used the minimal BIC
alue, which is computed in the following way, assuming that the
odel errors are independent and identically distributed according

o a normal distribution: 

IC = k ln ( n ) + χ2 . (1) 

ere n is the number of data points, k is the number of free
arameters, and χ2 is the chi-squared parameter. In Appendix A ,
e pro vide e xamples of fits consisting of all four models identified

t representative locations within SQ to demonstrate the performance
f this method. 
From the best-fitting models for each emission-line species, we

btain the total emission-line flux, equi v alent width (EW), line-
f-sight velocity ( v), and velocity dispersion ( σ ) including all of
aussian components. While determining the line flux and the EW in

he presence of multiple velocity components is straightforward, this
akes obtaining representative velocities and velocity dispersions
ore complicated. For the line-of-sight velocity, we compute the
eighted av erage v elocity, where the weights are giv en by the

mission-line flux for each Gaussian component. Similarly, the
elocity dispersion is calculated from the FWHM, which is deter-

https://archive.stsci.edu/doi/resolve/resolve.html?doi=10.17909/dfsd-8n65
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Figure 2. The complex velocity structure in the LSSR. The left panel presents the H α + [N II ] complex obtained by summing a spectral region 100 Å wide, 
centred on H α, continuum-subtracted in each spaxel using a linear approximation (the regions used for emission lines and continuum estimation are indicated 
in the lower part of the right panel by the solid and dashed lines, respectively). The black contours indicate the location of NGC7318a/b in the white-light image, 
constructed by collapsing the data cubes in the wav elength direction; each successiv e contour represents a factor of 2 increase in surface brightness. The grey 
dashed contours represent the LoTSS data, which are the same contours shown in green o v er a larger area in Fig. 1 . The right panel shows the 2D spectrum (flux 
density in wavelength versus spatial position) in the vicinity of the H α + [N II ] complex across the region denoted by the red line in the left panel. 
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ined using the combined profile fit for each species, irrespective 
f the line shape. The uncertainties associated with each spectral 
roperty are e v aluated by propagating the values extracted from
he MCMC chains. For the entirety of the analysis, we concentrate 
n spaxels that have a ≥ 3 σ detection in all four bright lines (i.e.
 β λ4861, [ O III ] λ5007, H α λ6563, and [ N II ] λ6583), since these

re the spaxels with the best velocity constraints that enable us to
onfidently de-blend H α from the [ N II ] line. 

 A  MULTIWAV ELENGTH  VIEW  O F  SQ  

.1 SQ as traced by H α with WEAVE 

or a general overview of the system, in Fig. 3 we show the spectral
roperties of the H α emission in greater detail than previously 
ossible. Fig. 3 contains four panels showing (a) the integrated H α

ux, (b) the H α EW, (c) the weighted-average H α velocity, and 
d) the H α velocity dispersion. As in Fig. 2 , black contours have
een o v erlaid in each panel to indicate the positions of the central
alaxies (NGC 7318a and b) based on the white-light image. What is
mmediately remarkable upon even a cursory inspection of Fig. 3 is
hat the structures apparent in the figure show significant continuity 
etween neighbouring spaxels, including on scales larger than the 
.6 ′′ LIFU fibres (which are themselves larger than the seeing at the
ime of the observations). Although the data themselves are not inde- 
endent on the scale of the fibres (due to the correlated noise arising
rom the manner in which the cube has been reconstructed from the
ithered integrations), the continuity extends to features approaching 
he arcmin scale of the FoV, and this is remarkable since each spaxel
n the reconstructed WEAVE cube has been fit independently. This 
ontinuity/smoothness offers great encouragement that our fitting is 
erforming in a robust manner. 
In panel (a) the integrated flux in the H α emission line – after
ccounting for the [N II ] contribution in the fitting – does not reveal
ny H α emission associated with the cores of NGC7318a/b, in 
ontrast to Fig. 2 where this results from a simple continuum-
ubtraction process in the presence of the bright stellar continuum 

t those locations (visual inspection confirms that all emission lines 
onsidered are absent in the cores of NGC 7318a and b as demon-
trated in Appendix A ). The H α flux map has been o v erlaid with
rey dashed contours representing the LoTSS 144 MHz flux density, 
nd there is a clear spatial association between the H α intensity
nd the 144 MHz flux density in the region surrounding the shock,
uggesting a common excitation mechanism. In the south-eastern 
nd south-western areas (labelled ‘A’ and ‘B’) ho we ver, there are
istinct clusters of intense H α emission with no o v erlapping contours
ssociated with 144 MHz flux density. In panel (b) we can see large
Ws visible throughout the system, which offer some support for our
hoice to use a simple linear continuum model for our line fitting. 

The velocity map in panel (c) shows complex velocity structure; 
imilarly to previous works (e.g. Iglesias-P ́aramo et al. 2012 , Kon-
tantopoulos et al. 2014 , Duarte Puertas et al. 2019 ), we can identify a
 = 5600–5900 km s −1 component associated with the new intruder,
s well as regions with higher velocity in the LSSR. Ho we ver, unlike
revious studies, WEAVE has the sensitivity and spatial co v erage
o provide a virtually complete sampling of the LSSR. While 
anels (b) and (c) reveal smoothly varying EW and line-of-sight 
elocities, the map of velocity dispersion shown in panel (d) reveals
ore complex structure. 4 Intriguingly, the region with the highest 
MNRAS 535, 2269–2290 (2024) 
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(a)

(c) (d)

(b)

Figure 3. The fitted properties of the H α emission for all spaxels with a 3 σ detection in each of the four bright lines (H β λ4861, [ O III ] λ5007, H α λ6563, and 
[ N II ] λ6583). The panels, which are labelled in the upper right corner, show (a) line flux, (b) EW, (c) line-of-sight velocity, and (d) velocity dispersion. In the 
upper left panel (a) we have overlaid grey contours to indicate the LoTSS 144 MHz flux density as in Fig. 1 . The black contours in each panel show the location 
of the central galaxies, based on the white-light image, as in Fig. 2 . 
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elocity dispersion ( σ � 200 km s −1 ) is spatially coincident with the
eaks in the H α and 144 MHz emission, which is surrounded by
ignificantly lower σ areas, including several ‘bubble’-like structures
ith σ ∼ 150 km s −1 . 
To put these features into context, in the left panel of Fig.

 we show a 2D histogram of the line-of-sight velocity ( v) and
elocity dispersion ( σ ) for the spaxels in the cube, which has been
ecomposed into three main features that we will define in the next
aragraph, each shown in a particular colour. In the right panel, the
paxels in each velocity feature are located within the WEAVE FoV,
nd colour-coded in the same way. Although this decomposition is
learly subjective (and therefore open to some cross-contamination
etween regions), the features identified in velocity space appear
ontiguous in the projected FoV, and our conclusions are insensitive
o the details of this decomposition (e.g. the precise locations of the
egions, or whether the histogram is weighted by the H α flux density
n each spaxel), suggesting that the regions we have identified are
hysically plausible. 
The regions are identified as follows. We first identify two

istinct regions with low velocity dispersion ( σ < 100 km s −1 ), one
ith relatively low line-of-sight velocity ( v < 5900 km s −1 ) that is

onsistent with the new intruder and coloured blue in Fig. 4 (hereafter
 H II -low’), and another located at higher line-of-sight velocity
 v = 5900 –6400 km s −1 ) and coloured green in Fig. 4 (hereafter
 H II -high’). The properties of these regions (low velocity dispersion
NRAS 535, 2269–2290 (2024) 
nd high EW as shown in the top right panel of Fig. 3 ) correspond to
ypical attributes of H II regions (e.g. Zaragoza-Cardiel et al. 2015 ;
ima-Costa et al. 2020 ). The velocity of H II -low being consistent
ith the new intruder provides strong evidence of association, and

s consistent with previous studies which suggested that these H II

e gions hav e surviv ed the collision of NGC 7318b with SQ (e.g.
glesias-P ́aramo et al. 2012 ). Notable in H II -high is the relatively
solated (in projection) and pre viously unkno wn SQ-H, labelled in
he north-west corner of Fig. 3 (a). This fainter H II region has a
elocity between those of the LSSR and the new intruder, consistent
ith the velocities of H I filaments described in Williams et al.

 2002 ), indicating that it may be evidence of shock-induced star
ormation. 

Finally, we identify a third region as having velocity dispersion
� 150 km s −1 and line-of-sight velocity v = 6000 –6600 km s −1 ,
hich we define hereafter as the shock region. This region is coloured

ed in Fig. 4 , and we will refer to this dynamical definition of the
hock repeatedly in the following sections. For completeness, we
ave also outlined the locations of the remaining spaxels that do
ot correspond to any of the three previously identified regions;
e refer to these regions hereafter as the ‘bubbles’ on account of

heir projected appearance (and they are shown in purple in Fig.
 ). The line profiles associated with the bubbles (see Appendix A
or an example) clearly differ from those of the neighbouring
hocked region and H II -high, underscoring the complicated velocity
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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. 
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tructure in SQ, which does not appear to be a line-of-sight effect (as
emonstrated by the position–velocity diagrams in Appendix A ). 
Overlaid on the left panel of Fig. 4 are vertical lines indicating the

elocities of the various H I structures identified in Williams et al.
 2002 ), and the imaging of these data (Hess, pri v ate communication)
s also o v erlaid as contours in the right panel of Fig. 4 . The H I

ata are particularly interesting in this context since there is a clear
orrespondence between the velocity of H II -low, the south-western 
 I cloud ( H I SW), and the new intruder, as well as between SQ-H

nd the north-western H I low-velocity component ( H I NW LV), and
etween the ‘bubbles’, the Southern H I arc ( H I Arc S), and the high-
elocity component of the north-west H I emission ( H I NW HV).
aken together, these results strongly suggest that the collision of 
GC7318b with the IGM has ionized the cool gas scattered through- 
ut the region by the previous galaxy interactions, perhaps explaining 
he deficiency of H I that is apparent near the LSSR (though of course
alaxy interactions rarely result in homogeneous distributions of 
tripped gas, at least until the system has had time to relax). This
nding has been previously suggested (e.g. Iglesias-P ́aramo et al. 
012 ), ho we ver, not with such a detailed kinematic decomposition. 

.2 Extinction, dust, and gas with WEAVE and JWST MIRI 

o compare the properties of the ionized gas with the mid-infrared 
mission, we use the F 770 W and F 1000 W JWST MIRI images,
hich, as mentioned in Section 2.3 , are ef fecti ve tracers of PAH

nd warm H 2 emission, respectively. To do this, we first convolve the
IRI maps with a Gaussian kernel to match the spatial resolution 

f the WEAVE data (1.67 arcsec seeing), and in Fig. 5 superimpose
range contours showing the H α emission (in the left column), along 
ith the kinematically defined regions from Section 4.1 (in the right

olumn). There is clear correlation between the H α emission and 
he PAH features visible in the top row, especially in the H II regions
hich we identified in the line-of-sight v ersus v elocity dispersion
iagram. This is particularly evident for H II -low (shown in blue
n Fig. 5 ), which coincides with the southern arc, the spiral arm-
ike structure to the south of NGC7318a/b, where previous studies 
ave confirmed that star formation dominates (e.g. Iglesias-P ́aramo 
t al. 2012 ; Konstantopoulos et al. 2014 ; Duarte Puertas et al.
021 ). Ho we ver, the correlation is also apparent for H II -high, which
ncludes the green-shaded regions to the east and north of the shock
egion (which is outlined in red in the right column of Fig. 5 ) as well
s SQ-H, located to the west. In the bottom row of Fig. 5 , on the other
and, there is an apparent association between the H α in the core of
he shock region and the H 2 . As discussed by Guillard et al. ( 2009 ),
ppleton et al. ( 2017 ), and Appleton et al. ( 2023 ), this could be

vidence of the shock propagating through a multiphase medium; 
hile the low-density regions are heated to X-ray temperatures, 
igher density regions can collapse to form H 2 on any remaining
ust grains that have survived the shock, and this can take place
n roughly the dynamical time-scale of the collision. We also note
hat the dynamically defined ‘bubbles’ appear anticorrelated with 
oth the PAH and H 2 emission, demonstrating once more a distinct
ehaviour from that of both the H II and shock regions. 
To investigate the dust properties of SQ, we use the Balmer

ecrement method from Dom ́ınguez et al. ( 2013 ) to calculate the
xtinction 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
ake the standard assumption of case B recombination for a typical

as of temperature of T = 10 4 K and an electron number density of
 e = 10 2 cm 

−3 , along with the reddening curv e pro vided by Calzetti
t al. ( 2000 ) and an extinction-to-reddening ratio of R V = 4 . 05.
he resulting A V distribution is shown in the left-hand panel of
ig. 6 , where we can see V -band extinction values in the range
 . 0 < A V / mag < 2 . 0. This range is similar to the values obtained for
 selection of points along the shock region in SQ by Konstantopoulos
t al. ( 2014 ) and Duarte Puertas et al. ( 2021 ), though we find greater
xtinction in the shock region than was inferred in the immediate
nvironment of NGC 7318a and b by Rodr ́ıguez-Baras et al. ( 2014 ).
MNRAS 535, 2269–2290 (2024) 



2276 M. I. Arnaudova et al. 

M

Figure 5. Comparing the H α emission with the PAH and H 2 emission traced by the JWST MIRI data. The top ro w sho ws the F 770 W JWST image (which 
traces the PAH emission), and the bottom ro w sho ws the F 1000 W image (which traces the molecular Hydrogen gas) both relative to the flux density scales to 
the right. The first column shows the MIRI images superimposed with orange contours showing the H α flux distribution, with levels at (1.56, 2.85, 4.29, 6.47, 
and 10.11) × 10 −16 erg s −1 cm 

−2 , corresponding to the 10th, 30th, 50th, 70th, and 90th percentiles of the H α image. The MIRI images in the second column 
are o v erlaid with the kinematically defined regions from Section 4.1 , where the H II -low, H II -high, and bubbles are represented by the blue, green, and purple 
shaded areas, respectively, as in Fig. 2 , whereas the shock is outlined in red. 
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To study this in more detail, in Fig. 6 we put the Balmer-line
xtinction map in the context of the JWST MIRI images, now also
ncluding the F 1500 W image, which traces the hot dust continuum
mission (Appleton et al. 2023 ). In the middle row of Fig. 6 we
how the A V map masked using the MIRI images. This was done
y defining a colour scale using the A V map, and introducing
ransparency in inverse proportion to the (base 10) logarithm of
he mid-IR flux density in each image (convolved to the WEAVE
eeing as in Fig. 5 ). To complement this comparison, we have
urther o v erlaid the A V map with contours representing the 50th,
6th, and 95th percentiles of the mid-infrared flux from the three
IRI images. Weighting the A V map in this manner with the outline

f the shock region definition overlaid enables better comparison
etween the data sets, since it permits us to compare the apparent
ocations of the obscuring material (as measured by A V ) with
he distribution of the hot dust and the warm H 2 gas (which is
hought to form primarily on dust grains; e.g. Cazaux & Tielens
004 ). 
Se veral ef fects are immediately ob vious. First, re gions with the

ighest dust obscuration are clearly apparent in each of the top-right
anels of Fig. 6 , perhaps associated with the starburst region, SQ-A,
nd along the innermost regions of the structure (i.e. those that are
losest in projection to NGC 7318a and b), highlighting the presence
NRAS 535, 2269–2290 (2024) 
f gas, dust, and PAHs associated with the highest extinction areas,
s we might expect. Ho we ver, the shock itself appears anticorrelated
ith the highest e xtinction re gions (and this is not a signal-to-noise-

atio effect, since we show only those spaxels with ≥ 3 σ in both
almer lines), as well as with the JWST dust images. This may

uggest that the shock has cleared the region of complex molecules
nd dust grains, either by sweeping them up as the shock propagates
hrough the medium, or heating them to the point of sublimation
thought to happen in the region of ∼1500 K for carbonaceous grains;
.g. Granato & Danese 1994 ). This is an appealing idea, since fast
hocks are thought to be the primary means of dust destruction in
alaxies (those resulting from supernovae; e.g. Jones et al. 1994 ;
hu et al. 2019 ), although previous works (e.g. Guillard et al. 2009 ,
ho studied SQ) have noted that if the shock is weak enough, the
ust can survive (and H 2 can be formed on it). Howev er, giv en
he complex nature of the system, another possibility is that the
onized and molecular gases have a different spatial distribution on
mall scales. In this scenario, the shock may be powerful enough to
estroy the dust grains in the low-density environment, but in denser,
lumpier regions, where the shock velocity is lower, dust can survive,
ool, and as previously discussed ultimately form H 2 (see Guillard
t al. 2009 for further details). Future high-resolution spectroscopy
ith JWST will help resolve this. 
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Figure 6. The dust properties of the shocked region surrounding NGC 7318a and b. The first panel presents the V -band extinction ( A V ) obtained with the 
Balmer decrement method, where the black contours indicate the dynamically defined shock region as discussed in Section 4.1 . The top row to the right shows 
the JWST MIRI observations centred on 7.7, 10, and 15 μm, where the shocked region is overlaid in red. The middle row represents the A V measurements 
masked using the intensity of the three images as described in Section 4.2 with the shock o v erlaid in black. The bottom row complements the comparison, where 
the A V map is superimposed with black contours indicating the 68th, 95th, and 99th percentile of each MIRI image. The three columns are therefore used to 
compare the V -band extinction with the PAH complex, H 2 emission, and hot dust continuum, respectively. 
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Other interesting features are apparent: SQ-H (an H II region) is
ignificantly less visible in the resolution-matched JWST F 1000 W 

nd F 15000 W maps than in the extinction map. This suggests that
Q-H is either lacking in molecular gas and dust or contains dust
ufficiently cool that it is not detected at 15 μm. SQ-H is also not
etected in the 70 μm Spitzer data from Xu et al. ( 2008 ), implying
hat the region contains < 4 × 10 4 M � of dust (5 σ limit obtained
ssuming an isothermal dust model with T = 30 K and emissivity
ndex β = 1 . 82 typical for galaxies; Smith et al. 2013 ). 

.3 The radio morphology of the system 

he radio images obtained from LoTSS, VLA C-Array 1.7 GHz, and 
LA D-Array 4.86 GHz are presented in Fig. 7 . We can see radio

tructures consistent with the findings of previous works (e.g. van der 
ulst & Rots 1981 ; Aoki et al. 1999 ; Xu et al. 2003 ; Xanthopoulos

t al. 2004 ; Nikiel-Wroczy ́nski et al. 2013 ), but in greater detail
s a result of the increased resolution and sensitivity (including to 
xtended emission) of LoTSS relative to previously published data. 
he diffuse filament of radio continuum associated with the LSSR is
rominent in all three figures and exhibits a ‘boomerang’-like shape. 
he upper region extends for at least 25 kpc to the north-west, is

ainter and more diffuse than the lower region which is associated 
ith the LSSR, and spans approximately 60 kpc oriented north–

outh, beyond the FoV of WEAVE (as indicated by the hexagon). 
urther to the south, we observe a rapid decrease in radio brightness
nd an increase in lateral spread, eventually terminating around the 
oreground source NGC 7320. 

While NGC 7318b, the new intruder, is not detected in any of our
ssembled radio frequency data, we identify three other relatively 
ompact structures in its vicinity. The first of these sources is
GC 7319, which is the brightest source visible in all three images,

nd which Xanthopoulos et al. ( 2004 ) have suggested is a Seyfert
alaxy. The very high-resolution VLA and MERLIN images (0.15 
rcsec) from Xanthopoulos et al. ( 2004 ) have shown an FRII-like
tructure for this source, potentially hinting at an interaction of 
adio jets with the shocked plasma. Ho we ver, although the core
f NGC 7319 is clearly extended at 144 MHz, we cannot robustly
dentify such an FRII-like structure in the data we have assembled.
he second of these sources is the radio source SQ-R, which appears
xtended in the LoTSS images, and is situated to the north of the
iffuse radio filament (as indicated in third panel of Fig. 7 ). SQ-R is
patially offset from SQ-A by ∼ 26 arcsec ( ∼ 12 kpc) and may be
ssociated with a marginally extended m 

AB 
f444w ≈ 21 . 1 source located

3 . 8 arcsec to the South; coupled with the extension visible at
44 MHz, we suggest that this source is likely to be a background
adio galaxy, unrelated to SQ. While we are unable to discern the
resence of SQ-A itself at 144 MHz since it is embedded within
he roughly uniform surface brightness of the extended emission 
hat surrounds it (in projection, at least), it is clearly identifiable
s a separate brightness peak in the 4.86 GHz data. This indicates
hat SQ-A has a spectral index that differs from that of the extended
MNRAS 535, 2269–2290 (2024) 
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Figure 7. Radio observations of SQ taken by LoTSS at 144 MHz (left panel) and VLA at 1.7 and 4.86 GHz (centre and right panels, taken in C- and D-array, 
respectively). In each panel, the white hexagon indicates the field covered by the WEAVE first-light LIFU observations. The flux scale for each image is indicated 
by the colourbar at the top of each panel, while the beam size is indicated by the ellipse visible in the lower left corner of each panel. Further details are available 
in Table 1 . 
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mission. The third source is the galaxy NGC 7318a. Despite being
ignificantly detected in all three images, the radio emission from
GC 7318a is faint in comparison to the other compact sources in the

egion. 

 S H O C K  PROPERTIES  

n this section, we now focus on the properties of the shock region, as
efined in the velocity versus velocity dispersion diagram described
n Section 4.1 . 

.1 The average temperature and number density of the 
hocked gas 

o study the shock properties of the system, we aim to use the
 O III ] λλ (4959 + 5007)/ λ4363 Å line set and [ S II ] λλ 6716/6731 Å
oublet as electron temperature ( T e ) and number density diag-
ostics ( n e ), respectively (Osterbrock & Ferland 2006 ). Since the
 O III ] λ4363 Å line is not detected in any individual spaxel, we
re unable to study variation in the temperature across the shock;
o we ver, to determine an average value we use our dynamical
efinition of the shock region (discussed in Section 4.1 ) to create
 representative stacked spectrum of this region with high signal-to-
oise ratio (e.g., Zhu et al. 2015 ; Rigby et al. 2018 ; Arnaudova
t al. 2024 ). This was done by summing all spaxels within the
ynamically defined shock region, and obtaining a robust measure
f the uncertainty on the stack by bootstrapping the summation
y sampling the spaxels with replacement (this has the additional
enefit of accounting for the correlated noise between neighbouring
paxels; see Section 2.1 for details). The result is shown in Fig. 8 ,
here each of the six panels shows regions around the locations of

mission lines of interest, with the stacked spectrum shown as the
rey line with the region representing the derived 1 σ uncertainties
haded. In the bottom of the figure we have also included the (ar-
itrarily normalized) sky spectrum, indicating the regions suffering
rom the worst sky line contamination – particularly around [S II ]
716/6731 Å. This contamination was not reflected in the inverse
ariance extension of the reduced data; to reduce the impact of the
NRAS 535, 2269–2290 (2024) 

d

mperfect sky subtraction on our fits, we have arbitrarily increased
he uncertainties on our stacked spectrum by a factor of 10 where
rominent sky lines are detected prior to the fitting process. The
est-fitting model obtained from the MCMC fitting (using a method
imilar to that described in Section 4.1 , ho we ver also modelling
dditional species; [ O III ] λ4363 Å, the [ S II ] doublet, and H γ due to
ts proximity to [ O III ] λ4363 Å) is o v erlaid in red. The complicated
road velocity structure is apparent in each emission-line complex,
nd the fluxes measured in each line – integrated over the four
ndividual Gaussian components for each species – are detailed in
able 2 . 
Despite stacking the 4897 spaxels in the shock region, we are

nable to detect significant [ O III ] λ4363 Å flux. Ho we ver, we can
till obtain an upper limit on the flux in the [ O III ] λ4363 Å line and
hus on the electron temperature. To do this, we use the flux estimates
or the three [ O III ] emission lines from the converged MCMC chains
nd propagate them through the T e equation from Proxauf, Öttl &
imeswenger ( 2014 ), which is an upgraded diagnostic that accounts

or Bowen fluorescence and is based on newer atomic data than the
tandard equation from Osterbrock & Ferland ( 2006 ), obtaining a
alue of T e < 22 500 K (at 95 per cent confidence). 5 

At the same time, we use the equation from Proxauf et al. ( 2014 ) to
stimate the electron density from the [ S II ] λλ 6716/6731 Å doublet
ssuming a canonical temperature of T e = 10 000 K (consistent with
ur limit), obtaining n e = 480 ± 70 cm 

−3 (or < 695 cm 

−3 on the
pper bound of our temperature range). 
Given the range of temperatures permitted based on our limit

bo v e, the product of the electron temperature and number density
stimate far exceeds the corresponding value for the surrounding
lasma traced by the X-rays ( T = 0 . 61 ± 0 . 02 keV – corresponding
o ∼ 7 . 1 ± 0 . 2 × 10 6 K – and gas density n = 1 . 167 × 10 −2 cm 

−3 

rom O’Sulli v an et al. 2009 ). Therefore, we cannot determine with
onfidence the equilibrium state of the system (i.e. whether the
hocked gas is underpressured or o v erpressured relativ e to the sur-
iagnostic holds ( T e ∼ 25 000 K). 



WEAVE first light: Stephan’s Quintet 2279 

Figure 8. Ke y wav elength ranges of the stacked spectrum of the shock region (as defined in Section 4.1 , shown as red in the embedded plot in the first panel). 
The different panels show the emission-line comple x es of interest as indicated in the upper right corner, where the data are represented in grey lines with shaded 
region enclosing the 1 σ uncertainties, and the best-fitting model overlaid in red. The sky model used during the data reduction is shown at the bottom of each 
panel in blue, demonstrating severe contamination of sky lines at the location of the [S II ] λλ 6716/6731 Å doublet. The black dashed lines denote the wavelength 
for each emission line in a given complex. The fluxes measured in each line species are detailed in Table 2 . 

Table 2. Emission-line flux measurements obtained for 
the stacked spectrum of the dynamically defined shock 
region (see Section 4.1 for details). The lines are listed 
in the order of rest-frame wav elength, with flux es and 
uncertainties derived from the MCMC chains, where for 
[O III ] λ4363 we quote an upper limit (at 95 per cent 
confidence). 

Line Flux/10 −13 erg cm 

−2 s −1 

H γ 2 . 22 ± 0 . 06 
[O III ] λ4363 < 0 . 38 
H β 7 . 46 ± 0 . 16 
[ O III ] λ4959 1 . 74 ± 0 . 03 
[ O III ] λ5007 5 . 19 ± 0 . 09 
[ N II ] λ6548 4 . 54 ± 0 . 09 
H α 28 . 12 ± 0 . 55 
[ N II ] λ6583 13 . 6 ± 0 . 27 
[ S II ] λ6716 7 . 03 ± 0 . 12 
[ S II ] λ6731 7 . 21 ± 0 . 12 
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ounding medium); ho we ver it is likely that the shock is o v erpressure
nd will expand outwards as the energy dissipates. 

.2 Emission-line ratios 

.2.1 Comparing WEAVE data with theoretical shock models 

o infer additional properties of the shock, we use the line ratios
O III ] λ5007 Å/H β and [N II ] λ6583 Å/H α (i.e. the BPT-[ N II ] di-
gram; Baldwin, Phillips & Terlevich 1981 ) using the total line 
uxes for all spaxels within the shock region defined in Section 4.1 ).
his diagnostic diagram is typically used in the literature to classify
ources based on their primary excitation mechanism, often asso- 
iated with photoionization. In this classification scheme, sources 
re categorized as star-forming if they fall below the demarcation 
ine provided by Kauffmann et al. ( 2003 ), and as AGNs if they lie
bo v e the ‘extreme starburst line’ defined in K e wley et al. ( 2006 ).
he region in between these lines is referred to as composite, 

ndicating the presence of both mechanisms. Ho we ver, in the context
f this study, where we are dealing with shock-excited gas, we 
re employing the BPT diagram to compare our observations with 
heoretical models, and thus obtain additional properties of the shock, 
uch as the metallicity. 

To do this, we consider the fast shock models without a precursor
rom the MAPPINGS III library (Allen et al. 2008 ) for a pre-
hock density of n = 1 cm 

−2 (this is the only value available for the
odels with varying metal abundances; however our conclusions 

re unchanged if we consider the full range of densities in the
ibraries), the full range of magnetic fields (0.0001, 0.5, 1, 2, 3.23, 4,
, and 10 μG), and shock velocities between 150 and 500 km s −1 , in
ntervals of 50 km s −1 , where the differences are most pronounced,
nd a far higher shock velocity of 900 km s −1 for reference (above
his value the MAPPINGS library does not include the full range
f magnetic field strengths). We do not include shock models with
recursors since the model tracks do not occupy the same parameter
pace as the observed data. 

The results are shown in Fig. 9 , in which the line ratios in each
paxel are indicated by the 2D histogram in the background (with
hading relative to the colourbar at the right). For reference, we
av e o v erlaid the two demarcation lines (as solid and dotted lines
or the K e wley et al. 2001 and Kauffmann et al. 2003 criteria,
espectively). In addition, for the purposes of comparison we have 
 v erlaid four shock models, each characterized by different elemental 
bundances provided in the MAPPINGS III library: SMC, LMC, 
opita et al.( 2005 ; hereafter D05 ) and Solar. It is immediately

pparent that the line ratios in the shock are a strong function of
he abundances assumed, and that the line ratios in SQ show best
greement with the shock model with D05 abundances, though with 
ome possible o v erlap with the solar abundance model. There appears
o be a good agreement between the oxygen and nitrogen abundances
n the D05 model ([O/H] = 0.32 and [N/H] = 0.34) and the metallicity
alue obtained for the hot X-ray plasma by ( ∼ 0 . 3 Z �; O’Sulli v an
t al. 2009 ), which could indicate a common origin for the shock
nd the surrounding medium. Ho we ver, gi ven that this agreement
isappears if different elements are chosen for the comparison (e.g. 
he D05 value for [Fe/H] ≈ 0 . 01), this is not a reliable conclusion,
specially given that Fig. 9 also reveals some overlap between the
ata and the solar abundance MAPPINGS models, which is consistent 
ith the presence of two chemically different components as implied 
y previous works (e.g. Iglesias-P ́aramo et al. 2012 ; Duarte Puertas
t al. 2021 ). 
MNRAS 535, 2269–2290 (2024) 
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Figure 9. The [O III ] λ5007 Å/H β and [N II ] λ6583 Å/H α emission-line 
ratios for all spaxels within the shock region, overlaid with shock models 
without a precursor of different elemental abundances from the MAPPINGS 
III library for a pre-shock density of n = 0 . 1 cm 

−3 . The shock velocities 
range from 150 to 500 km s −1 in intervals of 50 km s −1 , and a velocity of 
900 km s −1 , whereas the range of magnetic fields considered is 0.0001, 0.5, 
1, 2, 3.23, 4, 5, and 10 μG. The typical error along each axis is represented 
in the lower left corner. The black solid and dashed lines are the demarcation 
lines defined by K e wley et al. ( 2001 ) and Kauffmann et al. ( 2003 ). The 
coloured dotted lines represent constant tracks of shock velocity, whereas the 
solid lines show constant tracks of magnetic field strengths ( B). The colourbar 
denotes the number of spaxels in the shocked region. 
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Taken together, it is clear that better metallicity and abundance
iagnostics are required to reliably determine whether the shocked
as in SQ could have a common origin with the plasma in the X-ray-
mitting halo. Furthermore, when examining the shock velocities,
e find that the values obtained depend on the abundance model

hosen. While the Solar abundance model suggests that the data
re best described by shock velocities within v s = 200–400 km s −1 

consistent with previous findings using coarser spatial sampling,
ut the same method, e.g. Rodr ́ıguez-Baras et al. 2014 ; Duarte
uertas et al. 2021 ), the o v erlap with the observations is limited,
nd the D05 abundance model for example has a similar degree
f o v erlap, but suggests a wider range of v elocities. Nev ertheless,
 elocities deriv ed using the Solar abundance models are lower than
he difference between the intruder and the systemic group velocity
and we shall return to this point in Section 5.4 , belo w). Gi ven the
ncertain abundances, we are unable to make a definitive statement
bout the shock velocity on the basis of the MAPPINGS models, and
nstead must use the line-of-sight velocities in the calculations that
ollow despite the additional source of uncertainty resulting from the
ossible influence of projection. 

.2.2 The hardness of the line ratios across the field 

e have also investigated the sky distribution of the full set of
paxels with > 3 σ detections in all of the BPT lines, according
o their orthogonal distance ( 
 N II as in Della Bruna et al. 2022 ) to
he extreme starburst line from K e wley et al. ( 2001 ). Although, as
reviously discussed, this diagram was originally designed to study
ntire galaxies rather than individual spaxels, it can nevertheless
rovide a widely used means for investigating the hardness of
bserved line ratios across different regions within a galaxy (e.g.
glesias-P ́aramo et al. 2012 ; Rodr ́ıguez-Baras et al. 2014 ; Della
NRAS 535, 2269–2290 (2024) 
runa et al. 2022 ), where spaxels with 
 NII � 0 having harder line
atios (red/orange regions) than those with 
 NII < 0 (purple/green
egions), that is closer to and below the Kauffmann et al. ( 2003 )
ine. This can be seen in Fig. 10 , where the left panel shows the 2D-
PT distribution, o v erlaid with contours indicating the kinematically
efined regions from Section 4.1 , which is colour-coded based on
D-BPT distribution in the right panel, where the demarcation lines
rom K e wley et al. ( 2001 ) and Kauffmann et al. ( 2003 ) are included.

The principal result revealed is that each of the kinematically
dentified features (‘shock’, ‘bubbles’, and ‘ H II -low/high’) contains
paxels with smoothly v arying 
 NII . The H II -lo w/high regions
enerally appear to contain softer line ratios, with 
 NII ranging from
0.5 to −0.3. Ho we v er, the spax els located in the southernmost end

f the shock are associated with the lowest 
 NII , and these regions
re neither H II regions (on account of the high velocity dispersion),
or associated with the foreground galaxy, NGC 7320 (due the very
ifferent line-of-sight velocities; v NGC7320 = 786 km s −1 ; Yttergren
t al. 2021 ). Some of the bubbles also follow this softer trend, but
he rest are associated with line ratios produced from harder ionizing
adiation ( 
 NII ∼ −0 . 2). This is perhaps not a surprise, given the
omplex nature of the system; we have already shown above that
he shock models fill the BPT diagram depending on the elemental
bundances, potentially suggesting chemically distinct regions, and
ther works (e.g. Dopita et al. 2006 ; S ́anchez et al. 2015 ; Della Bruna
t al. 2022 ) have shown that purely star-forming regions can likewise
 xtend be yond the Kauffmann et al. ( 2003 ) line and even cross the
 e wley et al. ( 2001 ) line. 

.3 The plasma in the shock 

he spectra of sources at radio frequencies are often modelled as
 power law in frequency, such that S ν ∝ να , with α representing
he spectral index. Models of the evolving radio frequency spectra
or synchrotron emission (e.g. Harwood et al. 2017 ) account for the
act that the spectral index observed between any two frequencies
volves with time. This happens because higher energy electrons lose
nergy faster than their lower energy counterparts, causing radio
ources to fade more quickly at higher frequencies. As a result,
lder radio sources exhibit an increase in spectral curvature (i.e. the
ifference between the spectral index at high and low frequencies;
or a discussion see Calistro Rivera et al. 2017 ), departing from the
pectral index that would have been observed at t = 0 (the so-called
injection index’). Therefore, as low frequencies age more slowly,
he low-frequency spectral index can be used as a good proxy for
he injection index that otherwise has to be assumed from models. In
his context, measuring the spectral curvature observed across a wide
ange of radio frequency observations can provide useful constraints
n the physical conditions of the plasma, for example within the
hock in SQ. 

To this end, we have generated two spectral index maps by
ombining the new LoTSS data at 144 MHz with the VLA data at
.7 GHz to calculate α144 

1 . 7 (our best estimate of the injection index in
he SQ shock), and the VLA 1.7 and 4.86 GHz data to derive the high-
requenc y spectral inde x: α1 . 7 

4 . 86 . To achiev e this, we hav e convolv ed
ll three images to a common beam size of 14 × 14 arcsec 2 and have
nsured that they are positionally coincident. The spectral indices
s a function of position around SQ were then calculated using the
IPS task COMB , where pixels with intensity values below 3 σ were
asked to a v oid low signal-to-noise regions. 
The results for αLOW 

≡ α144 
1 . 7 and αHIGH ≡ α1 . 7 

4 . 86 are shown in the
op and middle panels of Fig. 11 , respectively, with the spectral index
t each location and between each pair of frequencies indicated by
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Figure 10. The left panel shows the spatial distribution of all spaxels with a 3 σ detection in all BPT-[ N II ] lines colour-coded based on the orthogonal distance 
( 
 NII ) to the extreme starburst line from K e wley et al. ( 2001 ), as indicated by the right panel. The grey and black contours represent the outline of the bubbles 
and H II re gions, respectiv ely, with the remaining areas representing the shock region. The right panel shows the BPT-[ N II ] diagram, where the solid and dashed 
lines indicate the demarcation lines from K e wley et al. ( 2001 ) and Kauffmann et al. ( 2003 ), respectively. 
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he colourbar to the right. The fact that the magnitude of the high-
requency indices is generally larger than the low-frequency indices 
s immediately apparent, and consistent with expectations for an aged 
lasma. At low frequencies, αLOW 

varies from −0 . 73 ± 0 . 06 at the
outhern extent of the shock to −0 . 92 ± 0 . 15 at the northern extent,
ith an integrated value of −0 . 87 ± 0 . 16 if we sum flux densities

cross the entire dynamically defined shock structure. On the other 
and, the high-frequency indices, αHIGH , vary from −0 . 99 ± 0 . 03 in
he southern end of the shock to −1 . 30 ± 0 . 08 in the northern tip,
ith an integrated spectral index of −1 . 22 ± 0 . 08 across the entire

hock region. These spectral index values are consistent with those 
easured for radio relics (e.g. Botteon et al. 2020 and references 

herein), giant synchrotron sources that were generated a significant 
ime ago by shocks crossing their intra-cluster medium (e.g Feretti 
t al. 2012 ). 

Ageing radio sources tend to exhibit convex spectra (e.g. Chy ̇zy 
t al. 2018 ; Heesen et al. 2022 ). The curvature of such conv e x spectra
an be represented using the spectral curvature parameter, defined 
s SCP = αLOW 

− αHIGH . This parameter serves as an indicator of 
he age of the radio source, where sources with SCP > 0 . 5 are
ypically associated with radio remnants lacking continuous injection 
f energized plasma (e.g. from an accreting AGN) and are gradually 
 ading aw ay due to radiative and adiabatic losses (Murgia et al. 2011 ;
ingh et al. 2021 ). The variation in SCP across SQ is presented in the
ottom panel of Fig. 11 . We see that the SCP across the shock region
s low and uniform (median value ∼ 0 . 32 ± 0 . 04), implying the
resence of plasma of similar age throughout the dynamically defined 
hock re gion. This re gion is in fact surrounded by areas with higher
CP values, exceeding 0.5, suggesting that the plasma within the 
hock is at a different stage of ageing compared to its surroundings,
ikely the result of the shock energizing or compressing the plasma as
iscussed further below. Together, these factors offer support for our 
ecision to define the shock region based on the nebular emission-
ine fitting. Several regions with lower (more active) SCP are also 
pparent, for example the core of NGC 7318a (the central galaxy 
o the west of the new intruder), NGC 7319 (towards the north east
f Fig. 11 ) as well as SQ-R and SQ-A, suggesting the presence of
ounger and more energetic plasma with a flatter spectrum, consistent 
ith ongoing particle acceleration due to either star-formation or 
GN activity at these locations. 
T  
.4 The strength of the shock 

o determine the strength of the shock propagating through the 
ultiphase media (the cold gas and the surrounding plasma), we 

stimate Mach numbers, M , defined as the ratio of the shock velocity
o the sound speed in the rele v ant medium. Both cold (dense) and
ot (diffuse) media are of interest; first in Section 5.2.1 we showed
hat the emission-line properties of the dynamically defined ‘shock’ 
paxels are consistent with MAPPINGS models in the absence of 
 photoionized precursor (albeit with a broad possible range of 
bundances that preclude a definitive velocity estimate) strongly 
ndicating the presence of ionized gas before the shock. Secondly, we
re interested in the possible role of the shock in causing the observed
adio emission (which we shall investigate in detail in Section 5.5 ),
nd the cosmic rays associated with this emission are almost certainly
o-spatial with the volume-filling hot medium rather than with cold 
eutral gas. 
We calculate the sound speed using the standard formula: 

 s = 

√ 

γg k B T 

μm H 
, (2) 

here γg = 5 / 3 is the adiabatic index for monatomic gas, k B is the
oltzmann constant, μ represents the mean molecular weight, m H is 

he mass of a hydrogen atom, and T corresponds to the temperature
f the medium through which the shock is propagating. In this way
e obtain sound speeds around 2 km s −1 for the cold gas (assuming
 typical temperature of 100 K, e.g. Sparke & Gallagher 2000 ), and
40 km s −1 for the 0.4 keV (equi v alent to 4 . 6 × 10 6 K) plasma, which
s the proposed temperature from O’Sulli v an et al. ( 2009 ) prior to
he collision event (assuming μ = 1 for the neutral gas and 0.5 for
he plasma). 

We estimate the shock velocity ( v s ) in the cold gas by considering
he difference (hereafter 
v) between the mean velocity from the 
ummed spectrum of the shock region (6268 km s −1 ) and that of
he new intruder (5774 km s −1 ), and a pre-shock number density
f n H = 1 cm 

−3 (as assumed by the MAPPINGS III models from
ection 5.2.1 ), following the discussion in Guillard et al. ( 2009 ). This
esults in v s ∼

√ 

n h /n H 
v ∼ 50 km s −1 , where n h is the number
ensity of the hot medium, as measured by O’Sulli v an et al. ( 2009 ).
his indicates that the shock propagating through the cold gas is very
MNRAS 535, 2269–2290 (2024) 
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M

Figure 11. Spectral index image obtained using the LoTSS 144 MHz and 
VLA C-Array 1.7 GHz images (top panel), and VLA C-Array 1.7 GHz and 
VLA D-Array 4.86 GHz images (middle panel), along with the variation 
of the SCP (bottom panel) across SQ. For context, we have added LoTSS 
144 MHz and JWST NIRCam total intensity contours in grey dashed and black 
dot–dashed curv es, respectiv ely. In addition, the outline of the shocked region 
is included as a solid thick black line. The beam size of the radio frequency 
images (which have been convolved to be consistent across all frequencies) 
is indicated by the ellipse in the top left corner. 
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trong, irrespective of projection effects ( M Cold � 25). Such a shock
ould be more than sufficient to excite the neutral medium into the

onized gas observed with WEAVE, providing clear evidence of its
rigin. In addition, the hypersonic nature of the shock suggests that
if any dust can survive – it is likely confined to only the most dense

egions. 
A similar calculation for the shock velocity in the hot X-ray-

mitting gas (based on the difference between the group systemic
NRAS 535, 2269–2290 (2024) 
adial velocity of 6600 km s −1 , to which the hot gas is presumably
ound, and that of the new intruder) gives M Hot � 1 . 9. Previous
tudies (e.g. Trinchieri et al. 2003 ; O’Sulli v an et al. 2009 ) have
uggested that the shock may be oriented at ∼ 31 ◦ to the line of sight,
n which case M Hot ∼ 3 . 8. Irrespective of the geometry, it is clear
hat the shock propagating through the X-ray plasma is relatively
eak ( M � 3 –5; e.g Botteon et al. 2020 ). These values (like the
agnetic field strengths, discussed in Section 5.2.1 ) are consistent
ith literature values for internal shocks associated with turbulent
ow motions in the ICM (e.g. Ryu et al. 2008 ; Vazza, Roediger &
r ̈uggen 2012 ; Brunetti & Jones 2014 ), and are far smaller than those

ypically associated with accretion on to clusters of galaxies (e.g.
killman et al. 2008 ). Some works have suggested that shocks with
ach numbers this low are unlikely to generate radio emission from

he hot, ionized phase via particle acceleration (e.g. Vink & Yamazaki
014 ), and this is consistent with the fact that the radio spectral
ndices in the shocked region, particularly at high frequencies, are
elatively steep, whereas we would expect them to be reset to a
at spectrum by efficient particle acceleration. Instead, the shock is
ore likely to affect the radio surface brightness by compressing the
edium, a possibility we will now consider. 

.5 Adiabatic compression 

n the previous section, we found that the Mach number of the shock
 M ∼ 3 . 8) in the hot gas is low, suggesting that the collision of
GC 7318b has generated a weak shock in the hot X-ray medium.
uch shocks are inefficient at accelerating the suprathermal tail of
lectrons in the hot medium up to relativistic energies (Enßlin &
opal-Krishna 2001 ; Kang et al. 2007 ). Instead, the principal driver
f the increase in the synchrotron emission associated with the shock
s believed to be the adiabatic compression of the pre-existing cosmic
ay electron population, which is mixed in with the hot phase where it
an persist for long periods since radiative losses dominate (Enßlin &
opal-Krishna 2001 ; Enßlin & Br ̈uggen 2002 ; Markevitch et al.
005 ; Markevitch & Vikhlinin 2007 ; Vink & Yamazaki 2014 ). Works
ed by Enßlin & Gopal-Krishna ( 2001 ), Markevitch et al. ( 2005 ),
awthorne ( 2006 ), and Colafrancesco, Marchegiani & Paulo ( 2017 )
ave demonstrated that such an event leads to a boost in the radio
mission. To test this scenario, we follow Colafrancesco et al. ( 2017 )
nd calculate the boosting factor ( A ) at 1.4 GHz as 

 ∼ C 

( −s+ 2) / 3 × [ C 

2 / 3 ] 1 −α × C 

−1 . (3) 

ere C is the compression ratio of the gas caused by the shock,
is the radio spectral index (which we take to be α ≡ αLOW 

=
0 . 85), and s is the momentum spectral inde x, giv en by s = 2 α − 1

e.g. Longair 2011 ). The compression ratio is related to M and the
diabatic index ( γg ) by the following expression (e.g. Markevitch &
ikhlinin 2007 , van Weeren et al. 2017 ): 

 = 

[
2 C 

γg + 1 − C( γg − 1) 

] 1 
2 

(4) 

y taking γg = 5 / 3 (monatomic ideal gas) and γg = 4 / 3 (relativistic
as) as the limiting cases for the plasma, we find that C ranges
etween 3.3 and 4.9, leading to a boosting factor of A ∼ 8.6–17.5. 

In the absence of 1.4 GHz radio flux measurements, we consider
he 1.7 GHz flux density outside the dynamically defined shock
egion (Section 4.1 ) and inside the boundary to represent the flux
ensity before and after the shock-induced compression. Comparing
hese values, we find that the observed boost in 1.7 GHz flux
ensity is ∼10. The broad agreement between the theoretical and
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bservational boost demonstrates that the increase in synchrotron 
mission can be explained by considering a scenario in which a 
eak shock adiabatically compresses the existing radio plasma. 
diabatic compression would preserve the curvature of the pre- 

xisting electron energy spectrum while shifting its energy and 
umber normalization to larger values, consistent with the curved 
pectrum that we observe. 

.6 Magnetic field strength and shock lifetime 

ssuming equipartition of energy between the relativistic radiating 
articles and the magnetic field in which they live, we can establish
urther constraints on the conditions within the shock region. To do 
his we use the python package PYSYNCH (Hardcastle, Birkinshaw & 

orrall 1998 ) 6 for calculating the equipartition parameters, which 
mplements the formulae proposed by Myers & Spangler ( 1985 ) 
nd later revised by Beck & Krause ( 2005 ). Following Hardcastle
t al. ( 1998 ), we assume that the electron energy distribution follows
 power law in Lorentz factor ( γ ) between γmin = 1 and γmax =
 × 10 5 . The exponent s is related to the injection index of the
ynchrotron radio spectra αinj as s = 2 αinj − 1. By considering the 
owest measured radio spectral index once more, we obtain s = −2 . 7.

e model the shock region as an isotropic cylinder with a radius of
 kpc and a height of 35 kpc. The volume-filling factor of the radio
lasma in the shock is assumed to be unity and the kinetic energy
ensity of protons is assumed to be negligible when compared to 
hat of the electrons ( κ = 0). We use 144 MHz as the reference
requency in PYSYNCH as it is the least affected by spectral ageing, and
sing the integrated flux density of the shock region ( = 136 mJy), we
alculate the equipartition magnetic field strength of B eq = 9.5 μG. 
his estimate is once more consistent with values typically found for

adio relics (e.g. Ryu et al. 2008 ; Feretti et al. 2012 ), as well as the
alue obtained in Xu et al. ( 2003 ), albeit with different assumptions.
o we ver, our model is more physically moti v ated since the geometry

s associated with the dynamical decomposition of ionized gas, and 
he injection index is determined from the inclusion of the 144 MHz
bservation, which is discussed for the first time. 
Additionally, we use the model proposed by van der Laan & Perola

 1969 ) to put an upper limit on the radio emission lifetimes of the
oosted relativistic electrons. We assume that the initial interaction of 
he shock front and the SQ system supplied the relativistic electrons 
ith sufficient energy (the ‘generation’ phase) for a subsequent 

ong-term radio emission phase (the ‘remnant’ phase). During the 
emnant phase, the energy supply is switched off and the electrons 
ge, undergoing synchrotron and inverse-Compton losses (the latter 
ue to interaction with the cosmic microwave background photons). 
he duration of this remnant phase at frequency ν can be calculated 
sing equation ( 5 ): 

� 2 . 6 × 10 4 
B 

1 / 2 
eq 

B 

2 
eq + B 

2 
R 

[
(1 + z) ν

]−1 / 2 
yr , (5) 

here B R = 4(1 + z) 2 μG is the equi v alent magnetic field of
he cosmic microwave background. The tightest constraints on the 
lectron lifetime are provided by the highest frequency observations 
as those frequencies fade the fastest); since the shock is still clearly
isible at 4.86 GHz, this analysis suggests that the age of the shock is
≈ 11 Myr, similar to our estimate of the dynamical crossing time 

or NGC 7318b ( ∼ 14 Myr assuming the same geometry as abo v e,
nd a relative velocity of 826 km s −1 – see Section 5.4 ). Since these
 https:// github.com/ mhardcastle/ pysynch 

t  

c
t

umbers are comparable, we suggest that the collision is the likely
ause of the shock. 

 C O N C L U S I O N S  

n this work, we have combined IFU observations from the first-light
ata of the new WEAVE facility with low-frequency radio observa- 
ions from the LoTSS to study the LSSR in SQ. The combination
f the arcminute-scale FoV (90 × 78 arcsec 2 ) and high spectral
esolution ( R ∼ 2500) across the wavelength range of 3660 –9590

provided by the large IFU mode of WEAVE has enabled us to
erform robust spectral line fitting of the system in greater detail
han previously possible. With models including up to four velocity 
omponents if required by the data, we have been able to de-blend
rominent emission lines and study the detailed kinematics of SQ. 
hese results have enabled us to provide a dynamical definition of the
hock region based its location on the line-of-sight velocity versus 
elocity dispersion diagram and estimate its physical properties by 
ombining the WEAVE first-light data cube with new 144 MHz 
oTSS observations and additional auxiliary information from the 
LA and JWST . 
Our findings can be summarized as follows: 

(i) The shock region contains ionized gas of density n e = 480 ±
0 cm 

−3 (with a small temperature dependence) and temperature 
 e < 22 500 K, located between the H I filaments identified in
illiams et al. ( 2002 ). The location of the ionized gas, in combination
ith the hypersonic Mach number of the shock propagating through 

he pre-existing H I gas and consistency with the fast shock models
rom Allen et al. ( 2008 ) in the absence of a photoionized precursor,
trongly suggests that the shock is responsible for the excitation and
onization of the neutral hydrogen, providing a possible explanation 
or the H I deficiency in the system (as previously suggested by e.g.
glesias-P ́aramo et al. 2012 ). 

(ii) The metallicity of the shock region obtained by comparing the 
O III ] λ5007 Å/H β and [N II ] λ6583 Å/H α emission-line ratios with
he fast shock models from Allen et al. ( 2008 ) may be consistent
ith a common origin with the hot X-ray plasma; ho we ver for a
ore definitive statement, or to be able to determine shock velocities

rom the emission-line ratios, more precise elemental abundances in 
he shocked gas are required. 

(iii) The kinematically defined shock region shows an anticorrela- 
ion with areas of highest dust extinction ( A V ) and with JWST MIRI
mages which trace the PAH, H 2 , and hot dust emission. Given the
ypersonic nature of the shock in the H I medium, we propose that if
ny dust has been able to survive the shock, it will be dust grains in
he densest regions; those in lower density environments have almost 
ertainly been destroyed. 

(iv) The 144 MHz LOFAR observations combined with 1.7 and 
.86 GHz VLA observations show that the shock is consistent with
ontaining a homogeneous relativistic particle population with age 
 11 Myr, similar to the crossing time of the new intruder. We

onclude that the passage of NGC 7318b is the likely cause of the
5 kpc shock. 
(v) The shock propagating through the pre-existing hot X-ray 

lasma, where the radio emission is generated, is found to be
elatively weak. The low Mach number ( M = 3.8) suggests that
he shock is unable to efficiently accelerate particles. Instead, we 
ropose that it is adiabatically compressing the medium, by showing 
hat the theoretical boost in radio emission (a factor of ∼ 8 . 6 –17 . 5) is
ompatible with the observed one ( ∼ 10). Combining this informa- 
ion with the spectral curvature parameter (which is highly uniform 
MNRAS 535, 2269–2290 (2024) 
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 v er the region which we identify as the shock on the basis of the
ebular line dynamics), we propose that the shock has compressed
 pre-existing radio-emitting plasma with a curved radio spectrum,
ikely the product of previous interactions. 

Overall, in addition to the new understanding of SQ, this work
ighlights the sort of studies that are now becoming possible by
ombining data from the newly commissioned WEAVE facility
Dalton et al. 2012 ) with exciting new and archival multiwavelength
ata sets. This approach is central to many of the WEAVE surveys,
escribed by Jin et al. ( 2024 ), which will spend an initial period
f 5 yr pursuing a range of exciting science (both Galactic and
xtragalactic). The ability of WEAVE observations to unlock the
uge diagnostic power of the LOFAR observatory forms a key
oti v ation for the WEAVE–LOFAR surv e y (Smith et al. 2016 ),
hich will obtain > 1 million optical spectra of 144 MHz sources

dentified in LoTSS (e.g. Shimwell et al. 2022 ; Hardcastle et al.
023 ). 
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Zensus A., Peitl-Thiesen T., 2021, A&A , 656, A83 

aragoza-Cardiel J. et al., 2015, MNRAS , 451, 1307 
hu G. B. et al., 2015, ApJ , 815, 48 
hu H. , Slane P., Raymond J., Tian W. W., 2019, ApJ , 882, 135 

PPENDI X  A :  A D D I T I O NA L  MATERI AL  

n this appendix, we provide additional material: 

(i) Fig. A1 contains examples of how our line fitting technique
which is described in Section 3 – uses up to four Gaussian

omponents per emission-line species to disentangle the complex
elocity structure in SQ. We have identified four different example
paxels, located across the FoV (denoted in the middle panel),
ach modelled with different number of Gaussian components, with
he number required determined using the BIC. The outer panels
labelled A, B, C, and D for spaxels which require 1, 2, 3, and
 velocity components per species, respectively) show the wave-
engths around H β and [ O III ] λλ4959/5007 lines in the upper axis,
nd the H α λ6563 plus [ N II ] λλ6548,6583 complex on the lower
xis. 

(ii) Fig. A2 shows stacked spectra of NGC 7318 a&b (in blue
nd red, respectively), with the absence of emission lines abundantly
lear. We have included stacked spectra of the two galaxies in both
he blue and red arms of the WEAVE spectrograph, and have denoted
he rest-frame wavelengths of the prominent emission lines used in
his study, namely the H β λ4861, [ O III ] λλ4959/5007, H α λ6563,
nd [ N II ] λλ6548,6583 emission lines. 

(iii) Fig. A3 compares the average velocity profiles of some
xample features dynamically identified in Section 4.1 , showing
hat three regions (labelled A, B, and C) which are neighbouring
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right panels, showing the well isolated H β line). It is clear that
hese differences are not artefacts of the method used to calculate 
he ef fecti v e v elocity dispersion ( σ ), where we take the FWHM of
he total line comple x, irrespectiv e of its shape, and convert it into

assuming that σ = FWHM / 2 . 355 as in the limit of Gaussian line
rofiles, even though e.g. Fig. A1 highlights that in many cases the
rofiles are complex. We have also included our best-fitting model for 
(a)

(b)

igure A1. Example fits in the rest-frame of the system of the four Gaussian mod
 α map in the middle panel (the same as in Fig. 2 ). The flux density ±1 σ is indicat
aussian components are also shown in various colours. 

igure A2. The spectra of NGC 7318a and b from the WEAVE first-light data, cre
entred on each galaxy. The spectra have been arbitrarily normalized and offset f
he chip gaps, while the black dotted lines show the central rest-frame wavelength
mission lines. 
ach spectrum as a solid black line, which demonstrates once more
he robustness of the spectral fitting method described in Section 3
n handling complex emission-line profiles. 

(iv) Fig. A4 contains three further position–velocity diagrams –
imilar in layout to Fig. 2 in Section 2.1 . In these figures, the 2D
pectra visible in the right-hand panels correspond to slices of spaxels
hosen to coincide with the dynamically defined ‘bubbles’ (shaded 
rey in the left-hand panels). Their approximate v ertical e xtent is
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M

Figure A3. Line profiles in different regions of the LSSR around SQ. The left panel shows the velocity dispersion of H α as in Fig. 3 , along with three regions 
of interest as indicated by the arrows. The right panel presents the stacked spectra of these regions around the H β line (chosen since it is well isolated from 

other species, unlike e.g. H α), where the shaded area indicates the ±1 σ uncertainty on the stack. The black solid line shows the best fit to the data, where the 
emission lines in all three stacked spectra has been modelled by four Gaussian components, as determined by the BIC. 
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ndicated by dashed horizontal lines crossing the full row to enable
he reader to compare the velocity location and profile of the ‘bubble’
paxels with those of their neighbours (which can be dynamically
dentified as ‘shock’ or H II regions). In all cases it is clear that the
NRAS 535, 2269–2290 (2024) 
o-called ‘bubbles’ have velocity structures that significantly differ
rom the spaxels closest in projection, and that their identification is
herefore not the result of e.g. chance projection of unrelated structure
long the line of sight, but likely a physical property of the system. 



WEAVE first light: Stephan’s Quintet 2289 

Figure A4. Position–velocity diagrams, similar to Fig. 2 , but here centred on the bubbles. The left panels present the different kinematically defined regions 
as in Fig. 4 , where the solid lines denote the 2D spectrum shown in the right panels, and the dashed lines serve as guides to trace the location of the different 
bubbles. 
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