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ABSTRACT

We report the discovery of a 10* kpc? gaseous structure detected in [0 1m]A13727,3729 in an over-dense region of the COSMOS-Gr30
galaxy group at z ~ 0.725 thanks to deep MUSE Guaranteed Time Observations. We estimate the total amount of diffuse ionised gas
to be of the order of (~ 5+ 3) x 10! M, and explore its physical properties to understand its origin and the source(s) of the ionisation.
The MUSE data allow the identification of a dozen of group members embedded in this structure from emission and absorption lines.
We extracted spectra from small apertures defined for both the diffuse ionised gas and the galaxies. We investigated the kinematics and
ionisation properties of the various galaxies and extended gas regions thanks to line diagnostics (R23, O32 and [O m]/Hp) available
within the MUSE wavelength range. We compared these diagnostics to photo-ionisation models and shock models. The structure
is divided in two kinematically distinct sub-structures. The most extended sub-structure of ionised gas is likely rotating around
a massive galaxy and displays filamentary patterns linking some galaxies. The second sub-structure links another massive galaxy
hosting an Active Galactic Nucleus (AGN) to a low mass galaxy but also extends orthogonally to the AGN host disk over ~ 35 kpc.
This extent is likely ionised by the AGN itself. The location of small diffuse regions in the R23 vs. 032 diagram is compatible with
photo-ionisation. However, the location of three of these regions in this diagram (low 032, high R23) can also be explained by shocks,
which is supported by their large velocity dispersions. One edge-on galaxy shares the same properties and may be a source of shocks.
Whatever the hypothesis, the extended gas seems to be non primordial. We favour a scenario where the gas has been extracted from
galaxies by tidal forces and AGN triggered by interactions between at least the two sub-structures.
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Environment is expected to play a major role in the galaxy mass
assembly processes, star formation quenching and morphologi-
cal transformation of galaxies. Indeed, at any cosmological time,
dense environments include a larger fraction of passive galaxies
(Cucciati et al.|2010). Furthermore, a range of studies at low (e.g.
Peng et al.|2010; |Cibinel et al|2013)) and intermediate redshift
(e.g./Cucciati et al.|2006; McGee et al.[2011; Muzzin et al.|2013))
have shown that the quenching of star formation mainly depends
on the galaxy mass and, particularly in the case of low mass
galaxies (M, < 10°° M), on their environment and their loca-
tion in the dark matter halo. Environmental quenching is thought
to be prominent at z < 0.5 (Peng et al.[|2010), but the turnover

* Based on observations made with ESO telescopes at the Paranal
Observatory under programs 094.A-0247 and 095.A-0118.
** e-mail: benoit.epinat@lam. fr

is not yet well constrained. It also seems that the environmen-
tal processes that turn off star formation operate on a fairly long
time-scale (a few Gyr, |Cibinel et al.[2013]; [Wetzel et al.|[2013)),
implying that the galaxies in z ~ 0.1 groups that have recently
turned off their star formation will have started that process at
z > 0.5. These processes may be driven by violent mechanisms
linked to the more frequent interactions between galaxies. Such
interactions can extract gas from galaxies, affect reservoirs of gas
around galaxies and potentially produce extended gas structures.

In the nearby Universe, the cool cores seen in the X-ray emis-
sion from galaxy groups and clusters can result in the rapid de-
position of gas in the central regions of these dense regions (see
Fabian|1994; McNamara & Nulsen|2007, for reviews). This pro-
cess commonly leads to the production of ionised gas structures
surrounding the brightest cluster galaxies (BCGs) found at the
centre of these clusters (Heckman et al.[|1989), which are usually

Article number, page 1 of 21



A&A proofs: manuscript no. aa_gr30_interaction_arxiv

filamentary and can extend over several tens of kpc (e.g. (Con-
selice et al.[|2001; [Hamer et al.2016)). These ionised gas regions
trace the structure of a multiphase gas reservoir, seen also in X-
ray (Fabian et al.|2008) as well as the cold (Salomé et al.|2011)
and warm (Wilman et al.|[2009) molecular gas emission, which
requires an unusual heating source, possibly by fast ionising par-
ticles (Ferland et al.[2009), to explain the observed spectra.

Local compact groups also show evidence of strong inter-
actions, similar to the interactions that are believed to play an
important role in driving galaxy evolution at higher redshift. The
Stephan’s Quintet is one of the most spectacular of such groups.
In this group, a 35 kpc intergalactic filamentary structure is ob-
served in radio continuum as well as in optical emission lines
and X-rays. The extended gas in this structure appears to be
ionised by shocks (Appleton et al.| 2006} 2013} |[Konstantopou-
los et al|[2014} |Guillard et al.|[2012) triggered by the gravita-
tional interactions. Integral field spectroscopy has been used to
study the kinematics and source of ionisation in both galaxies
(Rosales-Ortega et al.[[2010; [Rodriguez-Baras et al.[[2014)) and
intergalactic shocked gas (Iglesias-Paramo et al.|2012) of the
Stephan’s Quintet. They found that the ionisation of the gas in
some galaxies is jointly due to Active Galactic Nucleus (AGN),
stellar photo-ionisation and shocks. They also found that the
intergalactic large-scale shock region contains a high velocity
shocked component with a low metallicity and another with a
low velocity and a solar metallicity.

The impact of strong gravitational interactions can also
be probed thanks to local Ultra-luminous Infrared Galaxies
(ULIRG). Indeed, they are starburst galaxies often induced by
mergers of gas rich galaxies. For this reason, they may resem-
ble z > 0.5 interacting galaxies. Some studies have shown that
ULIRGs display shocks that account for a considerable fraction
of flux from the ionised gas (Rich et al.[2015)). These shocks are
likely driven by interactions. During a merger, gas flows inwards
due to tidal forces, generating bursts of star formation and AGN
activity. These events can produce galactic outflows and shocks
in the interstellar medium and beyond.

During interactions, some gas can be ejected from galaxies.
As part of the SDSS-IV/MaNGA survey (Bundy et al.[2015)),|Lin
et al.| (2017) reported the detection of large Ha blobs with no
associated optical counterpart 8 kpc away from one component
of a dry merger at z ~ 0.03. These blobs may be ionised by a
combination of massive young stars and AGN and may result
from an AGN outflow or simply be associated to a low surface
brightness galaxy.

At higher redshift, where star formation is enhanced with re-
spect to the local Universe and where groups and clusters are
forming, extended gas structures may be more frequent. How-
ever, only a few intergalactic ionised gas nebulae have been ob-
served so far. At 0.1 < z < 0.4, [Tumlinson et al.|(2011) observed
large (up to 150 kpc) oxygen rich halos around star-forming
galaxies, using quasar absorption in the ultraviolet. These reser-
voirs of gas and metals seem to be removed or transformed dur-
ing star formation quenching which may occur in dense environ-
ments. The circumgalactic medium in these structures may be
ionised by collisions or radiative cooling (e.g. Werk et al.|2016}
McQuinn & Werk![2017)). It may also be structured gas clouds
photo-ionised by local high-energy sources.

In galaxy clusters at z ~ 0.5, emission lines associated with
intracluster light can also be observed. |Adami et al.|(2016) de-
tected a region with [O 1] and [O 1] emission lines but no visible
continuum counterpart. The ionisation properties of this source
are, however, compatible with a low surface brightness galaxy,
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and would therefore not necessarily be due to an interaction in-
side the cluster.

Atz ~ 1, Ha, [O1]A43727,3729 and [O m1]A5007 blobs have
been observed around galaxies (e.g.|Yuma et al.|2013} |[Harikane
et al. 2014} |Yuma et al.[2017). Such blobs can be as large as 75
kpc but seem to be mainly associated with AGN outflows.

At redshifts z > 2, giant fluorescent extended Lya nebulae
have been reported around bright quasars (e.g. (Cantalupo et al.
2014; Borisova et al.|2016; [Hennawi et al.|[2015} North et al.
2017). Such extended nebulae may be located at the intersection
of cosmic web filaments. Recently, a giant Lya nebula has been
observed in a galaxy over-density at z ~ 2.3 (Cai et al./[2017).
It could be powered by shocks due to an AGN-driven outflow
and/or photo-ionisation by a strongly obscured source.

The Spiderweb Galaxy (Miley et al. |2006), located in a
proto-cluster of galaxies at z ~ 2.2 (Kuiper et al|2011), has a
large reservoir of molecular gas (Emonts et al.[|2013). Molecu-
lar gas is detected inside the galaxy, but also in satellite galaxies
and in the intra-cluster medium. This gas may fuel star formation
seen in the ultraviolet (Hatch et al.|[2008; [Emonts et al.||[2016).
However, extended ionised gas has not yet been observed in this
galaxy.

At redshift z ~ 3, the discovery by |Steidel et al.| (2000) of
two large Ly« blobs in a protocluster led to deeper searches for
such giant blobs not necessarily associated with quasars (Mat-
suda et al.[2004, 2011) and to integral field spectroscopy follow-
ups (e.g. [Weijmans et al.|2010) to map the distribution more ac-
curately. Matsuda et al.|(2011) found that these Lya blobs may
preferentially be associated to high density environments and be
related to large scale outflows powered by either intense star-
burst or AGN activities. However, Lya emission has also been
detected with MUSE around low to intermediate mass galaxies
at z > 3 (Wisotzki et al.[2016; |Leclercq et al.[[2017) and extends
over several tens of kilo parsecs, outside of the galaxies.

In previous studies of extended ionised gas structures dis-
covered at various redshifts, integral field spectroscopy has been
commonly used to map spectral and kinematics properties of
these structures using various lines without any assumption on
their distribution (e.g. |Cheung et al.[2016; [Fensch et al.|2016;
Lin et al.|2017; Weiymans et al.|[2010; Borisova et al.||2016;
Iglesias-Paramo et al.|2012} Rodriguez-Baras et al.[2014;|Adami
et al.|2016)). Studying line diagnostics with integral field spec-
troscopy allows one to constrain the abundance and hence the
origin of the gas, as well as the energetics of the ionising sources
of these structures at any location.

In this paper, we report the serendipitous discovery of a new
large ionised gas structure observed in an over-dense region of
a galaxy group at redshift z ~ 0.72 with the Multi Unit Spec-
troscopic Explorer (MUSE) (Bacon et al.|2015). This group is
located in a larger scale structure identified as the COSMOS-
Wall (Iovino et al.|[2016), a large filamentary structure which
hosts a variety of environments including a dense cluster, galaxy
groups, filaments, less dense regions and voids. The ionised gas
structure we report here extends between the galaxies. The sen-
sitivity, field of view, spectral range and resolution of the MUSE
integral field spectrograph allows the mapping of both emission
lines fluxes and kinematics. We will use this capability here to
infer the mass, origin and sources of ionisation of the extended
gas.

This paper is structured as follows. In section[2] we introduce
our dataset and the data reduction steps. In section (3| we show
the ionised gas distribution and kinematics, identify the galaxies
embedded in this structure and extract some of their properties.
We present the results of a spectral analysis in section 4] Finally,
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we provide our interpretation of the observed structure in section
and summarise our results in section

Throughout the paper, we assume a ACDM cosmology with
Hy =70 km s~! Mpc‘l, Qu =0.3and Qp =0.7.

2. Observations and data reduction

The analysis presented in this paper relies on the exploitation of
MUSE data cubes as well as multi-band images and photometry.

2.1. MUSE observations and data reduction

The galaxy group COSMOS-Gr30 (Knobel et al.| 2012) was
observed during MUSE Guaranteed Time Observations (GTO)
as part of a program focusing on the effect of environment on
galaxy evolution processes over the past 8 Gyr (PI: T. Contini).
A total of 10 hours of exposures time was obtained on this field
spread over three observing runs: 2 hours in December 2014
(Program ID 094.A-0247), 4 hours in April 2015 (095.A-0118)
and 4 hours in May 2015 (095.A-0118). For each run, observing
blocks (OBs) included four 900-second exposures with a field
rotation of 90 degrees between each exposure, leading to a to-
tal of forty exposures. Seeing variations between the OBs were
measured from four identified stars in the field and range from
0.50” to 1.05”.

We produced two main reductions of this field: one that in-
cludes only the best seeing (below 0.7”) observations for a to-
tal of 6.25 hours (25 exposures of 15 minutes) and another that
amounts to 9.75 hours of data from 39 exposures with seeing be-
low 0.9”. The latter excludes one exposure where the seeing was
above 17, since this is above the program requirements. The 39-
exposure reduction best reveals the extended ionised gas region
that is the purpose of our analysis, so we focus accordingly on
this data cube.

The reduction was performed using the MUSE standard
pipeline version v1.1.90 (Weilbacher et al.|[2012, 2014} Weil-
bacher|2015)). To process the calibration files from each night of
observation, we ran the bias, flat, wavelength calibration, and
line-spread function (LSF) calculation steps for each integral
field unit using standard parameters. We then produced twilight
cubes, since calibration files for this program include sets of 8
sky flats from the night of observations or from a night within
the same GTO run. Where possible, we selected sky flats ob-
served when the temperature was similar (AT < 0.5 °C) to the
science observations, and we calibrated each set of sky flats with
an illumination exposure taken closest in time and temperature
to the sky flats. The illumination exposure corrects for small
temperature-dependent flux variations at the edge of slices due to
flexure in the instrument. We applied the above mentioned steps
to the standard star exposures.

To process the science exposures, we likewise applied the
calibration files from the corresponding night, including the LSF
correction, twilight cube and an appropriately-chosen illumina-
tion exposure. We used the same standard star, LTT3218, to cali-
brate the science exposures, except for the data from the Decem-
ber 2014 GTO run, where we used the standard star HD49798.
We applied ‘model’ sky subtraction to the science exposures
with the default parameters, while including the LSF calibration
files. Finally, we aligned the 39 science exposures (see the next
paragraph for details about the astrometry), combined them to
create the final data cube, and applied the Zurich Atmosphere
Purge v0.6 software (ZAP; Soto et al.|2016) to further improve
the sky subtraction.

To produce the final data cube, we used four stars in the
field as anchors to match the MUSE astrometry and flux with the
COSMOS catalogue values (Capak et al.|2007). For the astrom-
etry, we first aligned the 39 science exposures to correct slight
right ascension and declination offsets within the MUSE data.
We then measured the average right ascension and declination
offsets between the MUSE and the reference coordinates from
the four stars and applied this global astrometry offset when we
combined the different exposures to create the final data cube.
For the flux calibration, we applied a constant scale factor to the
final combined data cube such that the magnitudes of the stars in
the MUSE field match the I-band magnitudes. To determine the
flux scale factor, we produced a 30-pixel sub-cube for each of the
four stars and used the pipeline tool *'muse_cube_filter’ to create
Cousins I-band images for each star. From the I-band image, we
fit a 2D Moffat profile to each star and summed the flux in the
fitted Moffat profile to calculate the magnitude of the star in the
MUSE cube. Taking the I-band magnitude as the reference, we
determined the flux scale factor from the average magnitude off-
set.

The final data cube has a 0.2” spatial sampling and a 1.25
A spectral sampling covering the spectral range from 4750 A to
9350 A, which are standard for MUSE nominal mode observa-
tions. Whereas the MUSE field of view is one square arcminute,
the final combined data cube has a more extended shape, since
we re-centred the field of view between the December 2014
and Spring 2015 observations to cover more galaxies within the
group.

After combining the 39 exposures, we measured the seeing
in the final data cube from the four stars identified in the field. We
modelled these stars with a 2D Gaussian function and computed
the seeing as the average of their full width at half maximum
(FWHM). We estimate the seeing to be 0.68” at 7000 A.

To characterise the line spread function (LSF), we use the re-
sults that|Bacon et al.| (2017) and |Guerou et al.| (2017) obtained.
They analysed the LSF in two distinct MUSE fields, located re-
spectively in the Hubble Ultra Deep Field and the Hubble Deep
Field South, and observed at multiple epochs using a set of 19
groups of one to ten sky lines spread over the MUSE wavelength
range. They demonstrated that the MUSE LSF variation with
wavelength is very stable. The two fields used in both studies
have the same acquisition pattern as the field studied here which
consists of four rotations of 90°. The LSF FWHM is parame-
terised as

FWHM = 2> X 5.866 x 1078 = 1x9.187 x 1074 +6.040 (1)
where FWHM and A are both in Angstroms.

We recall that the standard MUSE data reduction process
also produces a variance cube.

2.2. Ancillary dataset

This galaxy group being inside the COSMOS field (Scoville
et al.|[2007), many ancillary data are available and already re-
duced. They are presented in the last COSMOS catalogue release
(COSMOS2015, [Laigle et al.[|2016). These datasets include ra-
dio data from VLA, infrared and far infrared data from Spitzer
(MIPS and IRAC) and Herschel (PACS and SPIRE), near-
infrared and optical observations from HST-ACS (F814W filter),
SDSS, VIRCAM/VISTA camera (Y, J, H, Kg), WIRCam/CFHT
camera (H and Kg bands) and MegaCam/CFHT camera (U and I
bands), Kitt Peak National Observatory (Kg band), HSC/Subaru
Y band and SuprimeCam/Subaru camera (B, V, g, r, i, z filters

Article number, page 3 of 21



A&A proofs: manuscript no. aa_gr30_interaction_arxiv

as well as 14 medium and narrow band filters), ultraviolet data
from the Galaxy Evolution Explorer (GALEX, near and far ul-
traviolet), X-ray from Chandra and XMM. Part of these ancillary
datasets will be used for the analysis and interpretation of the ex-
tended gas region.

3. An extended ionised gas structure in an
over-dense region

The galaxy group COSMOS-Gr30, which is at redshift z ~
0.725, was targeted because of its particularly high number den-
sity. We have selected z < 1 groups in the zCOSMOS 20k
group catalogue (Knobel et al.[2012) with a large number of
spectroscopically confirmed group members (> 5) inside one
MUSE field of view. From the zCOSMOS 20k group catalogue,
eleven spectroscopically confirmed members and three photo-
metric candidates were expected in COSMOS-Gr30, making this
group the richest of the catalogue. This group is in fact embed-
ded in a larger structure identified as the COSMOS-Wall (Iovino
et al.|2016). Using MUSE data, 44 group members were un-
ambiguously spectroscopically identified with redshifts between
0.719 < z < 0.732, increasing by a factor of four the number
density of the group members in the field of view covered by our
observations (cf. Figure [T)). These members include low mass
star-forming galaxies as well as passive galaxies without any
emission line. Among the 44 members, 25 have stellar masses
larger than 10°° M. The velocity dispersion of the group using
these galaxies is 314 km s~! and 402 km s~! with not limit on
the stellar mass.

In the following, we focus on a sub-area of the MUSE data
cube highlighted in Figure [T where the ionised gas structure was
found.

3.1. The ionised gas structure and its distribution

The ionised gas structure was serendipitously discovered dur-
ing the extraction of ionised gas kinematics of galaxies from the
MUSE combined data cube. We used the python code CAMELE]
described in [Epinat et al.| (2012) to extract ionised gas kine-
matics of the structure by fitting emission lines in a sub-cube
of 25 x 25 arcsec” field of view centred on RA = 150°08'48"”
and Dec = 2°03’44”, fully covered by the 39 individual expo-
sures (cf. section [2.T)). The field of view extent is equivalent to
~ 180 x 180 kpc? at z ~ 0.725.

Since the [0 11]143727,3729 doublet is the brightest emission
line of the structure and since it is not affected by any strong ab-
sorption line, it was used alone to derive the structure kinemat-
ics, including line flux map, velocity field and dispersion map.
Before extracting these maps, a spatial smoothing using a two
dimensional Gaussian of two pixels FWHM was applied to the
data cube in order to increase the signal to noise ratio. For each
spaxel, the [O 1] doublet was modelled by two Gaussian profiles
sharing the same kinematics (same velocity and same velocity
dispersion) but having distinct rest-frame wavelengths (3726.04
A and 3728.80 A) plus a constant continuum. The variance data
cube was used to weight each spectral element during line fit-
ting in order to minimise the effect of noise mainly induced by
sky lines. In principle, MUSE spectral resolution at 6430 A (LSF
FWHM ~ 2.55 A), corresponding to the observed wavelength of
the [O 1] doublet for objects at z ~ 0.725, makes it possible to
resolve the doublet at this redshift (A1 ~ 4.75 A). Nevertheless,

! https://bitbucket.org/bepinat/camel.git
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the doublet is unresolved when the velocity dispersion is large,
either due to an intrinsically large dispersion or due to beam
smearing effects on galaxies. Based on the average line ratio es-
timated in the regions where the doublet is well resolved in the
structure, we decided to constrain the ratio of [O1]13729 over
[O1]A3727 line fluxes between 1.3 and 1.5 (see section[d.2).

The [O1]A43727,3729 flux map is shown in Figure E] as
contours on top of the HST-ACS image in band F814W and
in Figure 3] as an image. Fourteen galaxies in this area are
unambiguously identified as galaxy group members from var-
ious spectral features (cf. section [3.2)). Eleven of them have
a clear detection in [O1u]. However, the [O 1] doublet is also
detected over almost 10* kpc? and its emission extends both
in between and beyond galaxies. In regions between galax-
ies, [On] emission is not uniform and can display some fila-
ments as well as more concentrated emission. In these diffuse
regions, the [Om] surface brightness is measured without am-
biguity down to the detection limit per spaxel, estimated to be
~1.5%x 107" erg s7! ecm™? arcsec™? at 3-0-, and increases locally
up to ~ 2 x 1077 erg s™! cm™2 arcsec 2. The highest surface
brightness regions are therefore not always centred on the galax-
ies involved in the structure.

Some HB and [Om]144959,5007 emission is also detected
in the extended gas regions where [O 1] is the brightest. On av-
erage, the flux of these lines is three to five times fainter than
[O1]. Flux maps of the HB line and [O m]114959,5007 doublet
have been extracted independently using the same procedure as
for the [O 1] doublet described above. A composite image com-
bining the three main emissions lines is shown in Figure ]

3.2. Group membership

In order to determine which galaxies belong to the structure and
which are foreground or background sources, we have estimated
spectroscopic redshifts of the sources in the region covered by
the ionised gas using their emission and absorption spectral fea-
tures in MUSE spectra. For each object of the COSMOS2015
catalogue (Laigle et al.|2016) in the considered field of view
(no magnitude limit), a PSF-weighted spectrum was extracted as
done in e.g.Inami et al.|(2017). We ran a customised version of
the redshift finding algorithm MARZ (Hinton et al.|2016; Inami
et al||2017) on these spectra. At the redshift of the group (z ~
0.725), the main emission lines that can be used to probe group
membership are the [O 1]A13727,3729 doublet, the HS line (and
any lower energy Balmer lines) and the [O m1]114959,5007 lines.
The main stellar absorption features are Camr HA3968.47 and
Can KA13933.68 lines and Balmer absorption lines. We also in-
vestigate visually the MUSE data cube around the wavelength of
the [O ] doublet at the redshift of the group to search for addi-
tional group members absent from the COSMOS2015 catalogue
and found two sources (CGr30-227 and CGr30-228) which both
clearly have optical counterparts. Some galaxies are spatially
blended in MUSE data due to the seeing-limited spatial reso-
lution but are clearly separated in the HST image. They affect
the spectra of the diffuse gas and of some group members (both
emission and absorption lines as well as continuum). Using spec-
tra together with images, we were able to disentangle distinct
spectral features for these blended sources. All galaxies with a
redshift identified spectroscopically within or close to the ex-
tended structure are marked in Figure 2] Fourteen galaxies in the
considered area are unambiguously identified as galaxy group
members. They all show some weak or strong emission lines ex-
cept one galaxy, CGr30-57. The two thicker red squares identify
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Fig. 1. MUSE white light image (cube averaged over all wavelengths, logarithmic scale, arbitrary unit) over the full field of view of the observations
of COSMOS-Gr30. Spectroscopic and photometric group members from the zCOSMOS 20k group catalogue are indicated
using red squares and green diamonds respectively. The 44 group members unambiguously identified in the MUSE data cube are marked with blue
circles. The black square represents the area studied in more detail in this paper. The physical scale at the redshift of the structure is indicated at

the bottom right.

two background galaxies which show absorption lines at the red-
shift of the extended ionised gas.

3.3. Properties of group galaxies

The comparison of physical properties in extended gas regions
and in group members embedded in the structure is useful to un-
derstand the origin of the extended gas and its source of ionisa-
tion. Studying group members morphologies and global proper-
ties provides information on the interplay between galaxies and
extended gas.

3.3.1. Galaxies morphology

High resolution morphology was derived for group galaxies in
order to constrain the projection parameters of galaxy disks on
sky (inclination and position angle of major axis) as well as both
bulge and disk sizes and relative strength. This analysis is nec-
essary to gather information on the geometry of the structure but
also to extract galaxy spectra.

We used HST-ACS images obtained in the F§14W filter since
this dataset is the one with the best spatial resolution among the
ancillary data. These images were produced using the MultiDriz-
zle softwares (Koekemoer et al.|2007) on the COSMOS field
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Fig. 2. HST-ACS image (F814W filter, logarithmic scale, arbitrary unit)
with membership identification: galaxy group members are marked us-
ing blue ellipses (which define the apertures used to extract spectra),
foreground and background objects are respectively marked using ma-
genta diamonds and red rectangles, a star is identified by a brown trian-
gle and objects with undefined spectroscopic redshifts are shown with
green circles. Thicker red symbols correspond to two background galax-
ies, which we refer to as CGr30-237 (the most central) and CGr30-86
(the Northernmost) and which show Mg in absorption at the redshift
of the ionised structure. Logarithmic [O 1] contours, smoothed using a
0.2” FWHM Gaussian, are overlaid in black. Contour levels correspond
to1.5,3.3,7.3,16.2 and 35.9x107!8 erg s! cm~2 arcsec™2. The physical
scale at the redshift of the structure is indicated at the bottom right.

(Scoville et al.[[2007). They have a scale of 0.03”/pixel and a
median exposure of 2028 seconds.

We followed the same method as in |Contini et al.| (2016]) for
galaxies in the Hubble Deep Field South (HDFS). We used Gat-
FIT (Peng et al.|[2002) to model galaxy morphology. First, we
identified nine non saturated stars over four groups we observed
with MUSE in the COSMOS field in order to determine the Point
Spread Function (PSF) in the HST-ACS images. The usage of
several groups was necessary to have enough stars. These stars
were modelled using a circular Moffat profile. The theoretical
PSF used for morphology extraction was built using the median
value of each parameter of all the nine stars: FWHM = 0.084”
and 8 = 1.9 (Moffat index). Galaxies were modelled using a disk
and a bulge. The bulge is spherical and described by a classical
de Vaucouleurs profile whereas the disk is described by an expo-
nential disk. The free parameters are the bulge central brightness
and effective radius, the disk central brightness, axis ratio, posi-
tion angle of the major axis and effective radius as well as the
centre which is common for the disk and the bulge. When neces-
sary (e.g. for blended sources), we used additional components
to account for extra features and avoid the bias they could induce
on galaxy parameters.

Morphological parameters are provided in Table[T} We stress
that the disk effective radius of CGr30-59 is clearly overesti-
mated. Indeed, this galaxy shows an asymmetric light distribu-
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Fig. 3. MUSE [O1u]443727,3729 flux map (logarithmic scale) with
apertures defined to extract spectra in red for diffuse emission regions
and in blue for group galaxies. The IDs of the extended gas regions and
galaxies are indicated. The physical scale at the redshift of the structure
is indicated at the bottom right.

tion with some diffuse extent on one side. Such a perturbed mor-
phology, probably due to some interaction, cannot be accounted
for with our simple disk plus bulge model and we were not able
to satisfactorily model this diffuse extent. The morphology anal-
ysis was not performed for three galaxies, CGr30-69, CGr30-
227 and CGr30-228, because they are too small and too faint in
the HST images to get reliable parameters.

3.3.2. Global properties

The stellar masses, star formation rates (SFR) and extinctions
of galaxies embedded in the ionised structure have been esti-
mated using extensive photometry available in the COSMOS
field (Scoville et al.[2007) described in section@ We used pho-
tometric measurements over 3” apertures in 32 bands from the
COSMOS2015 catalogue (Laigle et al|2016)) to constrain Stel-
lar Population Synthesis (SPS) models. We decided not to use
the parameters produced by [Laigle et al.|(2016) because this cat-
alogue is purely photometric whereas we have robust measure-
ments of spectroscopic redshifts that we can use as constraints in
SPS models. We used FAST spectral energy distribution (SED)
fitting code (Kriek et al.|2009) with a library of synthetic spec-
tra generated with the SPS model of (Conroy & Gunn| (2010),
assuming a|Chabrier| (2003) Initial Mass Function (IMF), an ex-
ponentially declining star formation history (SFR o exp (—#/7),
with 8.5 < log (T[yr"]) < 10) and a |Calzetti et al.| (2000) ex-
tinction law. We added in quadrature a 0.05 dex uncertainty to
each band in order to derive formal uncertainties on the SED
measurements which account for residual calibration uncertain-
ties. In general, systematic uncertainties due to different mod-
elling assumptions can amount to ~ 0.2 dex in stellar mass and
~ 0.3 dex in SFR (e.g. |Conroy|[2013| and references therein),
which is the main source of discrepancy when comparing to
other SED fitting methods or to other datasets. For the galaxies
with a good match between photometric and spectroscopic red-
shifts, we checked that the COSMOS2015 mass estimates were
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Fig. 4. Flux map of the three main emission lines on a logarithmic scale:
the [O m] doublet in red, HB in green and the [O 1] doublet in blue. The
Hp line is noisier than the two doublets. The flux maps were cleaned
before display to mask regions with a too low signal-to-noise ratio using
a threshold of 1.5 x 107'8 erg s™' ¢cm™2 arcsec™? on the [On] surface
brightness map smoothed using a 0.28” FWHM Gaussian. The physical
scale at the redshift of the structure is indicated at the bottom right.

compatible with the estimates used here and found a good agree-
ment. We noticed that the fit for CGr30-71 led to a large y* value.
This may be due to the fact that this galaxy contains an AGN (see
section [3.4.3) and because no AGN template was used.

As mentioned above, some galaxies at different redshifts are
blended in seeing limited images and in MUSE spectra (cf. sec-
tion [3.2) and Figure [2). For the group galaxy CGr30-98 most
specifically, since object extraction was done using a combina-
tion of seeing limited images in near infrared and z-bands, the
global properties were determined using a 3> aperture which also
covered a z = 0.938 galaxy (CGr30-237). Interestingly, the pho-
tometric analysis using FAST with no constraint on the redshift
led to a redshift consistent with the group. We have derived a
correction for the mass of CGr30-98 using the HST-ACS im-
age which is the only one where the two sources can be clearly
separated. We assumed that the F814W band is representative
of the mass of the two sources so that the fraction of flux in
each galaxy correspond to their fraction of mass. Defining one
aperture on each object and similar apertures on sky to remove
background, we found that the flux in CGr30-98 is three times
larger than the flux in the z = 0.938 galaxy. Hence the correction
factor for its mass is estimated to 0.75 and the mass of CGr30-
98 is M, = 10979 M. It remains one of the two most massive
galaxies in the structure.

Another consequence of the extraction using near infrared
and z-bands images is that faint and blue objects were not in-
cluded in the COSMOS2015 catalogue. This is the case for two
galaxies in the structure, CGr30-227 and CGr30-228 (cf. Figure
[B). These two galaxies are not part of previous COSMOS cat-
alogues (Capak et al.|2007} [[lbert et al.[|2009) either. A full ex-

traction of photometry would be needed, however for the present
analysis, we are mainly interested in knowing the mass of the
most massive galaxies and it is sufficient to estimate an upper
limit for these faint galaxies.

Parameters (stellar mass, SFR and extinction) extracted from
SED fitting are given in Table[]

3.4. MUSE spectra analysis

MUSE spectra contain lots of information for sources at z ~ 0.7,
most specifically on the ionised gas properties. Comparing prop-
erties of this gas in extended diffuse regions and in galaxies em-
bedded in the structure will give insights on the origin of the
extended gas and on the possible source of ionisation. We ex-
clude CGr30-57 from the subsequent analysis because it has no
emission line associated to ionised gas, as expected from its very
low star formation rate.

3.4.1. Spectra extraction

On the one hand, we visually defined various apertures on re-
gions with extended emission but without any counterpart in
broad-band images. Their position and size were adjusted indi-
vidually based on kinematics and [O ] flux map features, such
as filaments or bright regions with coherent velocities, avoiding
[O 1] emission from galaxies. These regions are shown in Figure
as red ellipses with their corresponding ID.

On the other hand, for each galaxy belonging to the group, an
elliptical aperture was defined from the morphological analysis
performed on the HST-ACS image (section [3.3.1)). The shape
and orientation of the ellipse were set to that of the disk: major
axis orientation, axis ratio and size equal to 2.2 X r, where r, is
the disk effective radius. For a pure exponential disk, ~ 90% of
the flux is contained inside 2.2 X r,. Therefore using this radius
allows us to have most of the flux from the optical part of the
galaxy without probing the region where extended emission may
dominate. For the same reason, the shape of the aperture was not
corrected for the PSE, which would have enlarged the aperture.
When galaxies were either smaller than the spatial resolution of
the MUSE data cube (2.2 X r, < 0.68”) or barely detected in
HST images, we defined circular apertures with a diameter of
3 pixels corresponding to 0.6”, except for CGr30-59 for which
we defined an aperture of 4 pixels (0.8”) due to the large extent
of [O ] emission. These apertures are shown in Figures 2] and 3]
with blue ellipses.

For each aperture, an integrated spectrum was obtained by
adding the spectrum of all the spaxels within the corresponding
aperture. An integrated variance spectrum was obtained the same
way.

3.4.2. Continuum removal

Continuum of galaxies is commonly affected by absorption lines
underlying or close to emission lines. Spectra of extended gas
regions do not show evidence for continuum emission. How-
ever, in some cases continuum from background or foreground
sources can contribute to the spectra (e.g. CGr30-D, CGr30-
F, CGr30-G). In order to study emission lines properties with
a minimal contamination from continuum features, we have
used the penalised pixel-fitting (pPXF) codeE](Cappellari & Em-
sellem|[2004) to adjust the stellar continuum in the spectra of

2 http://www-astro.physics.ox.ac.uk/~mxc/software/
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Table 1. Group galaxies morphological and global parameters. (1) MUSE ID for the COSMOS-Group 30. (2) COSMOS2015 ID except for
CGr30-227 and CGr30-228 not in the catalogue. (3) MUSE spectroscopic redshift. (4) (5) (6) Extinction, stellar mass and star formation rate from
the SED fitting code FAST. (7) (8) (9) Exponential disk inclination, effective radius and position angle of the major axis derived using Garrit. The
symbol * indicates that the radius is not well constrained for the faint galaxy CGr30-59 with unusual features.

SER

CGr30-ID COSMOS2015ID Redshift E(B - V) [mag] log x—o log MoyrT i[°] r.lkpc] PAI°]
(D 2 3) 4) (6)) (6) (7 ® )
57 501021 0.7251 0.00700" 947700 — 445778 45 L5 72
59 501090 0.7232 0.22+001 9.117003 1.00f5-0(§ 74 10.9° 16
61 501214 0.7257 0.62+83§(f 9.78+§1§é 1.79+81§4 80 L5 -51
68 501562 0.7242 0207017 101803 0130% g8 03 -4
69 501572 0.7256 0.15j8394 8.41jg~§% —1.27F 4 - -
71 501652 0.7248 0.62j§f$§ 10.90jg}§§ 2.05j§;{§ 40 34 -30
82 502157 0.7267 0570 9.56*0% 126702 26 17 -75
98 503138 0.7243 002703 10.70*0.13 —o.ostg-f; 46 3.9 88
105 503407 0.7267 0.42j8180 10.49t8?§1 o.sztmﬁ 44 42 81
110 503517 0.7268 0.32*8333g 1008708 04008 43 40 -78
119 504056 0.7242 0307010 1053700 0eadH 3z 37 10
; ; ; 504620 8;3;3 0.40j§fgg 10.48t§fg; 1 .34t§f;g 77 62 33
228 . 0.7243 - - . . - .

both galaxies and extended gas regions. The MILES stellar pop-
ulation synthesis library (spectra from 3525 - 7500 Aata spec-
tral resolution of 2.5 A FWHM, |Sénchez-Bldzquez et al.[2006;
Vazdekis et al.|2010; [Falcon-Barroso et al.|2011)) has been used
despite its lower resolution than that of MUSE for galaxies at
z ~ 0.7. However, we are interested in removing stellar con-
tinuum contribution from the spectrum in order to perform accu-
rate emission line measurements, in particular around the Balmer
lines series where significant absorption can affect line measure-
ments. Therefore recovering stellar velocity dispersion is not our
goal here. The observed velocity dispersion in the integrated
spectra is the combination of intrinsic dispersion, large scale
motions and MUSE LSF. It is larger than MILES resolution for
galaxies having a significant continuum which are the largest and
most massive ones (see Figures [6] and [8). Therefore, using the
MILES library makes it possible to model the spectra accurately
and it is well suited to recover the spectrum of z ~ 0.725 galaxies
in the optical thanks to its wavelength coverage.

We used a subset of 156 spectral energy distribution (SED)
template spectra (Vazdekis et al.|2010) with default linear sam-
pling of 0.9 A/pix and default spectral resolution of FWHM =
2.51 A. We used templates generated using an unimodal Salpeter
initial mass function with a slope of 1.30 and selected a range of
population parameters over a regular grid of 6 steps in [M/H]
from -1.71 to 0.22 and of 26 logarithmic steps in age from 1 to
16 Gyr. Even if stellar populations older than 7 Gyr may not be
realistic for z ~ 0.725 galaxies, the adopted templates are suffi-
cient for a good fit of the stellar absorption lines, which is our
goal. We also checked that our galaxies were not dominated by
stellar populations older than 7 Gyr. It only happened for three
galaxies which do not exhibit strong enough emission lines to
make a more robust analysis useful. In most of the cases, the bulk
of stellar populations is young (~ 1 Gyr). In addition to this stel-
lar library, some emission lines were included in the templates
and the stellar continuum template was multiplied by a Legen-
dre polynomial of degree 10 to account for possible calibration
uncertainties (both in templates and MUSE data).
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Once pPXF converged to the best solution, we generated a
continuum only spectrum from the model that we removed from
the observed spectrum to generate a continuum-free spectrum.

3.4.3. Emission lines measurements

Emission line fluxes were computed using a modified version
of CAMEL for 1D spectreE] and fitting all lines available in
the continuum-free spectra simultaneously. The choice of us-
ing CAMEL rather than pPXF for emission lines measurements
has been motivated by (i) the fact that CAMEL fits emission
lines with a linear sampling instead of a logarithmic sampling
in pPXF, i.e. without any interpolation of the data and (ii) be-
cause we had more control on trying to put some constraints on
the fits (e.g. line ratio). Finally, emission lines were fitted without
any constraint on line ratio because the extinction is not known
a priori and because the [O 1] doublet line ratio can be unusual
(see section[d.2).

Figure [5] shows two examples of observed and modelled
spectra for CGr30-71 (top) and CGr30-59 (bottom). Residuals
are also displayed as well as the variance spectrum. For CGr30-
71, absorption features are clear, and the HB emission line is
affected by an absorption component, whereas the spectrum of
CGr30-59 has a weaker continuum but clearly displays several
Balmer lines and the resolved [O 1] doublet.

Fluxes of the main emission lines are listed in Table[2] They
are corrected for Galactic extinction. This correction has been
performed using (Schlegel et al.| (1998) measurements in the di-
rection of the ionised gas structure. On average over the consid-
ered sky area, the reddening is estimated to E(B—-V) = 0.017@
The Galactic extinction is taken into account using the Milky
Way attenuation curve from |Cardelli et al.|(1989) and assuming
aclassical value of 3.1 for the ratio between visual extinction and
reddening Ry = Ay/E(B — V). When a line was not detected, a
detection threshold was computed for the corresponding aper-
ture. The 1-o threshold was estimated as the flux of a Gaussian
line assuming the same dispersion as detected lines and with an

3 called SAMEL in the CAMEL package
4 http://irsa.ipac.caltech.edu/applications/DUST/
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intensity equal to the standard deviation of the residual spectrum
(weighted by variance) within +5 times the dispersion of the line
around the expected line position. In some case, these thresholds
can differ significantly from (1-0) uncertainties inferred from the
fits. These variations can be due to the methods that are different
but also to the various sizes of the apertures and their specific
location in the data cube (both spatially and spectrally).

3.5. Kinematics

The kinematics of the extended gas region can provide some in-
dications on the nature of this structure. In addition, compar-
ing these kinematics with both gaseous and stellar kinematics
of group galaxies, when possible, may help understanding the
interplay between galaxies and diffuse gas.

3.5.1. lonised gas kinematics

The [Ou] velocity field generated by CAMEL is displayed in
Figure [6] with two different velocity ranges centred on two dis-
tinct sub-structures. Indeed, it displays some discontinuity which
likely separates two main regions which have a velocity offset
larger than ~ 200 km s~! (up to > 500 km s~'). The most ex-
tended ionised gas region is located on the Northern side and
has a smooth velocity field. It is spread over ~ 5000 kpc?. The
other region covers ~ 2300 kpc? (cf. section and has a fila-
mentary structure. We will refer to these two regions as Northern
and Southern components respectively. In order to better follow
the distribution of the ionised gas and its kinematics with re-
spect to group members, black ellipses (top) and HST imaging
contours (bottom) are overlaid on top of these maps. The posi-
tion and global velocity of three galaxies (CGr30-69, CGr30-105
and CGr30-110) suggest that they are not linked to the extended
gas structure. They are identified with dotted ellipses in the top
panel.

The velocity dispersion map is shown in Figure [/| with HST
imaging contours. It has been corrected for the instrumental LSF
at the wavelength of [O 1] assuming the LSF is Gaussian (eq.[I)).
In order to quantify the velocity dispersion for each galaxy and
for each extended gas region, we computed the velocity disper-
sion on each aperture defined in section [3.4.1] as the median of
the velocity dispersion map. These estimates are given in Ta-
ble B where the associated uncertainties were estimated as the
standard deviation over the regions. The average (median) ve-
locity dispersion in the diffuse regions is 126(99) + 54 km s~!,
which is only marginally higher than in galaxies (110(83) + 50
km s~!). Nevertheless, velocity dispersions as low as 70 km s~!
are only observed in some small galaxies but never in extended
gas regions. Velocity dispersion is above 300 km s~! on and
around the West side of the edge-on galaxy CGr30-131. We per-
formed a two-components decomposition to investigate whether
this broadening might be due to two components having different
velocities (approaching side of this galaxy with v ~ =300 km s™!
on the one hand, diffuse gas at v ~ 100 km s~! on the other
hand). However, using two components with various constraints
(e.g. velocity separation, line intensities, dispersion), the veloc-
ity dispersion remained quite large. It therefore seems to be a
real feature rather than an artefact due to beam smearing.

3.5.2. Stellar kinematics of massive group galaxies

The ionised gas structure seems to be connected to the most mas-
sive galaxies of this region. Therefore, studying stellar kinemat-

ics of these galaxies can give some insights on how the diffuse
ionised gas kinematics relates to stellar kinematics of massive
galaxies. Such an analysis can be performed for the two most
massive group galaxies located in the structure, CGr30-98 and
CGr30-71, thanks to their strong stellar spectra. We have used
the last version of pPXF (Cappellari & Emsellem|2004; Cappel-
lar1|2017)) to extract these kinematics. The method is the same as
used on MUSE data of intermediate redshift galaxies observed in
the HDFS and in the Hubble Ultra Deep Field, and described in
details in |Guerou et al.[|(2017). We first extracted two sub-cubes
centred on each galaxy. Then, in order to remove noise domi-
nated pixels in the subsequent spatial binning step, we masked
spectra with a signal to noise ratio lower than unity, estimated
on the stellar continuum between 4150—4350 A (in the galaxy’s
rest-frame). For the galaxy CGr30-98, it was necessary to mask
the region where the z = 0.938 background galaxy contributed
to the spectra to avoid complex fitting. We then spatially binned
the selected spectra to a target SN of 10 using the adaptive spatial
binning software developed by [Cappellari & Copin| (2003)) and
fit the two first orders of the LOSVD, namely the radial veloc-
ity, V, and the velocity dispersion, o, of both the stellar and gas
components simultaneously. The kinematics of each component
(stars and gas) has been let independent from one another. To fit
the stellar continuum of the spatially binned MUSE spectra, we
used a subset of 53 stellar templates from the Indo-US library
(Valdes et al.[|2004) selected as in |Shetty & Cappellari| (2015)).
The resolution of this library is FWHM ~ 1.35 A (Beifiori et al.
2011}, which is well suited to study kinematics of z ~ 0.725
galaxies from MUSE data because it is lower than MUSE rest-
frame LSF FWHM (~ 1.45 A) in the considered wavelength
range. Gaussian emission line templates were used to describe
the gas components. Both stellar and gas templates were broad-
ened to the MUSE LSF (see Bacon et al.|[2017; |Guerou et al.
2017) before the fitting procedure. We set up pPXF to use addi-
tive polynomials of the 6th order and multiplicative polynomials
of the 1st order, and fitted the MUSE spectra over the wavelength
range 3740-5100 A (in the object’s rest-frame). Finally, we first
determined the best combination of stellar templates for each ob-
ject by taking the best fit solution of the galaxy stacked spectrum,
and used this best template to fit each individual spatially binned
spaxel.

In Figure [8] we present both the stellar velocity fields and
stellar velocity dispersion maps for CGr30-98 and CGr30-71.
The velocity fields are shown using the same redshift used for
the extraction of [O 1] dynamics in order to better compare the
overall velocity with respect to the structure. The velocity field
ranges are centred on the systemic velocity of each galaxy. The
stellar kinematics is compatible with the galaxy’s morphology,
i.e., the kinematics and morphological major-axes are aligned
for the two galaxies.

4. Results

Using the various measurements enabled by our MUSE data,
we can constrain physical properties of the ionised gas such as
its mass, its density and temperature as well as photo-ionisation
mechanisms at play in the extended structure and in galaxies.

4.1. Gas mass and star formation rate estimates

Two methods can be used to determine the mass of gas involved
in the ionised structure. The first one makes use of Mgm ab-
sorption in background galaxies whereas the other one relies on
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Fig. 5. Examples of spectra for CGr30-71 (top) and CGr30-59 (bottom). In each panel, MUSE integrated spectrum (black) is plotted with pPXF
continumm (dotted red) plus CAMEL emission lines model (blue), model residuals (green dots) and the variance spectrum (grey) which is shifted
below zero for clarity. The name and position of the main emission lines are indicated in grey. Black vertical lines separate spectral ranges displayed
with different scales to zoom on the main emission lines. In the top panel, the broadening of emission lines due to the AGN is clearly visible. In

the bottom panel, the [O 1] doublet is well resolved.

the SFR estimated from emission lines measurements using the
Kennicutt-Schmidt law.

4.1.1. Total mass of the diffuse gas from Mg absorption

Two background galaxies, CGr30-237 (RA = 150°08'48.8",
Dec = 2°03’46.5") and CGr30-86 (RA = 150°08’51.6”, Dec =
2°03’49.3") identified in Figure |Z| with thick red circles, are lo-
cated on the line of sight of the ionised structure and exhibit
two absorption lines at 4 = 4834.66 A and A = 4822.24 A (cf.
Figure [9) corresponding to the Mg doublet (1 = 2796 A and
A = 2803 A) at z ~ 0.724, the redshift of the group. Given that
these two galaxies are at z = 0.938, these lines are not likely to
be associated with any self absorbing material. The spectra do,
however, show absorption at z = 0.938 from the Mg doublet,
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the Mg line (A = 2852 A) and the Fe n doublet (1 = 2586 A and
A = 2600 A) associated to these two galaxies.

We used the relation between the H 1 column density Ny, and
the Mgt 12796 equivalent width at rest-frame W 579 of Ménard
& Chelouche| (2009) to have a rough estimate of the extended
gas column density on the line of sight of these two background
galaxies:

Ny, = 3.06 x 10" x W53 2)
where Ny, is in atoms cm™2 and W 796 is in Angstroms.
Spectra were extracted over four pixels (CGr30-237) and
three pixels (CGr30-86) radius circular apertures. These spec-
tra are shown in Figure 0] They were adjusted around the Mg u
lines using two Gaussian profiles and a flat continuum. The Mg
A2796 equivalent width has been computed for both galaxies.

For CGr30-237, we estimate Wy = 3.21 + 0.87 A which
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Table 2. Emission-lines fluxes in group galaxies and extended gas regions. (1) MUSE ID for the COSMOS-Group 30. Alphabetic IDs correspond
to apertures on diffuse gas, numeric IDs correspond to galaxies. (2) Area of each aperture in kpc?. (3) (4) (5) (6) (7) Main emission lines integrated
flux corrected for Galactic extinction in units of 107'® erg s™! cm™. When the [Ou] doublet is resolved, the fluxes of both [0 m]A3727 and
[O1]A3729 are provided, otherwise their sum is indicated. When a line is not detected, the 3-0- detection threshold is given. (7) Other emission
lines identified above the 3-0- detection threshold are provided when they are not embedded in strong absorption lines.

CGr30-ID Area [kpcz] [O1]A43727,3729 [Omr]A4959 [0 m]A5007 Hp Hy Other ELs
(D 2 3) 4 &) (6) Q) ®)
A 204 208 «£5.1 <6.9 < 12.7 <99 <64 -
B 78 13.9+5.9 <45 <63 <6.2 <34 -
C 128 95+13 <32 <64 <5.0 <27 -
D 78 19.6 +1.9 <25 33+1.7 43+0.8 <13 -
E 128 54.1 +4.1 <44 < 8.1 11.6+08 7.0+0.6 Ho
F 96 11.3£0.7]21.2+0.6 24+06 75+1.0 10.1+08 5.6+0.6 Hé
G 275 153+1.7 <57 93+20 <6.3 <35 -
H 410 21.6+1.8 <73 <192 <11.3 < 8.7 -
I 322 13.2+2.6 <55 <9.0 <11.6 <52 -
59 130 50.1+09]70.2+0.9 19.8 £0.8 481 +1.8 448+0.9 18.0+1.0 [Nem], Hoto H9
61 67 4.1+24 <59 <78 <8.5 <5.1 -
68 67 78+1.0 <26 <58 <43 <23 -
69 78 20+02125+0.2 <12 26+04 <14 <09 -
71 130 62.3+3.6 529+1.8 146.1 £3.5 448+19 179+1.5 [Nev], [Nem], Ho
82 67 11.7+1.3 <3.6 <6.0 45+0.5 <26 -
98 162 20.8+5.8 < 8.1 <13.0 < 14.1 <6.9 -
105 198 307+1.3 <27 6.7+1.1 26.8+09 132+0.7 Hé
110 175 52+04|73+04 <13 <20 154+05 69+04 Hé
119 164 87+06|11.3+05 <28 50+1.2 125+12 4.6+0.7 -
131 132 67.8+6.6 <176 13.5+1.7 187+09 98+1.0 -
227 78 19.3+0.4]29.0+0.5 8.5+0.8 21.8+0.9 19.0+08 8.1+0.6 [Ne m1], Hé to HO9
228 71 53+03|7.7+03 1.5+04 56+0.6 54+0.6 <12 -

translates roughly in Ny, = (2.3 + 1.1) x 10?° atoms cm™2. For
CGr30-86, we estimate W79 = 1.47 = 0.77 10\, which trans-
lates roughly in Ny, = (6 +5) x 10'° atoms cm~2. The difference
in column density between the two galaxies is compatible with
the fact that CGr30-86 is located at the edge of the distribution
whereas CGr30-237 is more in the centre of the structure where
[On] flux is also stronger.

In order to infer a total gas mass for the structure, we as-
sumed the column density of the diffuse gas to be constant over
the whole structure. We used a covering factor equal to unity,
which may represent an upper limit because the gas could be
clumpy. However, since the background sources are extended,
they may sample an area larger than potential gas sub-structures.
We used the column density of CGr30-237 since the detection
is more robust and because it is better centred on the extended
structure. We defined two components based on the kinematics
of the whole extended structure (cf. section [3.5.1). The size of
the structure was inferred from the [On] flux map smoothed
using a 0.28” FWHM Gaussian extra filtering. Including the
0.4” filtering applied on cubes prior to map extraction, the re-
sulting smoothing is around 0.5”. All pixels outside the main
contour corresponding to the total [O u] surface brightness de-
tection limit at 3-0 = 1.5 x 107'® erg s7! cm™2 arcsec™ were
discarded to obtain a cleaned map with a similar extent as the
velocity field presented in Figure [6] Galaxies were not removed
since the extended gas is observed beyond them. Counting the
number of pixels in each component and using a scale of 7.244
kpc/” at z = 0.725, the total area is 5051 kpc? (4.81 x 10%¢ cm?)
and 2351 kpc? (2.24 x 10% cm?) for Northern and Southern
components, respectively. The HI gas mass is therefore esti-
mated to (9.2 + 2.8) x 10° M, for the Northern component and

(4.3 £ 1.3) X 10° M, for the Southern component. Assuming the
gas is composed of 75% of hydrogen and 25% of helium, the to-
tal gas mass is (1.2 +0.4) x 10'° M, for the Northern component
and (5.7 + 1.7) x 10° M, for the Southern component.

The quoted uncertainties on these mass estimates are lower
limits because they only reflect the uncertainties on the equiv-
alent widths due to the rather low signal to noise ratio in the
spectra. One additional source of uncertainties is the determi-
nation of the surface which depends strongly on the surface
brightness threshold used. Indeed, using a threshold of 2.0 X
1078 erg s™' cm™2 arcsec™ (3.0 x 1078 erg s™! cm™2 arcsec™?)
instead of 1.5 x 107'% erg s™' ecm™ arcsec™ would lead to
surfaces of ~ 4670 kpc?> (~ 3990 kpc?) and ~ 1880 kpc?
(~ 1120 kpc?) for Northern and Southern components respec-
tively, i.e. uncertainties of the order of 10 - 20 % for the North-
ern component and of 20 - 50 % for the Southern component.
We also extrapolated the column density over the whole struc-
ture from one peculiar measurement. Using CGr30-86 instead
of CGr30-237 would have led to masses four times smaller. Fi-
nally, we have used a canonical oversimplified relation to infer
column densities from Mg equivalent widths and the disper-
sion around this relation is large. For these reasons, we estimate
the final uncertainty on these mass estimates to be of the order
of 50%.

4.1.2. Total mass of the diffuse gas from star formation rate

One can infer a SFR from emission lines assuming they are
related to ionisation by young stars and using the Kennicutt-
Schmidt relation (Kennicutt|1998b)) which provides a correlation
to infer the gas surface density from the star formation rate sur-
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Fig. 6. [On] velocity fields over a 25” square field of view using
two different velocity ranges centred on the Northern (top) and South-
ern (bottom) components highlighted on each panel. A threshold of
1.5 x 107"® erg s™' cm™? arcsec™ has been applied on the [On] sur-
face brightness map smoothed using a 0.28” FWHM Gaussian, to mask
regions with a too low signal-to-noise ratio. Regions outside each com-
ponent are faded to better disentangle them. In the top panel, group
members are overlaid using black ellipses. Three galaxies do not seem
directly linked to any extended gas region and are indicated with dotted
ellipses. In the bottom panel, HST contours are overlaid in grey. They
are logarithmic and smoothed using a 0.09” FWHM Gaussian.

face density:
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In our case, several mechanisms may be responsible for the ion-
isation of extended gas (see section [5.1)). Since blue rest-frame
broad band images suggest the presence of young stars in the dif-
fuse region (cf. Figure[T0), we used this relation to have a second
rough estimate of the gas mass in the diffuse structure.

In a first step, we used the Hg line to estimate the SFR. We
assumed the gas is homogeneously distributed over the region
where [On] is detected, a null self-extinction and temperature
and density conditions so that He flux is 2.863 times Hg flux.
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Fig. 7. Velocity dispersion map corrected for instrumental LSF
with HST contours overlaid in grey. Contours are logarithmic and
smoothed using a 0.09” FWHM Gaussian. A threshold of 1.5 x
107'8 erg s™! cm™2 arcsec2 has been applied on the [O ] surface bright-
ness map smoothed using a 0.28” FWHM Gaussian, to mask regions
with a too low signal-to-noise ratio.
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Fig. 8. Stellar kinematics for CGr30-98 (left) and CGr30-71 (right). Ve-
locity fields and velocity dispersion maps are respectively shown on top
and bottom, with HST contours overlaid in grey. The velocity fields are
shown using the same redshift used for the extraction of [O 1] dynamics.

The (19984 relation between SFR and Her flux there-

fore leads to:

SFRBalmer
Mo yr]

L(HB)

=23x 1074 —=
[erg s~!]

“

The HpB flux was determined in an integrated spectrum com-
puted for the Northern component. This line is not detected in
the Southern component. To ensure the line emission is from
the extended gas only, the spectra were integrated over aper-
tures defined on extended gas regions in section 3.4.1} An av-
erage Galactic extinction of E(B — V) = 0.0178 in the direction
of the structure was taken into account as done in section 3.4.3
We neglected any in-situ dust extinction as it is almost impos-
sible to constrain from Balmer decrement and it is supposed to
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Fig. 9. Spectra of the two background galaxies, CGr30-237 (top) and
CGr30-86 (bottom), in the blue wavelength range of MUSE. The blue
vertical dashed lines correspond to the absorption lines at the redshift of
the group (z ~ 0.724), whereas the red vertical dotted lines correspond
to the absorption lines at the redshift of the galaxies (z ~ 0.938).

be much lower in the extended diffuse gas than in galaxies (cf.
section [4.3). The luminosity was computed using the luminos-
ity distance ([; = 4.4 x 10° Mpc) at z ~ 0.725. The SFR was
derived using equation [4] the average SFR surface density was
then computed by dividing the SFR by the area of the apertures
used and finally the gas surface density was derived from equa-
tion 3] The total gas mass was estimated by taking into account
the whole area, i.e. including the area with galaxies where we
can expect some extended gas to be present, as done using the
Mg 11 absorption line:

Mgys = Zgas X Area (®)]
We found a SFR of 12 +2 M, yr~! and a total gas mass of (2.5 +
0.3) X 10'® M, for the Northern component. The uncertainties
have been derived from uncertainties on integrated fluxes.

Because HB is not detected over the whole structure, we also
used the [O 1] flux to infer the total gas mass, even if its flux de-
pends on metallicity and on the ionisation parameter in addition
to the number of ionising photons. We could determine [O1]
fluxes for each component separately. As for H3 we used spec-
tra integrated over apertures defined on extended gas regions in
section[3.4.1] the same Galactic extinction and a null in-situ dust
extinction to compute the average [O ] surface brightness. The
link between the [O 1] flux and the SFR is performed using the
Kennicutt| (1998al) relation:

L([Omn])

SFRo _
200 (14+0.4)x 1074
Mg yr1] [erg s~!]

from which one can deduce the SFR surface density. Equations|3|
and [ were used to derive gas surface density and total gas mass.

We find SFR of 37 + 11 My, yr™! and 5.0 + 1.5 Mg, yr™! and
gas masses of (5.6+1.2)x 10'° Mg and (1.1+0.3)x 10' M, for
Northern and Southern components, respectively. In that case,
the uncertainties are dominated by the uncertainty on the slope
of equation 6]

We also attempted to derive the mass directly on a pixel-
per-pixel basis from the [O 1] flux map. We determined the gas
mass inside each pixel outside galaxies using the above recipes.

(6)

45” 50”
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Declination (J2000)
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40”

2°03°55” 35”
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35
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Fig. 10. U band MegaCam/CFHT image (top), B (middle) and V (bot-
tom) band SubprimeCam/Subaru images over the structure using a log-
arithmic scale and arbitrary units. The same logarithmic [O ] contours
displayed in Figure2]are overlaid in each image.

We then corrected for the missing pixels, assuming the average
diffuse gas density being identical on and outside galaxies. We
found gas masses of (4.0+0.9)x10'° My, and (1.2+0.3)x10'° M,,
for Northern and Southern components respectively, which is
consistent with the above estimates within the uncertainties.
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The gas mass inferred from [O 1] is larger than the one de-
duced from Hp by a factor ~ 2. Despite these masses are larger
than those estimated from Mg equivalent widths, the order of
magnitudes are quite consistent. The masses from SFR may be
overestimated for two main reasons. First, the apertures were de-
fined on the brightest regions and second, a fraction of the ioni-
sation may not be due to star formation (see section[5.1)). In addi-
tion, physical conditions (density and temperature) in the diffuse
ionised gas may be different than that expected inside galaxies
where the Kennicutt-Schmidt relation is usually used (see sec-
tion[d.2).

During this analysis, we also evaluated the total
[O1]A13727,3729, HB and [Om]214959,5007 line fluxes.
We extracted an integrated spectrum using all spaxels of the
Northern and Southern components where [Omn] is above
the 3-o threshold, i.e. those displayed in the velocity fields
presented in Figure [6] We found a total [Ou] doublet flux of
(11.1 £ 0.2) x 107'° erg 57! cm2, a total [O1m]A14959,5007
doublet flux of (6.1 + 0.4) X 107! erg s™! cm™2 and a total HB
line flux to (2.6 + 0.2) x 107 erg s~ cm™2.

4.2. Electron density and temperature

In principle, the electron density can be derived from the ratio
of the two lines of the [O 1] doublet. Using a doublet such as
[On] is very convenient since it is not sensitive to extinction.
In practice, when the doublet is not well resolved, measuring
both lines independently is challenging. The spectral resolution
of MUSE data is sufficient to separate both lines if the line width
remains lower than the doublet separation: the LSF FWHM cor-
responds to 6v ~ 120 km s~! at the wavelength of the doublet at
z = 0.725 whereas the wavelength separation of the [O 1] dou-
blet corresponds to a shift in velocity of 220 km s~!. However,
such a broadening can be reached either due to local mechanisms
(turbulence) or to large scale motion smeared out when integrat-
ing over apertures. For most of the extracted spectra, the doublet
is not correctly resolved. For galaxies, it is mainly due to large
scale motions, whereas for extended gas, it seems to be limited
by the local turbulence.

However, spectra over seven apertures show a well resolved
doublet: galaxies CGr30-59, CGr30-69, CGr30-110, CGr30-
119, CGr30-227, CGr30-228 and the diffuse region CGr30-F.
For the six galaxies, which include five low mass star-forming
ones (< 10'° M), the {8 :Hg%z ratio is clearly above unity, equal
to 1.4 on average with a standard deviation of 0.1, which indi-
cates rather low electron densities. We used the n-levels atom
calculations of tstsdas/Temden IRAF task to determine the
corresponding electron density assuming a temperature 7, =
10000 K, typical of star-forming regions. We found an electron
density of n, ~ 55 electrons cm~, typical also of H regions in
the Local Universe.

The ratio is equal to 1.9 for CGr30-F, which is above the the-
oretical limit of 1.5 allowed for star-forming regions with typical
temperatures. This may indicate that the electron density is very
low and that the temperature in the diffuse gas may be signifi-
cantly lower than in star-forming regions.

In principle, electron temperature can be determined us-

- [0 m]A5007+[0 1] 44959 - .
ing the == ratio. Using our data for the bright-

est [Om]A14959,5007 emitters and a 3-o threshold on the
[Om]A4363 line, we can only infer an upper limit on the electron
temperature of T, < 30000 K using the same tstsdas/Temden
IRAF task.
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4.3. Extinction from Balmer decrement

Extinction in the galaxy group can be estimated from the mea-
surement of at least two Balmer lines. In most of galaxy spectra,
the Hp line is clearly identified. In some cases, Hy could also
be measured and in a few cases Balmer lines were even detected
down to H10 (see Table[2). We decided to use only HB and Hy to
perform an uniform analysis on most of the sources and because
high energy transitions are more affected by noise and therefore
would not lead to better extinction estimates. We thus derived
the colour excess from the ratio of Hy over HB for each region
showing both lines following the recipe from Momcheva et al.
(2013):

E(B - V)Balmer =

25 o ( (Hy/H,B),«m) o

k(HB) — k(Hy) (Hy/HB)obs

where we used [Calzetti et al.| (2000)) extinction curve to estimate
k(HB) = 4.60 and k(Hy) = 5.12 and assumed an intrinsic Case B
Balmer recombination ratio of (Hy/Hp);,, = 0.468. These values
are appropriate for Hu regions of temperature 7, = 10000 K and
electron densities n, = 100 cm™> (Osterbrock|/1989; Dopita &
Sutherland|[2003)) which are close to the estimates we obtained
in section 4.2l

We used this recipe to estimate the reddening for both galax-
ies and regions in the extended structure. A Monte Carlo ap-
proach was used to propagate uncertainties on Balmer line fluxes
quoted in Table 2} assuming normal distributions. When no
Balmer line was detected, it was not possible to determine the
extinction. However, when HB was the only Balmer line, a lower
limit was computed using the 3-o0- detection threshold on the Hy
line and the 1-0 uncertainty on HB. These values compare within
the 1-o- uncertainties quoted in Table [3]to the ones derived from
SPS fitting (see section [3.3.2) for galaxies except for the three
galaxies where Balmer estimates are negative but compatible
with a null extinction within the 1-o- uncertainties. Balmer ex-
tinctions were measured for three apertures only in the extended
ionised gas region. One of them (CGr30-F) is only weakly con-
strained. The two other ones would be negative but are com-
patible with a null extinction within the 2-o (CGr30-F) and 3-
o (CGr30-E) uncertainties. This suggests that temperature and
density conditions in the extended medium may differ from those
in galaxies. We therefore decided in the following analysis to not
correct for extinction neither in the extended gas nor in galaxies,
even if this is probably better justified in the extended gas since
there may be less dust. However, we stress that the largest value
of extinction measured in galaxies, from SED fitting or Balmer
estimates, is equal to E(B—V) = 0.62 only. This leads to a factor
of two between [O m]15007 and [O 1]A43727,3729, respectively
the reddest and bluest lines used. This choice has therefore a low
impact on line ratios and avoids adding any trend that may bias
the interpretation.

4.4. Line diagnostics

Several line ratios are used as proxies to determine the oxygen
abundance of ionised gas: [N u]/He, [Su]/He, [O m]/HB, R23,
p3, 032, [Om]A4363/[O m]15007, [Ne m]13869/[O 1] etc. (see
e.g.Melbourne & Salzer|2002; Bianco et al.[2016). Most of these
metallicity indicators suffer some degeneracy, mainly with the
degree of ionisation, which is usually solved by combining sev-
eral of them, e.g. with the BPT diagram (Baldwin et al.[1981).
From the MUSE data, we could derive R23, [Om]/HS,
032, [Om]A4363/[0m]A5007 and [Nem]13869/[Ou]. How-
ever, since [Ne m]13869 and [Om]A4363 lines are intrinsically
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Table 3. Physical parameters and diagnostic line ratios derived in extended gas regions and group galaxies. (1) MUSE ID for the COSMOS-

Group 30. Alphabetic IDs correspond to apertures on diffuse gas, numeric IDs correspond to galaxies. (2) Median velocity dispersion in km s™.

1

(3) Extinction derived from Balmer decrement. For five regions, line flux measurements lead to a negative extinction which however remained
compatible with a null extinction (> 0) given the uncertainties. (4) Electron density in atoms cm™. (5) (6) (7) The three line diagnostics R23, 032

and [O m]/Hp respectively.

CGr30-ID o, [kms™ ']  E(B— V)gumer [mag] n,[cm™] R23 032 [O m]/HB
() 2 3) “4) 5 (6) )
A 195+ 77 - - >2.0 <1.15 -

B 243 + 35 - - > 1.6 <4.44 -
C 99 + 45 - - >2.5 < 1.02 -
B used o sao B Byt
+ -0.52*) - 1 <0. <1.
F 103 + 18 ~0.357077 <20 42708 03008 097414
G 84 + 66 - : >42 081702 557
H 91 +78 - - >2.0 < 1.26 -
| 75 +57 - - > 1.1 < 1.17 -
59 82+ 13 0.327012 44 42707 05670 152700
61 94 + 98 - - >03 <261.06 -
68 162 + 92 - - >2.0 < 1.26 -
69 58 £ 10 - 145 >52 0.76%01 > 1.97
71 144 + 18 0331020 o se 31908 4 ys5002
82 158 + 40 > ~0.74 . 37708 <078 <205
98 158 + 38 - - > 2.7 <0.76 -
105 83 +23 ~0.10+014 . LS 0297045 033700
110 64 + 50 0.09f§:i§ 42 1.0f8:i <022 <0.18
119 80 + 34 0497550 106 2395 03348 0534
131 220 + 63 —().22_01'21 - 4.6_8:4 0.27_8:84 0.96_8:{8
227 64 + 4 0.18*0-17 <20 4.1i8;§ 0.63f8;8§ 1.59i8;89
228 67 + 14 > 1.24 23 37008 0550006 39402

faint and marginally detected in our spectra (see Table[2), we fo-
cus on R23 and O32 for which constraints can be provided for
most of the galaxies and regions since [O 1] is strong. We also
investigate [O mi]/HB which can be constrained for a few galaxies
and regions.

The R23 parameter defined as

[Om]A5007 + [Om]A4959 + [0 ]A3729 + [O 11]A3726
Hp

R23 =

®)

is a good metallicity indicator for star-forming regions where
stellar photo-ionisation is the main source of ionisation. How-
ever, it is degenerate with respect to oxygen abundance (e.g./Mc-
Gaugh| 1991} Nagao et al.|[2006; Kewley & Ellison|[2008) and
peaks at ~ 10 when 12 + log(O/H) ~ 8. At fixed oxygen abun-
dance, the ionisation parameter g, defined as the ratio between
the flux of the ionising photons and the number density of hy-
drogen atoms, can be inferred from the ratio of the [Omi] lines
over the [O 1] doublet:

_ [Om]A5007 + [O m]14959
"~ [0u]A3729 + [O1u]A3726
Therefore, using these two proxies enables ones to constrain
both the ionisation degree and the gas-phase metallicity. In
case shocks or AGN contribute significantly to the ionisation,

these two proxies can still provide useful constraints. Last, the
[O m]/HB proxy defined as

[Om]A5007 + [O n1]A4959
HB

032

C))

[Om]/HB =

(10)

is usually used in BPT diagrams to distinguish between stellar,
shock and AGN photo-ionisation regimes. In our study, the [O m1]
and Hg line fluxes have similar levels and are lower than the
[O 1] doublet flux, which is typical for Hu regions. However,
in case photo-ionisation is due to an AGN, the [O m] flux may
become large with respect to HB, which may lead to an increase
of both [O m]/HB and R23 proxies.

For the three line diagnostics we use [Om]A5007 +
[O 111] 44959 rather than [O m]A5007 in order to increase the sig-
nal to noise ratio of the measurements, since the relative flux of
these two lines is constant. The three line diagnostics were de-
rived for all the apertures (see Table[3)). The uncertainties on each
line flux were propagated through a Monte Carlo approach as-
suming normal distributions. When the HB ([O m]) line was not
detected, a lower (upper) limit on R23 (032) was inferred from
the 3-0- detection threshold in each spectrum and the uncertain-
ties associated to measurable line fluxes. Similarly, when [O m]
(HpB) was detected alone a lower (upper) threshold on [O m]/HB
was estimated, and no value was computed when none of these
lines was detected.

In Figure [TT} we show O32 as a function of R23 for all the
apertures defined in section [3.4.1] for both extended ionised gas
regions (red dots) and group galaxies (blue dots). On the one
hand, it is clear that these proxies are hardly constrained for
most of the extended gas regions. Only CGr30-F and CGr30-
D extended gas regions have tight constraints on both O32 and
R23 (see also Table[3). For CGr30-G region, the O32 proxy can
also be measured and the large lower limit on R23 provides a
good constraint regarding the typical range of R23. CGr30-E re-
gion has R23 constrained and a low upper limit on O32 which
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also provide good constraints in the diagram. Other extended gas
regions only have lower limits on R23 and upper ones on 032
due to poor HB and [O m] measurements inducing a poor con-
straint on their position in this diagram. On the other hand, the
position of galaxies is relatively well constrained in this diagram
except for CGr30-61, CGr30-68 (which is exactly at the same
location as one extended gas region) and CGr30-98 for which
neither R23 nor 032 could be measured. Whereas the CGr30-
61 spectrum cannot provide any useful constraint, for CGr30-68
and CGr30-98, both parameters still remain better constrained
than most of the extended gas regions. For CGr30-69, R23 was
not measured but the associated upper limit is quite high, and for
CGr30-110 and CGr30-82, O32 was not measured but the lower
limits provide some constraints.

The [O m]/HB was computed for ten galaxies and four aper-
tures in the diffuse gas structure. For galaxies it is lower than
two, except for CGr30-71 for which it reaches a value of 4.45
and for CGr30-69 which has a lower limit only, due to a spec-
trum with a low signal to noise ratio. For extended gas regions, it
is lower than one except for region CGr30-G which has a lower
limit of ~ 1.6.

5. Interpretation
5.1. Sources of photo-ionisation

The photo-ionisation of the extended structure can have diverse
origins. In typical Hu regions, photo-ionisation is mainly due to
young stars. In the region covered by diffuse gas, there might be
some diffuse light in U, B and V band images (Figure[I0). These
bands correspond to rest-frame wavelengths bluer than [O 1] at
the redshift of the galaxy group. This diffuse light may indicate
the presence of young stars. However, due to the low significance
of the detection, these images do not rule out a scenario where
photo-ionisation is driven by other mechanisms that most likely
happen during gravitational interactions. Indeed, galaxy interac-
tions may induce shocks due to gas flows caused by the merger
process (Rich et al.[2015). In dense environments, shocks can be
further induced by the collision between gas clouds in a galaxy
and in the intra group medium, as it is the case for the Stephan’s
Quintet (Rodriguez-Baras et al.|[2014)). In this compact group,
the intra group gas is some interstellar medium tidally stripped
during previous interactions. Photo-ionisation can be powered
by AGN as well, which can be fuelled with gas driven inwards
by tidal forces during mergers. Unusual excitation mechanisms
by fast particles (e.g. [Ferland et al.[2009)) can also induce bright
[O 1] with respect to [O 1] in cool core groups and clusters. In
order to disentangle between such sources of ionisation, we have
used the line diagnostics defined in section .4}

5.1.1. Stellar radiation

In order to constrain both the oxygen abundance and the ion-
isation parameter in case of ionisation due to stellar radiation,
we have overplotted the grids from the photo-ionisation model
MAPPINGS V (Sutherland|fin prep) on the R23 versus 032 di-
agram of Figure [T} We stress however that the MAPPINGS
models may be less adapted for extended gas regions since they
are designed for radiation bounded Hu regions. We have used
the pyqz 0.8.0 software (Dopita et al.|2013} |[Vogt||in prep) to ex-
tract the abundance versus ionisation grid with a typical pressure
of Hu regions (log (P/k) = 5) and with a Maxwell-Boltzmann
distribution of electron energies. In Figure [TT} we provide the
gaseous phase abundance with respect to a solar oxygen abun-
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dance Z, = 8.69 (Asplund et al.|2009) and the dimensionless
ionisation parameter defined as U = q/c where c is the speed of
light.

For galaxies, the ionisation parameter is usually below
logU ~ —2.7 except for two galaxies (one with an upper limit
only and one with good constraints). For those with good con-
straints, the ionisation parameter seems rather constant around
a value of logU ~ -3, except for CGr30-71 for which logU ~
—2.5 and for CGr30-131 for which the inferred ionisation pa-
rameter is log U ~ —3.2. The gaseous phase oxygen abundance
spans a wide range for galaxies, from ~ 1.5 Z to ~ 0.7 Z,, with
most of the galaxies around a solar abundance.

For extended gas regions with no stellar counterpart, both
ionisation parameter and oxygen abundances span almost the
whole range explored by MAPPINGS V simulations. However,
one among the four best constrained regions (CGr30-G) is com-
patible with typical solar abundance and logU ~ -3 observed
in galaxies. The three others are compatible with a low ionisa-
tion parameter logU < —3.2 and sub-solar oxygen abundance
0.7Zy < Z < 1Zg, quite similar to galaxy CGr30-131. How-
ever, at the location of these three regions in the diagram, there
is some degeneracy and the abundance could also be lower than
0.2 Z. If these regions are ionised by stellar radiation, this im-
plies that there are few ionising stars and a relatively large hydro-
gen density. Therefore, extended gas could originate from galax-
ies themselves even if gas seems less enriched than in galaxies.

5.1.2. Shocks

The facts that extended gas regions are bright in [O 1] with re-
spect to HB and [Om], and that their typical velocity dispersion
is larger than in galaxies, suggest that a fraction of the ionisa-
tion might be due to shocks. In order to test this hypothesis, we
used the fast radiative shock model of |Allen et al.| (2008 which
is based on MAPPINGS III. We used the SHOCKPLOT wid-
get to study the impact of shocks on R23 and O32. We tested
various parameters and found that a relatively high R23 and a
relatively low O32 can be obtained in shocks without precursors
with an oxygen abundance from Solar to 1/4 Solar as observed
in the Large Magellanic Cloud (LMC) and a pre-shock particle
number density from 0.1 to 10 cm™>.

In Figure [TT] we display the grid obtained for a LMC abun-
dance and a pre-shock particle number density of 1 cm™ without
precursor for various shock velocities and magnetic field param-
eters. Three regions (CGr30-F, CGr30-D, CGr30-E) among the
four extended gas regions with tight constraints in this diagram
and one galaxy (CGr30-131) appear to match the location ex-
pected for such a shock, with a relatively low magnetic field and
shock velocities around ~ 200 to 300 km s~!. Such velocities
are slightly larger than the velocity dispersion observed in ex-
tended gas regions but match quite well that of CGr30-131 (see
Table E]), in agreement with expectations (Rich et al.[2011,[2015j
Rodriguez-Baras et al.|2014). Changing the abundance to Solar
only modifies the value of the magnetic field. These observations
therefore suggest that the extended gas in these regions could be
ionised by shocks. In such a case, the abundance indicates that
the extended gas could have a galactic origin. The only galaxy
for which the position in the R23 versus O32 diagram is compat-
ible with a shock ionisation of the gas is CGr30-131. The high
velocity dispersion observed in this galaxy and most specifically
on the south-west side is supporting this shock hypothesis. This
galaxy is embedded in the extended structure and its orientation
suggests it could rotate almost orthogonally to the extended gas,
leading therefore in this specific area to shocks between intra
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Fig. 11. 032 vs. R23 line ratio diagnostic diagram. Blue and red dots correspond to galaxies and extended gas regions respectively. Their IDs
are also indicated. Photo-ionisation models from MAPPINGS V (Sutherland|fin prep) are shown with blue (abundance) and green (ionisation
parameter) lines. Shock models from MAPPINGS III (Allen et al.[2008)) obtained without precursor assuming a LMC metallicity and a pre-shock
density n = 1 cm™ are shown with purple (magnetic parameter in uG) and orange (shock velocity in km s™!) lines.

group gas and gas inside the galaxy. At this specific location, the
diffuse gas velocity dispersion is larger than 150 km s~', which
is compatible with this hypothesis.

If the gas is ionised by shocks, the HB luminosity emitted per
unit of surface area Lyg might scale with shock velocity V, and
pre-shock number density n (Dopita & Sutherland|1996):

Vs
100 km s

241
LHﬁ=7.44x10_6( ) x( ”_3)ergcm‘2 s7 A
cm

For the Northern component, the HB luminosity is 5.2 x 10!
erg s~ over an area of ~ 5000 kpc? (see section |4.1.2), hence
the luminosity per surface unit is 1.1 x 107 erg cm™2 s~!. As-
suming a typical shock velocity of ~ 150 km s~!, estimated from
the mean diffuse gas velocity dispersion in the Northern compo-
nent, we infer a pre-shock number density of ~ 1.1 cm~3, which
is consistent with the constraints on R23 versus O32 from the
models of |Allen et al.|(2008)). The typical H1 column density in-
ferred from Mg 1 absorption measurements is 2.3 X 10?° atoms
cm™2 (see section @ . If the gas is distributed in a thin disk
and mainly composed of neutral hydrogen, it would therefore
have a thickness of ~ 70 pc. Slight changes of +20 km s~! in

shock velocity induce variations in the thickness of around 50%.
The diffuse gas of the Northern component is therefore consis-
tent with being distributed in a relatively thin disk.

For the Southern component, line fluxes are not measured
with enough accuracy to derive robust positions in R23 versus
032 diagnostic diagram. However, it is worth noticing that the
three apertures defined on extended ionised gas all have lower
velocity dispersions (< 90 km s') than those defined in the
Northern component (> 100 km s~!'), which may indicate that
shocks are less relevant in the Southern region.

One difficulty with the shock hypothesis is to explain the
presence of ionisation over a large area as revealed by the three
extended gas regions with line ratios compatible with shocks that
are spread over the Northern component. If the shock source is
limited both in time and in space, ionisation would vanish too
quickly when the shock front travels. Indeed, shock ionisation
may last less than 10° yr after the passage of a shock front (Allen
et al[[2008) whereas the typical travel time of a galaxy in the
structure might be around ~ 10° yr. This means that the shock
source has to be still on. One explanation is that the extended
gas is continuously shocked by various galaxies currently inside
the structure. Another caveat is that emission before the shock
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Fig. 12. HST-ACS image (F814W filter, logarithmic scale, arbitrary
unit) around the AGN-host galaxy CGr30-71. [O1m]144959,5007 and
[O1]A43727,3729 surface brightness contours, smoothed using a 0.2”
FWHM Gaussian are displayed with red solid and blue dashed contours
respectively. The levels are identical for each doublet and correspond to
3.0,7.6,19.4,49.5,125.9x 107 '8 erg s~' cm™? arcsec™2. [O m] is clearly
stronger than [O 11]. The inner outflow-like feature observed in the [O 1]
flux map is highlighted by the thick red contour. The physical scale at
the redshift of the structure is indicated at the bottom right.

front is expected. At the redshift of COSMOS-Gr30, the shock
and its precursor should be unresolved, however models without
precursor better match our data. The whole structure is probably
not fully ionised by shocks. In addition, the line ratios available
with our MUSE data remain consistent with photo-ionisation for
all regions.

5.1.3. AGN

The spectrum of CGr30-71 (cf. Figure [5 top) suggests that this
galaxy hosts an AGN. Indeed, it displays broad emission lines in
the nucleus (cf. Table[3), a bright [O m] line with respect to [O 1]
and Hp and shows [Ne v]13426 and [Ne n1]13869 emission lines.
The presence of an AGN is further confirmed by the detection of
this galaxy in Chandra, IRAC, MIPS and VLA data. This galaxy
is offset with respect to other galaxies in Figure[TT|due to its high
032 parameter. But this high value is mainly due to its strong
[O 1] emission. Indeed, as mentioned in section@ it has a high
[O m]/Hp line ratio, larger than 4, which is suggestive of a AGN
for relatively massive galaxies (e.g. Kewley et al.| 2006, Rich
et al.[2015)).

Whereas the location of CGr30-G in Figure [IT] seems to be
identical to that of normal galaxies, this region is the only ex-
tended one to have [O m]/HB larger than 1.5. This suggests it
could be ionised by the AGN radiation rather than by stellar ra-
diation. In addition, this region seems elongated along the mi-
nor axis of the AGN-host galaxy, which could be a signature of
an anisotropic outflow produced by the AGN. This hypothesis
is further supported by the detection in [Om] of an elongated
structure which starts from the AGN and extends up to ~ 2”
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(~ 15 kpe) in the direction of CGr30-G (cf. Figures [ and [T2)).
The end of this structure seems even more [O m] dominated than
the AGN itself. The fact that the ionisation parameter of CGr30-
G is lower than that of the AGN would therefore be due to the
larger distance with respect to the AGN (see e.g. Davies et al.
2014).

5.1.4. Excitation by fast particles

The fact that the ionised structure is observed in the densest part
of a large-scale structure suggests that mechanisms similar to
those responsible for the ionisation in cluster or group cores
could occur. Low [Om]/[O1] ratios, such as those observed in
some of the extended ionised regions of the Northern compo-
nent, are typical in cool core groups and clusters which typi-
cally show weak [Oni] compared to the other oxygen lines. In
local groups and clusters with cool cores, the ionised nebula
show filamentary structures which can extend over several tens
of kpc (e.g. |Conselice et al.[2001; Hamer et al.|2016). The fila-
ments are believed to contain cold gas (e.g.|[Salomé et al.|2011)
cooled from the intra group medium and excited by fast ionising
particles (Ferland et al.|2009), either from the surrounding hot
gas (Fabian et al.[[2011) or from the reconnection of gas phases
within the filaments (Churazov et al.[2013)).

At the redshift of the observed structure, [O1], Ha or [N 1]
emission lines are not observable in our MUSE data to fully
compare its ionisation to models of ionisation by fast particles.
In addition, radiative cooling may be correlated with X-ray emis-
sion of the intra group medium. The available X-ray data (XMM
and Chandra) do not show evidence of emission from an intra
group medium surrounding the galaxies or coincident with the
ionised gas, which is against this hypothesis. Nonetheless, these
data cannot confidently rule out the possibility of a weak intra
group medium.

5.2. Global interpretation of the structure

There seems to co-exist a variety of mechanisms responsible for
the large scale ionisation in this extended structure as shown in
section [5.1} These various mechanisms are probably triggered
by some interaction in this over-dense region that may be lo-
cated inside a cosmic web filament (Iovino et al.|[2016). Such
a mixture (AGN, shocks and star formation) has already been
observed but on much smaller scales e.g. in the Stephan’s Quin-
tet (Iglesias-Paramo et al.|[2012; |Rodriguez-Baras et al.|2014) or
in U/LIRGs (e.g. Rich et al.[2015), also driven by an interaction.
Thanks to our MUSE data, we can combine line ratio diagnostics
measurements to large and small scale kinematics information
to draw a coherent picture of the observed structure. Whereas
the [O ] flux map displays a continuous distribution, large-scale
kinematics reveal two distinct components associated to the two
most massive galaxies involved in the structure, namely CGr30-
98 and CGr30-71 (see Figure [6). We will interpret these two
components separately in a first step.

5.2.1. Northern component: large rotating disk

The extended ionised gas in the Northern component has a rather
symmetrical velocity pattern with respect to CGr30-98 within a
radius of 20 kpc. On the one hand, the median line of sight ve-
locity of CGr30-98 obtained from its stellar kinematics is com-
patible within less than 10 km s~! to the ionised gas velocity
at the same location (cf. Figures [6] and [8). The uncertainties as-
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sociated to the ionised gas velocity at this position are relatively
large (~ 20 km s'), due to the large velocity gradient. Therefore
gas and stars may be dynamically linked. On the other hand, the
kinematics position angle (with respect to North) obtained from
stars (90° + 10°) is compatible with the morphological position
angle of the major axis (88°) but is orthogonal to that of the ex-
tended gas (—17° + 3°) within ~ 3” around that galaxy. Finally,
the galaxy is offset by about 0.4 (~ 2.9 kpc) with respect to the
centre of symmetry of the extended kinematics pattern. These
findings may indicate (i) that ionised gas is radially outflowing
from or (ii) inflowing on the galaxy, (iii) that the angular momen-
tum of the galaxy has been redistributed recently with respect to
that of the extended ionised gas or (iv) that the gas has been
trapped by the galaxy potential after the stellar disk built up.

If the gas is outflowing, we would probably expect a higher
gas abundance. In addition, the shock hypothesis (cf. section
[5.1.2) favours a distribution of the extended gas in a thin disk,
which is unlikely for the outflow hypothesis. In case of an in-
flow, gas is usually accreted in the galaxy disk plane with non
purely radial motions (Bouché et al.[2013} [2016), therefore the
gas distribution would probably be more elongated toward the
galaxy major axis. For the two latter explanations, the extended
gas may be distributed in a disk and trace the same gravitational
potential as stars in the galaxy. In order to check these hypothe-
ses, we computed the dynamical mass independently from these
two tracers. Assuming the extended ionised gas is rotating in a
disk with an inclination of 60° around CGr30-98, we inferred
a dynamical mass of 2.7 + 0.3 x 10" M, at 13 kpc. We used
the velocity difference between the extrema of the velocity field
(AV = 560 + 20 km s~') which are separated by a distance of
26 + 2 kpc. We roughly estimated the mass from stellar dynam-
ics using equation [I2] where we assumed the effective radius to
be that of the disk (., = 3.9 kpc) and the dispersion to be the
median dispersion o ~ 200 km s~!.
(M/L),;, = Br.o” |(LG) (12)
We assumed S = 5, as suggested by |Cappellari et al.| (2006)
and obtained a virial mass for CGr30-98 of ~ 1.8 x 10! M.
Using the bulge radius (~ 0.9 kpc), the mass would be ~ 4 X
10'° M. Both gas and stellar dynamical masses have the same
order of magnitude and are larger than the galaxy stellar mass
(~ 4.3x10'° M,). This supports the hypothesis that the extended
ionised gas is bound to a dark matter halo associated to CGr30-
98 and in rotation around this galaxy. The difference observed in
the orientation between gaseous and stellar major axis could be
due to interactions or merger events. The fact that the gas shows
an enriched medium argues against a primordial gas reservoir
origin. The non primordial abundance of the gas could be due
either to a reservoir fed by outflows from the galaxy or to gas
stripped from galaxies during interactions or merger events, and
trapped by the gravitational potential of the structure.

The main deviation from rotation around CGr30-98 is ob-
served close to CGr30-131 where velocities are lower by around
250 km s~! on average and by around 400 km s~! at maximum
with respect to surrounding extended gas. Such a velocity differ-
ence can be explained by the proper motion of CGr30-131 in the
structure, inducing a line-of-sight velocity around —200 km s~!
with respect to the centre of symmetry of the extended gas ve-
locity pattern, and by its internal kinematics, which leads to a
~ 400 km s~! velocity shear across the galaxy. Given the mass,
size and inclination of CGr30-131, we expect the velocity am-
plitude due to its internal kinematics to be at least 200 km s~!,
which is in good agreement with the observed kinematics. These

proper motions could be partially responsible for the large dis-
persion observed on and around CGr30-131 as already discussed
in section We also notice that the motions of small galax-
ies (CGr30-227, CGr30-228, CGr30-119, CGr30-59, CGr30-68)
are compatible with the large scale velocity pattern of the ex-
tended ionised gas within small deviations. In addition, the abun-
dances found in these low mass galaxies and in the extended
ionised gas are compatible (cf. sections [5.1.1] and [5.1.2). This
may indicate they are orbiting around the main galaxy CGr30-
98 or that they have been formed from extended gaseous ma-
terial rotating around this main galaxy. One explanation would
be that they are tidal dwarf galaxies (e.g.|Duc et al.[2000} 2004)
induced by recent interactions which may partly be responsible
for the presence of non primordial gas at large scale in a disk
decoupled from the stellar disk of CGr30-98. Recent interac-
tions may have triggered recent starbursts, which is supported
by the young age of stellar populations (cf. section [3.4.2) and
by strong high order Balmer absorptions (e.g. [Gonzdlez Del-
gado et al.[1999)) observed in some galaxies both in the Northern
component (CGr30-131, CGr30-119), in the Southern compo-
nent (CGr30-71) and in CGr30-105.

We stress that the kinematics of ionised nebula in the cores of
clusters and groups commonly suggest rotation around the most
massive galaxy and decoupling from that of the stars (Hamer]
et al.|2016). The Hr1 gas mass estimates are also comparable,
within the large uncertainties, to those found in cool core clus-
ters and groups. Given these similarities and those underlined in
section[@] (low 032 ratio, filamentary structure), another pos-
sible interpretation for the ionisation of the Northern component
is that cold gas is cooled from the inter group medium being ex-
cited by fast particles. This could mean that we are observing the
formation of a group or cluster core. However, the lack of X-ray
detection makes this hypothesis less probable than shocks and
stellar photo-ionisation.

5.2.2. Southern component: AGN outflow and tidal tails

The Southern component appears to be linked to CGr30-71
which hosts an AGN. The main ionised gas extent of this compo-
nent is distributed in the direction of the major axis of CGr30-71
and its velocity is compatible with the velocity of the receding
side of this galaxy as well as with the small galaxy CGr30-82.
This could indicate some large-scale accretion of gas on CGr30-
71. However, it seems to be composed of two filaments which
both link CGr30-71 and CGr30-82, suggesting that the ionised
gas is in tidal tails. One interesting kinematics feature of these
two filaments is that a velocity gradient is observed in a direction
orthogonal to the filament, velocities being larger on the west
side by around 200 km s~!.

A third filament leaves the galaxy along its minor axis with
a projected velocity of around —200 + 50 km s~! with respect
to the central velocity measured from stellar kinematics to avoid
biases due to the AGN. Assuming this feature is an outflow from
the AGN, and that it is ejected orthogonally to the disk plane
which has an inclination of 40°, the outflow velocity is around
250 km s~ even at a distance of ~ 35 kpc (~ 5”) from the
galaxy. The velocity along this feature seems quite constant ex-
cept in the inner part where the outflow has a velocity differ-
ence with respect to the centre which is much lower, of the order
of 50 km s~!. It is even compatible with a null velocity from
[Om] kinematics. A lower limit on the AGN activity duration
of ~ 0.1 Myr can be inferred assuming the outflow travelled at
the speed of light. Using an outflow velocity of 250 km s~! and
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assuming the outflow is orthogonal to the disk, the AGN activity
would have last ~ 200 Myr.

5.2.3. Interactions between the two components

This is the first detection of such a structure at this, and in-
deed any other redshift. It is therefore quite intriguing that it
displays two sub-structures at the same redshift which however
seem kinematically decoupled and may be ionised by different
mechanisms (shocks vs. AGN). One explanation would be that
these sub-structures are decoupled today but were in close inter-
action in the past. Such an interaction between the most mas-
sive galaxies may have expelled some gas from galaxies due
to tidal forces. This interpretation is consistent with the pres-
ence of young star suggested by faint signal in the B-band image
(see Figure [I0). This interaction may also explain the presence
of a filamentary structure between two low mass star-forming
galaxies (CGr30-227 and CGr30-59) suggested in the [O 1] flux
map as well as the symmetry of CGr30-227 and CGr30-228 with
respect to CGr30-119. Strong interactions could also have trig-
gered past (and present) AGN in various galaxies (e.g. CGr30-
71, CGr30-98 and CGr30-131) which could have powered some
past outflows. These outflows could have been trapped in the po-
tential of CGr30-98, depending on the geometry at these early
times. These two explanations would be responsible for gas be-
ing present over a large area on the sky.

If our interpretation of the kinematics of the Northern com-
ponent is correct, the existence of such a structure implies that
a disk can be re-built due to interactions, not necessarily with
pristine gas, i.e. already enriched gas. Such an event could then
lead to a kinematically decoupled core as observed in nearby el-
liptical galaxies (e.g. Krajnovi¢ et al.|2015), if galaxies involved
in the interaction do not merge in the end.

6. Summary and conclusions

We report the serendipitous discovery of a 10* kpc? diffuse
ionised gas structure in an over-dense region at redshift z ~
0.725 where a dozen galaxies are involved. This over dense re-
gion is itself part of the larger scale COSMOS-Wall (Iovino et al.
2016). This is the first time such a large ionised gas structure has
been observed at any redshift. The entire structure is clearly de-
tected in [Om]. In order to understand the origin and source of
ionisation of this diffuse gas, we have studied the gas kinematics
and emission lines measurements in the visible (mainly HgB and
Hy Balmer lines, [O m1]214959,5007 and [O 1]A43727,3729) de-
rived from deep MUSE data.

The kinematics revealed two main sub-structures separated
by a velocity offset, that we referred to as Northern and Southern
components. These two sub-structures seem linked to the two
most massive galaxies embedded in the ionised gas. The massive
galaxy in the Southern component hosts an AGN.

We have estimated the mass of diffuse gas using two tech-
niques, one using Mg 11 absorption features in background galax-
ies to infer the H1column density, the other using either the [O 1]
or Hp surface brightness and the Kennicutt-Schmidt law. These
methods give compatible orders of magnitude and lead to masses
of diffuse ionised gas between (1.2+0.6) and (5.6+1.2)x 10" My,
for the Northern component and between (0.6 = 0.3) to (1.2 +
0.3) x 10'° My, for the Southern component.

We have used emission lines in MUSE spectra in order to un-
derstand the sources of ionisation within the structure. We have
extracted spectra from apertures defined on both the galaxies and
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the diffuse ionised gas regions for which we have measured line
fluxes after continuum subtraction. Balmer line measurements
were not accurate enough to derive any strong constraint on the
extinction in the extended structure. Nevertheless, we studied
R23 and 032 line diagnostics for both the galaxies and the ex-
tended gas regions. We compared the positions of galaxies and
extended gas regions in this diagram with photo-ionisation and
shock models.

Our study suggests that the Northern component source of
ionisation is a mixture of photo-ionisation and shocks without
precursor between the gas from at least one disk-like galaxy and
some extended gas. The data are consistent with a shock ve-
locity around 200 km s~!, a low pre-shock density (~ 1cm™),
LMC abundance and a weak magnetic field. The shock hypoth-
esis in the Northern component is supported by the relatively
high velocity dispersion, which is much higher than in typi-
cal star-forming regions. From this hypothesis, the gas is likely
distributed in a plane. Interestingly, regardless of the source of
ionisation, the diffuse gas is not primordial, indicating that it
may have been extracted from the galaxies during interactions
or AGN-related episodes of strong outflows.

Another explanation would be that fast particles are excit-
ing cold gas as it can be observed in local groups and clusters
cool cores. However, the absence of X-ray from an inter group
medium disfavours this hypothesis.

For the Southern component, the source of ionisation is
less well constrained. However, at least one feature seems to
be ionised by the AGN based on its high [O m]/HpS ratio. This
outflow-like feature extends up to ~ 35 kpc orthogonally to the
disk of the AGN-host starting from its nucleus.

The large scale [On] kinematics of the Northern compo-
nent suggest that the gas rotates around a massive galaxy in
a plane almost orthogonal to the disk of the galaxy. Neverthe-
less, analysing the stellar kinematics leads to a virial mass of
1.8 x 10" My, similar to the mass inferred from the large scale
ionised gas kinematics of about 2.7 x 10!! M, at a radius of 13
kpc.

The Northern and Southern components of the ionised gas

structure are probably related. Some gas could have been ex-
tracted from a previous interaction between the main galax-
ies, either from tidal interactions or AGN outflows induced by
the interaction. Low mass star-forming galaxies embedded in
filament-like [Om] structures may be tidal dwarfs. We could
therefore be observing the rebuilding of a disk after a merger
episode.
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