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ABSTRACT
Cluster mergers may play a fundamental role in the formation and evolution of cluster galax-
ies. Stroe et al. (2014) revealed unexpected over-densities of candidate Hα emitters near the
∼ 1Mpc-wide shock fronts of the massive (∼ 2×1015 M�) “Sausage” merging cluster, CIZA
J2242.8+5301. We used Keck/DEIMOS and WHT/AF2 to confirm 83 Hα emitters in and
around the merging cluster. We find that cluster star-forming galaxies in the hottest X-ray gas
and/or in the cluster sub-cores (away from the shock fronts) show high [SII] 6716/[SII] 6761
and high [SII] 6716/Hα, implying very low electron densities (< 30× lower than all other
star-forming galaxies outside the cluster) and significant contribution from supernovae, re-
spectively. All cluster star-forming galaxies near the cluster centre show evidence of signif-
icant outflows (blueshifted Na D∼ 200 − 300 km s−1), likely driven by supernovae. Strong
outflows are also found for the cluster Hα AGN. Hα star-forming galaxies in the merging
cluster follow the z ∼ 0 mass-metallicity relation, showing systematically higher metallicity
(∼0.15-0.2 dex) than Hα emitters outside the cluster (projected R > 2.5Mpc). This suggests
that the shock front may have triggered remaining metal-rich gas which galaxies were able
to retain into forming stars. Our observations show that the merger of impressively massive
(∼ 1015 M�) clusters can provide the conditions for significant star-formation and AGN ac-
tivity, but, as we witness strong feedback by star-forming galaxies and AGN (and given how
massive the merging cluster is), such sources will likely quench in a few 100 Myrs.

Key words: galaxies: clusters, galaxies: evolution, galaxies: intergalactic medium, galaxies:
clusters: individual, cosmology: large-scale structure of Universe, cosmology: observations

1 INTRODUCTION

Star-forming galaxies have evolved dramatically in the 11 Gyr be-
tween z ∼ 2.5 (the likely peak of the star formation history of the
Universe) and the present day (e.g. Madau et al. 1996; Sobral et al.
2009; Karim et al. 2011; Sobral et al. 2014). The co-moving star
formation rate density of the Universe has dropped by more than an
order of magnitude over this time in all environments (Rodighiero
et al. 2011; Karim et al. 2011; Gilbank et al. 2011; Sobral et al.

? Based on observations obtained with WFC on the INT, programmes
I12BN003, I13BN006 and I13BN008; AF2+WYFFOS on the WHT, pro-
gramme W14AN012 and on DEIMOS/Keck observations under program
U156D.
† FCT-IF/Veni Fellow. E-mail: sobral@iastro.pt

2013a), and also specifically in clusters (e.g. Kodama et al. 2013;
Shimakawa et al. 2014). The bulk of this evolution is described by
the continuous decrease of the typical star formation rate, SFR∗,
which is found to affect the star-forming population at all masses
(Sobral et al. 2014). Surprisingly, the decline of SFR∗ seems to be
happening (for star-forming galaxies) in all environments, at least
since z ∼ 2 (e.g. Koyama et al. 2013).

Locally, star formation activity has been found to be very
strongly dependent on environment (e.g. Lewis et al. 2002; Gómez
et al. 2003; Tanaka et al. 2004; Mahajan et al. 2010). Clusters of
galaxies are dominated by passively-evolving galaxies, while star-
forming galaxies are mostly found in low-density/field environ-
ments (Dressler 1980). It is also well-established (e.g. Gómez et al.
2003; Kauffmann et al. 2004; Best 2004) that both the typical star
formation rates of galaxies and the star-forming fraction decrease
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2 D. Sobral et al.

with local environmental density both in the local Universe and at
moderate redshift (z ∼ 0.4, e.g. Kodama et al. 2004). This is in
line with the results at z ∼ 0.2 − 0.3 from Couch et al. (2001) or
Balogh et al. (2002) who found that the Hα luminosity (an excel-
lent tracer of recent star-formation activity) function in rich, relaxed
clusters have the same shape as in the field, but have a much lower
normalisation (∼ 50 per cent lower), consistent with a significant
suppression of star formation in highly dense environments.

The strong positive correlation between star formation rate
(SFR) and stellar mass (e.g. Brinchmann et al. 2004; Noeske et al.
2007; Peng et al. 2010), while being a strong function of cos-
mic time/redshift, seems to depend little on environment (Koyama
et al. 2013), even though cluster star-forming galaxies seem to
be more massive than field star-forming galaxies. Thus, the fun-
damental difference between cluster and field environments (re-
garding their relation with star formation) seems to be primarily
the fraction of star-forming galaxies, or the probability of being a
star-forming galaxy: it is much lower in cluster environments than
in field environments. Studies looking at the mass-metallicity re-
lation with environment also seem to find relatively little differ-
ence at z ∼ 1 (comparing groups and fields; Sobral et al. 2013b),
or just a slight offset (+0.04 dex) for relaxed cluster galaxies in
the Local Universe, as compared to the field (using Sloan Digi-
tal Sky Survey, SDSS; Ellison et al. 2009). Further studying the
mass-metallicity relation (and the Fundamental Metallicity Rela-
tion, FMR, e.g. Maiolino et al. 2008; Mannucci et al. 2010; Stott
et al. 2013) in clusters and comparing to the field could provide
further important information.

While there are increasing efforts to try to explain the SFR de-
pendence on the environment, by conducting surveys at high red-
shift (e.g. Hayashi et al. 2010; Sobral et al. 2011; Matsuda et al.
2011; Muzzin et al. 2012; Koyama et al. 2013; Tal et al. 2014;
Darvish et al. 2014), so far such studies have not been able to fully
reveal the physical processes leading to the ultimate quenching of
(satellite) star-forming galaxies (e.g. Peng et al. 2010; Muzzin et al.
2012, 2014). Several strong processes have been proposed and ob-
served, such as harassment (e.g. Moore et al. 1996), strangulation
(e.g. Larson et al. 1980) and ram-pressure stripping (e.g. Gunn &
Gott 1972; Fumagalli et al. 2014). Observations are also showing a
variety of blue-shifted rest-frame UV absorption lines which indi-
cate that most star-forming galaxies at least at z ∼ 1 − 2, are able
to drive powerful gas outflows (e.g. Shapley et al. 2003; Weiner
et al. 2009; Kornei et al. 2012) which may play a significant role
in quenching, particularly if those happen in high density environ-
ments. Evidence of such galactic winds have also been seen in e.g.
Förster Schreiber et al. (2009) through broad components in the
rest-frame optical Hα and [NII] emission line profiles (e.g. Genzel
et al. 2011). Spatially resolved observations allow for constraints on
the origin of the winds within galaxies, and on the spatial extent of
the outflowing gas, which are essential to derive mass outflow rates.
In field environments, it is expected that such outflows will not be
able to escape the halo (as long as it is massive enough and it is not
a satellite), and in many conditions would likely come back and fur-
ther fuel star formation (e.g. Hopkins et al. 2013). However, in the
most massive clusters, such strong outflows will likely result in sig-
nificant amounts of gas being driven out of the sub-halos that host
star-forming galaxies, enriching the ICM and quickly quenching
star-forming galaxies (SFGs) with the highest SFRs/highest out-
flow rates.

Many studies often have environmental classes simply divided
into (relaxed) “clusters” or “fields”. However, in a ΛCDM Uni-
verse, most clusters are expected to be the result of group/smaller

cluster mergers – some of which can be extremely violent. Little is
known about the role of cluster and group mergers in galaxy forma-
tion and evolution, and whether they could be important in setting
the environmental trends which have now been robustly measured
and described. It is particularly important to understand if cluster
mergers trigger star formation (e.g. Miller & Owen 2003; Owen
et al. 2005; Ferrari et al. 2005; Hwang & Lee 2009; Wegner et al.
2015), if they quench it (e.g. Poggianti et al. 2004), or, alternatively,
if they have no direct effect (e.g. Chung et al. 2010). Results from
Umeda et al. (2004), studying a merging cluster at z ∼ 0.2 (Abell
521) found tentative evidence that merging clusters could perhaps
trigger star-formation. More recently, Stroe et al. (2014) conducted
a wide field Hα narrow-band survey over two merging clusters with
a simple geometry, with the merger happening in the plane of the
sky. Stroe et al. (2014) find a strong boost in the normalisation of
the Hα luminosity function of the CIZA J2242.8+5301 (“Sausage”)
cluster, several times above the field and other clusters. The authors
suggest that they may be witnessing star-formation enhancement or
triggered due to the passage of the shock wave seen in the radio and
X-rays. Interestingly, Stroe et al. (2014) do not find this effect on
the other similar merging cluster studied (“Toothbrush”), likely be-
cause it is a significantly older merger (about 1Gyr older, c.f. Stroe
et al. 2014, 2015), and thus displays only the final result (an excess
of post-starburst galaxies instead of Hα emitters). The results are
in very good agreement with simulations by Roediger et al. (2014)
and recent observational results by Pranger et al. (2014).

In order to investigate the nature of the numerous Hα emitter
candidates in and around the “Sausage” merging cluster, we have
obtained deep spectroscopic observations of the bulk of the sample
presented in Stroe et al. (2015), using Keck/DEIMOS (PI Wittman;
Dawson et al. 2015) and the William Herschel Telescope (WHT)
AutoFib2+WYFFOS (AF2) instrument (PI: Stroe; this paper). In
this paper, we use these data to confirm candidate Hα emitters, un-
veil their nature, masses, metallicities and other properties. We use
a cosmology with ΩΛ = 0.7, Ωm = 0.3, and H0 = 70 km s−1 Mpc−1.
All quoted magnitudes are on the AB system and we use a Chabrier
initial mass function (IMF; Chabrier 2003).

2 SAMPLE SELECTION, OBSERVATIONS & DATA
REDUCTION

2.1 The “Sausage” Merging Cluster

The CIZA J2242.8+5301 cluster (nicknamed “Sausage” cluster, re-
ferred simply as Sausage for the rest of the paper; see Figure 1)
is a z = 0.1921, X-ray luminous (L0.1−2.4keV = 6.8 × 1044

erg s−1; Kocevski et al. 2007), disturbed (Akamatsu & Kawahara
2013; Ogrean et al. 2013, 2014, Akamatsu et al. 2015) cluster that
hosts double radio relics towards its northern and southern outskirts
(van Weeren et al. 2010; Stroe et al. 2013, see Figure 1). The ra-
dio relics (Mpc-wide patches of diffuse radio emission) trace Mpc-
wide shock fronts travelling through the intra-cluster medium (see
Figure 1) thought to have been produced at the core-passage of two
massive clusters during major merger in the plane of the sky (van
Weeren et al. 2010; Stroe et al. 2013, 2014a,b). Despite being an in-
teresting cluster, the CIZA J2242.8+5301 cluster (Sausage cluster
from now on) remained mostly unexplored until very recently, due
to significant Galactic extinction (c.f. Stroe et al. 2014; Jee et al.
2015; Stroe et al. 2015).

Dynamics inferred from spectroscopic observations suggest
the two sub-clusters each have masses of ∼ 1.3 − 1.6 × 1015M�

c© 2015 RAS, MNRAS 000, 1–17



Boosted SF & AGN activity in a massive merging cluster 3

(Dawson et al. 2015), in agreement with independent weak lensing
analysis which points towards ∼ 1.0 − 1.1 × 1015M� (Jee et al.
2015). The weak lensing (Jee et al. 2015), and the dynamics (Daw-
son et al. 2015) point towards a total mass of≈ 2×1015 M�, mak-
ing it one of the most massive clusters known to date. The virial
radius for the total system from weak lensing (Jee et al. 2015) is
r200 ∼ 2.63 Mpc..

Dawson et al. (2015) presents a detailed dynamics analysis
of the cluster merger. Observations and information from lensing,
spectroscopy, broad-band imaging, radio and other constraints im-
ply that the merger likely happened around 0.7±0.2 Gyrs ago (see
also Akamatsu et al. 2015, in very good agreement). Clusters were
likely travelling at a velocity of ∼ 2000 − 2200 km s−1 towards
each other when they merged (Dawson et al. 2015, Akamatsu et al.
2015). This is in excellent agreement with the analysis presented
in Stroe et al. (2014a) that shows that the shock wave seems to be
moving with a similar speed (∼ 2000 − 2500 km s−1). Because
the shock does not slow down due to gravitational effects, it can
be thought as a proxy of the collisional velocity, further support-
ing a speed of ∼ 2000 km s−1 (see also Akamatsu et al. 2015 who
find this is also the case from X-rays). We use the detailed informa-
tion from Dawson et al. (2015), Jee et al. (2015), Akamatsu et al.
(2015), Stroe et al. (2015), and references therein, to put our results
into context and to explore potential interpretations of the results.
The reader is referred to those papers for more information on the
cluster itself.

2.2 Narrow-band survey and the sample of Hα candidates

By using a custom-designed narrow-band filter (λ = 7839± 55Å,
PI: Sobral) mounted on the Wide Field Camera at the prime-focus
of the Isaac Newton Telescope, Stroe et al. (2014) imaged the
Sausage cluster over 0.3 deg2 and selected 181 potential line emit-
ters, down to a Hα luminosity of 1040.8 erg s−1 (see Stroe et al.
2014). They discover luminous, extended, tens-of-kpc-wide candi-
date Hα emitters in the vicinity of the shock fronts, corresponding
to a significant boost in the normalisation of the Hα luminosity
function, when comparing to not only the field environment (Sh-
ioya et al. 2008; Drake et al. 2013), but also to other relaxed and
merging clusters (e.g. Umeda et al. 2004).

Stroe et al. (2015) presents deeper narrow-band and i band
imaging, along with new multi-band data (BV riZ), and find a to-
tal of 201 candidate line emitters. Here we use the full sample of
candidate line emitters in and around the Sausage merging clus-
ter, without any pre-selection on the likelihood of them being Hα,
along with the corrected broad-band photometry (due to Galactic
dust extinction, see Stroe et al. 2015). We take this approach in
order to increase the completeness of our Hα sample and avoid
any biases (even if small) caused by the need to use broad-band
colours and/or photometric redshifts (photo-zs). Spectroscopic red-
shifts obtained here are used in Stroe et al. (2015) to test their se-
lection, improve completeness, and reduce contamination by other
emission lines.

2.3 Follow-up spectroscopy with Keck and WHT

2.3.1 Keck/DEIMOS observations

We conducted a spectroscopic survey of the Sausage cluster with
the DEep Imaging Multi-Object Spectrograph (DEIMOS; Faber
et al. 2003) on the Keck II 10 m telescope over two observing runs

on 2013 July 14 and 2013 September 5. For full details on the ob-
servations and data reduction, see Dawson et al. (2015). Here we
provide just a brief summary.

We observed a total of four slit masks with approximately
120 slits per mask. For each mask we took three 900 s exposures,
for a total exposure time of 2.7 ks. The average seeing was ap-
proximately 0.7′′. For both observing runs we used 1′′ wide slits
with the 1200 line mm−1 grating, tilted to a central wavelength
of 6700 Å, resulting in a pixel scale of 0.33 Å pixel−1, a resolu-
tion of ∼ 1 Å (∼ 45 km s−1, observed and just below 40 km s−1

rest-frame for our cluster Hα emitters), and typical wavelength
coverage of 5400 Å to 8000 Å. The actual wavelength coverage
is in practice shifted by ∼ ±400 Å depending where the slit is
located along the width of the slit-mask. For most cluster mem-
bers this enabled us to observe Hβ, [OIII]4959&5007, MgI (b), FeI,
NaI (D) , [OI], Hα, [NII] and [SII]. We used the DEEP2 version
of the SPEC2D package (Newman et al. 2013) to reduce the data.
SPEC2D performs wavelength calibration, cosmic ray removal and
sky subtraction on slit-by-slit basis, generating a processed two-
dimensional spectrum for each slit. The SPEC2D pipeline also gen-
erates a processed one-dimensional spectrum for each slit. This ex-
traction creates a one-dimensional spectrum of the target, contain-
ing the summed flux at each wavelength in an optimised window.

Our primary DEIMOS targets were candidate red se-
quence/cluster galaxies and for details on the full sample, the reader
is referred to Dawson et al. (2015). Here we focus on the observed
40 Hα emitters within the DEIMOS data-set (see e.g. Figure 2),
out of which 32 are found to be cluster members (see Dawson et al.
2015). The remaining 8 sources were found to be at slightly higher
and slightly lower redshifts, and will be used as part of the com-
parison sample (Hα emitters outside the cluster, which are either at
a different redshift from the cluster, or are at a projected distance
higher than 2.5 Mpc from the cluster).

2.3.2 WHT/AF2 observations

We followed up 103 candidate line emitters from Stroe et al. (2015)
using AF2 on the WHT in La Palma on two nights during 2014
July 2–3. In order to allocate spare fibres, we used our BV riZ
photometric catalogue (Stroe et al. 2015) to select other potential
cluster candidates (using colour-colour selections; see Stroe et al.
2015). We observed six of these sources. We found no evidence of
emission lines in any of these sources, but have a very high success
rate in detecting emission lines for the main sample of emission
line candidates.

The seeing was 0.8-1.0′′ throughout the observing run. The
AF2 instrument on WHT is made of ∼ 150 fibres, each with
a diameter of 1.6′′, which can be allocated to sources within a
∼ 30× 30 arcmin2 field of view, although with strong spatial con-
straints/limitations. The spectral coverage varies slightly depend-
ing on the fibre and field location, but for a source at z = 0.19 all
our spectra cover the main emission lines we are interested in: Hβ,
[OIII], Hα, [NII] and [SII]. We obtained 2 different pointings: one
centred on the cluster, with a total exposure time of 9 ks (where we
were able to allocate 63 fibres to targets, and 3 fibres to sky), and
one slightly to the North, with a total exposure time of 5.4 ks (46
fibres allocated to targets and 4 to sky). We also obtained some fur-
ther sky exposures to improve the sky subtraction (2.7 ks per field).

We took standard steps in the reduction of optical multi-fibre
spectra, also mimicking the steps followed for DEIMOS. Biases
and lamp flats were taken at the beginning of each night. Arcs us-
ing neon, helium and mercury lamps were taken on the sky for each

c© 2015 RAS, MNRAS 000, 1–17
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Star-forming
Star-forming (+Outflow)
NL AGN
NL AGN (+Outflow)

Ha (NB, Stroe+15)
Spectroscopically confirmed

BL AGN

100 kpc 1 Mpc

Figure 1. The distribution of Hα emitters in the Sausage cluster. The cross marks what we define as the “centre” of the cluster. The background shows a false
RGB image from the combination of broad-band images presented in Stroe et al. 2015, while white contours present the weak lensing map (Jee et al. 2015) and
in green the 323 MHz radio emission (Stroe et al. 2013). The Hα emitters in our sample reside in a range of different regions, but are found preferably near
the shock fronts. Hα emitters also seem to be found just on the outskirts of the hottest X-ray gas – but where the temperatures are still very high (Ogrean et al.
2013). We also find that all AGN are located relatively close to the post-shock front, but all at a couple of hundred projected kpc away from the radio relics.
Note that our sample extends beyond this region, as the field of view of the narrow-band survey, and the spectroscopic follow-up of such sources, cover a larger
area (see Stroe et al. 2015). We also show star-forming galaxies showing signatures of outflows, mostly from systematically blue-shifted Na D in absorption
from 150 to 300 km−1. Note that 100% of the cluster star-forming galaxies which are closest to the hottest X-ray gas (very close to the “centre” of the cluster),
have strong signatures of outflows. Potentially, these are also the sources that, if affected by the shock, may have been the first to be affected, up to ∼ 0.7Gyr
ago.

fibre configuration. The traces of the fibres on the CCD were curved
in the dispersion direction (y axis on the CCD). The lamp flats were
used to correct for this distortion. Each fibre shape was fit with a Y
pixel coordinate polynomial as function of X coordinate. All CCD
pixels were corrected according to the polynomial for the closest fi-

bre. This was done separately for each configuration, on the biases,
flats, lamp arcs and the science data.

The final 2D bias subtracted and curvature corrected frames
were then sky subtracted using the sky position exposure(s). In or-
der to improve the sky subtraction we also used sky-dedicated fi-
bres (which observe sky in all positions) to scale the counts. We

c© 2015 RAS, MNRAS 000, 1–17
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Figure 2. Some examples of our Hα emitters from the Keck/DEIMOS data and the Gaussian fits we derived in order to measure emission line ratios. We find
a variety of line ratios and FWHMs, but are able to fit all emission lines with simple Gaussian profiles.

further obtained the best scaling factor by minimising the resid-
uals after sky subtraction. After subtracting the sky, we extracted
sources along the dispersion axis, summing up the counts. We ob-
tained a first order wavelength calibration by using the arcs and
obtain a final wavelength calibration per fibre by using the wealth
of sky lines on that particular fibre. This gives a wavelength cali-
bration with an error (rms) of less than 1 Å.

In total, out of the 109 targeted sources, we obtained high
enough S/N to determine a redshift for 73 sources (65 candidate
line emitters selected with the NB). The remaining sources either
had very low S/N, were targeted by fibres with low throughput
and/or for which sky subtraction was only possible with the ded-
icated (different) sky fibre (thus resulting in poor sky subtraction).
All the sources for which we did not get high enough S/N to de-
tect an emission line are the emitters with the lowest emission
line fluxes, expected to remain undetected with the achieved flux
limit. Figure 3 shows the distribution of fluxes for the full sample
of candidate Hα emitters (only a fraction of those were targeted)
and those we have detected at high S/N – this shows that we are
complete for “intrinsic” (i.e., after correcting for Galaxy extinction)
fluxes of > 6 × 10−16 erg s−1 cm−2 (see Figure 3). We note that
while our the Keck spectroscopy was targeting red sequence galax-
ies (see Dawson et al. 2015), our WHT follow-up was specifically
targeted at NB-selected line emitter candidates (dominated by Hα
at z ∼ 0.19), thus giving an unbiased spectroscopic sample to study
Hα emitters. Most importantly, our AF2 sample targets line emit-
ters both in and around the merging cluster, thus allowing us a di-
rect comparison between cluster Hα emitters and those outside the
cluster, observed with the same instrument/configuration/exposure
times.
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Figure 3. The distribution of emission line fluxes in the full sample of
narrow-band selected Hα emitters, and those in our spectroscopic sample.
Fluxes shown here are derived from narrow-band photometry (full flux, in-
cluding both Hα and [NII] fluxes), and corrected for Galactic extinction.
This shows that we are complete down to∼ 6× 10−16 erg s−1 cm−2, but
that, particularly due to the use of Keck, we also have Hα emitters with sig-
nificantly lower emission line fluxes in our sample, although we are clearly
not complete for those fluxes.

2.4 Redshifts and Emission line Measurements

We extract the 1D spectra (e.g. Figure 2) by detecting the high S/N
trace (continuum), or by detecting the strong emission lines, and
extracting them across the exposed pixels. We obtain a reasonable
flux calibration with broad-band photometry available from g, r,
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Figure 4. An example of one of the typical/faint sources that was targeted
with both WHT/AF2 and Keck/DEIMOS. We find perfect agreement and
recover the same line ratios, within the errors, although Keck/DEIMOS
spectra have much higher individual S/N ratio and much higher resolution,
as this clearly shows. Nevertheless, both data-sets provide consistent mea-
surements with no biases and thus can be used together.

and i observations and improve it further by using our own NB
observations. However, we note that the focus of this paper is on
line ratios (which do not depend on flux calibration), not emission
line fluxes.

Spectroscopic redshifts for the Keck/DEIMOS data-set are ob-
tained as described in Dawson et al. (2015). We find 40 Hα emitters
within the DEIMOS/Keck data-set, but 5 (3) are at higher (lower)
redshift, and thus clearly outside the merging cluster. These will be
part of our comparison/field sample together with the AF2 spectra
at the same redshift of the cluster but far away from it (non-cluster
members). In total, 32 Hα emitters are cluster members within the
DEIMOS data-set. From these, 6 were targeted with both DEIMOS
and AF2 and show perfect agreement in the redshift determination
(see Dawson et al. 2015, for a redshift comparison), flux and emis-
sion line ratios, showing that no systematics are affecting our anal-
ysis, and that spectra from both instruments are fully comparable –
see Figure 4.

For the WHT/AF2 data-set, we determine an initial estimate
for each redshift by identifying strong emission lines around ∼
7600 − 8000Å. In most cases emission lines are detected at high
S/N (> 10) and a redshift is then found with several emission lines,
with the vast majority of sources being at z ∼ 0.19 with strong Hα
emission (see Figure 5 for the redshift distribution of Hα emitters).
Given the proximity to the Galaxy (see e.g. Jee et al. 2015), the
stellar density is many times higher than in a typical extragalactic
field. We find objects with many clear absorption features which
are easily classified as stars by identifying z = 0 absorption lines
(including Hα). The complete set of redshifts of Hα emitters in our
sample is given in Table 1.

Out of the 73 (65 line emitters) sources with high enough S/N
we find 49 Hα emitters at z ∼ 0.19, 8 Hβ/[OIII] emitters at z ∼
0.6, 2 [OII] emitters at z ∼ 1.1 and one 4000 Å break galaxy at
z ∼ 0.8. In total, for the AF2 spectra, we find 5 stars among our
full sample of candidate line emitters. All other sources that were
targeted and that were not in our NB-selected catalogue were found

0.18 0.19 0.2 0.21 0.22
Spectroscopic redshift (z)

0

5

10

15

20

25

30

N
um

be
r

of
So

ur
ce

s

All Hα (Full FoV)
Cluster (R < 2.5 Mpc)
Cluster (R < 1.5 Mpc)
NB Filter (Hα)

Figure 5. Spectroscopic redshift distribution of our sample of Hα emit-
ters in the full FoV of the INT survey (Stroe et al. 2015), compared with
the spectroscopic distribution of Hα emitters within the projected “cen-
tral” 1.5 Mpc radius (physical) of the Sausage cluster and those within a
2.5 Mpc radius (physical) of the “centre” of the Sausage cluster. We also
scale our narrow-band filter transmission. Sources outside the 2.5 Mpc ra-
dius are used as a comparison sample, together with a few sources at signifi-
cantly higher and lower redshift found with DEIMOS (not shown here). We
note that our narrow-band filter profile encompasses the 95% confidence
interval of the full cluster redshift dispersion (Dawson et al. 2015) for Hα
emission.

to be stars. Thus, within the sample of line emitters from Stroe et al.
(2015), we find that 75 % are Hα emitters.

Emission line fluxes for both AF2 and DEIMOS spectra are
measured by fitting Gaussian profiles (see e.g. Figure 2), and mea-
suring the continuum directly red-ward and blue-ward of the lines
(masking any other features or nearby lines). We also obtain the line
FWHM (in km s−1), taking advantage of the high resolution, high
S/N Keck spectra. We measure (observed, aperture/slit/fibre cor-
rected) line fluxes in the range 1.7 − 35 × 10−16 erg s−1 cm−2 in
Hα, and FWHMs of 40-466 km s−2 – full details are given in Table
1. We find the best redshift by fitting all the available spectral lines
and do this independently on the Keck/DEIMOS and WHT/AF2
data-sets. Given that we have an overlap of six sources, we can
check if the different resolution and the use of fibres versus slits can
introduce any biases/differences. We find that all these six sources
yielded the same redshift and we find that the fluxes and the line
ratios all agree within the errors (see an example in Figure 4). We
therefore combine the samples for the following analysis, taking
into account the different errors given by each data-set. For the six
sources with measurements in both data-sets we use the DEIMOS
results for four out of the six sources (due to a much higher S/N).
For the remaining two (detected at very high S/N in AF2), we
use the AF2 measurements because they also cover [SII], Hβ and
[OIII], while these lines are not covered by DEIMOS. In total, we
have 83 Hα emitters in our sample (for 6 we have measurements
from both DEIMOS and AF2). Out of these, 75 Hα emitters are all
at the redshift of the cluster (z = 0.18 − 0.197), but some are far
from the centre: 52 Hα emitters are found within a (projected) ra-
dius of 2.5 Mpc from the cluster “centre”, defined as in Stroe et al.
(2015) (RA[J2000] 22:42:45.6, Dec[J2000] +53:03:10.8), while 44
are within a 2 Mpc (projected) radius, 36 are within a 1.5 Mpc (pro-
jected) radius.
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TABLE 1: Hα EMITTERS IN OUR SPECTROSCOPIC SAMPLE WITH SIGNIFICANT DETECTIONS OF AT LEAST TWO EMISSION LINES.

ID αJ2000 δJ2000 zspec IAB FHα FWHM [NII]/Hα [SII]/[SII] [OIII]/Hβ [SII]/Hα Mass C AGN
log10 km/s M� dist.

SSSD-02 22:42:51.27 +52:54:22.07 0.1838 18.3 -15.1 198 0.71 1.3 — 0.3 10.3 2 —
SSSD-04 22:43:01.57 +52:55:27.44 0.1895 19.3 -15.7 50 1.02 0.2 — — 9.6 2 1
SSSD-06 22:42:45.98 +52:56:15.43 0.1910 20.2 -15.0 102 0.07 1.8 4.2 0.2 8.5 1.5 0
SSSD-07 22:42:51.75 +52:56:28.75 0.2291 21.2 -16.0 136 0.28 3.4 0.9 0.5 8.7 10 0
SSSD-08 22:42:17.30 +52:57:11.81 0.1844 21.4 -16.1 104 0.31 1.9 2.4 0.2 8.7 2 —

Table 1. Notes: Here we show just the five first entries: the full catalogue is published in the on-line version of the paper. The C column indicates the
environment/sub-sample of each source (distance from cluster center, Mpc), with sources flagged as 10 being outside the cluster. The AGN column distin-
guishes between likely AGN which present narrow-lines (1; NLA), broad lines (2; BLA), likely star-forming galaxy (0; SFG) and unclassified (—; UNC).

2.5 Multiband photometry and stellar masses

We use multi-band catalogues derived in Stroe et al. (2015) to
obtain information on all the emitters and here we explore the
BgV rIz photometry to compute stellar masses by spectral en-
ergy distribution (SED) fitting. All the photometry is corrected for
Galactic extinction (see details in Stroe et al. 2015). We use the
spectroscopic redshift of each source, but using z = 0.19 for all
sources does not significantly change any of the results. We com-
pute stellar masses for all candidate Hα emitters, regardless of hav-
ing been targeted spectroscopically or not, so we can compare our
spectroscopic sample with the full parent sample. The full sample
is explored in Stroe et al. (2015).

Stellar masses are obtained by SED fitting of stellar popula-
tion synthesis models to BgV rIz, following Sobral et al. (2011,
2014). The SED templates are generated with the Bruzual & Char-
lot (2003) package using Bruzual (2007) models, a Chabrier (2003)
IMF, and exponentially declining star formation histories with the
form e−t/τ , with τ in the range 0.1 Gyrs to 10 Gyrs. The SEDs
were generated for a logarithmic grid of 200 ages (from 0.1 Myr
to the maximum age at z = 0.19). Dust extinction was applied to
the templates using the Calzetti et al. (2000) law with E(B − V )
in the range 0 to 0.5 (in steps of 0.05), roughly corresponding to
AHα ∼ 0− 2. The models are generated with five different metal-
licities (Z = 0.0001− 0.05), including solar (Z = 0.02). Here we
use the best-fit template to obtain our estimate of stellar mass, but
we also compute the median stellar mass across all solutions in the
entire multi-dimensional parameter space for each source, which
lie within 1σ of the best-fit and thus also obtain the median mass of
the 1σ best-fits.

2.6 Completeness: Stellar Mass

We show the distribution of stellar masses for the samples of Hα
emitters in Figure 6. Hα emitters in our full sample have an average
stellar mass of ∼ 109.4 M�. As a whole, the sample of Hα emit-
ters at z ∼ 0.19 has a similar stellar mass distribution to samples
of field Hα emitters at similar redshifts (e.g. Shioya et al. 2008; So-
bral et al. 2014), but with cluster Hα emitters having higher stellar
masses than Hα emitters outside the cluster. Figure 6 also shows
that our main limitation at lower masses is our parent sample from
Stroe et al. (2015), which is complete down to roughly ∼ 109 M�,
and thus our results, particularly for the mass-metallicity relation,
only take into account star-forming galaxies with stellar masses
> 109 M�.
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Figure 6. Stellar mass distribution for our full spectroscopic sample and
comparison with the parent NB sample of all emitters (“All NB Excess”;
stellar masses computed assuming all would be at z = 0.19 and be Hα
emitters, just shown for comparison, as many sources here are clearly not
Hα emitters) and the sample of Hα emitters at z = 0.19 after colour-
colour, photometric redshift and spectroscopic redshift selection (“All Hα
NB candidate”). This shows that we are almost fully complete at both low
and high masses (compared to the parent sample). Even at intermediate to
high masses, where the number of sources is higher, we still have a very
high spectroscopic completeness of ∼ 50% or more. Most importantly, the
sources that are not in our spectroscopic sample are those that i) we could
not target due to fibre configuration constraints and ii) that have very low
fluxes.

2.7 Completeness: SFR-Stellar Mass

Figure 7 shows the relation between Hα(+[NII]) flux (based on
narrow-band photometry, so we can fully compare it with the par-
ent NB sample) and stellar mass, for both the parent sample, and
for our spectroscopic sample. We also highlight sources confirmed
to be outside the cluster, and those in the cluster and outskirts. The
comparison with the parent sample shows that our sample is repre-
sentative of the full parent sample, at least down to stellar masses
of > 109 M�, and for fluxes (corrected for Galactic extinction and
for 5′′ apertures, and thus in practice after a full aperture correc-
tion) of Hα flux > 10−15.25 erg s−1 cm−2 (roughly corresponding
to SFRs> 0.2 M� yr−1).
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Figure 7. The relation between Hα+[NII] flux (corrected for Galactic ex-
tinction, but not corrected for intrinsic dust extinction), based on 5′′ narrow-
band photometry and stellar mass, for the parent sample, selected using
narrow-band, and our spectroscopic sample. Our spectroscopically con-
firmed sources sample the vast majority of the parameter space, both for
galaxies in the cluster (R < 1.5Mpc) and outskirts (1.5 < R < 2.5Mpc)
and for those outside the cluster. We are particularly complete, relative
to the parent sample, for stellar masses > 109 M�. We preferentially
miss sources with the lowest fluxes and with stellar masses lower than
∼ 109 M�.

2.8 The comparison sample: DEIMOS+AF2 non-cluster Hα
emitters

We explore our Hα emitters in the DEIMOS dataset (8) that are
found to be at higher (0.23 < z < 0.3) and lower redshift
(0.14 < z < 0.17) , and 31 Hα emitters from the AF2 data-set
that are more than 2.5 Mpc away from the Sausage cluster “centre”
but at a similar redshift. As mentioned in §2.4, we use RA(J2000)
22:42:45.6, Dec(J2000) +53:03:10.8 as the “centre” of the Sausage
merging cluster, and compute projected distances from this posi-
tion. This sample of 39 Hα emitters is compared with a similar
number of Sausage cluster Hα emitters and allows us to directly
compare their properties, AGN contamination and search for any
differences. We use this sample for direct comparisons.

3 RESULTS

The redshift distribution of our final sample of Hα emitters belong-
ing to the merging cluster is shown in Figure 5 and compared to the
distribution of spectroscopic redshifts for Hα emitters within dif-
ferent radii from the cluster centre. We confirm that the narrow-
band filter used in Stroe et al. (2015) effectively selects all Hα
emitters belonging to the merging cluster, and that such selection
is not biased towards galaxies at the outskirts (in the redshift di-
rection) of the cluster. We fully confirm the very high number of
Hα emitters in this merging cluster. Given the mass of the cluster
(∼ 1.0 − 1.1 × 1015M�, see Jee et al. 2015), and its very high
ICM temperature (Ogrean et al. 2013, Akamatsu et al. 2015) – 7-
12 KeV –, it is puzzling that there are so many Hα emitters. With
a final sample of 39 field Hα emitters and samples of 52, 44 and
36 Hα emitters (within 2.5, 2.0 and 1.5 Mpc from the cluster “cen-
tre”, respectively) we now investigate their nature and unveil their
properties. For the remaining analysis in the paper, we divide our
sample in three different environments: i) Cluster (sources at the
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Figure 8. Emission line ratio diagnostics (Baldwin et al. 1981; Rola et al.
1997) separate star-forming dominated from AGN dominated Hα emitters
(black dashed line). We also show emission line diagnostics from Kewley
et al. (2001) for comparison, which show the location of pure, “typical” star-
forming galaxies (gray solid line), and the separation line between maximal
starbursts and AGN (gray dashed line). We only show galaxies with detec-
tions in all emission lines. Filled symbols are Hα emitters within a 1.5 Mpc
radius of the cluster, while the unfilled symbols are either at higher, lower
redshift, or are at the redshift of the cluster, but at distances higher than
1.5 Mpc. These results reveal a similar fraction of AGN in (36 ± 8%) and
outside (29 ± 7%) the cluster. Note that, due to the significant dust ex-
tinction, particularly on the line of sight, the [OIII]/Hβ line ratio is slightly
overestimated for all galaxies (likely by ∼ 0.06 dex), making it easier to
classify galaxies as AGN, and making the sample of star-forming galaxies
even cleaner from potential AGN contamination.

redshift of the cluster and within R< 1.5 Mpc), ii) Cluster outskirts
(sources at the redshift of the cluster and at projected distanced
1.5 < R < 2.5 Mpc) and iii) Outside the cluster (sources at the
redshift of the cluster that are found to be R > 2.5 Mpc away and
sources at a significantly higher and lower redshift). For some parts
of the analysis, we also split the cluster sample into galaxies in the
i) cluster, near to the hottest intra-cluster medium, R < 0.5 Mpc
away from the “centre” of the cluster and ii) post-shock region,
within the North and South radio relics, close to the relics and fur-
ther away from the “centre”. We refer to ii) as “post-shock” region
and to i) as ”elsewhere in the cluster”.

3.1 Nature of Hα emitters: SF vs AGN

In order to differentiate between star-forming and AGN, the
[OIII] 5007/Hβ and [NII] 5007/Hα line ratios were used (see Fig-
ure 8); these have been widely used to separate AGN from star-
forming galaxies (e.g. Baldwin et al. 1981; Rola et al. 1997; Kew-
ley et al. 2001, 2013). We show some examples of spectra in Fig-
ure 9. These line ratios are also for emission lines sufficiently close
that dust extinction has little effect. However, for the case of the
[OIII] 5007/Hβ emission line ratios, due to the significant total dust
extinction affecting our galaxies, particularly due to the Galaxy,
line ratios may be over-estimated by ∼ 0.06 dex. Because we do
not correct for this, the [OIII] 5007/Hβ line ratios are all closer to
AGN. This means, however, that our sample of star-forming galax-
ies will be even more conservative and robust (if anything, some
star-forming galaxies may be classified as AGN). Because correc-
tions are relatively unreliable, and because applying unreliable cor-
rections could lead to including potential AGN in our samples of
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0.1

0.3

0.5

0.7

0.9

1.1

N
or

m
al

is
ed

Fl
ux

H
β

[O
II

I]

[O
II

I]

6500 6550 6600 6650 6700 6750
Restframe Wavelength (Å)
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Figure 9. Some examples of our Hα emitters, the coverage that extends to Hβ and [OIII] and the gaussian fits we derived in order to measure emission line
ratios. This extended coverage is particularly important in order to allow us to distinguish between star-forming dominated and AGN-dominated sources by
measuring [OIII] 5007/Hβ and [NII] /Hα line ratios and placing them on the Baldwin et al. 1981 classification scheme.

star-forming galaxies, we opted not to correct for this effect. Only
spectra with all lines detected at S/N> 3.0 were used, but we also
place limits on those with lower S/N. Figure 8 shows data-points
for the line ratios, while the black dashed curve shown represent
maximum line ratios for a star-forming galaxy (from OB stars with
effective temperatures of 60000 K; Baldwin et al. 1981; Rola et al.
1997). We also show curves from Kewley et al. (2001) and Kewley
et al. (2013) encompassing “pure”, “typical” star-forming galaxies
(gray solid line), and encompassing up to maximal starbursts (gray
dashed line).

Over our full AF2 and DEIMOS sample, we find 4 broad line
AGNs. All these broad line AGNs are found to be in the cluster.
Furthermore, in total, we have measurements of [OIII] 5007/Hβ
and [NII] /Hα line ratios with individual line detections above 3σ
which allow us to distinguish between AGN and SF for 42 sources.
For these 42 sources, we find 14 AGN (10 narrow-line AGN and 4
BL-AGN), and 28 likely star-forming dominated Hα emitters. We
show the location of these sources in Figure 1, revealing that AGN
in the cluster are all in the post-shock regions, just behind both the
North and South radio relics/shock fronts.

For the sources we can classify we also have measured the
FWHM of the narrow emission lines. We show the fraction of AGN
sources as a function of FWHM of the narrow lines in Figure 10.
This clearly shows that at the highest FWHM, the AGN fraction is
very high. We note that these are FWHM of narrow lines, and thus
this is likely indicative of outflows happening in the AGN in our
sample, dominated by those in the Sausage cluster.

We split sources between those in the cluster (see Figure 1)
and outskirts (25 classified sources) and those outside the cluster
(17 classified sources). We find 9/25 sources in the cluster+outskirts
to be AGN (including the 4 broad-line AGN), resulting in an AGN
fraction of 36 ± 8 % (Poissonian errors), while outside the cluster
we find 5/17 sources to be AGN, resulting in an AGN fraction of
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Figure 10. Fraction of AGN-dominated galaxies as a function of emission
line FWHM in km s−1 for the narrow lines (broad emission lines are ne-
glected here). We find that at higher FWHM of Hα, [NII], [SII] lines, the
prevalence of AGN increases, likely indicating that AGN are the cause for
such high FWHM in narrow lines, and indicative of outflows.

29± 7 %, lower than in the cluster, but still consistent. It should be
noted that both samples have very similar median Hα luminosities,
and thus should be fully comparable. For Hα emitters within the
Sausage merging cluster (R< 1.5 Mpc), we find an AGN fraction
of 35± 6% (see Figure 1).

c© 2015 RAS, MNRAS 000, 1–17



10 D. Sobral et al.

Figure 11. Thumbnails of our Hα cluster members. Each square is ∼ 40 × 40 kpc and we organise galaxies in respect to their estimated stellar mass and
estimated star-formation rate. We also indicate which sources are likely AGN and which are star-forming. We do not find any evidence for significant galaxy-
galaxy (major) merging. This implies that the enhanced star-formation and AGN activity within the merging cluster is not being driven by galaxy-galaxy
mergers, and thus is it more likely driven by the interaction with the environment, and in particular with the shock wave. We note that the bright point sources,
which show up in most images are stars within the Milky Way, not galaxies.

3.2 Morphologies

By exploring deep i band Subaru images (see also Stroe et al.
(2014)), we investigate the morphologies of our Hα emitters. We
show thumbnails of all our Hα cluster galaxies, also labelling them
as AGN or star-forming galaxies, in Figure 11. We find little to no
indication of merger activity (note that the stellar density from the
Galaxy is extremely high: point-like sources are stars). We how-
ever note that most star-forming galaxies show relatively compact
morphologies and hint that most star-formation is occurring in rel-
atively central regions, where molecular gas is likely still available
to form stars. However, a more detailed morphological analysis is
beyond the scope of this paper.

Field star-forming galaxies at these Hα luminosities present a
typical fraction of mergers on the order of∼ 10% (e.g. at z = 0.24
in the COSMOS field; Sobral et al. 2009), and our Hα emitters
in the cluster do not present a larger fraction than that. Thus, the
elevated activity in our cluster Hα emitters is definitely not being
driven by mergers as, if anything, our Hα emitters have a lower
fraction of mergers than those in the field. This is, nonetheless, not
surprising. The cluster we are studying is incredibly massive, with a
high velocity dispersion of over 1000 km s−1, and thus the chances
of a galaxy-galaxy mergers are relatively small.

3.3 Electron densities and Ionisation Potential

We make clear individual detections of the [SII]6716,6761 dou-
blet. We also (median) stack the entire sample to find [SII]6716/
[SII]6761= 1.22 ± 0.05, corresponding to an electron density
of 102.4±0.1 cm−3(Osterbrock 1989). If we only consider star-

forming galaxies, we find [SII]6716/ [SII]6761= 1.36 ± 0.07, cor-
responding to 102.00±0.25 cm−3.

In order to compare several sub-samples, based on member-
ship and nature, we further split the sample in i) all (all sources),
ii) cluster, iii) outskirts and iv) outside. Within the cluster sample,
we further split it into sources within the post-shock regions (both
North and South, see Figure 1), and those elsewhere, including in
the two cluster cores and within the hot X-ray gas. We further split
samples with respect to the dominating nature of the sources: i)
all sources, ii) sources clearly dominated by star formation (SFGs)
and iii) sources dominated by AGN activity (AGNs). The results
are presented in Table 2.

Our results clearly show that all sub-samples of Sausage clus-
ter members have higher [SII]6716/ [SII]6761 line ratios than similar
sub-samples. In particular, the merging cluster star-forming galax-
ies show a very high [SII]6716/ [SII]6761= 1.73 ± 0.11, implying
an extremely low electron density of < 5 cm−3 (the higher the line
ratio, the lower the electron density; Osterbrock 1989), < 30 times
lower electron density than star-forming galaxies outside the clus-
ter and other star-forming galaxies found in the literature. On the
other hand, it should be noted that AGNs (see Table 2) all have
[SII]6716/ [SII]6761 line ratios below 1, as expected, so completely
opposite to what is found for the cluster star-forming galaxies.

By further splitting the cluster sample into galaxies in the
post-shock region (within the North and South radio relics, close
to the relics and the furthest away from the “centre”) and those
elsewhere, and particularly in the hot intra-cluster medium (see Ta-
ble 2), we show that the high [SII]6716/ [SII]6761 line ratio is being
strongly driven by star-forming galaxies within the hottest inter-
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Figure 12. Stacks for our full merging cluster star-forming galaxies, and when splitting the sample in post-shock regions and non post-shock regions (mostly
those in the very hot intra-cluster medium and in the sub-cluster cores). While as a whole cluster galaxies show significant differences from field and outskirts
star-forming galaxies, post-shock and non post-shock star-forming galaxies also show a drastic difference in their stacked spectra regarding the [SII] emission
lines, and particularly for [SII]6716, which is significantly boosted for non post-shock cluster star-forming galaxies. This may be evidence of significant
supernova activity. We also find a significant red-shifted component of the [SII]6716 emission line, potentially indicative of outflows, and is relatively broad.
Further evidence for outflows is found even for the stack of both sub-samples: we find NaD absorption line significantly blue-shifted, from 200 to 600 km s−1,
a clear sign that, as a whole, cluster star-forming galaxies are driving rapid outflows (Heckman et al. 2000). We note that Na D in absorption with significant
velocity offset from the systematic redshift within the range 200 to 600 km s−1 is also found for individual sources with even stronger S/N (as the stack mixes
different velocity offsets); we show those in the right panel.

cluster medium (those closest to the “centre”, and further away
from the shock fronts). These star-forming galaxies (no AGNs are
found, but 2 are unclassified) show very high [SII]6716/ [SII]6761 =
2.5± 0.2, corresponding to extremely low electron densities. This
is likely evidence that such star-forming galaxies are substantially
affected by their surrounding environment. Most importantly, the
stack of the non-post-shock galaxies (see Figure 12) reveals asym-
metric [SII]6716 emission line, with significantly blue-shifted emis-
sion, likely indicating stripping/outflows.

The [SII]6716/Hα line ratio can be used to estimate the ion-
isation strength (Osterbrock 1989; Collins & Rand 2001) of the
inter-stellar medium (ISM). We derive, for our full sample (me-
dian stack), [SII]6716/Hα = 0.249 ± 0.003 (see Table 2), which
corresponds to an ionisation parameter log10(U, cm3) = −4.06 ±
0.05 (Collins & Rand 2001). Cluster members show the highest
[SII]6716/Hα ratios. Focusing on the Hα star-forming galaxies in
the Sausage merging cluster, we find [SII]6716/Hα = 0.265± 0.002,
which corresponds to a ionisation strength of the ISM about half of
that of the field and outskirts sample. However, Hα star-forming
galaxies in the outskirts and outside the cluster are significantly
more metal poor (see §3.5), which is enough to explain the differ-

ence. When matched in metallicities, we find no significant differ-
ence within the errors.

When we further split the cluster sample into sources in the
post-shock region and those elsewhere (mostly in the hottest X-ray
gas region, near the “centre” of the cluster and/or in the sub-cluster
cores), we find that the high [SII]6716/Hα ratio within the cluster
is mostly driven by cluster star-forming galaxies outside the post-
shock region, again indicating that these galaxies are affected by
their surroundings. In practice, with a [SII]6716/Hα= 0.430±0.004,
cluster star-forming galaxies away from the post-shock regions
have an ionisation parameter log10(U, cm3) = −4.5 ± 0.05, more
than 4 times lower than all other star-forming galaxies in the clus-
ter. This could be interpreted as further evidence that these galaxies
are already having their star-formation activity quenched. However,
we note that this very high [SII]6716/Hα ratio could also be inter-
preted as a significant contribution from supernova remnants. Since
we do not find any difference in the typical SFRs of these galaxies
relative to the other star-forming galaxies in and outside the clus-
ter, the supernova explanation is strongly favoured. Furthermore,
as we find evidence for outflows (see Figure 12), both in redshifted
[SII]6716 emission, but particularly in strongly blue-shifted Na D
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RESULTS FROM THE STACKS FOR DIFFERENT SUB-SAMPLES.

SAMPLE number sources [NII]/Hα 12 + log(O/H) [SII]/[SII] [SII]/Hα

Full Sample 83 0.338± 0.007 8.632± 0.005 1.22± 0.05 0.249± 0.003

All in Cluster 24 0.443± 0.007 8.698± 0.004 1.48± 0.08 0.285± 0.002

All in Post-shock (PS) 17 0.655± 0.01 8.795± 0.004 1.24± 0.06 0.32± 0.003

All Cluster non-PS 7 0.265± 0.005 8.571± 0.005 2.23± 0.18 0.372± 0.004

All in Outskirts 20 0.287± 0.007 8.591± 0.006 0.96± 0.04 0.209± 0.004

All Outside 31 0.168± 0.006 8.458± 0.009 1.26± 0.04 0.234± 0.005

All SFGs 28 0.284± 0.006 8.588± 0.005 1.43± 0.07 0.259± 0.002

Cluster SFGs 11 0.311± 0.005 8.611± 0.004 1.73± 0.11 0.265± 0.002

Post-shock (PS) SFGs 6 0.339± 0.005 8.632± 0.004 1.22± 0.04 0.201± 0.002

Cluster non-PS SFGs 5 0.285± 0.005 8.590± 0.004 2.5± 0.2 0.430± 0.004

Outskirts SFGs 5 0.180± 0.002 8.476± 0.003 1.57± 0.10 0.193± 0.002

Outside SFGs 10 0.152± 0.010 8.433± 0.016 0.82± 0.04 0.212± 0.007

All AGNs 17 0.731± 0.009 — 0.93± 0.02 0.250± 0.003

Cluster AGNs 6 0.938± 0.014 — 0.82± 0.02 0.251± 0.003

Post-shock (PS) SFGs 6 0.938± 0.014 — 0.82± 0.02 0.251± 0.003

Cluster non-PS SFGs 0 — — — —
Outskirts AGNs 5 1.054± 0.031 — 0.58± 0.02 1.1± 0.1

Outside AGNs 7 0.513± 0.007 — 0.62± 0.03 0.13± 0.01

Table 2. Notes: The Full sample contains all Hα emitters, the Sausage Cluster sample is defined with sources within 1.5 Mpc radius of what we assign as the
central position of the cluster. The sample in the outskirts is defined as Hα emitters within 1.5 and 2.5 projected Mpc from the central position, and sources
defined as outside are at higher distances than 2.5 Mpc projected.

(see e.g. Heckman et al. 2000) absorption (∼ 600 km−1) for these
star-forming galaxies, it may well be that these outflows are being
driven by supernovae.

3.4 Outflows

Particularly focusing on the Keck/DEIMOS sample (where the S/N
is the highest, detecting the continuum for the bulk of the sample),
we inspect the Hα, [NII] and [SII] lines to look for asymmetric
profiles, broad components (for the forbidden lines) and P Cygni
profiles, all potential signatures of strong outflows. We find strong
evidence for at least one of such signatures in 7 of our 24 cluster
galaxies, while we find no such signatures for galaxies outside the
cluster (but the Keck/DEIMOS sample outside is smaller). For the
Keck/DEIMOS sample only (as it is the only data-set that actually
allows us to detect such signatures at the necessarily high S/N in
a complete way), we find such signatures in ∼ 22 % of the cluster
sample, and 100% of these are in the post-shock regions (see Figure
1). For the 7 sources, the absorption features show offsets of 600-
1000 km/s. Many of these are AGNs and, as discussed in §3.1, all
cluster AGNs are in the post shock-front regions of both north and
south relics/shock-waves (see Figure 1).

We also attempt to fit emission lines with a combination of
a narrow and a broad component. Whenever the S/N for the bluer
lines (Hβ and [OIII]) is lower than 10 we use only Hα, [NII] and
[SII]. We find that a single Gaussian profile (with a FWHM of
up to 500 km s−1) is able to fully fit all the spectra apart from
the BL-AGNs. This also holds true for the stacks. We note that
given the lower spectral resolution of WHT/AF2 when compared
to Keck/DEIMOS (and lower S/N per Å, see e.g. Figure 4), we find
that we can only reliably measure FWHM of emission lines with
AF2 if they are larger than 160 km s−1. With DEIMOS, we can
measure FWHM down to 60-80 km s−1. For the Keck/DEIMOS
sample, we find that that the average FWHM is 156 ± 84 km s−1

(for AF2 we find an average of 174 ± 70 km s−1). The line ratios
and other properties for our full sample are given in Table 1. We
find that the fraction of AGN correlates with increasing FWHM of
narrow lines (see Figure 10), indicating that AGN are likely driving
strong outflows.

Finally, for the sources with the highest S/N in the continuum,
for which we can detect clear absorption lines, we also measure sys-
tematic velocity offsets from the absorption and emission lines. We
find strong evidence for outflows (see Figure 12), both in redshifted
[SII]6716 emission, but particularly in strongly blue-shifted Na D
absorption (∼ 200 − 600 km−1) for cluster star-forming galax-
ies as a whole (median stack). We also look at Na D in absorption
which may be offset significantly on a source by source basis. We
do this by fitting Na D with a Gaussian profile, and then comparing
net velocity offsets when compared to the median redshift given
by all the emission lines. We find strong evidence for outflows in
all cluster star-forming galaxies except one (see Figure 12). We
find an average velocity offset of 210±70 km s−1, in line with the
stack. The most important result is that the vast majority of the
Sausage merging cluster star-forming galaxies are driving strong
outflows, and thus are experiencing (stellar) feedback. An alterna-
tive would be that these galaxies are having their gas stripped into
the intra-cluster medium. However, if the latter was the case, one
would expect that the velocity offsets would largely average out to
zero, since the relative motion of the galaxies with respect to the gas
should be random. We therefore argue that it is much more likely
that we are witnessing strong stellar feedback which, of course,
given the environment, will likely mean all the gas is permanently
removed from the galaxies.

3.5 Metallicities

We use the [NII]/Hα emission line ratio to infer the metallicity
of the gas for each star-forming galaxy (AGNs are neglected). We
obtain metallicities for each star-forming source, but also for sub-
samples: see Table 2. For our full sample (median stack), we find
[NII] / Hα= 0.338± 0.007. The [NII]/Hα line ratio can be used to
obtain the metallicity of our star-forming galaxies (oxygen abun-
dance), [12 + log(O/H)], by using the conversion of Pettini & Pagel
(2004): 12 + log(O/H) = 8.9 + 0.57 log([NII] / Hα). The galaxies in
our full sample (without excluding AGN) have a median metallic-
ity of 8.632 ± 0.005, which is consistent with solar (8.66±0.05),
but we note that we are sampling galaxies with a range of masses,
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Figure 13. The mass metallicity relation for our Hα emitters. Grey lines indicate solar metallicity, for reference. We find a good correlation between (stacked,
left panel; individual measurements, right panel) metal abundance (excluding all AGN), traced by [NII]/Hα, and stellar mass of each galaxy, for both Hα
emitters in the cluster (within a radius of 1.5 Mpc), and for Hα emitters in our comparison sample, outside the cluster, observed with the same instruments and
with the same selection functions. Hα emitters in the cluster are systematically more metal rich at fixed mass than those in the comparison sample, and follow
closely the local SDSS mass-metallicity relation, or even higher, particularly at high masses. On the other hand, Hα emitters outside the Sausage cluster reveal
some evolution relative to the SDSS z = 0 relation (Maiolino et al. 2008, after applying the appropriate corrections for a different metallicity indicator and a
different IMF). When directly comparing our sample of Hα emitters in the Sausage cluster and those outside the cluster, we find a systematic offset of about
0.2 dex, which gets tentatively higher for higher stellar masses. This shows that Hα emitters in the Sausage are more metal rich.

and thus we need to take that into account when properly compar-
ing the samples – this is done in §3.6.

Our results reveal that cluster Hα emitters have the high-
est [NII] / Hα= 0.443 ± 0.007 line ratios. However, AGN typi-
cally have high [NII] / Hα line ratios, and it is mandatory to ex-
clude them if metallicities are to be robustly estimated from this
line ratio. Nevertheless, even when considering only Hα star-
forming galaxies (in the cluster, outskirts or field), we find clus-
ter star-forming galaxies to be significantly metal rich, with a me-
dian metallicity 12 + log(O/H) =8.611 ± 0.004, which compares
with 12 + log(O/H) =8.476 ± 0.003 for the cluster outskirts and
12 + log(O/H) =8.433 ± 0.016 for outside the cluster. Our results
thus clearly indicate that star-forming galaxies in the merging clus-
ters are significantly metal rich, practically solar, being about ∼
0.15 dex more metal rich than other star-forming galaxies outside
the cluster.

We find that star-forming galaxies in the cluster show signif-
icantly higher metallicities than star-forming galaxies in the out-
skirts or in the field environment, although star-forming galaxies in
the post-shock regions show an even higher metallicity, fully con-
sistent with solar metallicity. We note, however, that star-forming
galaxies in the post-shock regions also have a slightly higher me-
dian stellar mass (+0.12 dex), and thus the slightly higher metallic-
ities when compared with the remaining galaxies in the cluster, can
be fully explained by the mass-metallicity relation (see §3.6). Thus,
both sub-samples show a very high metal-enrichment.

We note that star-forming galaxies in the cluster are also
slightly more massive, as a whole, than those in the other environ-
ments, and thus it is very important to look at the mass-metallicity
relation, in order to address whether the higher metallicity is simply
a consequence of higher stellar masses, or a genuine higher metal-
licity even at fixed mass.

3.6 The Mass-Metallicity relation for the Sausage merging
cluster

Having found that our merging cluster star-forming galaxies have
higher metallicities than those in lower density environments, we
investigate the mass-metallicity relation. We show our results in
Figure 13. We find a strong relation between metallicity (here
traced by the [NII] / Hα ratio and using the conversion of Pettini &
Pagel 2004 for star-forming galaxies) and stellar mass, both when
we look at individual sources (Figure 13: right panel) and particu-
larly when we look at stacks as a function of stellar mass (Figure
13: left panel). We find that Hα emitters in both the cluster and
the field have metallicities that correlate with stellar mass. We also
show where AGNs would be placed had they not been excluded
from our analysis, clearly showing that they would bias the metal-
licities to higher values. We note that all AGNs were excluded from
the metallicity analysis, both for the fits with individual sources
and for all the stacks that measured metallicities (the only excep-
tions are for “full” samples in Table 2, but we make explicit notes
that those values are still contaminated by AGN). We also note
that because of significant dust extinction on the line of sight, the
[OIII] 5007/Hβ ratio is overestimated, thus making our cuts even
more conservative in excluding potential AGN.

Our results clearly reveal, both based on the combination of
individual measurements, and based on the stacks for each sub-
sample, that our merging cluster star-forming galaxies are signifi-
cantly more metal-rich than those outside the cluster. We find this to
be valid for masses higher than 109 M� (for which we are reason-
ably complete), although the difference seems to be even higher for
masses > 1010 M�. We note that this difference, of about 0.15 to
0.2 dex, found at all masses, is based on two fully comparable sam-
ples, with the same selection function, same completeness, with the
sole difference being the environment in which these star-forming
galaxies reside in. We also compute metallicities using the O3N2
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indicator (Alloin et al. 1979) and recover similar results. However,
measurements based on O3N2 have much lower S/N, due to the
high level of dust extinction affecting both [OIII] 5007 and Hβ (up
to ∼ 3 mag). In addition, because of the difference in wavelength
between the two lines (∼ 176 Å), the [OIII] 5007 and Hβ emis-
sion lines suffer from different dust extinction values. Therefore,
the [OIII] 5007/Hβ line ratio is biased high (average ∼ 0.06 dex),
while [NII] / Hα ratio provides, in this case, a much better metallic-
ity estimator. With [NII] / Hα we can measure metallicities at much
higher S/N, in exactly the same way for our fully comparable sam-
ples in and outside the cluster and without the potential biases from
dust extinction, as [NII] and Hα are only separated by 20.8 Å.

We also compare our results with those in the literature, par-
ticularly with SDSS (Maiolino et al. 2008, after applying the appro-
priate corrections for a different metallicity indicator and a different
IMF). In practice, we find that star-forming galaxies in the Sausage
merging cluster follow the local (z ∼ 0) mass-metallicity perfectly,
even though they are being studied 2.3 Gyr before it was estab-
lished. On the other hand, star-forming galaxies outside the clus-
ter follow a mass-metallicity relation more applicable to slightly
higher redshift galaxies (Maiolino et al. 2008). We also use the pa-
rameterisation of Maiolino et al. (2008) to fit our mass-metallicity
relations for cluster and star-forming galaxies outside the clus-
ter. The parameterisation is given by: 12 + log(O/H) =−0.0864 ×
(log M −M0)2 + K0. For Cluster star-forming galaxies we find
M0 = 10.68 ± 0.04 and K0 = 8.72 ± 0.01, while for star-
forming galaxies outside the cluster the best fit is given by M0 =
10.49± 0.14 and K0 = 8.56± 0.03.

While we find evidence that the Fundamental Metallicity Re-
lation (Mannucci et al. 2010) is somewhat applicable to our data
(at all environments), our sample (particularly when split in differ-
ent environments and only focusing on robust star-forming galax-
ies) is too small to properly address how these sources fit into the
FMR and particularly to attempt to constrain it. However, we note
that both samples (cluster and outside the cluster) are very well
matched in SFR (see Figure 7 and Stroe et al. (2015)), and thus the
difference in metallicity for a fixed mass cannot be explained by a
typically lower SFR. Nevertheless, it should be noted that the scat-
ter on individual measurements in Figure 13 (right panel) seems to
be mostly driven, at fixed stellar mass and fixed environment, by
SFR.

4 DISCUSSION: SHOCK INDUCED STAR-FORMATION,
COOLING OR TURBULENCE?

By obtaining high S/N spectra of the bulk of the sample of candi-
date line emitters in the Sausage cluster, we were able to confirm
them as Hα emitters. We find that about 65% are consistent with
being powered by star-formation, with about 35% being AGN. We
find Hα star-forming galaxies in the cluster to be highly metal-rich
and to already follow the SDSS z ∼ 0 mass metallicity relation. We
also find striking evidence of ubiquitous outflows in the majority of
our cluster Hα emitters: not only strong P Cygni profiles, mostly
in cluster AGN, but also for star-forming galaxies, where we find
redshifted emission lines and particularly significantly blue-shifted
Na D emission. We find that such outflows are consistent with be-
ing driven by AGN for sources with clear AGN activity, while for
star-forming galaxies in the cluster, and particularly for those with
very high [SII]6716/Hα, away from the post-shock regions, these
are likely driven by supernova. It is also likely that star-forming
galaxies in the post-shock region are in a relatively earlier evolu-

tion phase compared to those away from it (which are likely in fi-
nal phase of star-formation, showing the strongest outflows and the
strongest evidence for supernova). We argue that the merger must
have had a significant effect on all these Hα emitters. This is be-
cause the cluster, despite being extremely massive, shows a surpris-
ing number of active Hα emitters, but also because all Hα emitters
in the cluster show significant differences in their properties to field
galaxies.

A requirement for the shock and cluster merger to increase
star formation and AGN activity is that the galaxies within the
sub-clusters are still relatively gas rich or have at least some re-
maining amount of relatively cool molecular gas, capable of being
turned into stars in a few Myrs, or be accreting such gas at a suffi-
cient rate. The Hα emitters in the ‘Sausage’ cluster present masses
109−10.7 M� and are in general very metal-rich, particularly given
their mass, following the SDSS relation at z = 0. Field Hα emit-
ters at the same redshift but outside the cluster show systematically
lower metallicities at all masses (see Figure 13). The metallicity as
measured from nebular lines for the HII regions is essentially solar
for cluster star-forming galaxies, suggesting that these Hα emitters
are using relatively metal rich gas to form new stars at all stellar
masses. What is the source of these reservoirs of gas?

A source of gas would be a reservoir of high-metallicity
Z ∼ 0.3 ICM gas (Leccardi & Molendi 2008), compared to field
galaxies which may preferentially accrete low(er)-metallicity gas
(Z ∼ 0.01 at z ∼ 0.2, Fox 2011) from their inter-galactic (filamen-
tary) medium. Accretion of ICM gas was also proposed as an inter-
pretation for the metal-rich (Z ∼ 1.1Z�) spirals found in the Virgo
cluster (Skillman et al. 1996). By contrast, if we assume the galax-
ies to be closed-boxes, supernova explosions (SN) of asymptotic
giant branch (AGB) stars would enrich the intra-galactic medium
with metals and, given the higher-mass of the galaxies and the large
potential of the cluster, this gas could be retained and fall back into
the galaxies.

A slight elevation of 0.04 dex was also found in the metallic-
ities of a large sample of cluster galaxies, as compared to the field
(Ellison et al. 2009) – our results go in the same direction, but we
find an even higher offset. Cooper et al. (2008) also find that galax-
ies at low redshift residing in higher density environments tend to
have higher metallicities, at fixed mass, than those in lower density
regions, in agreement with our findings. Interestingly, this trend is
also being found at higher redshift. By studying an over-density of
Hα emitters at z = 0.8 with KMOS, Sobral et al. (2013b) find that
star-forming galaxies in the high-density group-like or filamentary
structure are more metal rich than those in the field. However, the
difference can be explained by the fact that galaxies residing in
higher density regions are also more massive. On the other hand,
and at higher redshift, Kulas et al. (2013) used MOSFIRE to study
a “proto-cluster” at z ∼ 2.3. They also find that galaxies in the
proto-cluster environment are, on average, more metal rich than
those in the field comparison (which the authors also obtain with
the same instrument and set-up, to be fully comparable), particu-
larly for stellar masses of ∼ 1010 M�. Similar results are found
by Shimakawa et al. (2015), who study two rich over-densities at
z ∼ 2.2 and z ∼ 2.5. Shimakawa et al. (2015) find that galaxies
residing in over-densities likely have higher metallicities than those
in the field sample presented by Erb et al. (2006).

As long as there is some relatively cool gas in cluster galaxies,
and even if that gas is relatively unlikely to form stars on its own
(e.g. not dense enough/too stable), the passage of a shock wave can
likely introduce the turbulence needed for that to happen. Given
the shock properties and velocity, the shock is expected to traverse
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galaxies within a relatively very short timescale of about 10 − 50
Myr. Hence the shock induces turbulence quickly, which may lead
to further gas cooling and collapse of any gas that is still avail-
able in the galaxies – although due to the time needed for that to
happen, a time delay is expected from the passage of the shock
wave to the star-formation episodes. However, the enhancement of
star formation and AGN activity following the shock passage can
quickly deplete the gas reservoir. This is because while part of the
gas fuels SF and goes into stars, we also find evidence of strong
outflows in our cluster Hα star-forming galaxies, and also for our
Hα cluster AGN: these can easily further remove gas and lead to
relatively short depletion times. We therefore expect the passage of
the shock to lead to a steep rise in SF for a few 10 − 100 Myr,
followed by a quick quenching of the galaxy and a shut-down in
the formation of new stars. Given the evidence for strong outflows
and supernova in cluster Hα star-forming galaxies not in the post-
shock region (which may have been affected even longer ago), such
galaxies may be in the final phase of quenching. This is a very likely
scenario, particularly because the latter are satellites of extremely
massive dark matter haloes of > 1015 M�. Therefore, any gas that
is expelled from the galaxy by strong outflows will easily be lost to
the ICM.

We also note that a high number of our Hα emitters in the
Sausage cluster are located near the shock fronts, in the post-shock
region, fully consistent with the shock front affecting them 100-
200 Myrs ago. At the passage of the shock wave two potentially
important things happen: i) firstly, magnetic fields are amplified and
aligned and they funnel material to infall only along the field lines
(this may have helped sources to accrete ICM gas in some condi-
tions and/or to force gas in the galaxies to become denser) and ii)
after the shock passes, turbulence takes over and the fields also get
tangled; thus, such conditions (provided galaxies still have some
molecular gas) should enhance/promote star formation.

We therefore conclude that whatever process is driving the en-
hanced star-formation activity in the merging cluster, it will con-
tribute to the build-up of the red sequence, as even though new
stars will form, the feedback processes that we see happening will
quickly quench any galaxy that still had enough gas to form stars
and that was able to cool/accrete gas.

5 CONCLUSIONS

We presented spectroscopic observations of 83 strong Hα emitters
in the “Sausage” merging cluster and in surrounding regions. Our
sample, split into cluster, outskirt and field Hα emitters, selected
in the same way, and with very high S/N, allows us to unveil the
nature and properties of sources, and directly compare them across
environment. Our main results are:

• We find that ∼ 35 % of the cluster Hα emitters are AGN,
similar to what is found in the field (29± 7%). We do not find any
significant evidence for galaxy-galaxy (major) mergers in our Hα
emitters in the cluster, thus ruling out that the elevated activity is
due to galaxy-galaxy mergers.
• Cluster star-forming galaxies in the hot X-ray gas and/or in

the cluster sub-cores show exceptionally high [SII] 6716, imply-
ing very low electron densities (< 50× lower than all other star-
forming galaxies) and/or significant contribution from supernova.
• Cluster star-forming galaxies show evidence of significant

outflows (blueshifted NaD, 200 − 600 km s−1), likely driven by
supernova. Individual signatures of strong, massive outflows are
also found for the cluster Hα AGN, including P Cygni profiles. All

cluster star-forming galaxies near the centre of the merging clus-
ter show significant outflows, and thus this will likely lead to star-
formation being quenched rapidly.
• Cluster star-forming galaxies are highly metal-rich, roughly

solar, and those in the post-shock region are the most metal rich
(12 + log(O/H)= 8.632± 0.004).
• Hα star-forming galaxies in the Sausage merging cluster fol-

low the local Universe mass-metallicity relation. However, Hα star-
forming galaxies in the Sausage merging cluster also show sys-
tematically higher metallicity (∼0.15-0.2 dex) for M > 109 M�
when directly comparing with our Hα emitters outside the cluster.
This suggests that the shock front may have triggered remaining
gas which galaxies were able to retain into forming stars.

Our observations show that the merger of massive (∼
1015 M�) clusters can provide the conditions for significant star-
formation and AGN activity, but, as we witness strong feedback by
star-forming galaxies and AGN (and given how massive the merg-
ing cluster is), and particularly because these sources reside in very
massive haloes of > 1015 M� which will not likely allow galax-
ies to re-accrete gas, such sources will likely be quenched in a few
100 Myrs.
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