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ABSTRACT

We have used new deep observations of the Coma cluster@alaxy Evolution Explorer
to visually identify 13 star-forming galaxies with asymmemorphologies in the ultraviolet.
Aided by wide-field optical broad-band andwimaging, we interpret the asymmetric features
as being due to star formation within gas stripped from tHexgeas by interaction with the
cluster environment. The selected objects display a rahsfeuxtures from broad fan-shaped
systems of filaments and knots (“jellyfish”) to narrower antbsther tails extending up to
100kpc in length. Some of the features have been discuseeibpsly in the literature, while
others are newly identified here. We assess the ensemblerfiesjof the sample. The candi-
date stripping events are located closer to the clustereémin other star-forming galaxies;
their radial distribution is more similar to that of all ctes members, dominated by passive
galaxies. The fraction of blue galaxies which are undemgsinipping falls from 40 per cent
in the central 500kpc, to less than 5 per cent beyond 1 Mpc. Wdtfiiat tails pointing away
from (i.e. galaxies moving towards) the cluster centre amngly favoured (11/13 cases).
From the small number of “outgoing” galaxies with strippsignatures, we conclude that the
stripping events occur primarily on first passage towardthster centre, and are short-lived
compared to the cluster crossing time. Using galaxy infajettories extracted from a cos-
mological simulation, we find that the observed fractionloEgalaxies undergoing stripping
can be reproduced if the events are triggered at a threshdids of~1 Mpc and detectable
for ~500 Myr.Hubble Space Telescopeages are available for two galaxies from our sample
and reveal compact blue knots coincident with UV andéinission, apparently forming stars
within the stripped material. Our results confirm that gty of gas from infalling galaxies,
and associated star formation in the stripped material visdaspread phenomenon in rich
clusters. Deep UV imaging of additional clusters is a pramgisoute to constructing a statis-
tically powerful sample of stripping events and constragniodels for the truncation of star
formation in clusters.
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1 INTRODUCTION

In rich galaxy clusters, the evolution of the member galsxéad
the intra-cluster medium (ICM) are intricately linked, abigh vari-

* Email: russell.smith@durham.ac.uk ous forms of ejection of material from galaxies into theirrsund-
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ings. Galaxies in dense environments are susceptiblesmfagtel-

lar mass through tidal stripping, removal of cold gas froraith
disks by ram-pressure stripping (e.g. Gunn & Gott 1972; iQuil
Moore & Bower 2000), and stripping of hot gas from their halos
by the same mechanism (e.g. Larson, Tinsley & Caldwell 1980;
McCarthy et al. 2008). The eventual consequences are advari
as the physical processes involved: depletion of cold gasates
star formation the disks, perhaps leading to the formatfarius-

ter SO galaxies; halo-stripping causes a more gradualrdeiciithe
star-formation history (“strangulation” or “starvationtidal strip-
ping transfers individual stars and globular clusters # ititra-
cluster population (e.g. Peng et al. 2010), and may disruwairfd
enough to affect the luminosity function (e.g. HenriquesrtBne

2 SAMPLE CONSTRUCTION
2.1 Observations

Our primary observational resources are deep ultravidldf) (
imaging from theGalaxy Evolution Explore(GALEX satellite,
and ugi optical imaging from the 3.6m Canada—France—Hawaii
Telescope (CFHT). ThE ALEXdata are especially useful to search
for stripping events because the formation of young starthén
stripped material leads to high contrast in the UV. Accagtlinwe
limit our study to the area covered by two deBALEX observa-
tions.

In the core of the cluster, we obtained a deep observation in
GALEXCycle 5 (PI: Smith), in ‘petal-pattern’ mode to ensure de-

& Thomas 2008); stripped cold gas may be heated and mixed with tector safety due to the presence of UV-bright stars in tHe.fie

the ICM, or survive in clumps that can heat the cluster corekéD
& Birnboim 2008), or fragment to form new stars or clustergha
intra-cluster population (Yoshida et al. 2008; Puchweial €2010).

There is substantial observational evidence for gasesuspta
posed to purely stellar) stripping events in clusters. Nigt@xam-
ples are seen in Virgo (e.g. Phookun & Mundy 1995; Crowl & Ken-
ney 2006; Vollmer et al. 2009), Abell 3627 (Sun, Donahue &t\oi
2007; Woudt et al. 2008; Sun et al. 2010), Abell 1367 (e.g.d2av
et al. 2001; Scott et al. 2010), as well as in Coma (e.g. Vallete
al. 2001; Yagi et al. 2007; Yoshida et al. 2008). Two particiyl
spectacular cases have been highlighted by Cortese eoar)(ih
Abell 1689 and Abell 2667 at ~ 0.2. Another example in a dis-
tant cluster (Abell 2125 at = 0.25) is discussed by Owen et al.
(20086).

The total exposure time in the co-added data used for ouysiral
is 14.7 ksec in the NUV detector and 13.6 ksec in the FUV. In the
south-west part of the cluster, we use the deep observatame m
in GALEXCycle 2 (PI: Hornschemeier), and analysed by Hammer
et al. (2010a). The co-added images used for the present-anal
sis, have a depth of 21.0/19.8 ksec (NUV/FUV), slightly &
the total integration used by Hammer et al. Together,GiA¢. EX
fields extend nearly to the virial radius of the cluster, amdude
the well-known infalling group centred on NGC 4839 (Briekhty
& Bohringer 1992). In the core field, the surface brightniasst
for detecting diffuse structures (which we define asoafl8ctu-
ation on 10«10 arcsec areas) is 29.7 magarcsein NUV and
30.1 mag arcsee in FUV.

Complementary optical data have been obtained with Mega-

Simple calculations based on the arguments of Gunn & Gott Cam at the CFHT (PI: Hudson), imaging a 3ded area centred

(1972) suggest that ram-pressure stripping is effectivialynin the
cores of clusters. Several groups have recently perforretailed
simulations of individual galaxies to investigate the pijges of
the stripped tails (e.g. Roediger & Briiggen 2008; Kapfeteal.
2009; Tonnesen & Bryan 2010). The simulations with radetiv
cooling (Kapferer et al.;Tonnesen & Bryan) show narrowhhig
structured tails, with dense clouds embedded within therheiV
star formation is included (Kapferer et al.), the starsta@an these
dense clouds in some cases fall back towards the strippadygal
adding to its bulge.

Until now, observational studies of ongoing stripping insl
ters were based on one or two galaxies per cluster, in ctusfer
disparate properties and a range in redshift. As a resulining-
ful statistical conclusions about the stripped galaxiagad¢oot be
drawn. In this paper, we use wide-field UV and optical imagiata
to identify asampleof candidate gaseous stripping events in a sin-
gle nearby cluster (Coma), primarily on the basis of emisfiom
young stars formed in the stripped gas. Rather than coraterdn
details of the individual cases, we instead focus on themeblse
statistics of galaxies undergoing this process, includimgy radial
and redshift distributions compared to other cluster gataxand
the orientation of their projected velocities relative ke tcluster
centre.

The paper is structured as follows: The observations and se-

lection of candidate stripping events are described ini@ed,
followed by a brief description of each of the selected aisjewith
reference to previous work. The spatial and redshift diistidn of
the sample is analysed in Sectidn 3 and interpreted in Sddtio
Our conclusions are summarized in Secfibn 5.

Throughout the paper, we adopt a distance of 100 Mpc for
Coma, so that the distance modulus is 35.0 and one arcmiaute ¢
responds to 29 kpc.

on the cluster core. The exposure times were 1360s, 300s,i800
u, g andi bands. After pipeline processing and stacking, the 80 per
cent completeness depths for point sources are at least24®
and 23.5 inu, g ands, with variations from field to field due to
varying sky brightness. In the central field, the surfacegMiriess
limit (defined as above) is 27.6, 27.4 and 26.5 mag arcsét u,

g andi. The image quality in theé-band ranges from 0.5 arcsec to
0.8 arcsec FWHM, with a median 6f0.6 arcsec.

Within the central part of the cluster, we also employed almuc
deeperu-band MegaCam dataset obtained from the archive (PI:
Adami), using a custom stack kindly generated by Dr S. Gwyn,
with a total integration of 23400s, and FWHM 1.3 arcsec. Ture s
face brightness limit is 28.5 mag arcséc This image was not used
for construction of catalogues, but only as an additionsdiai ref-
erence for faint features in theband.

We made similar incidental use ofcHimaging data from
the 2.5m Isaac Newton Telescope (INT, PIl: Mouhcine). The H
data are part of a wide-field survey covering?2.5dedg of the
cluster and sensitive to ddemission in the redshift range: =
4900 — 10800 km s~*. These data will be presented and analysed
elsewhere. Here, we used continuum-subtractadrihges of the
GALEXselected candidate stripping events, to assess thebdistri
tion of ongoing star formation in the stripped systems.

2.2 Catalogues

In order to measure matched-aperture colours, the Mega@am i
ages were resampled, usisgyARP(Bertin et al. 2002), to the same
1.5-arcsec pixels as tHeALEXdata, and smoothed to match the
~5arcsec FWHM point-spread function (PSF) of the UV images.
In the latter step, we applied a circular gaussian PSF, anthever

all of the data. Although variation and ellipticity of the PShould
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Figure 1. The UV versus optical colour-magnitude relation for
spectroscopically-confirmed cluster members within the @&ALEXfields.
No galactic extinction corrections ércorrections have been applied. The
galaxies plotted in red are outliers from a robust fit to tliesequence, indi-
cated by the solid line. Objects bluer than the dashed lidél@at” —: = 4
form the sample examined for signs of gaseous stripping.1Breandidate
stripping events identified in this paper are highlightedytgen crosses.

be taken into account for photometry of higher precisioaséhap-
proximations are justified for our purposes.

Photometry was performed using $SERACTOR (Bertin &
Arnouts 1996) in dual-image mode. The MegaCatoand im-
ages were used for object detection, deblending and apedtfr
inition. Magnitudes for the detected objects were then ageg
within common apertures for the tWeALEXand three MegaCam
bandpasses. In this paper, all magnitudes and colours seel lom
counts within the-band elliptical Kron-like aperture.

Finally, the catalogues were matched to a compilation of red
shift data, including a deep survey made with Hectospe®d.m
MMT (Marzke et al. in preparation). Within the surveyed figld
there are 589 known member galaxies, defined by 3908~ <
cz <13000kms™*, havingi < 18 (M; < —17), and all but two
of these were recovered in tBALEXdata with positive flux. Fig-
ure[d shows theVUV — i colour—magnitude relation for the re-
sulting galaxy sample. A clear red sequence of passive igaléx
seen, with a scatter of 0.38 mag around a linear fit, whichps ty
cal for the NUV colours (e.g. Rawle et al. 2008). The systémat
deviation from the linear fit for the brightest galaxies kely due
to contamination from the UV-excess sources (old hot staing}h
dominate at FUV but also contribute substantial flux at NUV.

2.3 Visual selection of candidate gaseous stripping events

”

We aim to identify stripping events that are due to “gaseadns
teraction with the surrounding medium. Under this defimitizve
include several processes including ram-pressure stgppiscous
stripping, and also tidal interactions perturbing the d¢#mwever,
we do not include tidal disturbance or disruptionpafrely stellar
systems, which may also be common in clusters (e.g. Gregg& We
1998), but which are not sensitively probed by UV data. Alitjo
gaseous interactions directly perturb the gas distributicich can
be observed in HI 21 cm emission), they may also lead to the for
mation of new stars within the stripped material which sgign
affect the appearance of the galaxy in the UV regime. Asymmet
ric features in the UV morphology thus provide iadirect probe

(© 2010 RAS, MNRASD00,[1H1d
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of ongoing (or at least very recent) gaseous stripping. Thegry
criterion we apply to select a sample of such events is thezef
UV asymmetry visible in th&ALEXimage, without a strong cor-
responding disturbance in the redder bands of the MegaCtan da

An initial visual search in the centr@ALEXfield revealed a
number of candidates for recent gaseous stripping, inetudev-
eral previously noted in the literature. All have blue UVeptical
colours, withNUV — i < 4, compared to red-sequence colours of
5 < (NUV —i) < 6. To construct a more controlled sample, all 80
galaxies WithNUV — 4 < 4 and M; < —17 (see Figur&ll) were
subsequently examined closely in the UV and optical images,
search for comparable features. The simple constant ctiioesh-
old was adopted for simplicity; examining the galaxies thauld
be selected by a sloping cut that follows the red sequencaddio
tional similar objects were found. During the visual exaation of
blue galaxies, ten were judged to be due to blends with neighb
ing galaxies or contaminated by image edges, ghosts, halos f
bright stars, etc. These are removed from the sample of ue o
jects when computing fractions and distributions in thédofeing
sections.

We identified 13 galaxies showing UV asymmetry which
we interpret as evidence for ongoing gaseous strippingl¢Tab
and FigurdR). Some galaxies show clearly distorted imagis,
the optical data resolving multiple filaments offset asyrtrioally
from the galaxy. These are similar to the “jellyfish” galaxi@
more distant clusters described by Cortese et al. (2007@tHer
cases, the features we identify are trails of UV emissionyliich
the optical counterpart takes the form of narrow streamsuongs
in the u-band image. These objects appear more like “tadpoles”,
and include for instance the galaxy with a 60 kpe tail discussed
by Yagi et al. (2007).

2.4 Comments on individual objects

In this section we briefly discuss the characteristics ohegdaxy
in our sample, and the features which led to its identificatis a
gaseous stripping candidate (see also Figlre 2). Wherant|ave
summarise any previous literature discussion of each gatathe
context of gas stripping.

GMP 2559 = IC 4040

This is a spiral galaxy with an irregular, patchy distriloutiof
dust obscuration. It is one of only two galaxies in our santipég
fall within the footprint of the Coma HST/ACS Treasury Stﬂe
(Carter et al. 2008, Hammer et al. 2010b). TRALEXimaging
reveals a plume of emission towards the south-east, anel tbra-
pact sources to the south-west. At very low surface brigisthev-
els, the region between these two features appears to kb bifle
faint diffuse UV emission.

The UV plume to the south-east extendsl.8arcmin
(~50kpc) from the centre of GMP 2559, and can also be seen in
the deep Adami,-band image, though there is no clear counter-
part in our shallower MegaCam data. The trail passes close to
neighbouring faint red-sequence galaxy GMP 2529, whiclffseb
by 775km s~ ! in radial velocity. Co-located with the UV plume is
an Ho trail extending at least 1.4 arcmin (40 kpc), with secondary

1 The custom-reduced ACS imaging from this survey is publslgilable
from http://archive.stsci.edu/prepds/coma
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Figure 2. Images of the candidate stripping events. For each galbefjrst panel shows a greyscale image of the comb@®AUEXFUV and NUV bands,
while the second panel is@ALEXMegaCam composite with NUV and FUV combined for the bluenieh, g andu combined for the green aridor the red.
The yellow line points along the direction we identify as@ltt, while the blue line points away from the cluster centirie emission, from INT narrow-band
imaging, is overlaid as contours for selected objects (GEF2GMP 2599, GMP 2910, GMP 3816, GMP 4060, GMP 4471 and GN2RY4& he third panel
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Table 1.Identifications, co-ordinates and other data for the gatagiscussed in this paper. GMP numbers are from Godwin,d\let& Peach (1983). P.A.
is the average position angle (in degrees east of northheostripped material estimated by eye from the images. Tgke an.,s is measured between the
tail and the cluster-centric vector, such that,,; = 0° is a tail directed away from the cluster centre, &ng,s = 180° is a tail directed towards the cluster
centre. The column headed “type” gives the morphologia@s<hssigned by Dressler (1980 khdicates whether extended or asymmetrig émission is
observed in our INT data. The “comp” column indicates whethe galaxy has a bright projected neighbour galaxy with allradial velocity difference
(< 500km s~ 1). The final column is the leading identification in the NASAtEgalactic Database.

ID R.A. Dec D¢ cz % NUV — i PA. 6O.qus Type Hx comp NEDname
(J2000)  (J2000) [kpc] [kms!] [mag] [mag] [deg] [deg]
GMP 2559 195.158  28.057 448 7845 14.37 2.55 177 110  Scd y n 4Q 40
GMP 2599 195.140 27.638 694 7497 15.04 1.94 141 5 Sb y n KUGHZAB
GMP 2640 195.122  27.515 874 7429 15.26 3.20 336 179  SOp n y K877
GMP 2910 195.038  27.866 277 5297 15.08 3.46 62 65 | y n MRK 006DOL
GMP 3016 195.004  28.082 278 7765 17.40 3.05 40 3 — n n MAPS-NGP31D924669
GMP 3816 194.759  28.116 360 9431 14.82 2.23 326 4  Sbhc y n NGE 485
GMP 4060 194.678  27.760 501 8756 16.36 2.83 180 45 — y n SDEBARBH8+274537.8
GMP 4232 194.628  27.564 831 7283 17.45 251 138 73 — y y MAP$RG23 1033883
GMP 4471 194.523  28.243 786 7193 13.22 2.69 332 21  Scd y n N@&g 48
GMP 4555 194.491  28.061 675 8163 14.82 2.88 235 51 | y n KUG 1233
GMP 4570 194.486  27.992 659 4595 16.50 1.20 304 29 | n n SDIF86279+275930.3
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Figure 2 — continued

Ha peaks at 12, 23 and 28 kpc from the nucleus. The ACS imag- GMP 4060 (Yoshida et al. 20@)The south-west clumps also ap-
ing appears to show compact, fairly red objects centraitated pear in archival Spitzer/MIPS data of Bai et al. (2006), asiatf
within these peaks, but these may simply be chance aligmment extension of the 24m emission from GMP 2559, coincident with
The galaxy is deficient in HI (Defi = 0.56, Gavazzi et al. 2006), the UV/optical/Hy detections.

and Bravo-Alfaro et al. (2001) note that the HI distributisroff-

set towards the south-east (i.e. the same direction as éh&ib).

A displacement in the same sense is seen for both the X-ray andgpmp 2599 = KUG 1259+279A

radio continuum emission (Finoguenov et al. 2004; Milleorkt
schemeier & Mobasher 2009). This spiral galaxy appears distorted in BALEXimage, showing

broad streaks that point south-east away from the clust@rece

The three UV-bright objects to the south-west, which have no Some faint knots are visil.)Ie.in the MegaCam images. Millalet
previously been discussed in the literature, are also segreitH (2009) note the radio emission is offset from the galaxy argt s
emission maps, extending 0.8 arcmin (23kpc) from the nscleu 9estive of ram-pressure stripping, while Finoguenov e{z004)
The central object is catalogued as GMP 2572, and has been confound that the X-ray source is offset to the east of the galaxy
firmed using spectroscopy from LRIS at Keck (Chiboucas et al. Gavazzi et al. (2006) detected the galaxy in HI but indica t
in preparation) to be a strong emission-line source at aitglof it is strongly gas-deficient (Daf = 0.76). The Hv data show an
7600km s~ (i.e. 250km s~ lower than GMP 2559). Wolf-Rayet offset in the emission to the east of the galaxy centre.
features are observed in the spectrum, indicating a vergyiystar-
burst (~5 Myr). In the Carter et al. (2008) ACS imaging, the peaks
of the Hx emission to the south-west correspond to very blue, ir- 2 The “fireballs” in GMP 2559 and GMP 4060 are described in great
regular systems of compact knots, reminiscent of the “fitsbim detail in Sectiof 413.

(© 2010 RAS, MNRASD00,[1H1d
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Figure 3. The redshift and radial distributions of the galaxies wittipping features, compared to the matched Coma membexigaléupper panels) and
to the blue galaxies without ongoing stripping (lower paheThe vertical tick above each histogram marks the medidmeccomparison sample, while the

open symbols show the stripping galaxies (at arbitraryicadrposition).

GMP 2640 = KUG 1258+277

This appears to be an edge-on SO or spiral galaxy, which piese
a very long trail in theGALEX imaging, extending 3.5arcmin
(100 kpc) north towards the cluster centre. In the MegaCata, da
the trail is faintly visible and the inner morphology is dllyadis-
turbed. The galaxy is an HI non-detection in Bravo-Alfarcaét
(2000), with an upper limit which implies that it is gas defici
(Defar > 0.7). In the INT data, we do not detect anywémission,
either from the galaxy itself or from the trail. Close in prcjion are
an elliptical (GMP 2670 at 0.5 arcmin or 15 kpc, with 368 s~*
radial velocity difference) and a spiral (GMP 2601 at 1.2vdrc
or 35kpc, with 180&m s~ radial velocity difference); hence this
could possibly be a case of tidal stripping by a neighbougiaigxy,
rather interaction with the cluster itself.

GMP 2910 = MRK 0060 NEDO1

This irregular or spiral galaxy has a post-starburst spettn the
disk region, with the burst age estimated at 250 Myr and orgyoi
star formation in the nucleus (Caldwell, Rose & Dendy 1999).
our GALEXimage, we observe a narrow tail of lengti0.5 arcmin
(15 kpc), extending to the north-east. Stripping in thisagglwas
first discussed by Yagi et al. (2007), who reported a 60 kpc H
tail, which is also seen in our INT &dimaging. This remarkably
narrow and straight feature is also clearly seen in the degmh
u-band image, and is co-located with the UV trail. The presefc
continuum emission suggests that star formation is takiagepin

the stripped material, not merely ionization of a purelyegas tail

as proposed by Yagi et al. The galaxy is seen close in projecti
to an elliptical (GMP 2897, at 0.3 arcmin or 10 kpc) furtheragw
is another early-type galaxy (GMP 2852, at 1.0 arcmin or ) kp
but both have large differences in radial velocity (4%00s " and
2100km s~ ! respectively) and are unlikely to be physically asso-
ciated with GMP 2910.

GMP 3016

This is among the less convincing cases in the sample. GMB 301
itself is a faint irregular galaxy. About 0.5 arcmin (15 kgo)the
north-east, there is an elongated UV source which pointaridsy
the galaxy which could be a trail similar to the case of GMP®R91
In the Adamiu-band imaging, the ‘trail’ appears to extend up to
1 arcmin (30 kpc), with numerous clumps. A companion is seen i
projection to the south-west, along the same axis as thé. ‘tta
radial velocity is 831&ms™!, which is 55Gms~"! larger than
that of GMP 3016, so the two galaxies are potentially assedja
however it is much fainteri(= 18.7) and unlikely to be caus-
ing a major tidal disturbance. There is no clear detectiostaf
formation in Hx. It is possible that this system could be a chance
alignment of unrelated galaxies.

(© 2010 RAS, MNRASD00,[1HI§



GMP 3816 = NGC 4858

This disturbed barred spiral presents a “jellyfish” morpigyl in
the GALEXimage and in the MegaCam data (especialpand).
Several tails and knots, are seen in a broad fan-like digtab,
extending 0.5 arcmin (15 kpc) to the north-west, away fronster
centre. There are strong variations ins-UV flux ratio among
the various filaments; in particular the brightest UV stanetis not
coincident with the strong centraldifeature. The galaxy is defi-
cientin HI (Defs; > 1.1), based on the upper limit to the gas mass
published by Gavazzi et al. (2006). The galaxy is observeskcin
projection (0.6 arcmin or 20 kpc) to a large elliptical, GMP92,
with 1500km s~ ! radial velocity difference. Itis possible that these
galaxies are physically interacting, although their e&avelocity

is quite large compared to the characteristic internaloigés, and
hence strong mutual interactions are unlikely.

GMP 4060

This galaxy, discussed extensively by Yoshida et al. (20083 a
disturbed optical morphology suggestive of a merger remrzena

a post-starburst spectrum (Poggianti et al. 2004). Thesolise
tidal stellar debris prominent in the optical images, towest of
the galaxy. In theGALEXimages, the more spectacular feature is
a broad fan of emission extendingl arcmin (30 kpc) south of the
galaxy, with several bright knots. Yoshida et al. used daepd
band and kK imaging to reveal a complex network of filaments ex-
tending up to 2.7 arcmin 80 kpc from the galaxy. Embeddediwith
these filaments are bright star-forming knots, which Yoatgtal.
refer to as ‘fireballs’, which in several cases are co-latatith the
UV emission peaks. The galaxy and part of the filamentancstru
ture fall within the Carter et al. (2008) HST/ACS imaging\sy,
which reveals an extended clumpy substructure within twthef
fireballs, very similar to the knots south-west of GMP 2598¢e(s
Sectior 4.B). GMP 4060 is observed close in projection tdra fa
elliptical (GMP 4035 at 0.8 arcmin or 24 kpc), but there is @éa
radial velocity difference (210Bms~1), so a tidal interaction is
not likely.

GMP 4232

This is a distorted possibly spiral galaxy with an appareait to
the south-east in ttBALEXimaging. The MegaCam-band image
shows a fan of faint filaments/knots 0.5 arcmin (15 kpc) saatbt
of the galaxy; beyond this th@ ALEX"trail” is probably spurious,
caused by aligned unrelated galaxies. GMP 4232 is closejagr
tion and radial velocity to an edge-on SO (GMP 4255, at 0.6arc
or 20 kpc, with 29&km s~ radial velocity difference), so tidal in-
teraction is a possibility. The INT & imaging shows one bright
knot and some faint extended emission to the SE, coincidéht w
the UV features.

GMP 4471 = NGC 4848

This is the brightest galaxy in the sample, a spiral with sudied
inner morphology and a faint extension to the north-wesbigsn

the MegaCam imaging. In tt@ALEXdata, we observe trails point-
ing north-west away from cluster centre, certainly to lcfan
(40kpc), and tentatively to twice this distance. (The utaety
arises because this galaxy is close to the edge dbthieEXfield.)
The INT Ha images show an asymmetric distribution of emission
in the core, and a stream of emitting knots to the north-weste

(© 2010 RAS, MNRASD00,[1H1d

Gaseous stripping candidates in Coma9

galaxy, some of which are coincident with compact blue sesi
the MegaCam imaging. GMP 4471 has been the subject of pieviou
studies: Gavazzi et al. (1998) showed the hhorphology of the
inner region, but no extended structure. Bravo-Alfaro e{2001)
noted an unusual HI distribution peaking 0.3 arcmin (10 kyejh-
west of the core. It is also deficient in total HI (Ref > 0.49,
Gavazzi et al. 2006). Vollmer et al. (2001) discussed theulpsc
morphology in CO, Hl and H, and proposed this object as a “post-
stripping” galaxy, i.e. one which has already passed thuaihg
cluster. Finally Finoguenov et al. (2004) noted a tail ofa$+emis-
sion to the north-west of GMP 4471, making it one of very few
galaxies known to exhibit a stripping trail in hot gas.

GMP 4555 = KUG 1255+283

The GALEXimaging reveals a UV plume to the west of this dis-
turbed galaxy, oriented away from the cluster centre. InMlega-
Camu-band data, the inner part of the plume is delineated by faint
filaments extending to the south-west The: ldmission is also
asymmetric and extended to the south-west. Miller et al0g20
note that the radio emission is offset from the galaxy andjesg
tive of ram-pressure stripping. The X-ray morphology alspears
extended to the west in figure 3 of Finoguenov et al. (2004), al
though they do not specifically discuss this source.

GMP 4570

This is a distorted spiral galaxy, for which t@ALEXimage shows

a clumpy UV extension to the west, away from the cluster eentr
Ha is not detected from this object in the INT narrow-band imag-
ing, because its large velocity with respect to the clustétssthe
emission line outside of the filter profile. Theband MegaCam
image shows some trails and knots, coincident with the U\kpea
extending at least0.4 arcmin (12 kpc) from the galaxy centre.

GMP 4629

This distorted spiral shows an asymmetric extension ir@dA&EX
image. In the MegaCam data, multiple blue knots are seeneto th
north-west of the galaxy, away from cluster centre. Theimag-

ing shows secondary emission peaks to the north and noghefe
the core. GMP 4629 lies close in projection (0.7 arcmin or &) k

to an elliptical galaxy (GMP 4648), with 306n s~ ! radial veloc-

ity difference, and hence a tidal interaction is possiblthia case.

GMP 5422 = IC 3913

This is perhaps the least convincing example of strippingun
sample. The galaxy is a spiral with a distinct opening of {hieas
arms to the south-west, and an enhancement of star formation
the north-east. The galaxy is part of the NGC 4839 group to the
south-west of the cluster core, and lies beyond the extemtofix
observations. Previous studies in HI (Bravo-Alfaro et 8I02), in

Ha (Gavazzi et al. 1998), and in radio continuum (Miller et al.
2009) have not suggested ongoing stripping in this galaxy.

2.5 Independent Hx identifications

During revision of this work, Yagi et al. (2010) submitted a@ppr
based on K imaging of the Coma cluster core from Subaru (much
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Figure 4. The fraction of blue NUV — i < 4) galaxies undergoing
gaseous stripping, as a function of distance from the clustatre. The
light and dark intervals represent 90 per cent and 68 perawetiidence in-
tervals, based on binomial statistics. The upper soliddhmvs the fraction
of bright late-type galaxies from Gavazzi et al. (2006) thieg more HI-
deficient than 95 per cent of galaxies beyond 3 Mpc. The dditied show
the 68 per cent interval on the HI-deficient fraction.

deeper than the INT data), in which thieylependentlgelect can-
didate gaseous stripping galaxies based on extendeteatures.
Yagi et al. confirm all six of ouGALEXselected objects within the

The term GSE, as we use it here, daesdistinguish between var-
ious possible physical mechanisms: tidal interaction waigigh-
bours or with the cluster potential, ram-pressure strippiiscous
stripping etc (see Boselli & Gavazzi 2006 for detailed dgsion of
these processes). In what follows, however, we muster stfip@
picture in which ram-pressure stripping is a major (thoughrnec-
essarily the only) process responsible for the objects wemk.

Instead of considering the details ioidividual galaxies, our
approach is to use the extensive data for Coma to analysenthe e
semble properties of theample In this section, we examine the
incidence and distribution of the GSE galaxies, in comparit
the cluster galaxy population at large, which is dominatedhe
red sequence members. We also compare the GSEs to a blue con-
trol sample comprised of the 57 galaxies WXt/ V' — i < 4 which
arenotidentified as GSEs (after excluding the ten galaxies judged
to have unreliable colours during the visual inspectiomplicitly
we assume that these star-forming galaxies are the “papepti-
lation from which the GSEs were triggered, and thereforissizal
differences between the GSEs and control sample indicatectf-
ditions responsible for the stripping events.

The left-hand panels of Figuiré 3 show the redshift distidsut
of the GSE galaxies, compared to the other Coma cluster ntsmbe
The GSE galaxies on average have slightly higher radiakiteds
than the full sample of matched members, but given the laetpey
ity dispersion £1000km s~ ') in Coma, the offset is not significant
(316 & 370 kms~'). The sample of blue members not undergoing
gaseous stripping is offset in the same sense, relativeetgdtaxy
population at large (b§604250 km s~ *). Thus the GSEs are con-
sistent with having been drawn from the same velocity diation
as either the full sample or the blue control sample.

The right-hand panels of Figuré 3 present equivalent compar
isons for the radial distribution, adopting a cluster cerdoinci-
dent with the giant elliptical galaxy NGC 4874. The GSE galax

region of overlapping observations (GMP 2559, GMP 2910, GMP ies are markedly more concentrated towards the clusterthare
3016, GMP 3816, GMP 4060 and GMP 4232). It is notable that &re the blue control galaxies, with 12/13 (92 per cent) lyiritnin
two of these (GMP 3016 and GMP 4232) were among the less se-1 MPC, compared to 26/57 (47 per cent) of the control sample. A

cure identifications discussed in the previous section. Y et
al. observations hence provide independent support fosamiple
selection methods in general.

3 STATISTICS OF GASEOUS STRIPPING EVENTS

The objects identified in Sectidn 2 were selected primaniiytie
basis of asymmetric UV light distribution, indicating atikbance
in the distribution of recently-formed stars, without @sponding
asymmetry in the old stars probed by redder optical bandgein
eral we assume these features to result from interactidnttét en-
vironment, i.e. either with neighbouring galaxies, or witle clus-
ter itself, via hydrodynamical or gravitational tidal fess These
forces act ongasin the parent galaxies, not only stripping gas
from the galaxy disks but also triggering the formation ofirstars
which become visible in the UV. In the hydrodynamical casgy o
the gas is directly affected, but the newly-formed starvigkothe
observed evidence. In the case of tidal interactions, iegistars
are affected as well as the gas, but the formation of new, Stars

Kolmogorov—Smirnov (KS) test yields @4 per cent probability
that the GSE galaxies were drawn from the same radial disiit
as the control sample galaxies. The GSEs are, in fact, ¢ensis
with being drawn from the much more concentrated distrdsuti
followed by all matched cluster members, which is domindigd
passive galaxies. Note also that the outermost GSE gala&&iyiB
5422 which is the least certain case of stripping identifiedeh
Removing it from the sample wouktrengtherthe discrepancy be-
tween GSE and control-sample galaxies in terms of the radal
tribution.

Next we consider the fraction of all star-forminy UV —i <
4) galaxies which are currently undergoing gaseous strgptor
the surveyed region as a whole, the GSE galaxies form adracti
Nast/Nowe = 13/70 = 0.19705¢. However, as shown above,
the incidence of stripping is concentrated towards thetetusore.
Within a radius of 1 Mpc from the cluster centre, the fractim
comesNGse, 1Mpe/Nblue,iMpe = 12/38 = 0.32 £ 0.07. These
fractions refer to the stripping features detectable indaia; future
deeper imaging might reveal even an larger incidence ofléwet
stripping activity. Figur€l4 shows graphically the vagatin strip-

damentally a gaseous process, causes the asymmetry toése espping fraction with radius. Clearly we have insufficient nienbto

cially prominent in the UV.

draw any secure conclusions regarding the form of the decdiny.

We therefore describe the UV trails discussed above as beingwhether there is really a sharp cut-off somewhere around d Mp

due to “gaseous stripping events” (GSEs hereafter): theymtaon
of UV asymmetries occurs through stripping of gas, star fiiom

within that gas, and subsequent UV emission from the nevs.star

which could indicate a threshold ICM density for stripping.
We have visually estimated the position angles of the
streams/trails/tails, and calculated the angle relatvilaé¢ cluster-
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Figure 5. The projected distribution and orientation of the galaxiégth stripping features. The dashed circles show the extetite GALEXimaging, while
large open circles show the locations of giant ellipticals@4839, NGC 4874 and NGC 4889, for reference. Small cirdiesvsall matched Coma cluster
members in our catalogues, highlighting in blue those WitV — ¢ < 4. The GSE galaxies are marked with large filled symbols antbv&cenoting the
direction of their projected motion, as inferred from th&ireams or tails. Galaxies apparently approaching théeclaentre are marked in blue, while those
receding from it are plotted in red. Dotted lines indicate tfuster-centric direction at the position of each GSE. fhilek green line-segment joins the two
residual X-ray maxima in the western structure identified\lgpimann et al. (2003). The inset shows the distribution efalignment anglé ;s between
tails and the cluster-centric vector. We defthg,,s to be near zero for galaxies apparently approaching (ils.gainting away fron) the cluster centre and
near 180 for galaxies apparently receding from (i.e. tails pointiogardg the cluster centre.

centric vector for each galaxy, again adopting the posiioNGC centre (within 30 of the cluster-centric vector), compatible with
4874 for the cluster centre. In some galaxies the positi@heanf stripping occurring on passage towards the cluster cedtrly.one
the debris is unclear, and a the adopted angle is open toedebat galaxy (GMP 2640) has a stream pointing direttiywardsthe clus-
For the case of GMP 2559, we interpret both the south-eakt tra ter centre, which instead implies that the galaxy has ajreadsed
and the south-west clumps as the brightest parts of a broadffa  through the cluster core. In the remaining six objects, Hysreme-
stripped material, and hence assign a position angle whiclose tries are at large angle to the cluster-centric axis, budfagalax-
to south. For GMP 4060, we ignore the tidal stellar debrishteo t  ies approaching, rather than receding from the cluster. cidne
west, and assign a position angle close to south, to destltdbe  distribution of cluster-centric angle is incompatible fwé uniform
star-forming knots and filaments. In each case, the positigies distribution at the 99 per cent level, according to a KS test.

are shown in the images of Figurk 2. Figlite 5 shows the latatio

and orientation of all the GSEs within the cluster, and sunsea

the distribution of alignment angles. Among the thirteefeots

selected here, six show streams extendimgy fromthe cluster

(© 2010 RAS, MNRASD00,[1H1d



o
o B e i am a m co
- ] -
°
°
g .
L ° i
= ‘e ° ., o °
= I ° 1
e L T o o o |
E — o &8 ° o
[=)] + ° i
‘© © o o° (,?: ° ® @ 0o0?° °
c I 0 %o o @ (3 b o ° E
Qo ° o" °° 0 o® °
IS F o 0 Fg 0 L o, e 1
Q 8 %% 2o 050 °° ° °
c = 08%g ° ° —
3 H] . -
2 8o .
8 r o Jo d % 020 ° o0 b
8 % ° ¢ w.c? o 004 . 0 ©
I o 0% e o 000 ° T
° 0% ° o
S Lo o0 oo o® o0 2 0% o °°0 ]
D | og oogeTe e o 0 %, C oo |
© RST B P e oo . .
o L OfeFo o0 0 *® o ° ° _
8 o [° g9 8 ° & o ® oo LS
= gBp P o8 PR °
A S PR -
2 200 ‘@I o0 05 o % ° ° J
g B g0 @ ® o ° ¢
o o L)
o oo 8 ic.o ° ‘.a °o o s E
o0 %, g o
[0 0@ S o, > 1
P e e o by by
o
0 500 1000 1500 2000 2500

Projected distance from cluster centre [kpc]

Figure 6. Projected distance to the nearest bright neighbour forterlus
members, as a function of distance from the cluster centrédéntify po-
tential cases of tidal interaction, we select only the nie@his that are no
more than 0.5mag fainter (i) than the target galaxy. The overall broad
correlation arises because the density of cluster membdnghest near
the cluster centre. The black points show the GSE galaxieshltie points
are the control sample of blue cluster members, and the grieyspare the
red cluster members. The points highlighted in green are G&ixies with
bright neighbours close in projection, and at similar rhdéocity (offset

< 500kms~1).

4 DISCUSSION

In this section, we discuss our results in the context ofratheer-
vations of stripping in dense environments. In particuls,com-
pare with other cases of UV#trails in other rich clusters (Cortese
et al. 2007; Sun et al. 2010), and with observations of Hk tail
Virgo (Chung et al. 2007, 2009). We also make reference te sim
ulations, especially those of Kapferer et al. (2009), teriptet the
various observed structures.

4.1 Ram-pressure stripping on first passage into cluster

The key results from Sectidd 3 are that blue galaxies witls tai
and other stripping features are preferentially locatezbeal to
the cluster core than blue galaxies without such features tlzat
the stripped tails predominantly point away from the clusen-
tre. Both results suggest that the stripping events are inergé
triggered by interaction with the cluster itself; while rgpressure
stripping by the intra-cluster gas is probably the key psscia-
volved, other mechanisms such as tidal interactions matyibate

to the features observed.

As noted in Sectioh 214, it is possible that at lesmheof the
GSE galaxies are interacting with neighbouring galaxiesh3Sn-
teractions are not simply an alternative to ram-pressuigpstg,
but may act in combination with it. Simulation work (e.g. Mokr
2003; Kapferer et al. 2008) has demonstrated that grasitakin-
teractions between galaxies can act to enhance the effi€aagne
pressure stripping, by pulling gas to larger radius wherait be
more easily removed by the intra-cluster wind. In Figlle & w

show the projected distance to the nearest neighbour faxigsl

in the matched member sample. The neighbours are drawn from
the same sample, i.e. confirmed cluster members With< —17,

and further restricted to be no more than 0.5 mag fainterh@n t
band) than the “target” galaxy, since tidal stripping is mefi-
cient for companions of comparable mass. The figure denaiastr
thatmostof the GSE candidates do not have closer neighbours than
non-GSE galaxies at similar distance from the cluster eehtow-
ever, in three cases (GMP 2640, GMP 4232 and GMP 4629) the
nearest neighbour is very close and also has similar radiatity

to the target galaxy, as required for tidal interactionshgDther
three galaxies with close projected neighbours have \gldifer-
ences>1500km s~ !, and are therefore unlikely to be physically
interacting.) GMP 2640 is the single clear exception to keetén-
dency for tails to be aligned away from the cluster centrdt &
tempting to invoke tidal stripping of stars and/or gas, eatthan

(or in combination with) ram-pressure stripping to accdonthis
galaxy. Finally GMP 4060 is worthy of note here; it is prohahl
merger remnant, and thus a case in which ram-pressure aid tid
interaction may have acted together to form its spectacylstem

of knots and filaments. We conclude from this test that tialiariac-

tion with neighbouring galaxies is not the mechanism resit®,

in generalfor the stripping events identified in this paper, but may
play a role in some specific cases.

An alternative possibility which is more difficult to distin
guish is that the stripping may be due to tidal interactioms with
neighbouring galaxies, but with the cluster potentiallftsBuch
effects would produce disturbances oriented preferdytiabng
the cluster-centric vector, as in the case of ram-presstippig.
There is qualitative evidence agaipsirelytidal interaction, in that
the old stellar material, as traced by theand luminosity distri-
bution, appears fairly undisturbed in most of the GSE gakxbut
this is hard to quantify. Moreover, as shown by Smith et 01(®
from a GALEXatlas of interacting field galaxies, the triggering of
star formation from gas in tidally-stripped material caadeo tails
that are accentuated in the UV even in the absence of ramstpees
stripping. Ultimately, the head-tail morphologies of manfythe
GSE galaxies provide the strongest, though not conclugve,
dence that the stripping events are indeed caused by rasupees
rather than tidal interaction.

Interpreting the observed trails as stripped matebithind
the galaxies that have suffered gaseous stripping, we tinéthe
stripping events are occurring mainly on approach to thstetu
centre. Furthermore, the absence of GSEs moving away frem th
cluster centre indicates strongly that the stripping ei®seen on
first approach to the cluster centre, and generally completed on a
time-scale short compared to the crossing time. Combinéutie
typical cluster-centric radius of 700 kpc, and a velocitypdirsion
of 1500km s, this yields a time-scale for the stripping event of
Tase 5 500 Myr.

This crossing-time argument is supported by analysing more
realistic infall trajectories extracted from the MilleniuSimula-
tion (Springel et al. 2005). We selected all galaxies wittllat
mass greater that0® My, in the model of Font et al. (2008), that
are members of the four most massive clusters in the sirouolati
(halo masses- 105 M). Ignoring the star-formation histories as-
signed by the semi-analytic machinery, we instead consaratn-
ple model which assumes each galaxy enters the clusterrfgrmi
stars (i.e. is “blue”) and is then stripped of gas when it fi@hes
within a threshold distance of 1 Mpc from the centre of theselu
ter. The galaxy is assumed to be observable as an ongoippistgi
event (i.e. a GSE) for a peridficsg after crossing this threshold
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radius, and to remain “blue” for a longer intervBl;,. = 1.5 Gyr
after stripping begins, while young stars are still presktantify-
ing the stage reached in this process for all galaxies-at0, the
predicted ratio of GSEs to all blue galaxies can be comparedrt
observed GSE fraction as a function of projected radius filoen
cluster centre. To match the assumptions used in intengréiie
observations, we use the angle between the projected tyele-
tor and the direction to the cluster centre to determine hdrethe
simulated GSEs are apparently approaching or receding finem
cluster centre.

The results of this analysis are shown in Figdre 7, for thede v
ues of the stripping time-scale;sk. As expected, the total fraction
of model GSEs increases with with increasifigsg. The fraction
of “outgoing” GSEs is small untif csg becomes comparable to
the time taken by an typical galaxy to travel from the 1 Mpe#ir-
old radius to the peri-centre of its orbit. To match the obsédrto-
tal GSE fraction of~30 per cent, we find that a stripping dura-
tion longer than~300 Myr is required. However, the duration must
be also be shorter thar700 Myr, to avoid predicting too many
outgoing GSEs. An intermediate time-scaleTofsg ~ 500 Myr,
yields acceptable agreement, witi25 per cent of blue galaxies
undergoing stripping, and-80 per cent of GSEs approaching the
cluster centre, although these averages mask substdottdreto-
cluster variation. The threshold radius at which the GSEseha
assumed to begin (held at 1 Mpc in all panels of Figdre 7) is con
strained by the radial distribution of GSEs and by theirltérc-
tion. The threshold radius must be larger than50 kpc to match
the GSE fraction in the second bin. The threshold radius ®ilest
be smaller tham- 1.5 Mpc; otherwise either the fraction of GSEs
falls too low at low radius (for short GSE time-scale) or eise
overall fraction of GSE is much too large (for longer GSE time
scales).

In summary, this fairly crude modelling suggests that the-fr
tions of objects undergoing stripping are consistent witiatimay
be expected from galaxy accretion paths within clusterd yéeids
approximate constraints on the threshold radius and durafithe
observed stripping events.

4.2 Typical density for gas stripping

In the UV, we observe gaseous stripping occurring predomtiypa
within a projected radius of 1 Mpc. For Coma this corresponds
ing the beta-model fit of Briel et al. (1992), to a hot gas dignsi
p~ 107" gcm 3,

For comparison, the “jellyfish” galaxies identified by Carte
et al. (2007) in clusters at = 0.2 are located at projected dis-
tances of~300 kpc from their cluster centres, corresponding to
p ~ 1072 gcm™? using the beta-model parameters tabulated in
their paper. ESO137-001 in Abell 3627 is projectezD0 kpc from
the cluster centre, where the ambient density is 102" gcm 3
(Sun et al. 2010). The galaxy in Abell 2125 discussed by Owen
et al. (2006) is also close to the core, at a projected distafic
~100kpc. Since these are all very rich clusters, these prgjec
radii are directly comparable with Coma, and we may conclude
that our GSE galaxies typically lie at larger radii (both albge
and relative to viral radius), by a factor ef3 than these previous
examples. Of course, previous detection of GSEs at lardewdd
have been limited by the requirement for wide fields of view (e
pecially for nearby clusters) or HST observations (foratistclus-
ters), introducing a bias towards the most central objéttseover,
the density required for effective stripping will likely gdend on
galaxy mass, so that the giant galaxies studied in previauk will
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undergo stripping only in the centres of clusters, while riiech
fainter objects identified here (typically;” + 1.5) are susceptible
to gas loss at larger radii.

Our results can also be compared to the incidence of neutral
gas tails identified behind spirals in the Virgo cluster byuGdn
et al. (2007, 2009). From a survey sampling cluster-cemsriti
0.3-3.3 Mpc, they identify seven such galaxies, all of wHielat
intermediate radii, 0.6—-1.0 Mpc. The Hl tails are all paigtiaway
from the centre of Virgo. The radii are similar in absolutems
to those of our GSEs in Coma, but relative to the correspandin
cluster virial radii, the Hl tails in Virgo are located fughout in the
cluster, by a factor of-4, and at much lower external gas density,
p~2x 1072 gem 3. A simple interpretation of this comparison
would be that removal of neutral gas and production of Hstedln
occur at a lower ICM density, while higher densities are nexgli
to trigger significant star formation in the stripped makriThis
is supported by the simulations of Kapferer et al. (2009)pseh
figures 6 and 7 show the fraction of all newly-formed stars #na
located in the wake. For ambient densities: 1072 gcm 3, and
relative velocity 100&km s !, this fraction is~10 per cent, while
for p > 1072 gem®, a majority of the triggered star formation
occurs in the wake.

Finally, we consider whethdbcalisedenhancements of the
ICM might be responsible for the stripping events we observe
Analysing the XMM mosaic observation of Coma, Neumann et al.
(2003) showed the presence of an extended enhancementdn emi
sion (relative to a symmetric model) in the west of the clysie
projected radii 400-900 kpc, with two maxima in the X-rayides
ual map. Four of our GSE galaxies lie just 100-200 kpc beyond
the north-west maximum. Although we cannot yet quantify &s-
sociation, it is at least suggestive that some strippingitsveould
be triggered by encounters with local density enhancemierite
ICM. This possibility is reminiscent of the claim by Pogdiaet
al. (2004) that young post-starburst galaxies in Coma degect
to local features in the ICM, indeed including the same Neuma
et al. western structure. The most prominent X-ray subgtradn
the region we have studied is the group centred on NGC 483f&to t
south-west of the cluster core. Only one GSE galaxy, GMP 5422
identified in this region, and as noted in Secfiod 2.4, theni®ng
the least certain cases. Inspecting the XMM mosaic, thd fwca
jected X-ray surface brightness close to GMP 5422 is conipara
to that at~1 Mpc elsewhere in the cluster. If GMP 5422 were to
be confirmed as a GSE, it would provide further evidence foallo
ICM structures as the driver for gaseous stripping in chsste

4.3 Intra-cluster star formation

We now turn to consider the fate of the stars which form in the
stripped material. If the gas is able to cool sufficientlyretars
may be formed beyond the extent of the original source gaksy
seen in the simulations of Kapferer et al. (2009). Individexam-
ples of intra-cluster star formation have been observediqusly

in nearby and distant clusters (Gerhard et al. 2002; Codtsé
2004, 2007; Boquien et al. 2007; Sun et al. 2007; Reverte.et al
2007; Yoshida et al. 2008), and our Coma GSE sample shows that
this process may be widespread. Unlike the gas from which the
formed, the stars do not experience ram pressure from the ICM
and are free to move under gravity, falling back towardsrtpei-

ent galaxy. The “de-coupling” of newly-formed stars frore {iCM
wind leads to a characteristic gradient in the strippedstr&ihile

the star-formation event is ongoing, the stripped matevii&be lu-
minous both in the UV and in & emission. However, because the
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Figure 7. A comparison between the observed stripping fraction aediptions from a simplistic model based on galaxy orbithfour richest clusters of
the Millenium Simulation. The model assumes that galaxigereas “blue” objects, become visible as ongoing stripgwents for a duratiol”’ gsg after
first passing within 1 Mpc of the cluster centre, and turn frtaue” to “red” 1.5 Gyr after crossing this threshold. Theiéllines (one for each cluster) show
the fraction of all blue galaxies that are undergoing strigm@tz = 0, for comparison with the observed GSE fractions (grey basss Figuré¥). The green
lines show the ongoing stripping events that are apparemblying away from the cluster centre (ontyl0 per cent of all GSEs in the observed sample). The
red lines show the fraction of all “blue” galaxies that haesged through the stripping threshold radius, which mayhwared to the observed HI-deficient
fraction (solid line as in Figurlel 4, the error bounds are hows here, for clarity). Only for stripping time-scales®Bf;sr ~ 500 Mpc can we reproduce the

fraction of GSEs without generating many more “outgoing”E3$han are obse

Ha emission fades rapidly after star formation ceasesQMyr),
the streams of back-falling stars will be most prominentia vV
continuum, for which the timescale is 100-1000 Myr. Thiswsc®

is supported in some individual cases, notably GMP 4060 evtier
“fireballs” at the ends of the filaments are luminous ia But the
filaments closer to the galaxy are seen only in UV. In some genfi
urations, the newly-formed stars will remain bound to therse
galaxy, and may be able to rejoin it, contributing to the giow
of a central bulge, as in the simulations of Kapferer et 2008).
Given the low total mass of stars likely being produced intttils,
however, this process seems unlikely to resolve the diaa@pbe-
tween bulge masses in cluster SOs and their supposed spiral p
genitors (e.g. Kodama & Smail 2001; Wilman et al. 2009).

Alternatively, the newly-formed stars may become unbound
from the source galaxy, contributing to a genuinely intiester
population of stars or star clusters. Such intra-clusarfetmation
has been tentatively identified in recent hydrodynamic ftimans
of galaxy clusters by Puchwein et al. (2010), where it cbates
some 30 per cent of the total intra-cluster light. If the sfarmed
in the fireballs were to remain internally bound in compac-sy
tems, these would constitute an unusual class of objectsgmss
to the “tidal dwarf galaxies” (TDG) identified in some intetimg
galaxies (e.g. Hancock et al. 2009). Two galaxies from ompsea
(GMP 2559 and GMP 4060) were observed in the HST survey of
Carter et al. (2008), providing high-resolution imagestef star-
forming clumps in these objects (Figlide 8). From the thisdae
find that the brightest clumps have luminositl® — 10L ¢, in the
I-band. Based on the Starburst99 models of Leitherer et299)1
their colours of B — I ~ 0.2 suggest/-band mass-to-light ratios
of ~0.01 My/L (neglecting dust). Thus the stellar mass of these
structures is probably 10* —10°M, similar to globular clusters.
From their Hx fluxes, we estimate the star-formation rates to be
0.001-0.004/yr~*, and hence their star-formation time-scales
are<1.0 Gyr. The fireball masses are similar to those estimated fo
the TDGs in Arp 305 by Hancock et al. (2009). For TDGs in inter-
acting field galaxies, itis a matter of dispute whether thélewen-

rved.

tually become independent of the galaxies which originatigted
their gas. By contrast, in the case of ram-pressure strighesd
ter galaxies, the ultimate detachment of the clumps fromhtbst
galaxy seems quite likely, and if they survive as bound syste
they may evolve into stellar systems resembling intratetuglob-
ular clusters or compact dwarf galaxies. Similar objectseHzeen
noted in simulations of ram-pressure stripping by Kapfeteal.
(2008), who term them “stripped baryonic dwarfs”.

4.4 Post-stripping galaxies and HI deficiency

Finally, we consider the destiny of the galaxies themsehfesr
stripping is completed. It has been known for a long time thag-
ter spirals are deficient in neutral gas, relative to theimterparts
in the field (e.g. Haynes & Giovanelli 1984). In Coma, Gava#zi
al. (2006) find that a significant average HI deficiency exsdnoim
the cluster core out te- 2 Mpc, the gas content becoming consis-
tent with a field reference sample &8 Mpc. (A similar trend is
seen for Virgo, e.g. Cayatte et al. 1994). The HI deficiendgp far
Coma show an apparently sharp transition at a radiusloMpc,
within which nearly all cluster members are gas-poor comgpan
field spirals.

Figure[4 compares the Gavazzi et. al. HI-deficient fraction
to the incidence of ongoing stripping events identified iis {ha-
per. For this test, the galaxies are flagged as gas-defididmsyi
have Defi1 > 0.64, corresponding to the 95th percentile of Ref
among galaxies beyond 3 Mpc from the Coma core. It is notable
that a similar characteristic radius efl Mpc seems to apply to
both phenomena. On the other hand we found no ongoing strip-
ping events, with the uncertain exception of GMP 5422, bdyon
1 Mpc, where 20-30 per cent of spirals are HI-deficient. Téssilt
can be understood in terms of a “backsplash” populationd§an
et al. 2002; Gill, Knebe & Gibson 2004): although strippitgglf
is only effective within~1 Mpc, HI-deficientpost-strippinggalax-
ies can be observed at larger radii after the initial strigmvent is
complete and the galaxy has passed through the clusterTduee.
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is confirmed by Figur€]7, which shows that our simple strigpin
model, tuned to reproduce the fraction of GSE galaxies, @ige
duces a post-stripping population consistent with the ioleskHI-
deficient galaxy fraction.

5 CONCLUSIONS

We have used UV and optical imaging to identify a sample of can
didate gaseous stripping events in the Coma cluster. Thppsth
galaxies are characterised by tails or trails of UV-brighbiis,
which we interpret as young stars formed within gas strippged
ram pressure from the intra-cluster medium. Some of thesesca
have been noted as peculiar in previous work, in a varietyavew
bands (Vollmer et al. 2001; Finoguenov et al. 2004; Yagi et al
2007; Yoshida et al. 2008; Miller et al. 2009), while others a
newly identified here as possible stripping events.

The trails are predominantly oriented away from the cluster
centre, indicating that the galaxies are falling into thestgr for
the first time, along fairly radial orbits, and that the spiiy events
are completed rapidly compared to the orbital time-scalbebut
one uncertain case lie at projected radii of 300-900 kpc fileen
cluster centre. The radial distribution of these galaxgeiich
more centrally concentrated than the distribution of blatages
from which they were selected, and more similar to the digtion
of passive galaxies. Within 1 Mpc projected radius, somee30 p
cent of blue galaxies are currently undergoing strippinaetion
which is compatible with a-500 Myr time-scale for the stripping
events. The radius within which UV trails are observed cgpomds
to an ICM density of~ 10727 gcm™3, in agreement with simula-
tions which show significant star formation in the strippeake/in
this density regime for infall velocities 1000km s~* (Kapferer et
al. 2009). There are hints that some stripping events acei@ssd
with local enhancements in the ICM density, e.g. the westtre-
ture and the NGC 4839 group, but a firm link can not be concluded
from the present data.

Gaseous stripping candidates in Comal5s
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