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The Coma 3-degree Survey 
Stripping and Quenching of Infalling Dwarfs

1) Motivation

2) UV tails & trails: Ongoing 
stripping of star-forming 
galaxies

3) Asorption-line spectroscopy: 
Recent quenching of outer 
dwarfs

4) Enviro-history of cluster 
members in models.  

You all know it 
already!
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The Coma 3-degree Survey

Associated with the HST/ACS 
Coma Treasury Survey (Carter et 
al. 2008), but much wider area, to 
beyond virial radius of cluster.

* Data: 

* Comprehensive spectroscopy 
from MMT/Hectospec + SDSS:

- “fast” redshift survey

- “deep” stellar pops spectra 

* Multiwavelength imaging 
including 

Optical (CFHT), NIR (UKIRT
+CFHT), FIR (Herschel), Radio 
(VLA), Halpha (INT+Subaru),

UV (GALEX)
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Two programmes observed in parallel extending to 2.5 Mpc radius ~ Rvir

I. A fast redshift survey of ~7,000 galaxies with r<20.5 to establish 
membership, measure LF, GSMF, etc. -> Marzke et al. (in prep). 

II. Repeated observations to yield high-S/N spectra of “bright” dwarfs (r~17) 
for linestrengths -> stellar population information (RJS et al. 2009)

MMT/Hectospec Spectrosopy

~160 “dwarf” galaxies (2-4 mag fainter 
than M*). Integration ~4-10 hours per 
galaxy, S/N ~ 50 per Angstrom.

SDSS DR7 spectra re-analysed 
identically to ensure consistent 
treatment (Price et al. 2010).

g
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MMT/HectospecSDSS

-17

Mr

-19-21-23

Combined sample: ~430 galaxies.
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UV imaging

NGC 4889
NGC 4874

15 ksec GALEX Cycle 5 
observation of Coma 
core.

Combined with 20 ksec 
Cycle 2 observation of 
outskirts field to SW by 
Hammer et al. (2010 & 
LF paper submitted).
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Generic slide on stripping etc. Take account of talk by Komiyama! 

UV Tails & Trails: ongoing stripping

Abell 3627: Sun et al. (2007, 2009)

Hα (red) + Chandra (blue)XMM

Simulation: Kapferer et al. 2009

N
ew

 stars

A
ll stars

Small number of known “spectacular” 
stripping events in rich clusters.

Removal of gas, leading to quenching of 
SF eventually....

... but temporarily perhaps enhance SF in 
tails of stripped material.
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Gas-Stripping Events  (GSE)2 Russell J. Smith et al.

the newly-formed stars in some cases begin to fall back towards the

stripped galaxy disk.

In this paper, we use wide-field UV and optical imaging data

to identify a sample of gaseous stripping events (GSE) in a sin-

gle nearby cluster (Coma). Rather than concentrate on details of

the individual cases, we instead focus on the statistics of galaxies

undergoing this process, including their radial and redshift distri-

butions compared to other cluster galaxies, and the orientation of

their projected velocities relative to the cluster centre.

The observations and selection of GSE galaxies are described

in Section 2, followed by a brief description of each of the selected

objects, with reference to previous work. The spatial and redshift

distribution of GSEs is analysed in Section 3, and interpreted in

Section 4. Our conclusions are summarized in Section 5.

Throughout the paper, we adopt a distance of 100Mpc for

Coma, so that the distance modulus is 35.0 and one arcminute cor-

responds to 29 kpc.

2 SAMPLE CONSTRUCTION

2.1 Observations

Our primary observational resources are deep ultraviolet (UV)

imaging from GALEX, and ugi optical imaging from the CFHT.

The GALEX data are useful because the formation of young stars

in the stripped filaments leads to high contrast in the UV. Accord-

ingly, we limit our study to the area covered by two deep GALEX

observations.

In the core of the cluster, we obtained a deep observation

in Cycle 5 (PI: Smith), in ‘petal-pattern’ mode to ensure detec-

tor safety due to the presence of UV-bright stars in the field. The

total exposure time in the co-added data used for our analysis 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 observation made

in Cycle 2 (PI: Hornschemeier), and analysed by Hammer et al.

(2009). The co-added images used for the present analysis, have a

depth of 21.0/19.8 ksec (NUV/FUV), slightly less than the total in-

tegration used by Hammer et al. Together, the GALEX fields extend

nearly to the virial radius of the cluster, and include the well-known

infalling group centred on NGC 4839.

Complementary optical data has been obtained with Mega-

Cam at the 3.6m Canada–France–Hawaii Telescope (CFHT, PI:

Hudson), imaging a 3×3 deg2 area centred on the cluster core. The

exposure times were 1360s, 300s, 300s in u, g and i bands (PI:
Hudson). After pipeline processing and stacking by Terapix, the

80% depth for point sources are at least 24.5, 24.0 and 23.5 in u, g
and i, with variations from field to field due to varying sky bright-
ness. The image quality is generally∼0.6 arcsec FWHM.

Within the central part of the cluster, we also employed amuch

deeper u-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. This im-

age was not used for construction of catalogues, but only as an

additional visual reference for faint features in the u-band.
We made similar incidental use of Hα imaging data from the

2.5m Isaac Newton Telescope (PI: Mouhcine). The Hα data are part
of a wide-field survey covering∼1.5 deg2 of the cluster. These data

will be presented and analysed elsewhere. Here, we used uncali-

brated continuum-subtracted Hα images of the GALEX-selected

GSEs, to assess the distribution of ongoing star-formation in the

stripped systems.
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Figure 1. UV/optical colour-magnitude relation for spectroscopically-

confirmed cluster members within the two GALEX fields. No galactic ex-

tinction corrections or k−corrections have been applied. The points high-

lighted in red are outliers from a robust fit to the red sequence. Objects bluer

than the dashed line at NUV − i form the sample examined for signs of

gaseous stripping. The 13 GSE galaxies discussed in this paper are shown

by green crosses.

2.2 Catalogues

In order to measure matched-aperture colours, the MegaCam im-

ages were resampled, using SWARP (Bertin et al. 2002), to the same

1.5-arcsec pixels as the GALEX data, and smoothed to match the

5 arcsec FWHM point-spread function (PSF) of the UV images. In

the latter step, we adopt a circular gaussian PSF, constant over all

of the data. Although variation and ellipticity of the PSF should

be taken into account for photometry of higher precision, these ap-

proximations are justified for our purposes.

Photometry was performed using SEXTRACTOR (Bertin &

Arnouts 1996) in dual-image mode. The MegaCam i-band im-
ages were used for object detection, deblending and aperture def-

inition. Magnitudes for the detected objects were then computed

within common apertures for the two GALEX and three MegaCam

bandpasses. In this paper, all magnitudes and colours are based on

counts within the i−band elliptical Kron-like aperture.
Finally, the catalogues were matched to a compilation of red-

shift data, including a deep survey with MMT/Hectospec as re-

ported by Marzke et al. (in preparation). All but two of the 590

known member galaxies with i ≤ 18 (Mi ≤ −17) within the sur-
veyed fields were recovered in the GALEX data with positive flux.

2.3 Visual selection of gaseous stripping events

Gaseous, as opposed to tidal stellar stripping, events can be most

efficiently identified though the effects on the galaxy morphology

in the blue and ultra-violet bands. The primary criterion that we

apply is an asymmetric distribution UV flux, assumed to be due to

stars newly formed from stripped gas.

An initial visual search in the central GALEX field revealed

a number of GSE candidates, including several previously noted in

the literature. All have blue UV-to-optical colours, with NUV −

i < 4, compared to red-sequence colours of 5 < (NUV − i) <
6. To construct a more controlled sample, all 81 galaxies with
NUV − i < 4 were subsequently examined closely in both the
optical and UV images, to search for comparable features. The sim-

c© 2004 RAS, MNRAS 000, 1−11

M*

NUV - i colour-magnitude relation for 590 
confirmed members within two deep 
(>15ksec) Coma GALEX pointings, down to 
~M*+4.5.

All 80 blue (NUV-i<4, Mi<-17) members 
examined for evidence of UV tails/trails: SF in 
stripped gas.

Find 13 cases - not all “spectacular”! 
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Figure 3. Redshift and radial distributions of the galaxies with stripping features, compared to the matched Coma member galaxies (upper panels) and to the

blue galaxies without ongoing stripping (lower panels). The vertical tick shows the median of the comparison sample, while the open symbols above show the

stripping galaxies (at arbitrary vertical position). Triangles indicate galaxies classed as “jellyfish”, while others are shown with circles.

3 STATISTICS OF GASEOUS STRIPPING EVENTS

In this section, we examine the numbers and distribution of the GSE

galaxies, in comparison to the cluster galaxy population at large.

We also compare the GSEs to a blue control sample comprised of

the 58 galaxies with NUV − i < 4 which are not identified as
GSEs, after excluding the ten galaxies judged to have unreliable

colours during the visual inspection.

The left-hand panels of Figure 3 show the redshift distribution

of the GSE galaxies, compared to the other Coma cluster members.

The GSE galaxies are offset to slightly higher redshift (by 300 ±

370 kms−1) than the full sample of matched members, but this is

not significant given the large velocity dispersion in the cluster. The

sample of blue members not undergoing gaseous stripping are also

offset in the same sense, relative to the galaxy population at large

(by 650 ± 250 km s−1). Thus the GSEs are consistent with having

been drawn from the same velocity distribution as either the full

sample or the blue control sample.

The right-hand panels of Figure 3 present equivalent compar-

isons for the radial distribution, adopting a cluster centre coinci-

dent with the giant elliptical galaxy NGC 4874. The GSE galaxies

are markedly more concentrated towards the cluster core than are

the blue control galaxies, with 12/13 (92%) lying within 1Mpc,

compared to 27/58 (47%) for the control sample. A Kolmogorov–

Smirnov test yields a 0.5% probability that the GSE galaxies were

drawn from the same radial distribution as the control sample

galaxies. The GSEs are, in fact, consistent with being drawn from

the much more concentrated distribution followed by all matched

cluster members, which is dominated by passive galaxies.

Next we consider the fraction of all star-forming (NUV −i <
4) galaxies which are currently undergoing gaseous stripping. For
the surveyed region as a whole, the GSE galaxies form a frac-

tion NGSE/Nblue = 13/71 = 0.18+0.06
−0.05 . However, as discussed

above, the incidence of stripping is concentrated towards the clus-

ter core. Within a radius of 1Mpc from the cluster centre, the frac-

tion becomes NGSE,1Mpc/Nblue,1Mpc = 12/39 = 0.31 ± 0.07.
Figure 4 shows graphically the variation in stripping fraction with

radius. We have insufficient numbers to draw any secure conclu-

sions regarding the form of the decline, e.g. whether there is really

a sharp cut-off somewhere around 1Mpc, 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 relative to the cluster-

centric vector for each galaxy, again adopting the position of NGC

4874 for the cluster centre. In some galaxies the position angle of

the debris is unclear. For the case of GMP 2559, we interpret both

the SE trail and the SW clumps as stripped material, and hence as-

sign a position angle which is close to S. For GMP 4060, we ignore

the tidal stellar debris to the W, assign a position angle close to S, to

describe the star-forming knots and filaments. Figure 6 shows the

location and orientation of the GSEs, while Figure 7 summarises

the distribution of alignment angles. Among the thirteen objects

selected here, six show streams extending away from the cluster

centre (within 30◦ of the clustercentric vector), compatible with

c© 2004 RAS, MNRAS 000, 1−11
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Figure 3. Redshift and radial distributions of the galaxies with stripping features, compared to the matched Coma member galaxies (upper panels) and to the

blue galaxies without ongoing stripping (lower panels). The vertical tick shows the median of the comparison sample, while the open symbols above show the

stripping galaxies (at arbitrary vertical position). Triangles indicate galaxies classed as “jellyfish”, while others are shown with circles.

3 STATISTICS OF GASEOUS STRIPPING EVENTS

In this section, we examine the numbers and distribution of the GSE

galaxies, in comparison to the cluster galaxy population at large.

We also compare the GSEs to a blue control sample comprised of

the 58 galaxies with NUV − i < 4 which are not identified as
GSEs, after excluding the ten galaxies judged to have unreliable

colours during the visual inspection.

The left-hand panels of Figure 3 show the redshift distribution

of the GSE galaxies, compared to the other Coma cluster members.

The GSE galaxies are offset to slightly higher redshift (by 300 ±

370 kms−1) than the full sample of matched members, but this is

not significant given the large velocity dispersion in the cluster. The

sample of blue members not undergoing gaseous stripping are also

offset in the same sense, relative to the galaxy population at large

(by 650 ± 250 km s−1). Thus the GSEs are consistent with having

been drawn from the same velocity distribution as either the full

sample or the blue control sample.

The right-hand panels of Figure 3 present equivalent compar-

isons for the radial distribution, adopting a cluster centre coinci-

dent with the giant elliptical galaxy NGC 4874. The GSE galaxies

are markedly more concentrated towards the cluster core than are

the blue control galaxies, with 12/13 (92%) lying within 1Mpc,

compared to 27/58 (47%) for the control sample. A Kolmogorov–

Smirnov test yields a 0.5% probability that the GSE galaxies were

drawn from the same radial distribution as the control sample

galaxies. The GSEs are, in fact, consistent with being drawn from

the much more concentrated distribution followed by all matched

cluster members, which is dominated by passive galaxies.

Next we consider the fraction of all star-forming (NUV −i <
4) galaxies which are currently undergoing gaseous stripping. For
the surveyed region as a whole, the GSE galaxies form a frac-

tion NGSE/Nblue = 13/71 = 0.18+0.06
−0.05 . However, as discussed

above, the incidence of stripping is concentrated towards the clus-

ter core. Within a radius of 1Mpc from the cluster centre, the frac-

tion becomes NGSE,1Mpc/Nblue,1Mpc = 12/39 = 0.31 ± 0.07.
Figure 4 shows graphically the variation in stripping fraction with

radius. We have insufficient numbers to draw any secure conclu-

sions regarding the form of the decline, e.g. whether there is really

a sharp cut-off somewhere around 1Mpc, 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 relative to the cluster-

centric vector for each galaxy, again adopting the position of NGC

4874 for the cluster centre. In some galaxies the position angle of

the debris is unclear. For the case of GMP 2559, we interpret both

the SE trail and the SW clumps as stripped material, and hence as-

sign a position angle which is close to S. For GMP 4060, we ignore

the tidal stellar debris to the W, assign a position angle close to S, to

describe the star-forming knots and filaments. Figure 6 shows the

location and orientation of the GSEs, while Figure 7 summarises

the distribution of alignment angles. Among the thirteen objects

selected here, six show streams extending away from the cluster

centre (within 30◦ of the clustercentric vector), compatible with

c© 2004 RAS, MNRAS 000, 1−11

Distributions 
differ at 

>99.5% CL

Non-GSE blue members

R
JS

 et al.,2010

GSEs much more 
centrally concentrated 
than the non-GSE 
galaxies with similar 
colour.

GSE galaxies are 
distributed similarly to 
the *red* cluster 
members.



C3dS
       Coma 3-degree Survey

Gas-Stripping Event  (GSE) statistics

6 Russell J. Smith et al.

cz [km/s]

0 2000 6000 10000 14000

0
5

0
1

0
0

1
5

0
2

0
0

2
5

0

cz [km/s]

0 2000 6000 10000 14000

0
5

1
0

1
5

2
0

2
5

D [kpc]

0 500 1000 1500 2000 2500 3000

0
2

0
4

0
6

0
8

0
1

2
0

D [kpc]

0 500 1000 1500 2000 2500 3000

0
2

4
6

8
1

0
1

2
1

4

Figure 3. Redshift and radial distributions of the galaxies with stripping features, compared to the matched Coma member galaxies (upper panels) and to the

blue galaxies without ongoing stripping (lower panels). The vertical tick shows the median of the comparison sample, while the open symbols above show the

stripping galaxies (at arbitrary vertical position). Triangles indicate galaxies classed as “jellyfish”, while others are shown with circles.
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Figure 3. Redshift and radial distributions of the galaxies with stripping features, compared to the matched Coma member galaxies (upper panels) and to the

blue galaxies without ongoing stripping (lower panels). The vertical tick shows the median of the comparison sample, while the open symbols above show the

stripping galaxies (at arbitrary vertical position). Triangles indicate galaxies classed as “jellyfish”, while others are shown with circles.
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a sharp cut-off somewhere around 1Mpc, 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 relative to the cluster-

centric vector for each galaxy, again adopting the position of NGC

4874 for the cluster centre. In some galaxies the position angle of

the debris is unclear. For the case of GMP 2559, we interpret both

the SE trail and the SW clumps as stripped material, and hence as-

sign a position angle which is close to S. For GMP 4060, we ignore

the tidal stellar debris to the W, assign a position angle close to S, to

describe the star-forming knots and filaments. Figure 6 shows the

location and orientation of the GSEs, while Figure 7 summarises

the distribution of alignment angles. Among the thirteen objects

selected here, six show streams extending away from the cluster

centre (within 30◦ of the clustercentric vector), compatible with
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stripping occurring on passage towards the cluster centre. Only one

galaxy has a stream pointing towards the cluster centre, which in-

stead implies that the galaxy has already passed through the cluster

core. In the remaining six objects, the asymmetries are at large an-

gle to the cluster-centric axis, but generally favouring the galaxies

approaching, rather than receding from the cluster core. The distri-

bution of cluster-centric angle is incompatible with a uniform dis-

tribution (at the 99% level, using a KS test).

With a total sample of only 13 stripping galaxies, little can

be inferred with confidence about separate sub-classes of stripped

galaxies. The six galaxies with ‘jellyfish’ morphologies have bluer

colours on average than the tadpole’ or unclear morphologies,

which reflects the criteria used in assigning this moniker. The jel-

lyfish are more closely aligned with the cluster-centric vector than

other cases (median θcl = 25◦ compared to 65◦) and a tendency

to be located at larger projected cluster-centric distance (only one

of six jellyfish within 600 kpc, compared to four of seven non-

jellyfish). These differences are not significant under a KS test,

however.

4 DISCUSSION

In this section, we discuss our results in the context of other obser-

vations of stripping in clusters. In particular, we comparewith other

cases of UV/Hα trails in other clusters (Cortese et al. 2007; Sun

et al. 2009), and with observations of HI tails in Virgo (Chung et

al. 2007, 2009). We also make reference to simulations, especially

those of Kapferer et al. (2008) to interpret the various phenomena.

4.1 Ram-pressure stripping on first passage into cluster

Perhaps the most striking result is the predominance of tails and

other features pointing away from the cluster centre. Interpreting

these as stripped material behind the galaxies that have suffered

stripping, we infer that the visible stripping events are occurring on

approach to the cluster centre. The absence of GSEs moving away

from the cluster centre indicates strongly that the stripping event

is seen on first approach to the cluster centre, and generally com-

pleted on a time-scale short compared to the crossing time. Com-

bined with the typical clustercentric radius of 700 kpc, and a ve-

locity dispersion of 1500km s−1, this yields a time-scale for the

stripping event of < 500Myr This doesn’t necessarily imply that
the remaining blue galaxies have not yet passed through the cluster

centre, because some tightly bound might remain in the galaxy.

The tail of ESO137–001 in A3627 is also oriented away from

it’s host cluster centre, but ESO137-G002 is almost perpendicular

to the clustercenric vector (Sun et al. 2009). Cortese objects??

Ram-pressure stripping is not the only process capable of dis-

turbing late-type galaxies in clusters, and it remains possible that

some of our objects are being stripped by tidal interactions either

with the cluster potential or with nearby galaxies. In general, how-

ever, the GSE galaxies show little disruption of the old stellar mate-

rial, do not have close neighbours showing evidence of mutual in-

teraction, and have tails oriented relative to the cluster-centric axis

which would not be expected in the case of interactions with neigh-

bours.

In Figure 8, we show the projected distance to the nearest

neighbour for galaxies in the matched member sample. The neigh-

bours are restricted to the same sample, i.e. confirmed cluster mem-

bers withMi < −17. The figure demonstrates thatmost of the GSE
candidates do not have closer neighbours than non-GSE galaxies at

clustercentric radius [kpc]
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Figure 4. The fraction of blue (NUV −i < 4) galaxies undergoing gaseous

stripping, as a function of distance from the cluster centre. The light and

dark intervals represent 90% and 68% confidence intervals, based on bi-

nomial statistics. The dashed line shows the fraction of bright late-type

galaxies from Gavazzi et al. (2006) that are more HI-deficient than 95%

of galaxies beyond 3Mpc. The dotted lines show the 68% interval on the

HI-deficient fraction.

similar distance from the cluster centre. However, in three cases, the

nearest neighbour is very close and also has similar radial velocity

to the target galaxy, as required for tidal interactions. These cases

are GMP 2640, GMP 4232 and GMP 4629. The first of these is

the single clear exception to the the tendency for tails to be aligned

away from the cluster centre, so it is tempting to invoke tidal strip-

ping of stars, rather than a purely gaseous mechanism, to account

for this galaxy. None the less, the presence of close neighbours with

similar radial velocity is not a sufficient condition for tidal interac-

tion, since we do not know the other two velocity components. We

conclude that tidal stripping is not the mechanism responsible, in

general for the stripped galaxies identified in this paper.

4.2 Characteristic density for gas stripping

In the UV, we observe gaseous stripping occurring predominantly

within a projected radius of 1Mpc, which corresponds, using the

beta-model fit of Briel, Henry & Böhringer (1992), to a hot gas

density of ρ ≈ 10−27 g cm−3.

For comparison, the jellyfish identified by Cortese et al. (2007)

in clusters at z = 0.2 are located at projected distances of∼300 kpc
from their cluster centres, corresponding to ρ ≈ 10−25 g cm−3 us-

ing the beta-model parameters tabulated in their paper (but this

seems far too high??). ESO137–01 in Abell 3627 is projected

∼200 kpc from the cluster centre, and an ambient density of ρ ≈

10−27 g cm−3 (Sun et al. 2009). [This number seems to vary among

the different Sun papers – check again] The object in Abell 2125

discussed by Owen et al. is also close to the core, at a projected

distance of ∼100 kpc. Since these are all very rich clusters, these

projected radii are directly comparable with Coma, and we may

conclude that our GSE galaxies typically lie at larger radii (both
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stripping occurring on passage towards the cluster centre. Only one

galaxy has a stream pointing towards the cluster centre, which in-

stead implies that the galaxy has already passed through the cluster

core. In the remaining six objects, the asymmetries are at large an-

gle to the cluster-centric axis, but generally favouring the galaxies

approaching, rather than receding from the cluster core. The distri-

bution of cluster-centric angle is incompatible with a uniform dis-

tribution (at the 99% level, using a KS test).

With a total sample of only 13 stripping galaxies, little can

be inferred with confidence about separate sub-classes of stripped

galaxies. The six galaxies with ‘jellyfish’ morphologies have bluer

colours on average than the tadpole’ or unclear morphologies,

which reflects the criteria used in assigning this moniker. The jel-

lyfish are more closely aligned with the cluster-centric vector than

other cases (median θcl = 25◦ compared to 65◦) and a tendency

to be located at larger projected cluster-centric distance (only one

of six jellyfish within 600 kpc, compared to four of seven non-

jellyfish). These differences are not significant under a KS test,

however.

4 DISCUSSION

In this section, we discuss our results in the context of other obser-

vations of stripping in clusters. In particular, we comparewith other

cases of UV/Hα trails in other clusters (Cortese et al. 2007; Sun

et al. 2009), and with observations of HI tails in Virgo (Chung et

al. 2007, 2009). We also make reference to simulations, especially

those of Kapferer et al. (2008) to interpret the various phenomena.

4.1 Ram-pressure stripping on first passage into cluster

Perhaps the most striking result is the predominance of tails and

other features pointing away from the cluster centre. Interpreting

these as stripped material behind the galaxies that have suffered

stripping, we infer that the visible stripping events are occurring on

approach to the cluster centre. The absence of GSEs moving away

from the cluster centre indicates strongly that the stripping event

is seen on first approach to the cluster centre, and generally com-

pleted on a time-scale short compared to the crossing time. Com-

bined with the typical clustercentric radius of 700 kpc, and a ve-

locity dispersion of 1500km s−1, this yields a time-scale for the

stripping event of < 500Myr This doesn’t necessarily imply that
the remaining blue galaxies have not yet passed through the cluster

centre, because some tightly bound might remain in the galaxy.

The tail of ESO137–001 in A3627 is also oriented away from

it’s host cluster centre, but ESO137-G002 is almost perpendicular

to the clustercenric vector (Sun et al. 2009). Cortese objects??

Ram-pressure stripping is not the only process capable of dis-

turbing late-type galaxies in clusters, and it remains possible that

some of our objects are being stripped by tidal interactions either

with the cluster potential or with nearby galaxies. In general, how-

ever, the GSE galaxies show little disruption of the old stellar mate-

rial, do not have close neighbours showing evidence of mutual in-

teraction, and have tails oriented relative to the cluster-centric axis

which would not be expected in the case of interactions with neigh-

bours.

In Figure 8, we show the projected distance to the nearest

neighbour for galaxies in the matched member sample. The neigh-

bours are restricted to the same sample, i.e. confirmed cluster mem-

bers withMi < −17. The figure demonstrates thatmost of the GSE
candidates do not have closer neighbours than non-GSE galaxies at

clustercentric radius [kpc]
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Figure 4. The fraction of blue (NUV −i < 4) galaxies undergoing gaseous

stripping, as a function of distance from the cluster centre. The light and

dark intervals represent 90% and 68% confidence intervals, based on bi-

nomial statistics. The dashed line shows the fraction of bright late-type

galaxies from Gavazzi et al. (2006) that are more HI-deficient than 95%

of galaxies beyond 3Mpc. The dotted lines show the 68% interval on the

HI-deficient fraction.

similar distance from the cluster centre. However, in three cases, the

nearest neighbour is very close and also has similar radial velocity

to the target galaxy, as required for tidal interactions. These cases

are GMP 2640, GMP 4232 and GMP 4629. The first of these is

the single clear exception to the the tendency for tails to be aligned

away from the cluster centre, so it is tempting to invoke tidal strip-

ping of stars, rather than a purely gaseous mechanism, to account

for this galaxy. None the less, the presence of close neighbours with

similar radial velocity is not a sufficient condition for tidal interac-

tion, since we do not know the other two velocity components. We

conclude that tidal stripping is not the mechanism responsible, in

general for the stripped galaxies identified in this paper.

4.2 Characteristic density for gas stripping

In the UV, we observe gaseous stripping occurring predominantly

within a projected radius of 1Mpc, which corresponds, using the

beta-model fit of Briel, Henry & Böhringer (1992), to a hot gas

density of ρ ≈ 10−27 g cm−3.

For comparison, the jellyfish identified by Cortese et al. (2007)

in clusters at z = 0.2 are located at projected distances of∼300 kpc
from their cluster centres, corresponding to ρ ≈ 10−25 g cm−3 us-

ing the beta-model parameters tabulated in their paper (but this

seems far too high??). ESO137–01 in Abell 3627 is projected

∼200 kpc from the cluster centre, and an ambient density of ρ ≈

10−27 g cm−3 (Sun et al. 2009). [This number seems to vary among

the different Sun papers – check again] The object in Abell 2125

discussed by Owen et al. is also close to the core, at a projected

distance of ∼100 kpc. Since these are all very rich clusters, these

projected radii are directly comparable with Coma, and we may

conclude that our GSE galaxies typically lie at larger radii (both
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Figure 6. Projected distribution and orientation of the stripped galaxies. The dashed circles show the extent of the GALEX imaging, while large open circles

show the locations of giant ellipticals NGC 4839, NGC 4874 and NGC 4889, for reference. Small circles show all matched Coma cluster members in our

catalogues, highlighting in blue those withNUV − i < 4. The GSE galaxies are marked with large filled symbols and vectors denoting the direction of their

projected velocities, as inferred from their streams or tails. Galaxies apparently approaching the cluster centre aremarked in blue, while those receding from it

are plotted in red. Dotted lines indicate the cluster-centric direction at the position of each GSE. The green line segment joins the two residual X-ray maxima

in the western structure identified by Neumann et al. (2003).

Bertin E., Arnouts S. 1996, A&AS, 317, 393

Bertin E., Mellier Y., Radovich M., Missonnier G., Didelon P., Morin B.

2002, ASPC, 281, 228

Bravo-Alfaro H., Cayatte V., van Gorkom J.H., Balkowski C. 2000, AJ, 119,

580

Bravo-Alfaro H., Cayatte V., van Gorkom J.H., Balkowski C. 2001, A&A,

379, 347
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Figure 5. Colour ACS images of the “fireballs” in GMP 4060 (upper panels) and GMP 2559 (lower panels). The first panel in each row is a GALEX/MegaCam

image, for orientation. The ACS subimages are 10 arcsec on a side.

riety of wavebands (Vollmer et al. 2001; Finoguenov et al. 2004;

Yagi et al. 2007; Yoshida et al. 2008; Miller, Hornschemeier &

Mobasher 2009), while others are newly identified as possible strip-

ping events.

The trails are predominantly oriented away from the cluster

centre, indicating that the galaxies are falling into the cluster for

the first time, along nearly radial orbits. All but one uncertain case

lie at projected radii of 300–900 kpc from the cluster centre. The

radial distribution of these galaxies is much more centrally concen-

trated than the distribution of blue galaxies from which they were

selected, and more similar to the distribution of passive galaxies.

Within 1Mpc projected radius, some 30% of blue galaxies are cur-

rently undergoing stripping.

The radius within which UV trails are observed corresponds

to an ICM density of ∼ 10−27 g cm−3, in agreement with simula-

tions which show significant star-formation in the stripped wake in

this density regime (Kapferer et a. 2008). There are some hints that

stripping events are associated with local enhancements in the ICM

density, e.g. the eastern structure and the NGC 4839 group, but a

firm link can not be concluded from the present data.

We propose an interpretation of these objects as stage in ram-

pressure stripping that is subsequent to the HI gas tail phase (Chung

et al. 2007), and/or occurring at higher ambient densities. The star-

formation triggered in the stripping events may lead to the growth

of the galaxy bulge, if newly-formed stars fall back into the source

galaxy. Alternatively they may escape, forming intracluster stellar

systems that could evolve into objects resembling ultra-compact

dwarf galaxies.

As stressed by Sun et al. (2009), a fuller understanding of the

relationship between different manifestations of gas stripping (HI

deficiency, and tails in HI, UV, Hα and X-ray) will be made possi-
ble by improving the overlap between observations in the various

wavebands, for the same galaxy cluster. Our optical, UV and data

for Coma will be complemented by an ongoing survey of the clus-

ter in Hα, and archival XMM mosaic imaging is available. A key

missing element is high-sensitivity HI coverage of a large sample of
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Figure 7. Distribution of angle between tails and the clustercentric vector.

The alignment angle θcl is near zero for galaxies apparently approaching the

cluster centre (i.e. tails “outward”) and near 180◦ for galaxies apparently

receding from the cluster centre.

Coma member galaxies, which should be possible within the next

few years using the Expanded Very Large Array.
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stripping occurring on passage towards the cluster centre. Only one

galaxy has a stream pointing towards the cluster centre, which in-

stead implies that the galaxy has already passed through the cluster

core. In the remaining six objects, the asymmetries are at large an-

gle to the cluster-centric axis, but generally favouring the galaxies

approaching, rather than receding from the cluster core. The distri-

bution of cluster-centric angle is incompatible with a uniform dis-

tribution (at the 99% level, using a KS test).

With a total sample of only 13 stripping galaxies, little can

be inferred with confidence about separate sub-classes of stripped

galaxies. The six galaxies with ‘jellyfish’ morphologies have bluer

colours on average than the tadpole’ or unclear morphologies,

which reflects the criteria used in assigning this moniker. The jel-

lyfish are more closely aligned with the cluster-centric vector than

other cases (median θcl = 25◦ compared to 65◦) and a tendency

to be located at larger projected cluster-centric distance (only one

of six jellyfish within 600 kpc, compared to four of seven non-

jellyfish). These differences are not significant under a KS test,

however.

4 DISCUSSION

In this section, we discuss our results in the context of other obser-

vations of stripping in clusters. In particular, we comparewith other

cases of UV/Hα trails in other clusters (Cortese et al. 2007; Sun

et al. 2009), and with observations of HI tails in Virgo (Chung et

al. 2007, 2009). We also make reference to simulations, especially

those of Kapferer et al. (2008) to interpret the various phenomena.

4.1 Ram-pressure stripping on first passage into cluster

Perhaps the most striking result is the predominance of tails and

other features pointing away from the cluster centre. Interpreting

these as stripped material behind the galaxies that have suffered

stripping, we infer that the visible stripping events are occurring on

approach to the cluster centre. The absence of GSEs moving away

from the cluster centre indicates strongly that the stripping event

is seen on first approach to the cluster centre, and generally com-

pleted on a time-scale short compared to the crossing time. Com-

bined with the typical clustercentric radius of 700 kpc, and a ve-

locity dispersion of 1500km s−1, this yields a time-scale for the

stripping event of < 500Myr This doesn’t necessarily imply that
the remaining blue galaxies have not yet passed through the cluster

centre, because some tightly bound might remain in the galaxy.

The tail of ESO137–001 in A3627 is also oriented away from

it’s host cluster centre, but ESO137-G002 is almost perpendicular

to the clustercenric vector (Sun et al. 2009). Cortese objects??

Ram-pressure stripping is not the only process capable of dis-

turbing late-type galaxies in clusters, and it remains possible that

some of our objects are being stripped by tidal interactions either

with the cluster potential or with nearby galaxies. In general, how-

ever, the GSE galaxies show little disruption of the old stellar mate-

rial, do not have close neighbours showing evidence of mutual in-

teraction, and have tails oriented relative to the cluster-centric axis

which would not be expected in the case of interactions with neigh-

bours.

In Figure 8, we show the projected distance to the nearest

neighbour for galaxies in the matched member sample. The neigh-

bours are restricted to the same sample, i.e. confirmed cluster mem-

bers withMi < −17. The figure demonstrates thatmost of the GSE
candidates do not have closer neighbours than non-GSE galaxies at

clustercentric radius [kpc]
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Figure 4. The fraction of blue (NUV −i < 4) galaxies undergoing gaseous

stripping, as a function of distance from the cluster centre. The light and

dark intervals represent 90% and 68% confidence intervals, based on bi-

nomial statistics. The dashed line shows the fraction of bright late-type

galaxies from Gavazzi et al. (2006) that are more HI-deficient than 95%

of galaxies beyond 3Mpc. The dotted lines show the 68% interval on the

HI-deficient fraction.

similar distance from the cluster centre. However, in three cases, the

nearest neighbour is very close and also has similar radial velocity

to the target galaxy, as required for tidal interactions. These cases

are GMP 2640, GMP 4232 and GMP 4629. The first of these is

the single clear exception to the the tendency for tails to be aligned

away from the cluster centre, so it is tempting to invoke tidal strip-

ping of stars, rather than a purely gaseous mechanism, to account

for this galaxy. None the less, the presence of close neighbours with

similar radial velocity is not a sufficient condition for tidal interac-

tion, since we do not know the other two velocity components. We

conclude that tidal stripping is not the mechanism responsible, in

general for the stripped galaxies identified in this paper.

4.2 Characteristic density for gas stripping

In the UV, we observe gaseous stripping occurring predominantly

within a projected radius of 1Mpc, which corresponds, using the

beta-model fit of Briel, Henry & Böhringer (1992), to a hot gas

density of ρ ≈ 10−27 g cm−3.

For comparison, the jellyfish identified by Cortese et al. (2007)

in clusters at z = 0.2 are located at projected distances of∼300 kpc
from their cluster centres, corresponding to ρ ≈ 10−25 g cm−3 us-

ing the beta-model parameters tabulated in their paper (but this

seems far too high??). ESO137–01 in Abell 3627 is projected

∼200 kpc from the cluster centre, and an ambient density of ρ ≈

10−27 g cm−3 (Sun et al. 2009). [This number seems to vary among

the different Sun papers – check again] The object in Abell 2125

discussed by Owen et al. is also close to the core, at a projected

distance of ∼100 kpc. Since these are all very rich clusters, these

projected radii are directly comparable with Coma, and we may

conclude that our GSE galaxies typically lie at larger radii (both
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Figure 6. Projected distribution and orientation of the stripped galaxies. The dashed circles show the extent of the GALEX imaging, while large open circles

show the locations of giant ellipticals NGC 4839, NGC 4874 and NGC 4889, for reference. Small circles show all matched Coma cluster members in our

catalogues, highlighting in blue those withNUV − i < 4. The GSE galaxies are marked with large filled symbols and vectors denoting the direction of their

projected velocities, as inferred from their streams or tails. Galaxies apparently approaching the cluster centre aremarked in blue, while those receding from it

are plotted in red. Dotted lines indicate the cluster-centric direction at the position of each GSE. The green line segment joins the two residual X-ray maxima

in the western structure identified by Neumann et al. (2003).
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c© 2004 RAS, MNRAS 000, 1−11

Gaseous stripping in Coma 9

Figure 5. Colour ACS images of the “fireballs” in GMP 4060 (upper panels) and GMP 2559 (lower panels). The first panel in each row is a GALEX/MegaCam

image, for orientation. The ACS subimages are 10 arcsec on a side.

riety of wavebands (Vollmer et al. 2001; Finoguenov et al. 2004;

Yagi et al. 2007; Yoshida et al. 2008; Miller, Hornschemeier &

Mobasher 2009), while others are newly identified as possible strip-

ping events.

The trails are predominantly oriented away from the cluster

centre, indicating that the galaxies are falling into the cluster for

the first time, along nearly radial orbits. All but one uncertain case

lie at projected radii of 300–900 kpc from the cluster centre. The

radial distribution of these galaxies is much more centrally concen-

trated than the distribution of blue galaxies from which they were

selected, and more similar to the distribution of passive galaxies.

Within 1Mpc projected radius, some 30% of blue galaxies are cur-

rently undergoing stripping.

The radius within which UV trails are observed corresponds

to an ICM density of ∼ 10−27 g cm−3, in agreement with simula-

tions which show significant star-formation in the stripped wake in

this density regime (Kapferer et a. 2008). There are some hints that

stripping events are associated with local enhancements in the ICM

density, e.g. the eastern structure and the NGC 4839 group, but a

firm link can not be concluded from the present data.

We propose an interpretation of these objects as stage in ram-

pressure stripping that is subsequent to the HI gas tail phase (Chung

et al. 2007), and/or occurring at higher ambient densities. The star-

formation triggered in the stripping events may lead to the growth

of the galaxy bulge, if newly-formed stars fall back into the source

galaxy. Alternatively they may escape, forming intracluster stellar

systems that could evolve into objects resembling ultra-compact

dwarf galaxies.

As stressed by Sun et al. (2009), a fuller understanding of the

relationship between different manifestations of gas stripping (HI

deficiency, and tails in HI, UV, Hα and X-ray) will be made possi-
ble by improving the overlap between observations in the various

wavebands, for the same galaxy cluster. Our optical, UV and data

for Coma will be complemented by an ongoing survey of the clus-

ter in Hα, and archival XMM mosaic imaging is available. A key

missing element is high-sensitivity HI coverage of a large sample of
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Figure 7. Distribution of angle between tails and the clustercentric vector.

The alignment angle θcl is near zero for galaxies apparently approaching the

cluster centre (i.e. tails “outward”) and near 180◦ for galaxies apparently

receding from the cluster centre.

Coma member galaxies, which should be possible within the next

few years using the Expanded Very Large Array.
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Enviro-history of model cluster members

We see trends with projected radius, well within 
the virial radius. 

Is this expected?

Aren’t clusters well-mixed at such radii?

Shouldn’t projection weaken the trends 
substantially?

Address this with orbital history of ~10,000 Mstel > 
109 Msun members of the four most massive 
clusters  (~1015 Msun) in Millenium Simulation.

Ignore semi-analytic predicted SFH!

Track key “life events” of each simulated galaxy...

... and compare to projected location at z~0.
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Reproducing the ongoing-stripping fraction

RJS et al. 2010

Can match fraction of GSEs, and low 
incidence of “outgoing” events, by 
assuming a dumb toy model where  
galaxies:

1) start to be stripped when they 
*first* come within 1Mpc, 

2) remain visible for 500 Myr after this 
point

3) become “red” thereafter 
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SSP-equivalent ages from absorption 
line analyses.

Low-σ galaxies are younger on 
average (Caldwell et al. 2003; Nelan, 
RJS et al. 2005; etc)

What about environment?  

Earlier claims of steep environmental 
trends in Coma-SW dwarfs, e.g. Carter 
et al. (2002).

Contrasts with much weaker effect in 
giants e.g. NFPS (RJS et al. 2006)

SDSS+Hectospec stellar populations

50 100 20025 400σ = km/s

log(Age)

RJS et al.,in prep
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Age-radius trend: universal, not localised

Residuals from Age-Luminosity relation

DwarfsGiantsAll

South-West of Coma is “special”: ongoing merger of NGC 4839 group.

BUT: outer galaxies are younger than those in core at all azimuths.

It is the central region that is “unusual”, not the South-West!

RJS et al.,in prep
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Time since incorporated 
into 1014 Msun halo 

Time since incorporated 
into 1013 Msun halo 

Galaxies observed projected nearer cluster centre became members 
of clusters / groups earlier than those observed further out...

(colour-coded by stellar mass)
(colour-coded by final halo ID)

Key events in life of a cluster galaxy?
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Time since coming within 1Mpc 
of progenitor of eventual “BCG”

... and came within a given 
“threshold” radius earlier.

Simplistically, if SF 
“quenching” accompanies 
any of these events, we 
could predict age-radius 
trend...

Key events in life of a cluster galaxy?
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Models: ∆ log(TM14, TM13, Tthresh) ≈ -0.2 Rproj / Mpc

Text

Data: ∆ log(TSSP) ≈ -0.13±0.05 Rproj  / Mpc (dwarfs)

Projected gradient of “key-event-times” is sufficient to explain observed 
age-radius trend (though need not be the sole explanation!)

Quenching time vs radius

Or: ∆ log(TQuench) ≈ -0.18±0.05 Rproj  / Mpc
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