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Ram-pressure Stripping of Spirals
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Fi6. 2—H 1 total intensity (moment 0) map. The cross marks H 1 kinematic Fic. 3.—H 1 moment 0 contour map of NGC 4522 on R-band gray-scale
center. Note peak in projected H 1 surface density to the northeast of nucleus, image from the WIYN telescope from Kenney & Koopmann 'WIW)' “‘]‘5
and the H 1 asymmetry in the disk. The lowest contour is 25 mly beam="' km lowest H 1 contour level and contour increments are 50 mly beam™ km 5™
s=1, which corresponds o 0.6 M, pe=2 =8 x 101 em=2. The contour incre- The optical image is shown with logarithmic stretch. Note the undisturbed
ments are 0.8, 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 112, 12.8, 14.4, 16.0, 17.6,19.2, and outer stellar disk.

20.8 x 10 em™2.

NGC 4522 moves with ~1300 km/s
N_GC 4522 reveals a truncated HI ewasshglatively to the Virgo IGM. Gasg is
disk and its bent-up. stripped off towards one direction.
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ABSTRACT

A theory of infall of material into clusters of galaxies is developed and applied to the Coma cluster.
It is suggested that the infall phenomenon is responsible for the growth of cluster galaxies. The genera-
tion of a hot intracluster medium is discussed and its relation to the observed absence of normal spirals
in rich clusters investigated. The inference made earlier by Gott and Gunn that the observed X-ray
luminosity of Coma puts severe constraints on the deceleration parameter go is further elucidated.
We discuss the relation of these phenomena to the morphology of clusters, and find that some observed
regularities in their observed properties can hegxplained. 5
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however, some interesting effects if there is any gas left. We here discuss briefly some of
these.

Consider first a cluster with a hot, smooth (the distribution maust clea.rly be smooth
if the temperature is high) intracluster medium, and a galaxy moving through that
medium. The interstellar material in the galax feels the ram pressure of the intracluster

medium as it flows past. Thisfram pr

(61)

where p, is the external (to the gala.xy, ie., the mtra,cluster) density, and v the velocity
of the galaxy. If the galaxy is a typical spxral this material will be held in the plane by
a force per unit area which cannot exceed

(62)

where o, is the star surface density and o, the gas surface density on the disk of the
galaxy. For a typical large spiral with a mass of 10! M and a radius of 10 kpc, ¢, ~

0.06 g cm™; a gas layer 200 pc thick with a density of one atom per cm? has a surface
density of 10~ g cm™? corresponding to a restormg force of about 2.5 X 107" dyn cm™2.
The ram pressure, from equation (61), is, for a galaxy moving at the rms velocity of
1700 km s7! 5 X 10‘&n cm~?; where n is the mtracluster number density. Thus 1]’

tion (60) has #» = 0.16, so if as little as 3 X 1072 of the mass of the cluster is in gas, a
galaxy moving through the central regions will be stripped. We will see below that the
X-ray data indicate that the present gas density comprises roughly 3 percent of the
cluster mass, so we expect 7o normal spB¥hSHPtHe central regions of clusters like Goma.
The lack of such systems is, of course, observed, and it was originally suggested (Baade

The effect of RPS

'Ram Pressure by the

“relative motion of the IGM :

é 2
| Pram = Piom * Vrel

: restoring energy density :

0 = (1) B (1)

; If pram > erest

' RPS works until the
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Model parameters:
* p Tiew = 510K
- Ma =07
20 Nicm =103%cm3
Mgy  =10°Mg
Miisk =10"Mg
s The mass loss by means of
stripping is characterized by
0* 2 stripping stages:
30 200Myr 1. The ram pressure bends
the disk backwards
55 F = _imr_nediate and massive
" stripping;
- 2. Kelvin-Helmholtz
10 AN~ instability caused by the
sheering motion of the
0 — stream at the disk‘s
5 0 5 1292 15/k2<l 25 30 35 401 edges grazes the gas Qff.
L \ gal) g Roediger & Hensler (2005) A&A, 433 ‘

Kenney & Koopman (1999), AJ, 117 Toennesen & Bryant (2012) ApJ, 422

NGC 4522 mbves with ~1300 km/s reld
to the Virgo IGM, Gas is s'rrupped off jn ¥
directioh and shinés¥h

o

Nuferical models produce a lot of sf.clumps;
Yet numerical artefacts¥ @ .
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NGC 4569 is HI deficient and A bipolare X-ray outflow is
shows an Ha filament towards asymmetric: compressed to
the W. the E, also extended to the W.
Tschoke, G.H., Junkes 2001, A&A, 380 )
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Sensi't-ive'déep,Hqi"i_iani'ng',un.éo.ve,l"s =
- {ong Ha tails without'star formations,. :

“Excitatlon by Hgglem * -

. Byselietal. (CH), 2016, A&A, 587
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. dE dominate in clusters -

Sandage et al. (1984) MBT Binggeli et al. (1987)
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» The fractional density of ‘dIrrscin o
clustegs i a*bit less than in the fjgid.

> dEs dgminate the mor'pholbgy in clus'rer'si'
> HoW many dEs’ or'lgmally in cIusTer"’

-

o , 9
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. .. @
> Which process dmives gas loss?

1., 6Ga |c winds, gas exulsuon
2. Tidal Sj'r'lppmg > .y
3¢ Ram- -pressure s'rr'lppmg
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Correlations of different galaxy types
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o
o B
- 20 Are morphological
£ . transformations
- : possible and how?
el :
y ; [ E—
= wilhoul gas E r ‘T:G% ,,@
3{] IIIIIIIIII:IIIIIIIIIIIII*II g ' . -..‘;'.'nn"
25 2200 15 10 -5 (s
M, EWASS 2017 e -
Tolstoy et al. (2010) ARAA, 47 TveE
(c) T. Lisker 2007 dE Bs 1 8

"normal” disk feature blue center
(83-88%) (9-13%) (4-5%)

3
(o]
(o]
=
=
o
Q
x

nucleus | dE (nucleus)

dE (no nucleus)
- dE (disk)
dE (blue center)

bt
o

g
o

action of dE type

= 0.4

~relaxed unrelaxed pcg

population |
dEs in Virgo show a variety, '8
of shapes + properties that
se®m to correlate with “the

1 N
ss 2By 0.5 1 1.5 2
sker 2007 log(projected density/sq.deg.")

radial clugter dietriBution.




roPHYSICAL JournaL LerTers, 745:L.24 (6pp). 2012 February |

2
u [magfarcsec”]

¥

2
i [mag/arcsec™] g

Q

10 20 30

-4
1@ ‘Vartery 61

Cluster

30 40

-

JANZ ET AL

T T
VCC1407 Observation
Total model
NUCLEUS

SERSIC

(1) One-component

T T T
VCC1695 Qbservation
Total model

NUCLEUS

SERSIC
EXPONENTIAL

(2) Two-component
N

! !
' " VCC1861 Observation
Total model

NUCLEUS
EXPONENTIAL
LENS

(3) With lens

L L !
VCC1896 Observation
Total model

NUCLEUS

SERSIC

OUTER SERSIC

BAR

AN

(4) Barred

]

10 SMA [arcsec] 40

0

1
10 SMA [arcsec] 30 40

10.07.2017

re 2. Groups of structural types. We identified four characteristic, distingt structural types by decomposing the two-dimensional light distributions of the galaxies
it profiles for repre (FMA = semimajor axis). The shaded areas display the maximal sgdpematic error,
large-scale background varations’ rms to the intensities. The error bars indicate the intensity uncertainties as measured by
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Star-tormation history in Fornax das

Koleva et al. 2009, MNRAS, 396 Star formation histories in dEs
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Light fractions of each burst for all the galaxies. Each galaxy is represented with a different colour indicated in the frame. Each star forr
s a vertical bar whose position is its age and height its light contribution to the total spectrum.

' o .Dwarf Ell. ih Cluster® show
..

o Multi*stéllar components:
** Young metal-rich centers
¢ vBlue tores .
* YGas in the tentérs
. ’ v Central.Ha emission
. .'. .
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Cluster potential of Virgo

Motion of a galaxy through a cluster with
. -
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sive dES the Jour
The more massivg dEs the ;lounger' they are: Lisker, priv. comm

resnaining gas continues' star formation.
Low—mass. dEs_should fhave fully lost their gas.
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Gas Loss of D6s by RPS  woissurer o

pa ok foe the model with core mass Be= 10 1] mumber desity of the ICM oy = " and relative velocity (mgjuv 6. 3-8 with core mass| desaity of the ICM x,, = 10~ can -
foncionof cuped ime ot $51 x 10% 286 « 10,455 x 10,742 x 10 nd 953 x 0" e T e ot gt = 1000km s 10218« 10 and 36 107y Tod
oot i b Dl I iy o S Bo e i I ma tten peesure Pty Asousinthe gt 7o et th iy

EWASS 2017 32
see also: Roediger & Hensler (2005)

Noeske et al. (2000) A&A, 361, 33
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Fig. 1. (B — I) colour maps with overplotted B band 1sophotes. Jeft Mkn 59: the 1sophotes correspond to surface brightness levels of 20, 21
22 and 22.5-25.5 mag/0" in steps of 0.5 mag. The bright starburst knot (BK), described in detail by Dottor1 et al 15 mdicated. right
Mkn 71; the isophotes correspond to surface brightness levels of 21, 22, 23, 24, 24.5 and 25 mag/0". The giant H 11 complex NGC 2363, as well
as the field used to derive the colour-magnitude diagram of the galaxy’s underlying stellar population from HST data (CMD 2) are marked. The
indices 1—-4 along the orientation of the long—slit (centered at the axis origin) mark the regions from which the spectra displayed i Fig. 8 were
extracted. North 1s up and east to the left.

Transforma‘ho‘h of dIrrs by RPS*should be visible already
inm dilute environment} if v,,, is sufficiently large.
Consequences for thei* abundances? Star formation?

0

10.07.2017
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Meta|-P00r Cometary BC DS N. G. Guseva et al.: A spectroscopic and g
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Fig. 2. Continmum-subtracted He image of SBS 1415+437 with su-

H ST Vq m ag e Of % S 14];5+437 ] perposed Ho continuum 1sophotes. Regions with nebular emission are

labeled el. €2 and e4. The faint region e3 with Hf and Hoe emission
lines in its spectrum is not seen in the Ho image.

®
Guseva et al. (2003,.A§LA 407,4.05) v
o

Que.s.*l'ions i

Are Clusi"'.dEs RP stripp;d dIres? ™
» X " o ® ' - * 3 £
Howglo transfornied dEs look like? Star-formation

history, full} gas-evacuated?
e .

o. 9 .

D6Gs are glready RP stripped in low-density

intgmalac.:tic medium! Where to sgarch for them?
. >

Caﬁdiv; l&ss frequent than expected! Reasons?
b .
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Tue AstropuysiCAL JourNaL, 792:11 (15pp). 2014 September |
Jachym et al.

If not halo-gas RPS, HI filaments should
be evaporated and mixed with hot ICM:
X-ray filaments!

. . o.-v %

. 4 »_.'Staf formation in
“ ™ .. “the RPS blobs

. “®
Y 5
‘EWASS 2017
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F1G. 1.— Left: Chandra 0.6 - 2.0 keV count image of ESO 137-001 (no exposure correction) with main features marked. Point sources were removed and the
count image was smoothed with a 10-pixel (4.92”) Gaussian This image shows the raw data in a minimally processed way. Besides two significant tails, some
sub-structures like a “protrusion” and two sharp bends are clearly visible. The red scale bar is 10 kpc (or 30.6"). Right: the 0.6 - 2.0 keV Chandra contours in
red superposed on the SOAR Hergp image (Har + contimmum). The Chandra image was background subtracted and exposure corrected. Point sources were also
removed. ASMOOTH was used to adaptively smooth the Chandra image m m in square-root spacing and the innermost level is 3 times gﬁmtermost
level (note that this image is heavily smoothed so check Figure 3 and 4 & a ehtness). The bright part of the Hor tail (the first 20 kpc) is¥®o visible.
The green dashed line shows the major axis of the disk plane. The red scale bar is 10 kpc (or 30.6").

10.07.2017

14



Dwarf Galaxies are expected to Iose gas at clusfer'

infall already by the low-densit ICM ram pressure

2 Fumagallietal. How much gas loss? Ram-pressure effects on star formation:
In the DG body? In the RPS gas tail?

A 8 (arcmin)

n

0.5 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.
A o (arcmin)

Figure 1. Left: Archival HST/ACS image in the F475W filter (PID 11683: PI Ming Sun) with, superposed, the MUSE field of view at the two locations targeted
by our observations. In this figure, north is up and east is to the left. The coordinate system is centered at the J2000 position of ESO137—-001 (o =16:13:27.3,
& =-60:45:51). Right: RGB color image obtained combining images extracted from the MUSE datacube in three wavelength intervals (\ = 5000 — 6000 A
for the B channel. A = 6000 — 7000 A for the G channel, and A = 7000 — 8000 A for the R channel). A map of the Ha flux is overlaid in red using 2
logarithmic scale, revealing the extended gas tail that originates from the high-velocity encounter of ESO137—001 with the intracluster medium

Numerical modeling of RPS. DGs

How is §as sjripped off from dIrrs?
How does gas reactgo RP?, Clumpmg. SF enh’ancemem‘"
How does_gps in tdils evolve? : .

Dependefice op RP sfrentgh" ‘e

runlD Ry Vivind Picm

M.]  [105M,] kms!] [kpc] [kms!] [gem~})

isoHM2 14108 84 0.9 30.0 9.5 - -

isoLM2 6.3 x 10° 1.2 0.1 2.1 1.3 - -

rpsLM2 6.3 x 106 1.2 0.1 2.1 1.3 200 10-28
rpsLM3 6.3 x10° 1.2 0.1 2.1 1.3 1000 10-27
rpsLM4 6.3 x 10° 1.2 0.1 2.1 1.3 1000 10-28
rpsHM1 1.4 x10% 8.4 0.9 30.0 9.5 200 10-28
rpsHM2 1.4 x10% 8.4 0.9 30.0 9.5 100 10-28

10.07.2017
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Comparative models of isolated D& evelution
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Starg formatign self-regulation by stellar feedback  *
’ o

Mgas; = 1.4 X108 Mg ; M#=0 ¢ AMRcode RLASH @ *
Mon = 8.4 x103glq ‘o .

Vo= 30 ks - #Low star-formation _r'a1'.e: °g

A
SF as in Koppen, Theis, G.H. (1998, AA, 331) vk b s

¥(c,T,)=C,c"exp{-T,/10°K}

z [kpe]

SF concentr. to the central part;
Structures form; giant gas holes
Steyrleithner & Hensler, in prep.

t = 0000 Myr

2
-29.1
i
2 ~31.0
Lol log

L8 -
Mgasi = 1.4 X188 Mg ;

Mpy = 8.4 X108 Mg
\ 30 km. .
Vi = 200KmM/s, oy, = 104 em3 .

t = 0200 Myr

< g
Q [+ %
X S
N ~

~2 Brtanespmm s
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x [kpc] © Supiotoos
[“e =~ agR Ty .. c®e - s |
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. . . .
1000 1500 2000 2500
time [Myr]

Steyrleithner & Hensler, in prep.
v*No gnhanced SF
v No total gas evacuation
v' Star formation continues

‘Llow rate

¥ Star-forming sites are
dislocated from the disk

.
ror very low-

=6.3x106 M M., =0
gas,i @ ’ s,
MDM =1, 2%(108 Ny T.O°
Vot =2 km/s »
moderate mfa?\‘,e, =290 km/s

Niom =10 gm S

'Steyrleithner &#Hensler, in prep.

X |kpc
X KpL) (©) Steynetnner N

10.07.2017
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Steyrleithner & Hensler, in prep.

.
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.
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\/

SF enhancéd by 2 o.d'm.
when v, | reaches max.

Also max. 8f RPS mass Ioss-

Gas almost totally lo®f, sbut
condens® clouds survive °*

e with varying SFRS .

v

v

vertical offset [pc]

Strong oscillating dislocation
of SF sites from the plane.

No SF in RPS gas tails

rpsLM2

e
-4l ‘ \‘l‘

r‘Wu . \
“ ‘HH ,J,' W \
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rpsLM2
rpsLM4

\ .,
fast infall: v ® 000 km/s,
n|(£,\.,| =104 GTY3 ‘s

Steyrleithner & Hensler, in prep.
£ = GR0G- by = Critical velocity for enhanced
SF is reached earlier not when

Viel Max.

1.0

q -0.3
-1.5

i_” = Gas almost totally lost, but
" condensed clouds survive

log Ty * When these condensed clumps
[Mo pe7] get RP stipped at later
stages, they bear SF.
= A chain of star clusters can

be formed from one massive
— cloud.

15

7 [kpe]

(=]

2300 Myrs
y Table 3. Number of formed particles Ny, total stellar mass M, ,
10 U duration of star burst Ar and the corresponding SFR for the star

forming blobs.

Blob N,

'pant

B3
B4
B4 E 3110
B4 3096
B4 2 1935
B4 948
B4 : 2445
B4 p 1737
B4

Star f@rmagion in. clumps of vogious'massgs.

Same cl equiences multiple SF episodes, chain of star clusters

produce al star Cluster$ becomin 8 gas-free: no Ha, purely UV

Local osé 1'|on5 of SF srres pr‘oduce d® shape and vel. dispersion.
) 4 -

#r‘yﬂow SFRs:.IMF fot filled! Consequences for SFR determination!

Physical processes take®into account.
. »
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L
Mg, & 8.75 X10° Mg MO Moy, *
Ry = 4842 Bc i
.n“;M:?xlO""cm'3 ) ® .

slow infall: V4 = 167 knf¥s, Ma=0.4

fdst inggll: v,o = 333 km/s, Ma=0.9
e

high v, leads
(due™o compression)
gravitationally bound clouds
to Jeans instab. and sf.

. .
dEs in cILmters,a‘re - ® .

distiiguishilyle between those born in thé cluster'and
those fallen ;rb(and pasSing through), respectively,
withinsthe last Gyrs; e'g bluich cores.

RPS of wﬂallmg dirts®occurs m-clu;ter outskirts already

at [oW ram pressure, .’

at farg atiVe velocities compression leads to Jeans
instabilf@fand star fgrmation; -

Multiple gagfree clusters are.formed (some chain like)
gE &hape by enhanced stellar vel. dispersion

20



Stellar content, VAss and Kinematics of Cluster Early-type
warfs ( ): project of dEs in Virgo Cl.
http://www.smakced.net

Urich, L., Lisker,™w Janz, Jget al. MENSLE®, G.):

.
Young, metal-enriched cores in early-typ: arf galaxies in the Vil;go cluster based on colourgradiﬁw@, .
2017, Astron. Astrophys., submitted o . ., .

Sen, S., Peletier, R.F.,—Bgli,.A., et al. (HENSLER, G.): ’
Na anti Ca abund’ces in dvgar‘elliptical galaxies, 2017, I”\IRRS, submitted

L ®
Toloba, E., Gtﬁthakurta, P., Bpselli, A., et al. (HENSHER, G.): ' .
Stellar Kinematics and structural Properties of Visgo Cluster Dwarf early-type Galaxies from the SMAKCED
Project. I11. Trends as a Fursti& of projected Distance from the Cluster Center. 2015, ApJ., 799, 172

2 »

.. ®
Toloba, E., Guhathakurta, P., Peletier, R.F, etal. (HENSLER, G.):
Stellar Kinematics anggstructural Progehies%f Virgo Cluster Dyvarf early-type Galaxies from the SMAKCED
Project. I1. The Survey and a systematic Analysis of kinematic , Anomalif and Asymmetries..
2014, ApJ.SupMl, 215,47 . e * ¢
Janz, J., Larikain \Lisker@®, etal. (HENSLER, G.):
A Near-Infrared if the Multi-Component 8tellar Structure of Early-Type Dwarf Galaxies in the Virgo
Cluster . 2014, Ap: , 105 .
: : . -
Toloba, E., Guhathakurta, Rvan de Ven, G., et al. (HENSLER, ts.):
Stellar Kinematics and Strifetural Properties of Virgo lusté¥ Dwarf Early-Type Galaxies from the SMAKCED
Project. I. Kiinematically Decoup!®d Cores and Implications for Infallen Groups in Clusters . 2014, ApJ, 783, 120
»

_ .
Janz, J. Laurikdinen, E. Lisker,*T., et al. (HENSLER, G.):

Dissecting earlysype dwarf gal&kies i their multiple cofhponehts . 2012, ApJL, 745, L24 1
0

10.07.2017

21



