
4 evolutionary stages of gas removal  
1. No sign of outer disk gas stripping 
          HI content & distribution: normal  
2. Early stage of outer disk stripping 
         HI content: normal to moderately deficient  
      HI distribution: not significantly truncated; one-sided tails  
                                   or asymmetries seen only in gas 
         pre-peak pressure 

3. Advanced active stage of stripping 
         HI content: strongly deficient 
      HI distribution: significantly truncated, one-sided tails  
                                   or asymmetries seen only in gas 
          post-peak pressure 
4. Post-stripping stage 
        HI content: strongly deficient 
     HI distribution: significantly truncated but no gas tails or asymmetries  



Truncated gas disks plus 1-sided extraplanar 
gas features (active gas stripping) 



Truncated gas disks plus 1-sided gas 
tail feature opposite compressed HI 

contours (active gas stripping) 

Virgo spirals being stripped 



Truncated gas disks plus 1-sided gas 
tail feature opposite compressed HI 

contours (active gas stripping) 



Truncated gas disks plus 1-sided gas 
tail feature opposite compressed HI 

contours (active gas stripping) 



Spirals being  
stripped:  
8um+HI  
emission 



Big face-on gas-rich 
spirals 

NGC 4321 NGC 4254 

NGC 4535 



SPITSOV 

Stripped extraplanar PAH 
emission 

Stripped extraplanar  
PAH emission 



15 Galaxies 
with  
evidence for 
active ram 
pressure 



Diagnostics of (active) ram pressure  
stripping 1: Gas vs. Stars 

Truncated gas disks with normal stellar disks 
 & one-sided extraplanar gas features Abramson+09 

Kenney+04 
Chung+09 

HI on 
optical 



Diagnostics of (active) ram pressure 
stripping 2: polarized radio edges 

Strong linear polarization along 1 outer edge of  
galaxy ISM -- ISM B field compression or ICM  
magnetic draping along leading edge 

Radio  
polarization 
Vectors on 
Radio  
continuum 

NGC 4402 

Vollmer+07 



Diagnostics of (active) ram pressure 
stripping 3:  “Radio deficit” regions at 

leading edges 

•  Deficit region: radio surface brightness is less than 50% of 
expected strength (wrt FIR emission) 

•  Relativistic magnetized plasma which produces radio emission is 
easier to disturb than the denser components of the ISM 

•  Selective disturbance to radio halo is diagnostic for strength & 
direction of ram pressure 

RC deficit  
Regions on 
Radio maps 

Murphy+09 



Radio evidence for ongoing ram pressure 

•  Excellent FIR-radio correlation in normal galaxies allows one to 
predict radio map for undisturbed ISM from FIR map 

•  Differences between actual & predicted radio maps due to 
external influence (ICM ram pressure) 

Spitzer       70um 

VLA              6cm Smoothed 70um/6cm ratio 

Radio deficit --> 

<--Radio excess --> 

Murphy etal 2009 

NGC 4402 



Polarized Ridges & radio 
deficits due to ram pressure 

•  Radio deficit region is located outside ridge of enhanced 
polarization 

•  Radio plasma “far” from dense ISM is pushed away, radio plasma 
“near” dense ISM is compressed 

6cm 
Polarized 
Flux  
on HI 

Radio 
deficit on 
6cm radio 
& Pol. 
vectors  

Vollmer 
etal 2004 

Murphy etal  
2008 



Radio deficit is good indicator of ram 
pressure strength 

Strength  
of local 
radio 
deficit 

Time since star formation in 
outer disk stopped 



Time Sequence of Stripping 

HI on R 

100 Myr 

500 Myr 

300 Myr 

SDSS Optical image HI on R WIYN Optical spectra 

N4522 

N4569 

I3392 

recent 

older 

intermediate 



Time Since Stripping vs. 
Distance from cluster center 

    Crowl &  
Kenney 2008 
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beyond  
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center 



Ram pressure  
stripping & 

color evolution 

Ram pressure  
stripping partly  
responsible for  
cluster spirals in  
“green valley” &  
“red sequence” 

Crowl etal 2010 

Contours: general 
SDSS galaxies 
Points: ram pressure 
stripped Virgo spirals 

Galaxies with good 
evidence for RPS: 

Quenching times 
from spectra 
No spectra 



Not all “red sequence” galaxies are “dead” 
many have star formation in truncated disks 

•  “normal” 
isolated spiral 

•  Young stars and old 
stars have similar 
distributions 

•  “truncated” 
Cluster spiral 

•  No young stars 
beyond “truncation 
radius” 

•  Truncated spirals are 
     intermediate between 

normal spirals and 
S0’s 

NGC 4580 

   BVR 
WIYN 

Over 50% of Virgo spirals have 
truncated Hα disks and are HI deficient 
most have normal stellar disks & are 
likely caused by ICM-ISM stripping 

Koopmann & Kenney 2004 NGC 4580 



Are any Virgo S0’s made 
from stripping spirals? 

•  Maybe but no clear 
evidence yet 

•  Ram pressure in 
Virgo generally not 
strong enough to 
quickly and 
completely strip 
large spirals 

NGC 4710, Virgo S0 with gas+dust
+SF disk truncated at 0.2R25  



Strong & complete (?) r.p.s 
of spirals in richer clusters 

•  1-sided tails of young 
stars & hot gas emerging 
from spirals 

•  richer clusters have 
higher ICM densities & 
higher velocities --> ram 
pressure 10-100x 
stronger than Virgo 

Sun+07 

Cortese+07 

A1689 A2667 



Virgo dwarf IC3418: no HI; 
1-sided tail of young stellar associations & 

linear streams 

We are probably witnessing the transformation of 
a dwarf irregular galaxy into a dwarf elliptical 
galaxy by complete ram pressure stripping  

GALEX 
FUV+NUV 

WIYN 
B 

1’ 
5 kpc 

Kenney+10 



Virgo ram pressure strong enough  
to quickly & completely strip small  
galaxies but not big galaxies 



Truncated gas disks  
(past ram pressure stripping) 



Anemic 
disks 

Undisturbed gas disks 
with low gas surface 
density 

Similar gas & stellar 
distributions 
(although some HI 
disks are truncated 
as well as anemic) 

Not truncated (much) 

Truncated some 

Truncated more 

Anemic disk  
experiencing  
weak ram pressure 



Anemic disks 



Anemic galaxies:  
 gas lost thru starvation? 

MI 

g-r 

NGC 4424 



Anemic disks 



Anemic Disks 

What are they? 
•  Starved disks? 
• Old ram pressure stripped disks? 
•  Differently-stripped disks? (e.g.,  

t.v.stripping, edge-on stripping) 



Gravitationally disturbed  
& gas poor except central 1 kpc 



Gravitational interactions: 
equal-mass interactions 



Gravitational interactions: 
recent minor mergers & accretion 



Gravitational interactions: 
Old accretion 

•  Symmetric gas distribution 
•  Low star formation rate 



r.p.s. also 
happens during 
galaxy collisions 

NGC 4490 / NGC 4485 NOT Virgo! 

Clemens+00 

Radio 
continuum 

60 µm 

HI 



Gravitational interactions:  
gas stripped during collision? 

Unusual clouds of HI around elliptical M86 --  
cool gas stripped from spiral NGC 4438 in collision? 



Gravitationally disturbed galaxies:  
 gas lost thru combination of 

gravitational interaction & gas stripping 

MI 

g-r 
NGC 4438 

NGC 4424 



normal 
•  No sign of significant 

tidal or ram pressure 
interaction 

•  HI distribution normal 

NGC 4192 

NGC 4536 

NGC 4189 



Gas accretion?  
HI-rich galaxies  
in cluster  
outskirts  
Very extended,  
disturbed, warped  
gas distributions 

NGC 4808 

NGC 4383 
NGC 4532 

NGC 4713 NGC 4561 

1’ 

5 kpc 



HI-rich galaxies in cluster 
outskirts have highest SFRs 

Gas accretion fuels star formation? 

Hα/R 

C30  light concentration index 
MI 

g-r 



Starvation? 
Removal of gas from outskirts of 
galaxy by tidal forces or ram pressure 
before it can accrete onto main body 
of galaxy & form (many) stars 

Arecibo HI 
ALFALFA  
Koopmann etal 2008 

VLA HI  VIVA 
Chung etal 2009 

NGC 4532   HI NGC 4532          
HI 

1’ 

20’ 
100 kpc 





Starvation -- removal of gas which would have accreted -- 
probably occurs as galaxies enter cluster outskirts (~2-3Rvir)   
SOME EVIDENCE 

Ram pressure stripping removes most disk ISM gas the first time  
the galaxies enter intermediate parts of the cluster (~0.5-1Rvir)  
STRONG EVIDENCE, MAJOR EFFECT, FIRST INFALL 

Gravitational interactions continue to act as galaxies orbit  
multiple times through the cluster, gradually destroying disks and  
building bulges  
STRONG EVIDENCE, MAJOR EFFECT, CONTINUES OVER TIME 

Multiple interactions drive cluster galaxy evolution,  
different interactions occur at different times  

Holistic cluster galaxy evolution 



Tidal 
interactions 

•  Symmetric tidal arms: distant 
interaction with more massive 
halo 

•  Asymmetric tidal arms: close 
interaction with similar mass 
halo 

Direction 
Of motion 

0.6 deg ~ 150 kpc from M49 
at sub-cluster center 

Galaxy  
with 
no gas 

Galaxy  
with gas 

Direction 
Of motion 

 NGC 4488 

M49 



Tidal interactions 
NGC 4488 and M49 

Direction 
Of motion 

0.6 deg ~ 150 kpc from M49 
at sub-cluster center 

Galaxy  
with 
no gas 

 NGC 4488 

M49 

NGC4488 

M49 



Measuring Evolutionary Stage of 
Stripping through Stellar Populations 

     Strong Balmer lines and bright FUV emission  
    in stripped outer disk indicate: star formation  
    truncated 100+/50 Myr ago with 2% starburst  

--> disk was stripped recently Crowl & Kenney 2006 

GALEX FUV+NUV OPT + HI 

WIYN Sparsepak Spectroscopy 



Stellar pops in NGC 4522 

•  SSP = “single stellar population” = 1 
instantaneous starburst 

•  Truncated = constant SFR until 
sudden truncation 

How long ago  
SF stopped 
in Gyr 

0.5 solar 
solar 

2x solar Lick 
indices 

UV-opt 
colors 

Best match to optical spectra and 
UV-opt colors: truncation with 2% 
starburst 100+/50 Myr ago 

solar 

Crowl & Kenney 2006 



Enhanced star formation at leading 
edges of ICM-ISM interactions 

1-arm spirals emerge from ridges  
of enhanced star-formation at outer 
edges of some truncated gas disks 

VIVA HI on SDSS opt 
NGC 4654 

NGC 4654 

Ha    NGC4178 

Ha 
R 

NGC 4569 
  HI on Ha 

NGC 4396 
HI on Ha 



Gradient in stellar ages 
in stripped outer disk 

of NGC 4330 

Stellar pop analysis: 
a.) need 5-7% starburst 

at time of stripping 
(RP-induced SF) 

b.) takes 100-300 Myr 
for stripping 
boundary to progress 
across disk 

-> starburst front 
which propagates 
across disk 

Abramson+09 
log NUV/R 
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g 
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V
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FUV/NUV 
       on HI 



RP-induced SF & stripping 
timescale in NGC 4330 

Abramson+09 



Not sure about 
these! 



NGC 4351 

N4351 


