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What sets the color and gas content 
of galaxies? 



Mostly just two 
things control a 
galaxy’s color: 
mass and 
environment 

Peng et al 2010 
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Gas Content: Environmental Effects 

¤ Ram pressure stripping of cold, dense gas 

¤ Suppressing accretion (“starvation”) 

¤ Tidal stripping, harassment, mergers 

¤ Cooling of hot gas/AGN heating 
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Clusters contain hot gas 

Credit: X-ray: 
NASA/CXC/MIT/E.-
H Peng et al; 
Optical: NASA/
STScI 



Cosmological cluster evolution 

Gas density 
 
Tonnesen & 
GB (2009) 
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Environmental effects: Gas 
stripping, tidal effects 

Tonnesen & GB (2009) 
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pc 

Gas stars 



Cosmological simulation: gas loss 

 0-1 Mpc      1-2.4 Mpc       2.4 - 5 Mpc 

Which galaxies lose gas? 

Distance from cluster center 

ΔM (1010 Msun) 



Ram pressure stripping 

Piontek et al (2003)  



Analytic-Numerical Comparisons 

¤  Analytic prescription for 
stripping: 

      (Gunn & Gott 1972) 

¤  Can be used to predict radius 
at which stripping occurs 

¤  When compared to 
simulations, this works 
remarkably well 

ρICMvICM
2 = Pram > fgrav = 2πGΣ*Σgas

Roediger & Hensler (2005) 
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(also Vollmer 2001 with sticky-particle sims) 



RPS: Comparison to Observations 

¤  Predicted amount of 
mass loss (HI deficiency) 
and stripping radius 
(relative to optical) 

¤  Vollmer et al (2001) 

Cayatte et al (1994) 
Model 



Ram pressure stripping 

Roediger et al (2008) 



Stripped tails 

Roediger et al (2006) Osterloo & van Gorkom (2005) 



Greg Bryn 

Tonnesen & GB 
(2009) 

Cooling No cooling 

Ram pressure stripping RPS: Impact of Radiative Cooling 
13

Fig. 1.— Surface density of all gas 500 Myr after the wind has hit the galaxy for our runs with radiative cooling to Tmin = 300 K (left),
Tmin = 8000 K (center) and for the comparison run with no radiative cooling (right). The images are shown with a logarithmic stretch.
Note the large amount of structure, the length, and the lack of flaring in the tail with radiative cooling, compared to the tail without
radiative cooling. The radiatively cooled tails are cut off in this projection 212 kpc from the galaxy.



Impact of Radiative Cooling 

¤  Radiative cooling 
produces a very 
different looking tail, but 
the mass of gas stripped 
still agrees with the Gunn 
and Gott prescription 



RPS: Impact of Magnetic Field 

Ruszkowski et al (2012) 

No B field With B field 



Star Formation in Stripped Tail 

Hester et al (2008) 
Kapferer et al (2008) 



Observing stripped tails in X-ray 

Tonnesen & GB (2011) 

Sun et al (2009) ESO0137 
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What controls the X-ray brightness of tails? 

6

Fig. 2.— Contour plots showing the mass in gas at different densities and temperatures for the T3vl run on the left, Tmin = 300 K (from
TB10) on the right. The contours are spaced by a factor of 10 in mass. For a gas cell to be included in the contour plot, it must have at
least 25% of its mass originating from the galaxy (based on the tracer fluid). The two curves denote lines of constant X-ray luminosity per
mass (or emissivity per density). This figure illustrates that high ICM pressure produces an X-ray bright tail. See discussion in Section
3.1.2

for these maps is 2 × 10−18 erg s−1 cm−2 arcsec−2 (see
Sun et al. (2007) and references therein). As described
earlier, we use Cloudy to determine the Hα emissivity
given a gas temperature and density.

We find, as shown in Figure 4, highly structured, long
tails of Hα emission. Note that we do not include UV
radiation from star formation or AGN (except from the
metagalactic background, as described in section 2.2).
Figure 3 shows that Hα emission peaks around the edges
of cold clouds, which can be seen by comparing the upper
right panel of Hα emission with the lower right panel
showing gas surface density.

The Tmin = 8000 K and Tmin = 300 K runs show a
similar amount of Hα emission. This is because, while
the minimum temperature affects the temperature in the
central regions of the clouds, it does not strongly af-
fect the cloud edges in the simulation, whose characteris-
tics are more determined by the interaction between the
cloud and the ICM. We find that changing the cloud size
parameter in our Cloudy run has only a small effect on
the total Hα flux (less than 10% in all three runs). This
is because most of our emission is produced by collisional
processes rather than photoionization, and so is mostly
dependent on the gas temperature, not the optical depth
to ionizing photons (recall that we do include star forma-
tion in the simulation and so do not model HII regions
within the tail).

Because we do not include star formation, we cannot
compare our Hα emission to the 33 H II regions seen by
Sun et al. (2007). We do compare the total flux from
our tail to the observed diffuse Hα emission in Table 6.
Again, the volume of our diffuse tail is much larger than

TABLE 6
Hα tail attributes

Run or l × w fHα/10−14 fHα/10−14 corrected
a

Observation (kpc × kpc) (erg s−1 cm−2) (erg s−1 cm−2)
T80vh 67 × 27 75.8 2.23
T3vh 65 × 29 75.9 2.00
T3vl 80 × 30 97.9 1.96

Sun et al. (2007) ∼40 × 6 4.4 4.4

aThe corrected flux multiplies the simulated Hα flux by the ratio
between the simulated and observed tail volumes.

that observed by Sun et al. (2007), and we show the
corrected Hα flux by dividing by the volume ratio in the
table. The difference in tail widths is from the difference
in galaxy sizes, while the length of the observed tail is
the minimum length of the diffuse emission because there
is a bright star in the field (Sun et al. 2007). When we
take the different volumes of the tail into account, our
simulated Hα flux is less than that observed from the tail
of ESO 137-001, but in all three cases, the simulated Hα
flux is within a factor of 2.5 of the observed flux.

There are a number of possible explanations for our
slightly lower predicted Hα flux, including the possibility
that some unresolved H II regions are counted as diffuse
flux in the observations. Other heating sources such as
thermal conduction — an effect we do not include in
the simulations — could give rise to more Hα flux than
we see in our simulations. We also find that numerical
resolution plays a role in the total Hα emission, as we
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High thermal ICM pressure produces bright X-ray tails  
Tonnesen & GB (2011) 



What about groups? 

¤  Ram pressure: P = ρv2 

¤  cluster velocity: v ~ M1/3 

¤  RPS more important for clusters than groups 
¤  also more important for low mass galaxies (dwarfs) for a given 

cluster size 

¤  But we see environmental effects in groups: why? 



Gas Content: Environmental Effects 

¤ Ram pressure stripping of cold, dense gas 

¤ Suppressing accretion (“starvation”) 

¤ Tidal stripping, harassment, mergers 

¤ Cooling of hot gas/AGN heating 



Simulating halo gas stripping 

Hot gas 
Disk gas 

Halo gas 

V=500 km/s T=107 K (Mcl=1014 Msun) 
Md=6*1010Msun,vc=220 km/s,B/D=0.2 

(DM halo + bulge + disk stars/gas + halo gas+SF) 

(Bekki 2009) 
(also McCarthy    
et al 2008) 



(V=500 km/s, T=107 K [Mcl=1014 Msun ]) 

(Bekki 2009) 

Cluster: Fstrip=0.65 (Halo) 

Group: Fstrip=0.38 (Halo) (V=200 km/s, T=3*106 K [Mcl=1013 Msun ]) 



Halo stripping: analytic prescription 

¤  McCarthy et al (2008) 
simulated halo stripping 
and found that a simple 
extension of the Gunn-
Gott Prescription worked 
well. 



Starvation implemented in semi-
analytic model 

Font et al (2008) 
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Impact of Delayed Starvation 

Font et al (2008) 



What does gas accretion actually 
look like? 

Keres et al 2005, 2009 



Simulating Gas Accretion 

 HI Map 
 
Joung et al (2012) 



At z~0 inflowing gas is warm and ionized 

¤  inflow rate ~ 4 M⊙/yr 

¤  gas is warm-hot 

¤  inflowing gas is mostly 
ionized (~10 % neutral in 
center) 
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Filamentary accretion of ionized gas 

Map of 
Radial 

Mass Flux 
 
Joung et al 
(2012) 



Starvation in a Cosmological Simulation 

Tonnesen & GB (2009) 

5 M
pc 

Gas stars 



Cosmological simulation 

 0-1 Mpc       1-2.4 Mpc         2.4 - 5 Mpc 

Gas loss Gas Accretion 

Distance from cluster center: 

ΔM (1010 Msun) ΔM (1010 Msun) 

“starvation” 



Gas Content: Environmental Effects 

¤ Ram pressure stripping of cold, dense gas 

¤ Suppressing accretion (“starvation”) 

¤ Tidal stripping, harassment, mergers 

¤ Cooling of hot gas/AGN heating 



Impact of Cluster Potential 

Byrd and Valtonen (1990) 
P = (Mc/Mg)(rg/rc)-3 = 0.1 



Disk galaxy in a group environment 

Villalobos et 
al (2012) 

Disk and gas tidally 
stripped when:  
 
mean density 
inside orbit =  
mean density 
inside disk 
 
 
DM halo stripped 
well before disk 



Tidal Effects on merger gas 

¤  Generally mergers in 
clusters are rare (more 
common in clusters) 

¤  Martig & Bournaud (2009) 
modeled galaxy-galaxy 
merger inside a cluster/
group potential, finding 
that it could enhance star 
formation over simple 
merger. 

Martig & Bournaud (2009) 

Galaxy merger within a cluster 



Tidal stripping of halo gas? 

¤  McCarthy et al (2008) 
found that ram 
pressure stripping of a 
galaxy’s hot halo was 
always more effective 
than tidal stripping 

McCarthy et al (2008) 

RPS radius 

Tidal radius 



Galaxy-galaxy encounters 
(Harassment) can transform disks  

Mastropietro et al (2004) 

z=0.3 

z=0 



Gas Content: Environmental Effects 

¤ Ram pressure stripping of cold, dense gas 

¤ Suppressing accretion (“starvation”) 

¤ Tidal stripping, harassment, mergers 

¤ Cooling of hot gas/AGN heating 



Cooling of hot gas in Clusters 

Perseus – credit: NASA/ESA 

Evidence of 
cooling and star 
formation in Cool 
core clusters 



Static cluster gas is NOT thermally 
unstable 

¤  Cluster gas is a temperature 
and density such that it would 
be thermally unstable if in a 
uniform medium 

¤  BUT, in a stratified medium, it is 
not (locally) thermally 
unstable (Balbus & Soker 1989) 

Focus on central 16 kpc of cluster

time 

ρ

T

Focus on central 16 kpc of cluster 

time 

However it is globally 
unstable! 
(but gas only cools 
out in very center) 

density 

temperature 

Li & GB (2012) 



AGN Feedback can suppress cooling 

Gaspari et al (2012) 

An AGN jet that is 
triggered when gas 
cools can limit 
cooling 
(if parameters well 
chosen) 
 
But no filaments? 



If the gas is heated uniformly, it can 
be thermally unstable 

McCourt et al (2012) 



If highly resolved, jet heating also 
can result in thermal instabilities  

t = 1 Myr  t = 100 Myr  

Density slices (~ 10 pc resolution) 



Summary 

¤ Ram pressure stripping of cold, dense gas 

¤ Suppressing accretion (“starvation”) 

¤ Tidal stripping, harassment, mergers 

¤ Cooling of hot gas/AGN heating 


