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void

Dwarf galaxies in cosmological voids?

N-Body 
simulations:
   “Yes”

Surveys:
   “No (???)”

Gottlöber 
et al. 2003



Infinit # of small halos
The halo mass function 

infinite (?) 
number of
small halos



 Do we see all these halos?
Bullock, Kravtsov, Weinberg
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Cooling padmanabhan

tcool < tgrav

nkBT  /  n2ΛV              (GM/R3)-1/2

Bremsstrahlung:                 R = 74 kpc  
                                   M = 3x1011 M⊙

Textbook solution:                (Padmanabhan)

What determines the minimum size of a galaxy?



Cooling of primordial plasma
Coolin curve

no cooling
below ~104 K



Void simulationCosmological hydrodynamical void simulation 

Diameter                       =   16 Mpc
ΩM                                 =   0.03
Mass resolution  (gas)   ~   2×105 h-1 M⊙

TreeSPH  
        Gadget2
Radiative 
        cooling
        UV-heating
Star formation
        subgrid model
        feedback 
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Gas: hot phase

Gas: cold phase Stars

Thermal 
instability

Evaporation

SN Feedback

Star 
formation

Multiphase model

Yepes et al. 1997

Springel & Hernquist 2002

Aim: determine SFR

ρ̇∗(ρ, T )



Baryon fraction 

Halos below
few times
109 M⊙ are
baryon-poor

Characteristic
mass scale
depends on
redshift

Baryon fract



Baryon fraction 

Halos below
few times
109 M⊙ are
baryon-poor

Characteristic
mass scale
depends on
redshift

Baryon fract



6 R. A. Crain et al.

Figure 3. The evolution of the median entropy parameter (top) and median

temperature (bottom) of gas particles within the PANCAKE collapse simula-

tion. The solid line in each case represents the simulation featuring particle

mass resolution identical to the LOW-MASS simulation. We supplement this

run with degraded resolution runs with particle number reduced by a factor

of 8 (dotted line) and 64 (dashed line). An improved resolution run is also

presented, with particle number a factor of 8 greater (dot-dashed line). The

vertical dotted line marks z = 2.

the sphere to a pancake configuration. Note that when computing

the electron density, ne, we assume the gas is fully ionised and of

primordial composition. At z = 2 the system reaches maximum

asphericity, and is well described by a plane of comoving thickness

25 h−1 kpc (c.f. comoving softening of 10 h−1 kpc) and comoving

radial extension of 1.5 h−1 Mpc.

The collapse heats gas to a median temperature of 3× 104 K,

and the median specific entropy reaches s " 1 keV cm2. We test

explicitly the effect of resolution by re-running the PANCAKE simu-

lation with particle numbers reduced by factors of 8 and 64 relative
to the standard resolution of LOW-MASS; we complete the resolu-

tion study by running a higher-resolution case where the number

of particles was increased by a factor of 8. Gravitational softenings

were scaled as ε ∝ N1/3
p .

As shown in Figure 3 the post-shock median entropy and tem-

perature jumps are quite insensitive to numerical resolution, al-

though the transition becomes noticeably sharper as the resolution

increases. This test shows that limited resolution does not lead to a

substantial underestimate of the entropy jump in numerical simula-

tions of pancake-like collapse. Actually, poor resolution leads typ-

ically to underestimation of the true densities: entropies are there-

fore typically overestimated in poor resolution simulations. This

result, together with the consistency between the LOW-MASS and

DWARF simulations, gives us confidence that baryon fractions in

our simulations are not unduly affected by resolution effects.

3.3 Photoheating

The one feedback mechanism that is certainly present at early times

is associated with the energetic photons that reionised the Universe

at high redshift. This has long been recognised as having the po-

tential to inhibit the formation of galaxies in low-mass haloes, al-

though there is still no consensus concerning the mass scale below

which photoheating becomes effective at halting galaxy formation

Figure 4. Baryon fractions, in units of the universal value, at z = 0 for
the LOW-MASS simulation with and without our photoionising background

model. The open and solid green triangles show the baryon fraction of the

DWARF halo with and without the same model, whilst the vertical dot-

dashed line marks the virial mass and virial temperature equating to the

temperature floor. The solid line denotes the baryon fractions predicted by

M05 for haloes in the presence of a UV background, whilst the dotted line

shows the prediction of the M05 gravitational preheating model.

(Blumenthal et al. 1984; Efstathiou 1992; Quinn et al. 1996; Bul-

lock et al. 2000; Benson et al. 2002). Most semianalytic galaxy

formation models have so far adopted the prescription of Gnedin

(2000) to determine the gas accreted by haloes for given IGM pres-

sure, but recent results presented by Hoeft et al. (2006) suggest that

Gnedin’s approach may substantially overestimate the mass scale

of photoheating.

This motivates us to include a simple photionisation heating

model in our simulations. The aim is twofold. On the one hand, we

wish to shed light on the disagreement about the effects of photo-

heating on gas fractions, but, on the other hand, we would also like

to explore whether photoheating may act to suppress the efficiency

of gas accretion in the early phases of the hierarchy, facilitating and

enhancing the thermodynamic effect of pancake-driven shocks.

We investigate the combined effect of gravitational and pho-

toheating by re-running the DWARF and LOW-MASS simulations,

again with non-radiative gas physics, but, motivated by the third-

yearWMAP data (Spergel et al. 2006), imposing a spatially uniform

temperature floor for all gas particles at z = 11. To aid as much as
possible the pre-virialisation generation of entropy, we adopt for

the temperature floor a rather high value, Tfloor = 2× 104 K, con-

sistent with the maximum temperature of the IGM at mean density,

as probed by QSO absorption spectra (Schaye et al. 2000).

This should clearly impact gas accretion on dwarf galaxy

haloes and, in particular, our DWARF halo, where the virial tem-

perature is only ∼ 4.4× 104 K at z = 0, only a factor of 2.2 above
Tfloor. We therefore expect that a considerable fraction of the gas

bound to small halo progenitors at high redshift should be photo-

evaporated from this structure.

Figure 4 illustrates the effect of the additional heating on the

baryon fractions of the LOW-MASS halo sample (open circles) and

compares them with the results of the non-radiative run (filled

circles). Photoheating introduces a well-defined mass scale be-

low which gas accretion is strongly suppressed. Below M200 ∼

c© 2005 RAS, MNRAS 000, 1–9

Crain
et al. 2006

Mimic the UV-background: lower T limit 
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Redshift evolution of the baryon fraction 
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Filtering Mass
Filtering mass

Gnedin & Hui 1997



Filtering mass (cont.)
Filtering mass (cont.)



Filtering mass (final)
Filtering mass (final)



Baryon fraction:   Void + Group

Baryonfraction again In dense 
environments the 
characteristic 
mass 
corresponds to 
that in void 
regions



Tidal with baryons

Tidal stripping with cool gas + stars 

distance
[kpc]

mass
[M⊙]

Time [Gyr]



Accretion shock

Hot halo

region of cooling

cold clouds

Gas accretion, schematically

Accretion, scheme
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... more realistically shaped
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Gas accretion, in density temperature space
“Cold mode” 
(Keres et al. 04)
of galactic gas
accretion:
gas creeps along
the equilibrium
line between
heating and 
cooling

Rho T
hot accretion

cold accretion

no accretion
Tentry
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Relate radius to mass
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How to



Max gas temperature

Relate radius to mass

Prediction for Mc

Measurement Mc

Condition for 
suppression

How to suppress gas condensation?
How to



Mass accretion history
Mass accr hist



Mass accretion history
Mass accr hist



Baryon poor small halos
MAH, several

total mass baryonic (condensed) mass
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Robust

The characteristic mass is “robust”

even a significantly
different heat
input has only
little effect
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adiabatic 
compression

cooling

Gas accretion revisited

What defines the
‘entry’ temperature
in a real galaxy?

Total heat input
by UV heating

1043 -1047 erg yr-1

(Very crude 
estimate!)
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Understanding the ISM means understanding the physical 

processes which drive mass, momentum and energy exchange 
between the stars and its components.

Lecture notes by J. Graham

In which reservoir does the halo cool?
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Summary

• Photoheating suppresses the condensation 
of gas in halos < Mc

• Tvir < Tentry is a very good criteria for 
ongoing accretion

• Photoheating by UV-background is not sufficient
to explain the paucity of dwarf galaxies

• Galactic feedback (even without winds) provides
much more heat, and suppresses therefore accretion
much stronger


