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INTRODUCTION
• Part of the OWLS project.

• We study how gas accretes from the IGM onto haloes and from 
haloes onto galaxies to fuel star formation and how this is 
affected by cooling and feedback. 
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Figure 15. Contour levels of the hot fraction for accretion
onto haloes, from fhot = 0.1 (bottom) to 0.9 (top), spaced by
∆fhot = 0.1, as a function of halo mass and accretion redshift for
the same data as in Figure 13. The high mass bins from simulation
REF L100N512 are used in addition to the full REF L050N512
simulation data. The halo mass increases for increasing fhot.
There is almost no evolution in halo mass for low hot fractions.
Halo mass increases with redshift for high hot fractions.

simulations. From top to bottom are shown: no supernova
feedback and no metal line cooling (NOSN NOZCOOL);
no metal line cooling (NOZCOOL); reference supernova
feedback (REF ); density dependent supernova feedback
(WDENS); reference supernova feedback and AGN feedback
(AGN ). The colour coding shows gas overdensity in the left
panels and temperature in the right panels. The stronger
the feedback (from top to bottom) the more fragmented the
streams become. All models predict the presence of cold,
dense gas throughout much of the halo. The diffuse halo gas
is heated to higher temperatures in simulations with strong
supernova feedback or AGN feedback than in the reference
simulation. The radius out to which gas is heated increases
for strong feedback models.

In Figure 17 we show the same halo as in Figure 16,
but in a 250 h−1kpc (comoving) box centred on the central
galaxy. The simulation without feedback and without metal
line cooling does not show a clear central disc (top row). The
reference simulation (third row) looks similar to the simu-
lation without metal line cooling (second row). Neither the
simulation with effective supernova feedback (fourth row)
nor the one with AGN feedback (bottom row) show a cen-
tral disc, but they do have a lot of cold, dense gas smeared
out in the central 250 h−1kpc.

Figure 18 shows how the fraction of the gas that ac-
cretes smoothly onto haloes just before z = 2 in the hot
mode, i.e. with Tmax ! 105.5 K, depends on the physical
processes that are modelled. Even though the hot fractions
are not completely converged at the low mass end for some
of the L100N512 runs, the trend with halo mass and the
effect of the variations in the simulations are robust. Before
discussing the differences between the models, we stress that
these differences are small. The fraction of the gas that ac-
cretes onto a halo of a given mass and at a given redshift in
the hot mode can thus be robustly estimated. It is insensi-
tive to uncertainties in the baryonic physics, such as radiatve
cooling and feedback from star formation and AGN.

Figure 16. Gas overdensity (left) and temperature (right) in
a 1 h−1Mpc (comoving) box centred on a halo of 1012 M" at
z = 2. We show the same halo as was shown in the middle
panel of Figure 7, but now for five different simulations. From
top to bottom: no supernova feedback and no metal line cool-
ing (NOSN NOZCOOL); no metal line cooling (NOZCOOL);
reference supernova feedback (REF ); density dependent super-
nova feedback (WDENS); reference supernova feedback and AGN
feedback (AGN ). These simulations used 2 × 5123 particles in a
25 h−1Mpc box. The structure of the cold streams changes, but
they exist in all simulations. The hot gas extends to larger radii
and has a higher temperature if feedback is more efficient.
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DIFFERENT SIMULATIONS



FUELING HALOES

• The dark matter accretion rate scales (almost) linearly with 
halo mass. 

• Without feedback, the gas accretion rate onto haloes also 
increases (almost) linearly with halo mass.

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a
z=2



FUELING HALOES

• Supernova feedback reduces the halo accretion rate onto low-
mass haloes (factor 2-3), because gas outside the halo is also 
affected and prevented from accreting.

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a
z=2



FUELING HALOES

• More cooling does not change the halo fueling rate.

Specific 
accretion rate
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accretion rate

halo mass

van de Voort et al. 2011a
z=2



FUELING HALOES

• AGN feedback reduces the halo accretion rate onto high-mass 
haloes (factor 2-3), because gas outside the halo is also affected.

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a
z=2



FUELING HALOES & GALAXIES

• The galaxy accretion rate is always lower than the halo 
accretion rate.

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a
z=2



FUELING GALAXIES

• Without feedback, the galaxy accretion rate increases less 
steeply than linearly with halo mass.

• Without feedback, the specific galaxy accretion rate peaks 
around 1010 Msun.

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a

z=2



FUELING GALAXIES

• Supernova feedback reduces the galaxy accretion rate onto 
low-mass haloes strongly (order of magnitude).

• Increase for high-mass haloes, because more gas is left.

Specific 
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halo mass

van de Voort et al. 2011a

z=2



FUELING GALAXIES

• More cooling enhances the galaxy fueling rate.

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a

z=2



FUELING GALAXIES

• AGN feedback reduces the galaxy accretion rate onto high-
mass haloes strongly (order of magnitude).

• With feedback, the specific galaxy accretion rate peaks around 
1012 Msun. 

Specific 
accretion rate

=
accretion rate

halo mass

van de Voort et al. 2011a

z=2



1012 MSUN HALO AT Z=2

• Diffuse gas shock heats at the virial radius to the virial 
temperature, whereas dense filaments stay colder.

• Inflow happens preferentially along cold streams.
Birnboim & Dekel 2003, Keres et al. 2005, Dekel & Birnboim 2006, Ocvirk et al 2008, Brooks et al. 2009, 

Dekel et al. 2009, Keres et al. 2009, van de Voort et al. 2011, Powell et al. 2011, Faucher-Giguère et al. 2011
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Figure 10. Maximum past temperature at z = 2 (top panel)
and z = 0 (bottom panel) against total halo mass of the
gas smoothly accreted onto haloes for models REF L025N512
and REF L100N512 (top panel) and REF L050N512 and
REF L025N512 (bottom panel). The total number of particles in
a pixel is used for colour coding. The black line indicates the virial
temperature of the halo. The temperature of gas that is accreted
hot scales with the virial temperature. For low mass haloes, the
temperatures of hot and cold accreted gas are comparable. Hot
accretion is more important at higher halo masses.

6.2 Dependence on redshift

The fraction of gas that is accreted onto haloes in the hot
mode also depends on redshift, as can be seen from Fig-
ure 13 where the hot fracion is plotted against halo mass for
different redshifts. For a given halo mass, the hot fraction
increases with time between z = 5 and z = 1. Below z = 1
the rate of evolution slows down, presumably because struc-
ture formation slows down, and may reverse for low mass
haloes due to the decrease of Tvir.

At high redshift the proper density of the universe is
higher and the cooling time is therefore shorter (tcool ∝
ρ−1 ∝ (1 + z)−3). The Hubble time is also shorter, but its
dependence on redshift is weaker (tH ∝ H−1 ∝ (Ωm(1 +
z)3 + ΩΛ)−1/2, so tH ∝ (1 + z)−3/2 at high redshift and tH
is independent of redshift at low redshift). Hence, cooling
is more efficient at higher redshifts (e.g. Birnboim & Dekel
2003) and the hot fraction will thus be lower for a fixed
virial temperature. The environment can also play a role.
At high redshift (z > 2), 1012 M" haloes are rare and they

Figure 11. Average fraction of the gas smoothly accreted onto
haloes between z = 2.25 and z = 2 (top panel) and between
z = 0.125 and z = 0 (bottom panel) with maximum past temper-
ature Tmax ! 105.5 K. The different curves are from simulations
with the same reference model but spanning a factor of 64 in
resolution for each panel. The error bars show the 1σ scatter for
simulation REF L100N512. Each bin contains at least 10 haloes.
Cold accretion dominates for Mhalo < 1012 M", but the transi-
tion is very gradual.

tend to reside in highly overdense regions at the intersec-
tions of the filaments that make up the cosmic web. On the
other hand, haloes of the same mass are more common at
low redshift and form in single filaments, with more average
densities. Hence, cold streams may be able to feed massive
haloes at high redshift, whereas this may not be possible at
low redshift (Dekel & Birnboim 2006).

The specific accretion rate of gas onto haloes increases
mildly with halo mass for 0 < z < 5, see Figure 3. Split-
ting this into hot and cold specific accretion rates, reveals
a steep increase with halo mass for hot accretion, visible in
Figure 14. The specific cold accretion rate decreases with
halo mass for Mhalo ! 1012 M".

From observations we know that the specific star forma-
tion rate, i.e. the SFR divided by the stellar mass, declines
with time and stellar mass (e.g. Brinchmann et al. 2004;
Bauer et al. 2005; Feulner et al. 2005; Chen et al. 2009).
The decline in the specific SFR may be related to the de-
cline in the specific cold accretion rate. However, the decline
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• This is the maximum PAST temperature.



GLOBAL GAS ACCRETION

• After redshift 2 the observed cosmic SFR density drops by an 
order of magnitude.

• This drop is reproduced in the simulation with AGN feedback.

van de Voort et al. 2011b



GLOBAL GAS ACCRETION

• Most gas that flows into haloes never forms stars.

van de Voort et al. 2011b



GLOBAL GAS ACCRETION

• Both hot and total halo accretion rate densities cannot explain 
the decreasing cosmic SFR density.

van de Voort et al. 2011b



GLOBAL GAS ACCRETION

• The global cold accretion rate density declines strongly after 
redshift 3.

• The drop in the global SFR density is caused by the decline in 
the cold halo accretion rate density.

van de Voort et al. 2011b



GLOBAL GAS ACCRETION

• The global galaxy accretion rate density is lower than the global 
halo accretion rate density.

• The resulting star formation rate density is lower because of 
ejection by feedback.



GLOBAL GAS ACCRETION

• There is not enough hot accretion onto galaxies to provide fuel 
for star formation.



GLOBAL GAS ACCRETION

• The drop in the global SFR density is caused by the decline in 
the cold galaxy accretion rate density.

• Cold mode accretion provides most of the fuel for star 
formation at all redshifts, if AGN feedback is included.



GLOBAL GAS ACCRETION

• AGN feedback suppresses halo accretion slightly.
• The suppression of hot accretion is larger than that of cold 

accretion.

van de Voort et al. 2011b



GLOBAL GAS ACCRETION

• The effect of AGN feedback is large for both accretion onto 
galaxies and star formation.

• It is larger for star formation, because feedback ejects star-
forming gas from galaxies.



GLOBAL GAS ACCRETION

• Hot accretion is suppressed most, up to an order of magnitude.
• Without AGN feedback, the global accretion rate density at 

redshift 0 would be dominated by hot accretion.



CONCLUSIONS
• Efficient feedback decreases the accretion rate 

onto haloes and, more so, onto galaxies.

• Cooling is not important for fuelling haloes, but 
it is for fuelling galaxies.

• Galaxies are fed mostly, but not only, by cold 
accreted gas.

• The cosmic star formation rate density is 
shaped by cold accretion and AGN feedback.

• We are investigate what the diffuse gas looks 
like in emission and absorption.


