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Fig. 2.— Formation of a galactic chimney. Edge-
on slices through the simulation show density,
temperature and velocity in the vertical direction,
perpendicular to the galactic plane. The bottom
panel shows gas column density. The chimney out-
flow is not a homogeneous, coherent flow: it is tur-
bulent and has dense and cold clumps embedded
into the flow. The core of the chimney reaches
107-108 K. Outflow velocities exceed 103 km s−1.
This hot material is able to escape the disk and
generate a galactic wind.

4.1. Initial conditions

The initial distribution of gas density is uniform
in the x and y directions of the box. In the z-
direction, the density profile declines at both sides
of the middle plane, z = z0 = 2 Kpc. This plane
defines the galactic plane for this ISM model:

nH = n0 cosh−2

(

z − z0

zd

)

(9)

where n0 is the gas density in that plane and zd is
the scale-height.

The choice of parameters sets the conditions of
a quiescent normal galactic disk, n0 = 1 cm−3

and zd = 250 pc. Thus, the surface density is
,Σgas = 16 M

!
pc−2. The system is originally

in hydrostatic equilibrium with a temperature of
104 K. No stars are present at the beginning of
the simulation. The box has open boundaries in
the z-direction. So, all material that cross these
boundaries escapes the system.

The initial velocity field consists of a sum of
plane-parallel velocity waves:

ux =
∑

i,j,k

Ax(i, j, k) sin(!k · !r) exp−

(

z − z0

zd

)2

(10)

uy =
∑

i,j,k

Ay(i, j, k) sin(!k · !r) exp−

(

z − z0

zd

)2

(11)

uz =
∑

i,j,k

Az(i, j, k) sin(!k · !r) exp−

(

z − z0

zd

)2

(12)

The amplitudes are taken from a Gaussian field
with a tilted power spectrum, Pk ∝ k−3, where k
is the wavenumber, k = 2π

L

√

i2 + j2 + k2. i,j and
k are integers running from -20 to 20 (excluding
0) and u0 = 20 km s−1. This is a typical spectrum
of a compressible turbulent medium (Kraichnan
1967; Vázquez-Semadeni et al. 1995).

Ax(i, j, k) = u0
RGauss

(i2 + j2 + k2)3/2
(13)

Ay(i, j, k) = u0
RGauss

(i2 + j2 + k2)3/2
(14)

Az(i, j, k) = u0
RGauss

(i2 + j2 + k2)3/2
(15)

RGauss is a random number taken from a Gaussian
distribution.
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Movie by AP – available at www.cosmocrunch.co.uk

Gasoline (Wadsley/Quinn) + Metal cooling (Chen) + UV 
+ H2 (Christensen) + Thermal feedback

Zoom simulation. 

3000 Msol/80 parsec resolution. Starting to resolve the cold ISM. 

A rerun of the same region as Governato 2010 nature paper.



expelled gas

bound 
gas

cf Binney 01, van den Bosch 01
Brook, Governato...., Pontzen et al 2010

Chris Brook’s work on understanding why galaxies are bulgeless. SN feedback preferentially 
expels low angular momentum gas.



Flores & Primack 1994

Navarro, Eke, Frenk 1996

Gnedin & Zhao 2002

Read & Gilmore 2005

Mashchenko et al 2006/2008

El Zant 2001

El Zant 2004

Pasetto et al 2010, 
Goerdt et al 2010,  

Cole et al 2011

A very brief survey of some of the literature on flattening cusps
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Adiabatic
Ef = Ei

Sudden, then
adiabatic
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Pontzen & Governato 2012

Some videos showing what happens when harmonic oscillator potential depth changes 
suddenly or gradually.
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Solid lines are circular orbits migrating according to new analytic prescription

Dashed line uses adiabatic approximation - gets the wrong answer.
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Solid line is analytic prescription. Flattening agrees well with actual simulation (dashed line)

So the questions now should be: is the underlying hydrodynamics realistic? How do the cores 
scale with mass of the galaxy?



4 D. Martizzi et al.

Figure 1. Mass density profiles at z = 0. Left: dark matter. Right: stars. In all panels the grey shaded area represents the spatial
resolution.

Einasto Profile Fits - z = 0

Simulation ρe[M!/kpc3] re[kpc] n

DMO 1.43× 103 ± 1.5× 102 1.60× 103 ± 6× 101 5.93± 1.2× 10−1

AGN-ON 1.39× 103 ± 1.1× 102 1.55× 103 ± 5× 101 5.65± 9× 10−2

AGN-OFF 6.2× 102 ± 9× 101 2.0× 103 ± 1.1× 102 7.38± 1.8× 10−1

Table 3. Best fit parameters ρe, re and n for the Einasto profile at redshift z = 0. The values are reported for the DMO, AGN-ON and
AGN-OFF simulations.

cesses, SMBHs and AGN feedback using an approach sim-
ilar to that used by observers when analysing the surface
brightness profiles of galaxies. First, an analytical model
is used to fit the profile, then any significant deviation
from the model is interpreted as a signature of physical
processes. The same approach has been used to detect
central light excesses/deficiencies with respect to a Sérsic
fit to the surface brightness profiles of early-type galax-
ies (Kormendy et al. 2009; Graham 2011). In Martizzi et al.
(2011) we also adopted this approach to discuss the proper-
ties of the stellar core observed in the stellar mass density
profile in the AGN-ON run, showing that the Sérsic function
can be used to fit the stellar mass surface density profile out-
side the cored region. Here, we use this criterion to analyse
the dark matter profiles we measure in our simulations at
z = 0.

We adopt the Einasto profile as our fiducial analytical
model, since it has been shown to provide excellent fits to
the dark matter profiles observed in cosmological N-body
simulations (Merritt et al. 2005; Graham et al. 2006). We
use the following parameterization:

ρEin(r) = ρe exp

{

−dn

(

r
re

)1/n

− 1

}

(1)

where

dn = 3n− 1/3− 0.0079/n. (2)

We use this analytical function to fit the dark matter profiles
at z = 0, leaving Ie, n and re as free parameters. Our fits are
performed using the Levenberg-Marquardt nonlinear least
squares fit algorithm (Press et al. 1992). The parameters we
obtain after the fits are summarized in Table 3.

The fits are compared to the measured profiles in Figure
2. The Einasto profile provides a very good fit to the dark
matter profile of our halo in the DMO run, despite the fact
that it is typically used to fit the averge profile in cosmolog-
ical simulations whereas we analyse only one halo. Both in
the AGN-ON and AGN-OFF we observe that the Einasto
profile is a good fit for r > 10 kpc, while we observe signi-
ficative deviations with respect to the fitting formula in the
inner regions (see the bottom-right panel of Figure 2). The
presence of these features can be interpreted as a manifesta-
tion of processes that influence the formation of a standard
distribution of dark matter in phase space; since these fea-
tures are not observed in the gravity-only DMO run, we try
to give them an explaination in terms of baryon physics.

Dark matter halos are expected to respond adiabat-
ically to the condensation of baryons at their centres

Martizzi et al arXiv 1112.2752

The effects of baryon physics, black holes and AGN feedback in clusters of galaxies 9

(Navarro et al. 1996; Gnedin & Zhao 2002; Read & Gilmore
2005; Governato et al. 2010; Pontzen & Governato 2011).
In the simulations performed by Navarro et al. (1996), the
mass outflows are simulated by growing and rapidly remov-
ing an idealised potential from the centre of an equilibrium
realisation of a dark matter halo, showing that the natural
consequence is the formation of a core. The efficiency of this
core formation process is ∝ M1/2

discR
−1/2
disc , where Mdisc is the

mass of the disc and Rdisc is its scale radius.

The calculations performed by Gnedin & Zhao (2002)
show that this mechanism is extremely inefficient when
a single supernova explosion is considered, however
Read & Gilmore (2005) showed that repeated explosions fol-
lowed by gas outflows and subsequent infalls are able to ac-
count for the formation of dark matter cores. The recent nu-
merical experiments performed by Governato et al. (2010)
and Pontzen & Governato (2011) confirm the efficiency of
this mechanism in a fully cosmological context. In particu-
lar, Pontzen & Governato (2011) suggest that gravitational
potential fluctuations induced by supernovae driven outflows
happening on a timescale shorter than the dynamical time
cause the expansion of the dark matter distribution and the
formation of a core. For this mechanism to be effective it is
required to have gas outflows able to remove a significant
fraction of the mass enclosed in the region where the core
forms. Since we have multiple epochs of AGN driven gas
outflows, this mechanism is likely to be active also in our
AGN-ON run. This is indeed the case: Figure 7 shows the
gas mass fluctuations induced by AGN burst driven outflows
can be high fractions of the total mass in the central regions.
Regions close to the central SMBH (radius r < R = 2 − 5
kpc) present extreme mass fluctuations on short timescales.
Within r < R = 10 kpc fluctuations become smaller, but can
be as large as 10% of the enclosed total mass. At higher dis-
tances from the centre the effect of these mass fluctuations
is almost undetected. This means that potential fluctuations
will be particularly strong only within the inner 10 kpc from
the centre, that is the region where the core is observed. It
is interesting to note that the amplitude of the mass fluc-
tuations is typically higher at z > 1, however quite strong
fluctuations are also observed at low redshift.

Before drawing our conclusions, we carefully analyse
what happens in the central region of the cluster. Figure
8 shows how the mass distribution in the central region of
the cluster is influenced by the core formation mechanisms.
We plot the evolution of the mass enclosed within 10 phys-
ical kpc for all the different components: dark matter (solid
lines), stars (dotted lines) and gas (dashed lines). The core
formation processes produce a decrease in the dark mass
within 10 kpc from the centre from ∼ 3× 1011 M" at z = 5
to ∼ 2×1011 M" at z = 0. The stellar mass in the centre in-
creases with time only down to z = 1, staying approximately
constant until z = 0. At high redshift the star formation rate
in the central region is high and the concentration of the
stellar mass distribution is boosted by star formation events
(Figure 9); at redshift z < 1 the star formation in the cen-
tral galaxy is strongly quenched by AGN feedback (Figure
9), so the concentration of the stellar distribution cannot
be boosted by strong star formation events, thus letting the
core formation processes be effective. At z < 1 when AGN
feedback becomes very strong because of the presence of very
massive black holes, a slow decrease in the gas mass in the

Figure 7. Variation of the gas mass enclosed in spheres of radius
R = 2, 5, 10 and 20 physical kpc with respect to the total mass
in the same region. The absolute value of the fluctuations can be
larger than 1 because the variation of the gas mass is divided by
the total mass after the outflow.

centre is observed: a gas mass ∼ 1011 M" is slowly removed
from the central region before z = 0. This slow decrease in
gas mass is expected to produce an adiabatic expansion of
the total mass distribution, which will also contribute to the
formation of a central core. Furthermore, the cooling time of
hot gas within the inner 30 kpc of the cluster centre is ∼ 1
Gyr, suggesting that in its quiet mode the AGN can slowly
eject the gas that rains down onto the centre from the inner
cooling flow.

The general picture we find from our analysis seems to
show that the interplay between dynamical processes con-
nected to SMBHs and the effects of AGN feedback on the
star formation and the gas spatial distribution may provide
an explaination to what is observed in our simulations. The
dark matter core starts forming at redshift z = 4− 5 due to
AGN burst driven gas mass fluctuations on short timescales.
The process goes on with very high efficiency down to red-
shift z = 1. At redshift z < 1 the infall of very massive
SMBHs contributing to the core formation process compen-
sates for the smaller amplitude of the gas mass fluctuations.
The final result is a flat dark matter core at redshift z = 0.
The formation of the stellar core proceeds quite differently,
with star formation compensating for the ejection of stellar
material at z > 1, preventing the early formation of a core.
At z < 1 the decrease in the star formation rate caused
by AGN feedback finally allows the stellar core to form by
redshift z = 0.

Given our conclusions, we must stress that a clearer
picture on the core formation problem has still to be drawn.
The problem needs to be studied within a larger class of ha-
los with different merger histories and masses, and idealised
simulations are probably required to shed more light on the
core formation process in clusters.

Same process going on to create ~10kpc cores in BCGs. 10^14 Msol virial mass zoom AMR 
simulation by Martizzi et al.



Teyssier & Pontzen in prep 2012

New SN feedback in Ramses gets mass fluctuations in Mvir ~ 10^10 Msol dwarf galaxy 
isolated run.



Teyssier & Pontzen in prep 2012

And the cusp flattens out.



Governato, Zoltov, Pontzen et al 2012
after Strigari+ 2008, Nature

dSphs (Walker+/Charbonnier+ 2011)
Field dwarfs (THINGS; Oh+ in prep)

CDM

“CDM” scaling = NFW/Maccio+07

Strigari relation explained by steep scaling of stellar mass with virial mass at feint end. 
(Anticiapted by Strigari+08 but not always remembered in literature.) 
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Governato, Zoltov, Pontzen et al 2012
after Strigari+ 2008, Nature

dSphs (Walker+/Charbonnier+ 2011)
Field dwarfs (THINGS; Oh+ in prep)
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Zoltov & Brooks in prep 2012

Now running Milky Way-mass objects. Dwarf satellite rotation curves looking healthy - work 
by Adi Zoltov and Alyson Brooks.



Movie by AP for BBC Stargazing Live 
– available at www.cosmocrunch.co.uk

A pretty movie.



CDM

Updated from Governato, Zoltov, Pontzen et al 2012“CDM” scaling = NFW/Maccio+07

At high mass (not in Governato et al paper), profiles look cuspier again. Can we understand 
this?



Pontzen in prep 2012

Coming soon – a new way to make optimal use of information in halo snapshot. 
Equivalent to time-averaging over several outputs, but much faster (~3 minutes per 10 million 
particles on 4 cores)
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PRELIMINARY

Low mass objects have no core, because no (or little) SF
High mass objects have small cores. Why?



Pcentral
Rbubble ∝ 

ρSF εSN η  )( 1/5

PRELIMINARY

Pressure in disk opposes bubble expansion during SF burst.

(But of course things like fraction of cloud converted into stars, η, could also scale with 
pressure, so more work needed here.)



PRELIMINARY

PRELIMINARY investigation of scalings suggests this accounts for the reduction in core size.

But when does AGN feedback come in? These runs do not include BHs.



•New irreversible model 
quantitatively accounts for DM 
core-creation from rapid cycles of 
SN-driven baryonic expansion/
collapse (no resonance required);

• Reproducing result in AMR → 
increase confidence in 
hydrodynamics (w/Teyssier);

• Scalings are reasonable so far;

• Satellites more complicated but 
signs are good (Zoltov/Brooks).

Andrew Pontzen, Oxford
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