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Galaxy Clusters introduction

• “strange accumulation of nebulae”

first mentioning* by Max Wolf in 1901/02:

A Historic Example (Coma)

Max Wolf, 1901/1902

19/05/2014 – p. 2

*actually William Herschel already found in 1783 some 23 nebuluous things in that direction...
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Galaxy Clusters introduction

• “strange accumulation of nebulae” (“Ein merkwürdiger Haufen von Nebelflecken”)

• “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

• “of greatest relevance for understanding of our Universe!”
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• “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

• “of greatest relevance for understanding of our Universe!”
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introduction

first mentioning by Max Wolf in 1901/02:

A Historic Example (Coma)

Max Wolf, 1901/1902

19/05/2014 – p. 2

which galaxy cluster is this?

1902PAIKH...1..125W

• “strange accumulation of nebulae” (“Ein merkwürdiger Haufen von Nebelflecken”)

• “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

• “of greatest relevance for understanding of our Universe!”
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first mentioning by Max Wolf in 1901/02:

A Historic Example (Coma)

Max Wolf, 1901/1902

19/05/2014 – p. 2

Coma Galaxy Cluster!

“Galaxy clusters are the largest gravitationally bound objects in the Universe.”
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Galaxy Clusters

constrained simulation of the local universe
(www.clues-project.org)

introduction

“Galaxy clusters are the largest gravitationally bound objects in the Universe.”

MW

M31

M33

solar system

http://www.clues-project.org/
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CL0024+17

introduction

gravitational lensing effects used to reconstruct matter distribution

lensed background galaxy
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Galaxy Clusters introduction

dark matter in galaxy clusters...

...already proposed by Fritz Zwicky in 1933:

.
.gravity

.

.

.

.
.

.. velocity
dispersion.
.

.
. .

.

equilibrium requires more matter than is seen
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galaxy clusters contains...
ü galaxies
ü dark matter
ü anything else?
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...but what about non-optical wavebands?!
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introduction

observations in different wave-bands

what about an X-ray image?
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Hydra A – X-rays

http://chandra.harvard.edu/photo/0087/index.html

introduction

observations in different wave-bands

hot X-ray emitting gas

what about a radio image?
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http://chandra.harvard.edu/photo/0087/index.html

introduction

observations in different wave-bands

AGN activity generating radio-lobes
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Galaxy Clusters

Hydra A – radio

http://chandra.harvard.edu/photo/0087/index.html

introduction

observations in different wave-bands

Hydra A – X-raysHydra A - optical

radiative processes!

galaxy clusters contains...
ü galaxies
ü dark matter
ü intra-cluster stars
ü hot gas
ü AGN
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*Brightest Cluster Galaxy



Galaxy Clusters properties

§ galaxy cluster classification

• Abell ‘Richness’: - number of galaxies
a) in cylinder of radius 1.5 Mpc, and
b) must lie in magnitude intervall [m3rd, m3rd-2]

• regular clusters: - well defined geometrical centre

- dominated by central, elliptical galaxy (BCG)

• irregular clusters: - no well-defined centre
- signs of substructure



Galaxy Clusters properties

Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

§ general properties



Galaxy Clusters properties

Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

§ general properties

§ abundance



Galaxy Clusters properties

Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

ngalaxies ~ 10-2 / Mpc3

§ general properties

§ abundance



Galaxy Clusters properties

Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

(ngalaxies ~ 10-2 / Mpc3)

Lx ~ 1043-1045 erg/s

TICM > 108 K

Mg ~ 1013-1014 M⦿

fb ~ 0.95 fb,cosmic

§ general properties

§ abundance

§ baryonic properties



Galaxy Clusters properties
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Lx ~ 1043-1045 erg/s

TICM > 108 K

Mg ~ 1013-1014 M⦿

fb ~ 0.95 fb,cosmic

§ general properties

§ abundance

§ baryonic properties
hot X-ray gas
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§ hot X-ray gas

X-ray optical

X-ray astronomy requires satellites!
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§ hot X-ray gas

XMM-Newton

Rosat

Exosat

Chandra

Rossi

Hitomi

Swift

eRosita Athena
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§ hot X-ray gas

http://antwrp.gsfc.nasa.gov/apod/astropix.html

X-ray optical
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Galaxy Clusters properties

§ hot X-ray gas

Bullet cluster (1E 0657-558)

X-ray observation (Chandra satellite)

dominant (dark matter) mass distribution (reconstructed via grav. lensing)
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Galaxy Clusters properties

§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

measured with X-ray satellites...

but what is causing this emission?

not measured, but inferred!
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• X-ray luminosity Lx ~ 1043-1045 erg/s

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines

which is the

dominant component?



Galaxy Clusters properties

§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines

Figure 2: X-ray spectra of clusters and groups as a function of temperature. In addition to the change in the
‘typical’ energy of the emission, the prominence of line emission changes dramatically with temperature.

2

T>5x107 K (=2.5keV)
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§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s
37

Bremsstrahlung Emission

Due to the high temperature of the ICM plasma, it is very highly ionized. The

free electrons emit X-ray photons as they are accelerated in the electrostatic field of

the ions. The emissivity for an element of charge Z, defined as the energy radiated

per time per frequency per unit volume, due to thermal bremsstrahlung (free-free

emission) is
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The plasma temperature is given by T , me is the mass of an electron, k is Boltzmann’s

constant, c is the speed of light, ne and ni are the number densities of electrons and

ions, h is Planck’s constant, ⌫ is frequency, and gff is the Gaunt factor (roughly

constant for ICM temperatures). The spectrum resulting from bremsstrahlung is

approximately an exponential continuum and is the main component of the ICM

spectrum at temperatures above ⇠2.5 keV. When integrated over all frequencies the

bremsstrahlung emission of an ion i is proportional to neniT 1/2.

Line Emission

At lower plasma temperatures (kT . 2 keV), the primary X-ray radiation mech-

anism is line emission from collisional excitation. The rate of collisional excitations

per unit volume for transitions between state m and n for an ion i is given by
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m
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Cmn(T ), (3.34)

where

Cmn(T ) =
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and
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The density of ions of type i in state m is nm
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, v0 is the minimum velocity for the

transition, f(v, T ) is the Maxwellian distribution for a plasma at temperature T , and

𝜖!"! = # 𝜖𝑑𝜈 ∝ 𝑛#𝑛$𝑇%/'

*emissivity: 𝜖 = "#
"$

emission processes:

- Bremsstrahlung (free-free radiation, T>2.5keV):

• X-ray gas is highly ionized

• free electrons are accelerated in the E-field

• free-free emissivity:

• total emissivity*:
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§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines

Figure 2: X-ray spectra of clusters and groups as a function of temperature. In addition to the change in the
‘typical’ energy of the emission, the prominence of line emission changes dramatically with temperature.
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T<5x107 K (=2.5keV)
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§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines (T<2.5keV):

• rate of collisional excitations:

• line emissivity:
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Line Emission

At lower plasma temperatures (kT . 2 keV), the primary X-ray radiation mech-

anism is line emission from collisional excitation. The rate of collisional excitations

per unit volume for transitions between state m and n for an ion i is given by

R = nen
m

i
Cmn(T ), (3.34)

where

Cmn(T ) =

Z 1

v0

vf(v, T )�mn(v)dv / T�1/2 (3.35)

and

f(v, T ) = 4⇡
⇣ m

2⇡kT

⌘3/2

v2e�mv
2
/2kT . (3.36)

The density of ions of type i in state m is nm

i
, v0 is the minimum velocity for the

transition, f(v, T ) is the Maxwellian distribution for a plasma at temperature T , and

𝜖!"! = # 𝜖 ($)#𝑑𝜈 ∝ 𝑅 ∝ 𝑛#𝑛$𝑇*%/' →     T⬈  ⇒ e⬊
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§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines

• shape of spectrum, and

• strength of emission lines

T , ne

simulated spectrum demonstrating the detail
that will be captured by ESA's Athena X-ray observatory
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into thermal energy
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• extremely hot T ~ 107-108 K

but why?

galaxies &           gas
live in the same potential
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#$
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EM =

Z
nenHdV (3.39)

is the definition of the emission measure.

Cooling Flows

If left to its own devices, a cluster will relax and radiative cooling will proceed

unperturbed. As the gas cools, it loses energy until eventually it will stop emitting

in the X-ray band. The cooling time of the ICM is

tcool ⌘
5
2nekT

n2
e
⇤

⇡ tH

✓
T

108 K

◆✓
⇤

10�23erg cm3 s�1

◆�1 ⇣ ne

10�2 cm�3

⌘�1

, (3.40)

where tH is the age of the Universe (13.7 Gyr) and n is the gas density (Peterson &

Fabian, 2006). This implies that gas with densities higher than 10�2 cm�3 has had

time to cool. The gas in cluster cores often reaches such densities, and core cooling

times may be as short as a few 108 years, giving the gas time to cool several times over,

providing the gas remains undisturbed. Moreover, the rate of energy loss accelerates

as the temperature decreases, leading to shorter and shorter cooling times. In order

to maintain pressure equilibrium, a ‘cooling flow’ must be established, where mass

slowly flows in from larger radii to maintain a constant pressure and replenish gas

which has cooled in the central regions (Fabian, 1994). Mass flow rates up to several

100 M�/yr are predicted by traditional cooling flow models. This cooling process

results in the ‘cool cores’ described in §2.3.3, reservoirs of very cool, dense gas at the

cluster center which therefore have a large X-ray luminosity.

The cooled gas should accumulate in the cluster core as cool X-ray emitting gas,

which cools further to cause star formation in the BCG or form reservoirs of cold

molecular gas. However, detailed X-ray spectra of cluster cores have revealed that the

emission lines, primarily Fe L lines, from gas below one-third or one-half of the outer

cluster temperature are almost entirely missing, at odds with cooling flow models

§ hot X-ray gas – radiative cooling

if unperturbed, the emitted X-ray radiation will cool the gas:
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Hubble time

if unperturbed, the emitted X-ray radiation will cool the gas:
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⇒ we should see ‘cool cores’ and ‘cooling flows’!?

if unperturbed, the emitted X-ray radiation will cool the gas:
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where tH is the age of the Universe (13.7 Gyr) and n is the gas density (Peterson &

Fabian, 2006). This implies that gas with densities higher than 10�2 cm�3 has had

time to cool. The gas in cluster cores often reaches such densities, and core cooling

times may be as short as a few 108 years, giving the gas time to cool several times over,

providing the gas remains undisturbed. Moreover, the rate of energy loss accelerates

as the temperature decreases, leading to shorter and shorter cooling times. In order
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slowly flows in from larger radii to maintain a constant pressure and replenish gas
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cluster center which therefore have a large X-ray luminosity.
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emission lines, primarily Fe L lines, from gas below one-third or one-half of the outer

cluster temperature are almost entirely missing, at odds with cooling flow models
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Figure 10
Maps of entropy in cosmological hydrodynamical simulations of a galaxy cluster of mass M500 ≃ 1015h−1 M⊙
at z = 0, carried out (a) without and (b) with radiative cooling. Brighter colors correspond to lower gas
entropy. Each panel encompasses a physical scale of 6.5 h−1 Mpc, which corresponds to ≈2.5 virial radii for
this cluster. The simulations have been carried out using the GADGET-3 smoothed particle hydrodynamics
code (Springel 2005).

Interestingly, the predicted level of entropy at r ∼ r2,500–r500 in the simulations with cooling
(but no significant heating) is consistent with the ICM entropy inferred from X-ray observations.
However, this agreement is likely to be spurious because it is achieved with the amount of cooling
that results in conversion of ≈40% of the baryon mass in clusters into stars and cold gas, which
is inconsistent with observational measurements of cold fraction varying from ≃20−30% for
small-mass, X-ray-emitting clusters to !10% for massive clusters (see Section 2).

Finally, note that inclusion of cooling in simulations with preheating discussed above usually
results in problematic star-formation histories. In fact, if preheating takes place at a sufficiently
high redshift, clusters exhibit excessive cooling at lower redshifts, as preheated gas collapses and
cools at later epochs compared to the simulations without preheating (e.g., Tornatore et al. 2003).
These results highlight the necessity to treat cooling and heating processes simultaneously using
heating prescriptions that can realistically reproduce the heating rate of the ICM gas as a function
of cosmic time. We discuss efforts in this direction next.

3.10.4. Thermodynamics of the intracluster medium with stellar and active galactic nuclei
feedback. The results discussed above strongly indicate that, in order to reproduce the overall
properties of clusters, cooling should be modeled together with a realistic prescription for non-
gravitational heating. This is particularly apparent in the cluster cores, where a steady heating is
required to offset the ongoing radiative cooling observed in the form of strong X-ray emission
(see, e.g., Peterson & Fabian 2006). Studies of the feedback processes in clusters are one of the
frontiers in cluster formation modeling. Although we do not yet have a complete picture of the
ICM heating, a number of interesting and promising results have been obtained.

In Figure 11, the solid line shows the effect of the SN feedback on the entropy profile. In
these simulations, the kinetic feedback of SNe is included in the form of galactic winds carrying
the kinetic energy comparable to all of the energy released by Type II SNe expected to occur
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⇒ we should see ‘cool cores’ and ‘cooling flows’!?

hot cold
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where tH is the age of the Universe (13.7 Gyr) and n is the gas density (Peterson &

Fabian, 2006). This implies that gas with densities higher than 10�2 cm�3 has had

time to cool. The gas in cluster cores often reaches such densities, and core cooling

times may be as short as a few 108 years, giving the gas time to cool several times over,

providing the gas remains undisturbed. Moreover, the rate of energy loss accelerates

as the temperature decreases, leading to shorter and shorter cooling times. In order

to maintain pressure equilibrium, a ‘cooling flow’ must be established, where mass

slowly flows in from larger radii to maintain a constant pressure and replenish gas

which has cooled in the central regions (Fabian, 1994). Mass flow rates up to several

100 M�/yr are predicted by traditional cooling flow models. This cooling process

results in the ‘cool cores’ described in §2.3.3, reservoirs of very cool, dense gas at the

cluster center which therefore have a large X-ray luminosity.

The cooled gas should accumulate in the cluster core as cool X-ray emitting gas,

which cools further to cause star formation in the BCG or form reservoirs of cold

molecular gas. However, detailed X-ray spectra of cluster cores have revealed that the

emission lines, primarily Fe L lines, from gas below one-third or one-half of the outer

cluster temperature are almost entirely missing, at odds with cooling flow models

§ hot X-ray gas – radiative cooling

Hubble time <<1 in the cluster centre

“cooling flow problem”:
only a few clusters (if any) show signs of cooling flows and/or cool cores...

if unperturbed, the emitted X-ray radiation will cool the gas:

⇒ we should see ‘cool cores’ and ‘cooling flows’!?
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• X-ray luminosity Lx ~ 1043-1045 erg/s

• very low density ne ~ 10-1-10-4 cm-3

• extremely hot T ~ 107-108 K

if unperturbed, the emitted X-ray radiation will cool the gas:

40

EM =

Z
nenHdV (3.39)

is the definition of the emission measure.

Cooling Flows

If left to its own devices, a cluster will relax and radiative cooling will proceed

unperturbed. As the gas cools, it loses energy until eventually it will stop emitting

in the X-ray band. The cooling time of the ICM is

tcool ⌘
5
2nekT

n2
e
⇤

⇡ tH

✓
T

108 K

◆✓
⇤

10�23erg cm3 s�1

◆�1 ⇣ ne

10�2 cm�3

⌘�1

, (3.40)

where tH is the age of the Universe (13.7 Gyr) and n is the gas density (Peterson &

Fabian, 2006). This implies that gas with densities higher than 10�2 cm�3 has had

time to cool. The gas in cluster cores often reaches such densities, and core cooling

times may be as short as a few 108 years, giving the gas time to cool several times over,

providing the gas remains undisturbed. Moreover, the rate of energy loss accelerates

as the temperature decreases, leading to shorter and shorter cooling times. In order

to maintain pressure equilibrium, a ‘cooling flow’ must be established, where mass

slowly flows in from larger radii to maintain a constant pressure and replenish gas

which has cooled in the central regions (Fabian, 1994). Mass flow rates up to several

100 M�/yr are predicted by traditional cooling flow models. This cooling process

results in the ‘cool cores’ described in §2.3.3, reservoirs of very cool, dense gas at the

cluster center which therefore have a large X-ray luminosity.

The cooled gas should accumulate in the cluster core as cool X-ray emitting gas,

which cools further to cause star formation in the BCG or form reservoirs of cold

molecular gas. However, detailed X-ray spectra of cluster cores have revealed that the

emission lines, primarily Fe L lines, from gas below one-third or one-half of the outer

cluster temperature are almost entirely missing, at odds with cooling flow models

§ hot X-ray gas – radiative cooling

Hubble time <<1 in the cluster centre

“cooling flow problem”:
only a few clusters (if any) show signs of cooling flows and/or cool cores...

galaxy clusters (also) require some heating mechanism!

⇒ we should see ‘cool cores’ and ‘cooling flows’!?
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Hydra cluster in X-rays

§ hot X-ray gas – numerical modelling
can we be sure that this is done correctly?
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physical processes that drive galaxy formation – such as the cool-
ing of a collisional gaseous component (e.g. Pearce et al. 2000;
Muanwong et al. 2001; Davé, Katz & Weinberg 2002; Kay et al.
2004; Nagai, Kravtsov & Vikhlinin 2007; Wiersma, Schaye & Smith
2009a), the birth of stars from cool overdense gas (e.g. Springel &
Hernquist 2003; Schaye & Dalla Vecchia 2008), the growth of black
holes (BH; Di Matteo, Springel & Hernquist 2005), and the injec-
tion of energy into the interstellar medium (ISM) by supernovae
(e.g. Metzler & Evrard 1994; Borgani et al. 2004; Davé, Oppen-
heimer & Sivanandam 2008; Dalla Vecchia & Schaye 2012) and
powerful AGN outflows (e.g. Thacker, Scannapieco & Couchman
2006; Sijacki et al. 2007; Puchwein, Sijacki & Springel 2008; Si-
jacki et al. 2008; Booth & Schaye 2009; Steinborn et al. 2015).
These processes span an enormous dynamic range, both spatial and
temporal, from the sub-pc scales of BH growth to the accretion of
gas on Mpc scales from the cosmic web.

One of the main issues with radiative simulations of galaxy clus-
ters is that they tend to convert a large fraction of gas into stars.
Observationally, only 10–15 per cent of the baryon component of
clusters is expected to be in the stellar phase (Gonzalez, Zaritsky
& Zabludoff 2007), but radiative runs which only include stellar
feedback are affected by overcooling and usually convert too large
a fraction of the gas (above 30 per cent) inside the cluster virial
radius into stars (Borgani & Kravtsov 2011). Recent work on hy-
drodynamic simulations has identified AGN feedback as a suitable
candidate for overcoming this problem (e.g. Puchwein et al. 2008,
2010; Fabjan et al. 2010; McCarthy et al. 2010; Battaglia et al. 2012;
Martizzi et al. 2012; Planelles et al. 2013; Le Brun et al. 2014; Pike
et al. 2014).

Heating from AGN occurs via the release of energy during accre-
tion of the ICM gas on to a supermassive BH hosted by the central
cluster galaxy: this energy is sufficiently high to remove gas from
the inner regions of clusters. At the same time, AGN heating may
also be able to explain the lack of gas in the central region of dy-
namically relaxed clusters (the ‘cool core’ clusters). Pre-ejection of
gas by AGN in the high-redshift progenitors of present-day clusters
may also be crucial (McCarthy et al. 2011).

This is where the nIFTy cluster comparison project comes in,
building on a long history of important comparison studies of sim-
ulated clusters (e.g. the Santa Barbara project, Frenk et al. 1999,
hereafter SB99) as well as galaxies (e.g. the Aquila project – Scan-
napieco et al. 2012 – and the AGORA project – Kim et al. 2014).
All codes and subgrid modules attempt to model the key processes
of galaxy formation. In our first paper, (Sembolini et al. 2016, here-
after S15), we addressed a well-known issue, first highlighted in
SB99: mesh-based and traditional SPH codes produced galaxy clus-

ter entropy profiles that were not in agreement. Grid-based codes
displayed a constant entropy core whereas traditional SPH codes
produces profiles that continued to fall all the way towards the cen-
tre. The latter behaviour was due to the artificial surface tension
and the associated lack of multiphase fluid mixing in classic SPH
(e.g. Wadsley, Veeravalli & Couchman 2008; Mitchell et al. 2009).
Modern SPH codes attempted to address the lack of mixing through
a variety of means: artificial conduction (Price 2008; Valdarnini
2012) and pressure-entropy formulations (Ritchie & Thomas 2001;
Hopkins 2013; Saitoh & Makino 2013). In S15, we clearly showed
that modern SPH is able to create clusters with flat entropy cores that
are indistinguishable from those generated by mesh-based codes.

Here we tackle the subgrid physics implemented in a variety of
state-of-the-art codes. We extend the analysis presented in S15 by
performing simulations of the same cluster with full physics runs
where codes have radiative mechanisms describing gas cooling, star
formation, supernova feedback, BH accretion and AGN feedback.
We used 10 different codes (RAMSES, 2 incarnations of AREPO, 7 of
GADGET), allowing each method to choose their favourite radiative
processes modelled by subgrid physics. This allows us to study how
the different mechanisms, especially star formation and AGN feed-
back, influence the properties of simulated clusters. We examine the
overall cluster environment and we focus our analysis on revisiting
the gas entropy profiles.

The rest of this paper is organized as follows: in Section 2 we
briefly describe the codes used and the subgrid physics adopted by
each code along with a brief description of the data set. We then
discuss our results in Sections 3–5: starting with an overview of the
bulk properties of the cluster and the effect of radiative physics (Sec-
tion 3); followed by the dark matter distribution (Section 4); we con-
tinue our analysis by studying the baryon distribution (Section 5):
in Section 5.1 we describe key properties of the gas component such
as the temperature, entropy and gas fraction, concluding our analy-
sis by presenting the code-to-code differences in the distribution of
stars (Section 5.2). We report our conclusions in Section 6.

2 TH E C O D E S

The initial nIFTy cluster comparison project, as presented in S15,
included 13 codes – RAMSES, ART, AREPO, HDRA and 9 variants of the
GADGET code. In this study, we consider the subset of these codes in
which full radiative subgrid physics has been included. A compre-
hensive summary of the approach taken to solve the hydrodynamic
equations in each of these codes can be found in S15; here we pro-
vide a brief recap of this summary, with a focus on a description
of the subgrid physics implemented in each code. Table 1 lists the

Table 1. List of all the simulation codes participating in the second part of the nIFTy cluster comparison
project, feedback models included, stellar (CSF) and AGN, and different versions if present.

Type Code name CSF AGN Versions Reference

Grid-based RAMSES Y Y RAMSES-AGN Teyssier et al. (2011)

Moving mesh AREPO Y Y AREPO-IL Vogelsberger et al. (2013, 2014)
Y N AREPO-SH

Modern SPH G3-X Y Y
G3-PESPH Y N Huang et al. (in prep.)

G3-MAGNETICUM Y Y Hirschmann et al. (2014)

Classic SPH G3-MUSIC Y N G3-MUSIC Sembolini et al. (2013)
G2-MUSICPI Piontek & Steinmetz (2011)

G3-OWLS Y Y Schaye et al. (2010)
G2-X Y Y Pike et al. (2014)
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Figure 6. Radial gas density profiles at z = 0 for each simulation as indi-
cated (bottom panel) and difference in radial gas density profiles at z = 0
between each simulation and the reference G3-MUSIC simulation. The ver-
tical dashed line corresponds to R2500 and the dotted line to R500 of the
reference G3-MUSIC values. The error bars on G3-SPHS (black) and G3-MUSIC

(red) are calculated from the scatter between snapshots averaged over the
final 0.27 Gyr. The data are cut-off when the radius goes below the softening
scale of the code at the inside and at R200 at the outside.

in the central concentration of the gas, with some methods having
significantly larger extended nuclear gas regions.

This trend is born out by the radial gas density profiles given
in Fig. 6. We see that the radial gas density contains a significant
core for RAMSES, ART and AREPO when compared to the classic SPH
schemes employed by some SPH codes such as HYDRA and G2-X.
SPH codes that implement artificial diffusion can produce results
that are close to those of RAMSES and AREPO. In between these two
extremes the various SPH implementations can produce a range of
core sizes in the radial gas density profile.

Similarly to all subsequent radial plots the differences in the gas
density compared to the fiducial G3-MUSIC simulation are shown in
the top panel of Fig. 6. At z = 0 the lowest central densities are an
order of magnitude lower than in the G3-MUSIC simulation while the
highest central densities are around two to three times larger, i.e.
the variation in the central gas density across our runs is well over
an order of magnitude. The scatter becomes more moderate when
considering the outer region of the cluster, not exceeding 20 per cent
at radii larger than Rcrit

2500.
We next show the radial temperature profiles for all the simu-

lations in Fig. 7. We use the mass-weighted temperature, defined
as

Tmw =
∑

i Timi∑
i mi

, (3)

Figure 7. Radial temperature profile at z = 0 for each simulation as indi-
cated and difference between each simulation and the reference G3-MUSIC

simulation. The vertical dashed line corresponds to R2500 and the vertical
dotted line to R500 of the reference G3-MUSIC values. The lines terminate at
R200 for each model.

where mi and Ti are the mass and the electronic temperature of
the gas particles, which are assumed to be in thermodynamic equi-
librium. The central temperatures vary by more than a factor of
3, with a group of methods displaying a central temperature in-
version with inner temperatures around half the peak value of
7–8 keV. In contrast, some codes display a monotonically rising
temperature profile as the radius falls with a peak temperature
up to 14 keV at the very centre. This group of codes consists
of those with the most extended cores in the radial gas density
profiles.

At radii larger than Rcrit
2500 the scatter is significantly more mod-

erate, and the residuals appear to be a factor of 2 smaller than in
fig. 17 of SB99 in the same cluster regions.

Finally we show the radial gas entropy profiles for all the codes
in Fig. 8. We adopt the definition of entropy commonly used in the
literature, particularly with reference to X-ray observations:

S(R) = Tgas(R)

n
2/3
e (R)

, (4)

where ne is the number density of free electrons. This clearly dis-
plays the now traditional split between grid-based codes and classic
SPH methods, such as HYDRA and G2-X, which show a falling inner
entropy as the radius is decreased all the way into the very centre.
This is completely consistent with the inner temperature inversion
and high central gas density. Conversely, the grid-based codes such
as RAMSES, ART and AREPO display the well-known flat inner entropy
cores that result from rising inner temperature profiles and extended
gas densities. However, we see that in between these extremes we
have a range of entropy profiles that depend on the specific SPH im-
plementation employed. We note that modern, sophisticated SPH
codes which employ mixing are now capable of recovering en-
tropy profiles that lie anywhere between the coreless classic SPH
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Figure 6. Radial gas density profiles at z = 0 for each simulation as indi-
cated (bottom panel) and difference in radial gas density profiles at z = 0
between each simulation and the reference G3-MUSIC simulation. The ver-
tical dashed line corresponds to R2500 and the dotted line to R500 of the
reference G3-MUSIC values. The error bars on G3-SPHS (black) and G3-MUSIC

(red) are calculated from the scatter between snapshots averaged over the
final 0.27 Gyr. The data are cut-off when the radius goes below the softening
scale of the code at the inside and at R200 at the outside.

in the central concentration of the gas, with some methods having
significantly larger extended nuclear gas regions.

This trend is born out by the radial gas density profiles given
in Fig. 6. We see that the radial gas density contains a significant
core for RAMSES, ART and AREPO when compared to the classic SPH
schemes employed by some SPH codes such as HYDRA and G2-X.
SPH codes that implement artificial diffusion can produce results
that are close to those of RAMSES and AREPO. In between these two
extremes the various SPH implementations can produce a range of
core sizes in the radial gas density profile.

Similarly to all subsequent radial plots the differences in the gas
density compared to the fiducial G3-MUSIC simulation are shown in
the top panel of Fig. 6. At z = 0 the lowest central densities are an
order of magnitude lower than in the G3-MUSIC simulation while the
highest central densities are around two to three times larger, i.e.
the variation in the central gas density across our runs is well over
an order of magnitude. The scatter becomes more moderate when
considering the outer region of the cluster, not exceeding 20 per cent
at radii larger than Rcrit

2500.
We next show the radial temperature profiles for all the simu-

lations in Fig. 7. We use the mass-weighted temperature, defined
as

Tmw =
∑

i Timi∑
i mi

, (3)

Figure 7. Radial temperature profile at z = 0 for each simulation as indi-
cated and difference between each simulation and the reference G3-MUSIC

simulation. The vertical dashed line corresponds to R2500 and the vertical
dotted line to R500 of the reference G3-MUSIC values. The lines terminate at
R200 for each model.

where mi and Ti are the mass and the electronic temperature of
the gas particles, which are assumed to be in thermodynamic equi-
librium. The central temperatures vary by more than a factor of
3, with a group of methods displaying a central temperature in-
version with inner temperatures around half the peak value of
7–8 keV. In contrast, some codes display a monotonically rising
temperature profile as the radius falls with a peak temperature
up to 14 keV at the very centre. This group of codes consists
of those with the most extended cores in the radial gas density
profiles.

At radii larger than Rcrit
2500 the scatter is significantly more mod-

erate, and the residuals appear to be a factor of 2 smaller than in
fig. 17 of SB99 in the same cluster regions.

Finally we show the radial gas entropy profiles for all the codes
in Fig. 8. We adopt the definition of entropy commonly used in the
literature, particularly with reference to X-ray observations:

S(R) = Tgas(R)

n
2/3
e (R)

, (4)

where ne is the number density of free electrons. This clearly dis-
plays the now traditional split between grid-based codes and classic
SPH methods, such as HYDRA and G2-X, which show a falling inner
entropy as the radius is decreased all the way into the very centre.
This is completely consistent with the inner temperature inversion
and high central gas density. Conversely, the grid-based codes such
as RAMSES, ART and AREPO display the well-known flat inner entropy
cores that result from rising inner temperature profiles and extended
gas densities. However, we see that in between these extremes we
have a range of entropy profiles that depend on the specific SPH im-
plementation employed. We note that modern, sophisticated SPH
codes which employ mixing are now capable of recovering en-
tropy profiles that lie anywhere between the coreless classic SPH
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Figure 8. Radial entropy profile at z = 0 (bottom panel) for each simulation
as indicated and difference between each simulation and the reference G3-
MUSIC simulation (top panel). The dashed line corresponds to R2500 and
the dotted line to R500 of the reference G3-MUSIC values. The error bars on
G3-SPHS (blue) and G3-MUSIC (red) are calculated from the scatter between
snapshots averaged over the last 0.27 Gyr.

schemes and the cored profiles of the grid-based approaches de-
pending upon the precise nature of the scheme and the amount of
mixing employed. We highlight that modern SPH codes such as
G3-SPHS, G2-ANARCHY and G3-X-ART are able to recover the same flat
entropy core observed for grid-based codes, with a scatter smaller
than 20 per cent, even in the inner cluster regions. G3-PESPH and G3-
MAGNETICUM, which have an artificial viscosity switch but different
artificial conductivity with respect to the other modern SPH codes,
show an intermediate behaviour between classic and modern SPH
codes.

5.1 Other quantities in the non-radiative simulations

It is important to note that the differences in radial gas density,
temperature and entropy evidenced above are not driven by code
issues such as poor thermalization or large-scale flows. In Fig. 9 we
show the ratio of gas thermal, U, to kinetic energy, K (relative to the
centre of momentum of the cluster), at z = 0:

η = 2K

|U |
. (5)

All the methods agree closely on the value of η as a function of
halo radius and none displays any evidence of poor thermalization.
ART is the only code showing some moderate discrepancy from the
others. The scatter is always below 20 per cent.

Given our radial dark matter density and gas density profiles
we can also calculate the radial gas fraction for all the methods.

Figure 9. The ratio of kinetic to thermal energy in the gas, η, measured
radially at z = 0 for each simulation as indicated (bottom) and difference
between each simulation and the reference G3-MUSIC simulation (top). The
dashed line corresponds to R2500 and the dotted line to R500 of the reference
G3-MUSIC values.

Figure 10. Radial gas fraction at z = 0 relative to the cosmic value for each
simulation as indicated (bottom) and difference between each simulation and
the reference G3-MUSIC simulation (top). The dashed vertical line corresponds
to R2500 and dotted vertical line to R500 of the reference G3-MUSIC values.

In Fig. 10 we show the radial profiles of the depletion factor ϒ ,
defined as

ϒ = Mgas(< R)
M(< R)

(
#b

#m

)−1

. (6)

MNRAS 457, 4063–4080 (2016)

 at Astrophysikalisches Institut Potsdam
 Bibliothek on April 6, 2016

http://m
nras.oxfordjournals.org/

Downloaded from
 

properties

(S
em

bo
lin

ie
t 

al
. 2

01
6)

discrepancy to to numerics!

...and actually known since 1999
(Frenk et al. 1999)

entropy profile

§ hot X-ray gas – numerical modelling: no feedback



Galaxy Clusters properties

§ hot X-ray gas – numerical modelling: with feedback



Galaxy Clusters properties

nIFTy cluster comparison II 2985

Figure 8. Radial gas density profile at z = 0 (bottom panel) for each
simulation as indicated and difference between each simulation and the
reference G3-MUSIC simulation (top panel). The dashed line corresponds
to Rcrit

2500 and the dotted line to Rcrit
500 for the reference G3-MUSIC values.

Figure 9. Radial temperature profile at z = 0. Format similar to Fig. 8.

at the location of the SMBH except AREPO-IL, which thermally
injects bubbles that can be offset from the BH position. No AGN
feedback mechanisms in the form of bipolar kinetic-jets are taken
into account. Idealized (Gaspari et al. 2011; Gaspari, Ruszkowski
& Sharma 2012; Li & Bryan 2014; Li et al. 2015) and cosmological
(Dubois et al. 2011, 2012) simulations have shown that energy
injection arising from momentum-driven jets can produce clusters
core with temperature, density and entropy typical of cool-core
clusters.

It may be claimed that AGN feedback mechanisms driven by
kinetic jets are more efficient than thermal mechanisms in producing
cool cores, as they can prevent catastrophic radiative cooling in
the cluster inner region without producing a large convective core
(which results in a cooling time of several Gyr). Nevertheless, using
the same kernel and AGN feedback here adopted by G3-X (which
corresponds to the Steinborn et al. (2015) model only considering
cold accretion in BHs), Rasia et al. (2015) has shown that, AGN
thermal models can succeed in reproducing not cool-core clusters
but also the co-existence of CC and NCC systems. We also refer
to the same work, Rasia et al. (2015), also for a discussion on the
effect of AGN versus artificial diffusion on the entropy profiles and
their relative importance in producing CC clusters.

A natural follow-up question to ask is whether similar
(dis)agreement between codes is seen for the gas fraction (see
Fig. 11):

ϒgas =
[

Mgas(< R)
M(< R)

] (
"b

"m

)−1

. (3)

Another key result of S15 was that classic SPH codes typically
have very baryon rich cores, ϒgas(R < 0.1 h−1 Mpc) ! 0.4, whereas
newer SPH schemes, mesh codes and AREPO produce cores with
ϒgas(R < 0.1 h−1 Mpc) " 0.2. Full physics simulations contain little
gas in the central regions as a result of star formation, regardless of
the code used. RAMSES-AGN, AREPO-IL, G2-X and G3-X show a gas
fraction that is significantly higher than for the other codes at Rcrit

2500
and, in the case of RAMSES-AGN, it exceeds the cosmic ratio outside
Rcrit

2500: as shown in Fig. 3, its value at Rcrit
200 is even higher than in the

NR case.
The key systematic difference between codes arises from AGN

feedback, which produces in RAMSES-AGN, AREPO-IL and G3-X the
most evident effect (with the last two showing very similar results).
AGN feedback increases gas fractions throughout the cluster with
respect to radiative runs with no AGN, especially outside Rcrit

2500. G3-
OWLS is the only code including AGN feedback which has baryon
fractions similar to codes with SN feedback only. This difference is
in stark contrast to the non-radiative simulations, where ϒgas(R >

Rcrit
2500) ∼ 0.8 with a moderate scatter.
Given the systematic differences presented here, a natural ques-

tion to ask is which code+subgrid physics is in reasonable agree-
ment with observations of the cluster environment, especially with
the aim of using the gas fractions of simulated clusters for cosmolog-
ical purposes. As pointed out by various studies on the gas fraction
of galaxy clusters based on X-ray observations (e.g. LaRoque et al.
2006; Ettori et al. 2010; Zhang et al. 2010; Maughan 2014), gas
is expected to account for around 11–12 per cent of the total mass
at Rcrit

500, which corresponds to approximately 65–70 per cent of the
cosmic ratio.

Some AGN codes are in tension with these observations and have
ϒgas > 90 per cent (which corresponds to more than 15 per cent of
gas with respect to the total mass). All the other codes are largely
compatible with these results, and these include include methods
both with and without AGN feedback. Moving inward to smaller
radii, Zhang et al. (2010) and Vikhlinin et al. (2009) find lower
values (around 9–10 per cent) at Rcrit

2500, in keeping with the general
trend of falling gas fractions seen in all simulations (whether NR
or not). These values are achieved in our comparison by the same
set of codes that were found to be in agreement with observational
results at Rcrit

500.
Nevertheless, in a recent work Gonzalez et al. (2013) suggested

that massive clusters may have a higher gas content than what was
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Figure 10. Radial entropy profile at z = 0. Format similar to Fig. 8.

reported by most of observational studies, estimating a gas fraction
around 14 per cent for Mcrit

500 > 2 × 1014 M⊙: these results would
support the high gas fraction obtained by codes including AGN,
such as RAMSES-AGN, AREPO-IL and G3-X. This is supported also
by Pratt et al. (2009), which suggests at the same overdensity fgas

∼14 per cent for massive clusters, measuring values up to 16 per cent
for individual clusters.

5.2 Stars

Here we do not examine the stellar component in detail, i.e. the
properties of the galaxies, but defer such an analysis to a companion
paper, (Elahi et al. 2016). Instead we only focus on the overall
stellar profiles presented in Figs 12–13. These figures show that the
stellar distribution does not extend as far as the gas or dark matter
distributions and that galaxies dominate the baryonic content of
the central regions. As before, however, the profiles show major
code-to-code scatter and systematic differences, and generally a
clear separation between codes including and not including AGN
feedback, with one notable exception, G3-PESPH. The profiles of
the star density are shown in Fig. 12. All the codes which only
include stellar feedback and not AGN show very concentrated stellar
densities, around a factor of 5 larger than those of the codes which
do include AGN. G2-MUSICPI is the code with the highest stellar
density within Rcrit

2500.
Unlike the gas densities, the disagreement does not vanish at

the cluster outskirts: gas density profiles are mainly determined by

Figure 11. Cumulative radial gas fraction profile at z = 0. Format similar
to Fig. 8.
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Figure 10. Radial entropy profile at z = 0. Format similar to Fig. 8.

reported by most of observational studies, estimating a gas fraction
around 14 per cent for Mcrit

500 > 2 × 1014 M⊙: these results would
support the high gas fraction obtained by codes including AGN,
such as RAMSES-AGN, AREPO-IL and G3-X. This is supported also
by Pratt et al. (2009), which suggests at the same overdensity fgas

∼14 per cent for massive clusters, measuring values up to 16 per cent
for individual clusters.

5.2 Stars

Here we do not examine the stellar component in detail, i.e. the
properties of the galaxies, but defer such an analysis to a companion
paper, (Elahi et al. 2016). Instead we only focus on the overall
stellar profiles presented in Figs 12–13. These figures show that the
stellar distribution does not extend as far as the gas or dark matter
distributions and that galaxies dominate the baryonic content of
the central regions. As before, however, the profiles show major
code-to-code scatter and systematic differences, and generally a
clear separation between codes including and not including AGN
feedback, with one notable exception, G3-PESPH. The profiles of
the star density are shown in Fig. 12. All the codes which only
include stellar feedback and not AGN show very concentrated stellar
densities, around a factor of 5 larger than those of the codes which
do include AGN. G2-MUSICPI is the code with the highest stellar
density within Rcrit

2500.
Unlike the gas densities, the disagreement does not vanish at

the cluster outskirts: gas density profiles are mainly determined by

Figure 11. Cumulative radial gas fraction profile at z = 0. Format similar
to Fig. 8.
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§ hot X-ray gas – numerical modelling: with feedback

the free parameters in the feedback modelling
compensate for numerical problems 😳
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§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

• very low density ne ~ 10-1-10-4 cm-3

• extremely hot T ~ 107-108 K

• gas mass! 
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§ hot X-ray gas
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Galaxy Clusters properties

§ hot X-ray gas

• X-ray luminosity Lx ~ 1043-1045 erg/s

• very low density ne ~ 10-1-10-4 cm-3

• extremely hot T ~ 107-108 K

• gas mass Mg ~ 1013-1014 M⦿

turns out to be fb ~ 0.95 fb,cosmic
(see total mass estimation on following slides...)
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Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

(ngalaxies ~ 10-2 / Mpc3)

Lx ~ 1043-1045 erg/s

TICM > 108 K

Mg ~ 1013-1014 M⦿

fb ~ 0.95 fb,cosmic

§ general properties

§ abundance

§ baryonic properties

total cluster
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Galaxy Clusters properties

§ cluster mass estimates

• gravitational lensing*:

M(<qarc) = 1.1 x 1014 M⦿  (qarc/30”)2 (D/Gpc) with D = DL DLS / DS

*more details in Advanced Cosmology lecture...
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§ cluster mass estimates

• galaxy motion inside cluster

• hot X-ray gas

• gravitational lensing



Galaxy Clusters properties

§ cluster mass profile

• hot X-ray gas - in hydrostatic equilibrium:

𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝐺𝜇𝑚+

𝑑𝑙𝑛𝜌,
𝑑𝑙𝑛𝑟

+
𝑑𝑙𝑛𝑇
𝑑𝑙𝑛𝑟

(exercise)



Galaxy Clusters properties

§ cluster mass estimates

• galaxy motion inside cluster*

• hot X-ray gas

• gravitational lensing

*remember Zwicky back in 1933...
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§ cluster mass estimates

• galaxy motion inside cluster:

virial theorem:   2 Ekin + Epot = 0

2 Ekin = ∑ mi vi
2 = ∑ mi ( vx,i

2 + vy,i
2 + vz,i

2 ) = 3 ∑ mi vlos,i
2 = 3 M <vlos,i

2> = 3 M slos
2

Epot = - (3/5) G M2/R

M = 5 R slos
2 / G 

we can do even better and get the mass profile...
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§ cluster mass profile

• galaxy motion inside cluster:

; 	 𝛽 = 1 −
𝜎+
'

𝜎,'Jeans equation*: 
)
*
+
+,

𝜌𝜎,- + 2𝛽 .01

,
= − /0(2,)

,

*analog to hydrostatic equilibrium, but now velocity dispersion balances gravity...



Galaxy Clusters properties

§ cluster mass profile

• galaxy motion inside cluster:

; 	 𝛽 = 1 −
𝜎+
'

𝜎,'Jeans equation*: 
)
*
+
+,

𝜌𝜎,- + 2𝛽 .01

,
= − /0(2,)

,

*analog to hydrostatic equilibrium, but now velocity dispersion balances gravity...

anisotropy parameter:
difference between radial and tangential velocities...
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§ cluster mass profile

• galaxy motion inside cluster:

	𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟 +

𝑑𝑙𝑛𝜎,-

𝑑𝑙𝑛𝑟 + 2𝛽

; 	 𝛽 = 1 −
𝜎+
'

𝜎,'Jeans equation:    
)
*
+
+,

𝜌𝜎,- + 2𝛽 .01

,
= − /0(2,)

,
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𝑑𝑙𝑛𝑟 + 2𝛽
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§ cluster mass profile

• galaxy motion inside cluster:

; 	 𝛽 = 1 −
𝜎+
'

𝜎,'	𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟 +

𝑑𝑙𝑛𝜎,-

𝑑𝑙𝑛𝑟 + 2𝛽

circular problem as 𝜌 = ,-
,.
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§ cluster mass profile

• galaxy motion inside cluster:

; 	 𝛽 = 1 −
𝜎+
'

𝜎,'	𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟 +

𝑑𝑙𝑛𝜎,-

𝑑𝑙𝑛𝑟 + 2𝛽

circular problem as 𝜌 = ,-
,. → iterative solution...
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𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝜇𝑚4𝐺

𝑑𝑙𝑛𝜌5
𝑑𝑙𝑛𝑟 +

𝑑𝑙𝑛𝑇
𝑑𝑙𝑛𝑟

hydrostatic equilibrium:

Jeans equation:

§ cluster mass profile

	𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟

+
𝑑𝑙𝑛𝜎,-

𝑑𝑙𝑛𝑟
+ 2𝛽
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𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝜇𝑚4𝐺

𝑑𝑙𝑛𝜌5
𝑑𝑙𝑛𝑟 +

𝑑𝑙𝑛𝑇
𝑑𝑙𝑛𝑟

hydrostatic equilibrium:

Jeans equation:

§ cluster mass profile

• the b – model*:

	𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟

+
𝑑𝑙𝑛𝜎,-

𝑑𝑙𝑛𝑟
+ 2𝛽

*has nothing to do with the anisotropy parameter!
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𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝜇𝑚4𝐺

𝑑𝑙𝑛𝜌5
𝑑𝑙𝑛𝑟 +

𝑑𝑙𝑛𝑇
𝑑𝑙𝑛𝑟

hydrostatic equilibrium:

Jeans equation: 	𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟

+
𝑑𝑙𝑛𝜎,-

𝑑𝑙𝑛𝑟
+ 2𝛽

0	 = 𝛽 = 1− /-
.

//.
(isotropic velocity dispersion)

𝜎.(=const.

T  =const.

§ cluster mass profile

• the b – model:

*has nothing to do with the anisotropy parameter!
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𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟

hydrostatic equilibrium:

Jeans equation:

0	 = 𝛽 = 1− /-
.

//.
(isotropic velocity dispersion)

𝜎.(=const.

T  =const.

𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝜇𝑚4𝐺

𝑑𝑙𝑛𝜌5
𝑑𝑙𝑛𝑟

§ cluster mass profile

• the b – model:
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hydrostatic equilibrium:

Jeans equation:

H. Böhringer Vorlesung Galaxienhaufen   TUM     6.5.2003          33

The  :-Model

Galaxy distribution from Jeans equation  (vr = const.,   :"= 0)  :
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Gas distribution with  T = const. :

𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝜇𝑚4𝐺

𝑑𝑙𝑛𝜌5
𝑑𝑙𝑛𝑟

𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟

§ cluster mass profile

• the b – model:
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hydrostatic equilibrium:

Jeans equation:
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The  :-Model

Galaxy distribution from Jeans equation  (vr = const.,   :"= 0)  :
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Gas distribution with  T = const. :

𝑀 < 𝑟 = −
𝑘𝑇𝑟
𝜇𝑚4𝐺

𝑑𝑙𝑛𝜌5
𝑑𝑙𝑛𝑟

𝑀 < 𝑟 = −
𝜎,-𝑟
𝐺

𝑑𝑙𝑛𝜌
𝑑𝑙𝑛𝑟

careful: b here is not the anisotropy-b !

§ cluster mass profile

• the b – model:
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𝜌5
𝜌5,7

=
𝜌
𝜌7

8

0	 = 1 − "*
'

"+'
(isotropic velocity dispersion)

𝜎./=const.

T  =const.

under the assumptions:

𝛽 =
𝜎./𝜇𝑚0

𝑘𝑇

§ cluster mass profile

• the b – model:
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Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

(ngalaxies ~ 10-2 / Mpc3)

Lx ~ 1043-1045 erg/s

TICM > 108 K

Mg ~ 1013-1014 M⦿

fb ~ 0.95 fb,cosmic

§ general properties

§ abundance

§ baryonic properties
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Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

(ngalaxies ~ 10-2 / Mpc3)

Lx ~ 1043-1045 erg/s

TICM > 108 K

Mg ~ 1013-1014 M⦿

fb ~ 0.95 fb,cosmic

§ general properties

§ abundance

§ baryonic properties

just count...
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Ngalaxies ~ 10-103

Mass ~ 1014-1015 M⦿

Radius ~ 1-5 Mpc

nclusters ~ 10-5 / Mpc3

(ngalaxies ~ 10-2 / Mpc3)

Lx ~ 1043-1045 erg/s

TICM > 108 K

Mg ~ 1013-1014 M⦿

fb ~ 0.95 fb,cosmic

§ general properties

§ abundance

§ baryonic properties

the cluster galaxy population!?
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§ galaxy population: morphology-density relation
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spiral galaxies preferentially found in cluster outskirts

elliptical galaxies preferentially found towards centre

carful though...

(Gill, Knebe & Gibson 2005)

increasing density = closer to cluster centre
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§ galaxy population: Butcher-Oemler effect

(v
an

 D
ok

ku
m

 2
00

2)

*

*spiral galaxies are preferentially blue
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§ galaxy population: Butcher-Oemler effect
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fraction of blue galaxies in clusters increases with redshift
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§ galaxy population: decline of elliptical galaxies with redshift
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§ galaxy population: clear signs of temporal evolution
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§ galaxy population vs. intra-cluster stars

Co-evolution of BCGs and ICL using CLASH 5

Table 2. The corrections applied for ICL measurement and the observed surface brightness threshold equivalent to the rest frame limit
of µB =25 mag/arcsec2.

Cluster z Observed waveband Mev(z)�Mrf (z) dK Surface brightness Corrected surface brightness
for ICL measurement dimming correction equivalent to 25 mag/arcsec2

2.5 log(1 + z)3 at z = z(cluster)

Abell 383 0.187 F606W -0.68 -0.49 0.56 25.06
Abell 209 0.206 F606W -0.62 -0.41 0.61 25.20
Abell 1423 0.213 F606W -0.55 -0.34 0.63 25.29
Abell 2261 0.224 F606W -0.55 -0.33 0.66 25.33
RXJ2129+0005 0.234 F606W -0.44 -0.21 0.68 25.48
Abell 611 0.288 F606W -0.39 -0.11 0.82 25.71
MS 2137-2353 0.313 F606W -0.27 0.03 0.89 25.91
RXJ1532+30 0.345 F606W -0.20 0.12 0.97 26.09
RXJ2248-4431 0.348 F606W -0.20 0.13 0.97 26.10
MACSJ1115+01 0.352 F606W -0.20 0.13 0.98 26.11
MACSJ1720+35 0.391 F625W -0.23 0.13 1.07 26.21
MACSJ0416-24 0.396 F625W -0.23 0.14 1.09 26.22
MACSJ0429-02 0.399 F625W -0.23 0.14 1.09 26.23
MACSJ1206-08 0.440 F625W -0.01 0.39 1.19 26.58
MACSJ0329-02 0.450 F625W -0.01 0.40 1.21 26.61
RXJ1347-1145 0.451 F625W -0.01 0.40 1.21 26.61
MACSJ1311-03 0.494 F625W 0.25 0.69 1.31 27.00
MACSJ1149+22 0.544 F625W 0.49 0.96 1.41 27.37
MACSJ1423+24 0.545 F775W -0.78 -0.30 1.42 26.11
MACSJ2129-07 0.570 F775W -0.73 -0.24 1.47 26.23
MACSJ0647+70 0.584 F775W -0.68 -0.18 1.50 26.31
MACSJ0744+39 0.686 F775W -0.50 0.07 1.70 26.77
CLJ1226+3332 0.890 F850LP -0.89 -0.20 2.07 26.88

Figure 1. Left: The central regions of Abell 383 (top) and Abell 1423 (bottom). Right: the same regions with all pixels except those
counted as ICL masked out, equivalent to a surface brightness threshold of 25 mag/arcsec2 in the rest-frame B-band. Up is North, left
is East. Images are approximately 2’50” on each side corresponding to 525 kpc for Abell 383 and 575 kpc for Abell 1423.
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§ galaxy population vs. intra-cluster stars

Co-evolution of BCGs and ICL using CLASH 5

Table 2. The corrections applied for ICL measurement and the observed surface brightness threshold equivalent to the rest frame limit
of µB =25 mag/arcsec2.

Cluster z Observed waveband Mev(z)�Mrf (z) dK Surface brightness Corrected surface brightness
for ICL measurement dimming correction equivalent to 25 mag/arcsec2

2.5 log(1 + z)3 at z = z(cluster)

Abell 383 0.187 F606W -0.68 -0.49 0.56 25.06
Abell 209 0.206 F606W -0.62 -0.41 0.61 25.20
Abell 1423 0.213 F606W -0.55 -0.34 0.63 25.29
Abell 2261 0.224 F606W -0.55 -0.33 0.66 25.33
RXJ2129+0005 0.234 F606W -0.44 -0.21 0.68 25.48
Abell 611 0.288 F606W -0.39 -0.11 0.82 25.71
MS 2137-2353 0.313 F606W -0.27 0.03 0.89 25.91
RXJ1532+30 0.345 F606W -0.20 0.12 0.97 26.09
RXJ2248-4431 0.348 F606W -0.20 0.13 0.97 26.10
MACSJ1115+01 0.352 F606W -0.20 0.13 0.98 26.11
MACSJ1720+35 0.391 F625W -0.23 0.13 1.07 26.21
MACSJ0416-24 0.396 F625W -0.23 0.14 1.09 26.22
MACSJ0429-02 0.399 F625W -0.23 0.14 1.09 26.23
MACSJ1206-08 0.440 F625W -0.01 0.39 1.19 26.58
MACSJ0329-02 0.450 F625W -0.01 0.40 1.21 26.61
RXJ1347-1145 0.451 F625W -0.01 0.40 1.21 26.61
MACSJ1311-03 0.494 F625W 0.25 0.69 1.31 27.00
MACSJ1149+22 0.544 F625W 0.49 0.96 1.41 27.37
MACSJ1423+24 0.545 F775W -0.78 -0.30 1.42 26.11
MACSJ2129-07 0.570 F775W -0.73 -0.24 1.47 26.23
MACSJ0647+70 0.584 F775W -0.68 -0.18 1.50 26.31
MACSJ0744+39 0.686 F775W -0.50 0.07 1.70 26.77
CLJ1226+3332 0.890 F850LP -0.89 -0.20 2.07 26.88

Figure 1. Left: The central regions of Abell 383 (top) and Abell 1423 (bottom). Right: the same regions with all pixels except those
counted as ICL masked out, equivalent to a surface brightness threshold of 25 mag/arcsec2 in the rest-frame B-band. Up is North, left
is East. Images are approximately 2’50” on each side corresponding to 525 kpc for Abell 383 and 575 kpc for Abell 1423.
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• X-ray luminosity Lx ~ 1043-1045 erg/s
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§ Mvir – Mg relation

L. Lovisari et al.: Scaling properties of a complete X-ray selected galaxy group sample

Table 4. Fit results for the scaling relations.

Relation (Y − X) BCES estimator groups HIFLUGCS (kT > 3 keV) all

a b a b a b

LX−M500 BC Y |X 1.66 ± 0.22 −0.03 ± 0.04 1.08 ± 0.21 0.18 ± 0.18 1.39 ± 0.05 −0.12 ± 0.04
LX−M500 Y |X 1.32 ± 0.24 0.04 ± 0.05 1.22 ± 0.21 0.26 ± 0.20 1.40 ± 0.06 0.09 ± 0.05
LX−M500 bisector 1.49 ± 0.20 0.05 ± 0.06 1.49 ± 0.17 0.01 ± 0.16 1.46 ± 0.06 0.06 ± 0.04
LX−M500 orthogonal 1.57 ± 0.24 0.04 ± 0.06 1.61 ± 0.19 −0.10 ± 0.18 1.49 ± 0.06 0.05 ± 0.05

LX−T BC Y |X 2.86 ± 0.29 0.37 ± 0.06 2.55 ± 0.27 0.35 ± 0.10 2.67 ± 0.11 0.34 ± 0.04
LX−T Y |X 2.05 ± 0.32 0.27 ± 0.07 1.91 ± 0.27 0.58 ± 0.11 2.36 ± 0.10 0.38 ± 0.03
LX−T bisector 2.41 ± 0.30 0.32 ± 0.06 2.34 ± 0.16 0.40 ± 0.10 2.49 ± 0.23 0.40 ± 0.09
LX−T orthogonal 2.76 ± 0.43 0.36 ± 0.08 2.78 ± 0.27 0.22 ± 0.11 2.60 ± 0.10 0.33 ± 0.03

M500−T Y |X 1.65 ± 0.07 0.19 ± 0.02 1.62 ± 0.08 0.24 ± 0.04 1.71 ± 0.04 0.20 ± 0.02

Mgas,500−M500 Y |X 1.09 ± 0.08 −0.14 ± 0.02 1.27 ± 0.14 −0.20 ± 0.13 1.22 ± 0.04 −0.16 ± 0.03
Mgas,2500−M2500 Y |X 1.19 ± 0.07 −0.27 ± 0.04 − − − −

M500−YX Y |X 0.60 ± 0.03 −0.03 ± 0.02 0.59 ± 0.03 −0.08 ± 0.05 0.57 ± 0.01 −0.03 ± 0.02

LX−YX Y |X 0.72 ± 0.14 −0.01 ± 0.05 0.75 ± 0.06 0.12 ± 0.06 0.79 ± 0.03 0.06 ± 0.04

fgas,500−T Y |X 0.08 ± 0.12 −0.13 ± 0.02 0.15 ± 0.13 −0.02 ± 0.05 0.32 ± 0.06 −0.10 ± 0.02
fgas,2500−T Y |X 0.21 ± 0.11 −0.32 ± 0.02 − − − −

fgas,500−M Y |X 0.01 ± 0.07 −0.13 ± 0.02 0.03 ± 0.08 0.07 ± 0.08 0.16 ± 0.04 −0.122 ± 0.03

LX−Mgas,500 Y |X 1.02 ± 0.24 0.16 ± 0.07 1.18 ± 0.07 0.24 ± 0.07 1.18 ± 0.04 0.26 ± 0.03

Notes. BC indicates the relations corrected for selection bias. In the last two columns we list the slopes and normalizations derived using all the
groups and HIFLUGCS objects.

Fig. 3. Left: M-T relation. Blue triangles are groups, red boxes are HIFLUGCS clusters with a temperature higher than 3 keV. Right: same as in
the left panel, but for the Mgas-M relation.

aligned well with the slope of the massive systems (0.59±0.03).
This means that for this relation we do not observe any hint of
steepening at low masses either. The slopes are also very close
to the value predicted by the self-similar scenario. Even when

fitting galaxy groups and HIFLUGCS together, the best-fit is
close to the self-similar prediction.

LX-YX relation to reduce the scatter in the LX-M relation
(Maughan 2007). The result is shown in Fig. 4 (right panel).
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L. Lovisari et al.: Scaling properties of a complete X-ray selected galaxy group sample

Table 4. Fit results for the scaling relations.

Relation (Y − X) BCES estimator groups HIFLUGCS (kT > 3 keV) all

a b a b a b

LX−M500 BC Y |X 1.66 ± 0.22 −0.03 ± 0.04 1.08 ± 0.21 0.18 ± 0.18 1.39 ± 0.05 −0.12 ± 0.04
LX−M500 Y |X 1.32 ± 0.24 0.04 ± 0.05 1.22 ± 0.21 0.26 ± 0.20 1.40 ± 0.06 0.09 ± 0.05
LX−M500 bisector 1.49 ± 0.20 0.05 ± 0.06 1.49 ± 0.17 0.01 ± 0.16 1.46 ± 0.06 0.06 ± 0.04
LX−M500 orthogonal 1.57 ± 0.24 0.04 ± 0.06 1.61 ± 0.19 −0.10 ± 0.18 1.49 ± 0.06 0.05 ± 0.05

LX−T BC Y |X 2.86 ± 0.29 0.37 ± 0.06 2.55 ± 0.27 0.35 ± 0.10 2.67 ± 0.11 0.34 ± 0.04
LX−T Y |X 2.05 ± 0.32 0.27 ± 0.07 1.91 ± 0.27 0.58 ± 0.11 2.36 ± 0.10 0.38 ± 0.03
LX−T bisector 2.41 ± 0.30 0.32 ± 0.06 2.34 ± 0.16 0.40 ± 0.10 2.49 ± 0.23 0.40 ± 0.09
LX−T orthogonal 2.76 ± 0.43 0.36 ± 0.08 2.78 ± 0.27 0.22 ± 0.11 2.60 ± 0.10 0.33 ± 0.03

M500−T Y |X 1.65 ± 0.07 0.19 ± 0.02 1.62 ± 0.08 0.24 ± 0.04 1.71 ± 0.04 0.20 ± 0.02

Mgas,500−M500 Y |X 1.09 ± 0.08 −0.14 ± 0.02 1.27 ± 0.14 −0.20 ± 0.13 1.22 ± 0.04 −0.16 ± 0.03
Mgas,2500−M2500 Y |X 1.19 ± 0.07 −0.27 ± 0.04 − − − −

M500−YX Y |X 0.60 ± 0.03 −0.03 ± 0.02 0.59 ± 0.03 −0.08 ± 0.05 0.57 ± 0.01 −0.03 ± 0.02

LX−YX Y |X 0.72 ± 0.14 −0.01 ± 0.05 0.75 ± 0.06 0.12 ± 0.06 0.79 ± 0.03 0.06 ± 0.04

fgas,500−T Y |X 0.08 ± 0.12 −0.13 ± 0.02 0.15 ± 0.13 −0.02 ± 0.05 0.32 ± 0.06 −0.10 ± 0.02
fgas,2500−T Y |X 0.21 ± 0.11 −0.32 ± 0.02 − − − −

fgas,500−M Y |X 0.01 ± 0.07 −0.13 ± 0.02 0.03 ± 0.08 0.07 ± 0.08 0.16 ± 0.04 −0.122 ± 0.03

LX−Mgas,500 Y |X 1.02 ± 0.24 0.16 ± 0.07 1.18 ± 0.07 0.24 ± 0.07 1.18 ± 0.04 0.26 ± 0.03

Notes. BC indicates the relations corrected for selection bias. In the last two columns we list the slopes and normalizations derived using all the
groups and HIFLUGCS objects.

Fig. 3. Left: M-T relation. Blue triangles are groups, red boxes are HIFLUGCS clusters with a temperature higher than 3 keV. Right: same as in
the left panel, but for the Mgas-M relation.

aligned well with the slope of the massive systems (0.59±0.03).
This means that for this relation we do not observe any hint of
steepening at low masses either. The slopes are also very close
to the value predicted by the self-similar scenario. Even when

fitting galaxy groups and HIFLUGCS together, the best-fit is
close to the self-similar prediction.

LX-YX relation to reduce the scatter in the LX-M relation
(Maughan 2007). The result is shown in Fig. 4 (right panel).
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Galaxy Clusters scaling relations

§ Mvir – Lx relation

33

collapse as in §3.1 find that rvir is the radius within which the the cluster’s average

density is 178 (typically rounded to 200) times the critical density, ⇢c, of the Universe

at that redshift (e.g. Borgani, 2008),

⇢c(z) = E2(z)
3H2

0

8⇡G
(3.25)

The virial mass is then given by

Mvir =
4⇡

3
�c⇢cr

3
vir
. (3.26)

The virial theorem, along with Equations 3.23 - 3.26, then lead to the following

relationship between cluster X-ray temperature and mass:

Mvir / T 3/2 (3.27)

Empirical measurements of the M�T relation, with masses typically measured using

either the hydrostatic equilibrium method (§3.1.1) or weak lensing, tend to have a

slightly steeper slope than the theoretical prediction, with measured values of ↵ ⇡

1.5� 1.8, where M / T ↵ (e.g. Finoguenov et al., 2001; Arnaud et al., 2005; Vikhlinin

et al., 2006, 2009; Sun et al., 2009). Excluding cooler clusters (kT . 3 keV) often

results in a shallower relation much closer to ↵ = 1.5. Numerical simulations tend to

be more in line with the theoretical predictions, though still somewhat steeper, with

↵ ⇡ 1.5� 1.6 (Borgani et al., 2004; Kravtsov et al., 2006; Stanek et al., 2010; Fabjan

et al., 2011), largely depending on the physics included in the simulation (see, e.g.

Fabjan et al., 2011). The scatter in the M�T relation is relatively small, . 15�20%,

both for observations (Arnaud et al., 2007; Vikhlinin et al., 2009; Mantz et al., 2010)

and numerical simulations (Kravtsov et al., 2006; Nagai et al., 2007).

A similar derivation can be used to obtain a scaling relation between total clus-

ter X-ray luminosity and mass. For a plasma which emits X-rays primarily via

bremsstrahlung radiation,

LX / ✏(T, ⇢g)r
3 / T 1/2⇢2

g
r3, (3.28)Bremsstrahlung:
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L. Lovisari et al.: Scaling properties of a complete X-ray selected galaxy group sample

Fig. 1. LX-M relation. Blue triangles are groups
and red boxes are HIFLUGCS clusters with a
temperature higher than 3 keV. The blue lines
represent the best-fit values obtained in this
work. They are compared with the best-fit re-
sults obtained with different samples. BC in-
dicates the relation corrected for the selection
bias effects. The stars indicate the works that
studied galaxy groups.

To estimate the effect of applying the sample selection (5 ×
10−12 erg/s/cm2 ≤ flim(0.1−2.4 keV) ≤ 2 × 10−11 erg/s/cm2

and 0.01 ≤ z ≤ 0.035) we applied the same flux and red-
shift thresholds to a set of simulated samples. By using the halo
mass function derived by Tinker et al. (2008) with the transfer-
function from Eisenstein & Hu (1998), the density fluctuation
amplitude at 8 Mpc/h σ8 = 0.811 and a spectral index of the pri-
mordial power spectrum ns = 0.967 (Komatsu et al. 2011), we
obtained the mass and redshift for all the simulated objects. We
applied a lower mass threshold of M > 5 × 1012 M⊙ to ensure
that we selected groups and not galaxies, and an upper thresh-
old M < 5 × 1015 M⊙ (above this mass there are only a few
clusters that are not important for this work). We then assigned
a luminosity through the LX-M relation to every object and also
introduced the total scatter we derived in Sect. 5.6. We note, that
the scatter should only be introduced in the LX direction because
otherwise the value of the total masses that we derived directly
from the mass function would be changed as well. Since for all
the BCES estimator except Y |X the minimization is not purely
performed in the Y (i.e., LX) direction, they were not used for
the selection bias correction.

We assigned the same error (i.e., the mean relative error de-
rived in our analysis) to every simulated object because we did
not see any particular trend in the distribution of the statisti-
cal measurements errors as function of mass or luminosity. The
slope and normalization of the input LX-M relation were varied
in the range [1.20:2.20]6 (with steps of 0.01) and [−0.15:0.05]
(with steps of 0.01), respectively. For each grid point (i.e., every
combination of slopes and normalizations) 300 artificial flux-
limited group samples were simulated. The input slope (asim)
and normalization (bsim) that after applying the flux and redshifts

6 We first ran a set of low-resolution simulations to identify the interval
of values with the lowest χ2 of Eq. (10). These intervals of values refer
to the group sample only.

cuts (to reproduce the same selection effects of our sample)
yields an LX-M relation that matched the observed relation are
the values corrected for the selection bias. We searched for
the best combination of values by minimizing the following
equation:

χ2
tot =

(b̃sim − bobs)2

∆b2
obs

+
(ãsim − aobs)2

∆a2
obs

, (10)

where b̃sim and ãsim are the median values for the normalization
and slope of the 300 output relations of each grid point. The total
number of objects obtained by using the halo mass function was
scaled such that the distribution of the simulated samples peaked
at about 20 objects as the real sample. The scatter of the best-fit
output relation after the flux and redshift cuts agrees with the
observed scatter. We also verified that the luminosity and mass
distribution of the simulated objects after the flux and redshift
cuts matched the observed one. The correction was then also
applied to the HIFLUGCS (kT > 3 keV) and full sample (i.e.,
groups plus all the HIFLUGCS objects).

The LX-M relations corrected for selection bias are shown
in Fig. 1 and are compared with the observed relations. The cor-
rected relation for galaxy groups is steeper (slope of 1.66± 0.22)
than the observed relation (a = 1.32 ± 0.24). In contrast the
corrected relation for massive systems was found to be slightly
shallower than what is observed. Interestingly, the slope of the
corrected relation remains unchanged when including all the ob-
jects in the sample (groups and HIFLUGCS). The errors of the
corrected slopes were obtained from the distribution of the χ2

tot
in the grid. For each parameter (i.e., slope and normalization)
the error was derived by keeping the other interesting param-
eter frozen and by searching for the range of values with a
χ2

tot < χ
2
min + 1.
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Galaxy Clusters scaling relations

§ T – Lx relation 𝐿G ∝ 𝑇- A&A 573, A118 (2015)

Fig. 2. Left: LX − T relation. Blue triangles are groups, red boxes are HIFLUGCS clusters with a temperature higher than 3 keV. The stars indicate
the works that studied galaxy groups. Right: same points as in the left panel plus the HIFLUGCS clusters with a temperature lower than 3 keV.
BC indicates the relation corrected for the selection bias effects.

5.2.2. LX -T relation

When the “true” LX-M relation is recovered, the result can be
used to derive the corrected LX-T relation. Following the proce-
dure presented in the previous section, we assigned a luminosity
to all the objects using the LX-M relation corrected for selec-
tion biases by also introducing the total scatter along the Y(LX)
direction. We then assigned the temperatures through an input
LX-T relation by creating a grid with a slope and normalization
in the range [2.5:3.5] and [0.10:0.55]. After applying the flux
and redshift cuts in the same way as for our group sample, we
compared the simulated and observed M-T relations under the
assumption that this relation is unbiased. The best-fit values are
the ones that minimize the χ2

tot of Eq. (10).
In Fig. 2 (left panel) we compare the observed LX-T relation

for galaxy groups with the one determined using the HIFLUGCS
sample. Again, as for the LX-M relation, we do not see any steep-
ening at the group scale. In Fig. 2 (right panel) we compare the
corrected luminosity-temperature relation derived for the group
sample with the observed relation. While the observed slope of
our group sample, given the large errors (see Table 4), is consis-
tent with the slope derived with massive systems, the corrected
slope shows a steepening.

By fitting all the objects of our group sample and the
HIFLUGCS objects, the relation becomes steeper (see right
panel of Fig. 2), probably because of the different normaliza-
tions of the two samples. This effect is not significant given the
uncertainties.

5.3. M-T, Mgas -M, and LX -Mgas relations

The M-T relation is expected to follow the same behavior for
galaxy groups and galaxy clusters because it is less affected by
heating and cooling processes, which are thought to be respon-
sible for the steeper relations observed in other analysis at the
group scale (e.g., Eckmiller et al. 2011). Indeed, the slopes we

found for the group and cluster samples are very similar (see
Table 4). Even when fitting the HIFLUGCS together with the
group sample we do not see any steepening. Both groups and
clusters show a slope slightly steeper than the one predicted
by the self-similar scenario. Kettula et al. (2013) suggested that
X-ray masses are biased down due to the assumption of hydro-
static equilibrium with a larger bias for low mass systems that
cause the steepening. However, a stronger bias for groups ap-
pears to be in tension with the finding of Israel et al. (2014) who
find the opposite trend.

Arnaud et al. (2005) analyzed a sample of massive clusters
and showed that the slope of the M-T relation is stable at all
the overdensities. We verified whether or not this is also true at
the group scale by fitting the relation at R2500 and R1000 as well.
We found that the slope is quite stable: 1.61 ± 0.07 at R2500,
1.71 ± 0.13 at R1000, and 1.65 ± 0.11 at R500.

In Fig. 3 (right panel) we show the fit to the Mgas-M rela-
tion. Galaxy groups have a shallower slope than clusters, but
the slopes agree well within the errors. The slope of the galaxy
group sample also agrees well with the slope from clusters mov-
ing from R2500 to R500. If the gas fraction of galaxy clusters is
universal. we would expect that the gas mass is linearly related
to the total mass. A slope greater than one of this relation implies
a trend to lower gas fraction for objects with lower temperature.

In Table 4 we also summarize the best-fit results for the
LX-Mgas relation. Although the relation is slightly shallower at
the group scale, the result still agrees within the error bars with
the value obtained for the more massive systems.

5.4. M-YX and LX -YX relations

The YX parameter defined by Kravtsov et al. (2006) is consid-
ered one of the less scattered mass proxies, although this is still
a matter of debate (see Stanek et al. 2010). In Fig. 4 (left panel)
we show the M-YX relation obtained for the groups and the
HIFLUGCS samples. Our best fit for the slope (0.60 ± 0.03) is
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Figure 2
The mass in stars versus the mass of hot, X-ray emitting gas. Both masses are measured within the radius
R500 estimated from the observationally calibrated Y X − M 500 relation, assuming flat !CDM cosmology
with "m = 1 − "! = 0.26 and h = 0.71. Red circles show local clusters located at z < 0.1, whereas blue
squares show higher redshift clusters: 0.1 < z < 0.6 (see Lin et al. 2012 for details). The dotted line
corresponds to the constant stellar-to-gas mass ratio M ∗,500/M g,500 = 0.1, whereas the dashed lines
correspond to the values of 0.05 and 0.2 for this ratio.

cluster-centric arcs (Bartelmann 2010, and references therein). At larger radii, the lensing effect is
weaker. Although not easily visible by eye, it can still be reliably measured by averaging the shapes
of many background galaxies and comparing the average with the expected value for an isotropic
distribution of shapes. The gravitational lensing is a direct probe of the total mass distribution in
clusters, which makes it both extremely powerful in its own right and a very useful check of other
methods of measuring cluster masses. The figure shows several bright elliptical galaxies that are
typically located near the cluster center. A salient feature of such central galaxies is that they show
little evidence of ongoing star formation, despite their extremely large masses.

The diffuse plasma is not associated with individual galaxies, and constitutes the intracluster
medium, which contains the bulk of the normal baryonic matter in massive clusters. Although
the hot ICM is not directly associated with galaxies, their properties are correlated. For example,
Figure 2 shows the mass of the ICM gas within the radius R500, defined as the radius enclosing
mean overdensity of #c = 500ρcr, versus stellar mass in galaxies within the same radius for a
number of local (z ! 0.1) and distant (0.1 < z < 0.6) clusters (Lin et al. 2012). Here, ρcr(z) =
3H (z)2/(8πG) is the critical mean density of the Universe, defined in terms of the Hubble function
H(z). The figure shows a remarkably tight, albeit nonlinear, correlation between these two baryonic
components. It also shows that the gas mass in clusters is on average about ten times larger than
the mass in stars, although this ratio is systematically larger for smaller mass clusters, ranging from
M ∗/M g ≈ 0.2 to ≈0.05, as mass increases from group scale (M 500 ∼ few × 1013 M⊙) to massive
clusters (M 500 ∼ 1015 M⊙).
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galaxy clusters have been one of the pilars
in the determination of cosmological parameters
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§ the mass function:*

mass spectrum of objects
(dark matter haloes)
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Ŵ (x) = 3
x3
sin(x)− xcos(x)( )

dn
dM

dM =
2
π
ρ
M

δc
σM

d lnσM

d lnM
exp −δc

2

2σM
2

"

#
$

%

&
'
dM
M

P(k) = D(a)
D(a0 )
!

"
#

$

%
&

2

P0 (k)

*Press-Schechter (1974) mass function (cf. LSS lecture of Cosmology)



Galaxy Clusters properties

§ the mass function:

σM
2 =

1
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§ the mass function: high-mass end
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z = 0.87
M = 3x1015 M⦿

§ the mass function: high-mass end “El Gordo”
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Cosmology with extreme galaxy clusters L21

of the cluster which has density greater than 200ρ̄m,0) from Tinker
et al. (2008) of {0.186, 1.47, 2.57, 1.19}.

When comparing to real-world clusters we need to correct for the
fact that theoretical mass functions are defined with respect to the
average matter density ρ̄m,z, but observers frequently report cluster
masses with respect to the critical density ρc. In order to do this, we
follow the procedures of Waizmann et al. (2011a) and Mortonson
et al. (2011) to convert all cluster masses to m200m, and correct
for Eddington bias. Eddington bias refers to the fact that there
is a larger population of small mass haloes which may upscatter
into our observations than there are high mass haloes which may
downscatter into them, and is corrected for using

ln mEdd = ln m + 1
2
ϵσ 2

ln m, (12)

where ϵ is the local slope of the halo mass function and σ 2
ln m is the

measurement uncertainty for the cluster mass.
In order to ensure we are avoiding a posteriori selection (by only

performing our test in regions in which we have already observed
something which we believe to be unusual), we set f sky = 1. This
is both the most conservative estimate and, we believe, the correct
one for testing ‘the most extreme clusters in the sky’.

3.2 Results

We now seek to use the apparatus described above to test if any
currently observed objects are significantly extreme to give us cause
to question $CDM cosmology. We consider the set of recently
observed, potentially extreme clusters shown in Table 1 in a $CDM
cosmology as described above. The extreme value contours (light –
99 per cent, medium – 95 per cent, dark – 66 per cent), most
likely maximum mass M0

max (solid line) and the cluster masses and
redshifts (stars) are plotted in Fig. 1. The plot shows the expected
features of a peak in maximum halo mass at z ≈ 0.2 (the location
and height of which is in broad agreement with the analysis of
Holz & Perlmutter 2010). As can be seen, none of the currently
observed clusters lies outside the 99 per cent confidence regions
of the plot, meaning that there is no current strong evidence for a
need to modify the $CDM concordance model from high-mass,
high-redshift clusters. This appears to be in agreement with the

Table 1. The extreme clusters considered in
this Letter (aMaughan et al. 2011, bMenanteau
et al. 2011, cPlanck Collaboration: Aghanim
et al. 2011, dFoley et al. 2011, eBrodwin et al.
2010, f Jee et al. 2009, gSantos et al. 2011).
MEdd

200m is calculated using the numerical code
of Zhao et al. (2009) to convert from M200c

(where necessary) and equation (12) to include
the Eddington bias.

Cluster z MEdd
200m(M⊙)

A2163a 0.203 3.04+0.87
−0.67 × 1015

A370a 0.375 2.62+0.87
−0.67 × 1015

RXJ1347a 0.451 2.14+0.60
−0.48 × 1015

ACT-CL J0102b 0.87 1.85+0.42
−0.33 × 1015

PLCK G266c 0.94 1.45+0.27
−0.20 × 1015

SPT-CL J2106d 1.132 1.11+0.24
−0.20 × 1015

SPT-CL J0546e 1.067 7.80+1.27
−0.90 × 1014

XXMU J2235f 1.4 6.82+1.52
−1.23 × 1014

XXMU J0044g 1.579 4.02+0.88
−0.73 × 1014

Figure 1. Extreme value contours and modal highest mass cluster with
redshift for a $CDM cosmology, along with a set of currently observed
‘extreme’ galaxy clusters. None lies in the region above the 99 per cent
contour and hence are consistent with a concordance cosmology.

findings of Waizmann et al. (2011a) for a similar set of clusters, but
in contradiction to Chongchitnan & Silk (2011)3 who find that the
cluster XMMU J0044 is a 4σ result (i.e. should lie well above the
99 per cent region in Fig. 1), whilst here we find it to be well within
the acceptable region.

4 T E S T I N G C O S M O L O G I C A L M O D E L S W I T H
EXTREME CLUSTERS

In addition to simply ruling out $CDM cosmology with massive
clusters, we may also consider whether extreme objects offer the po-
tential to discriminate between different alternative models. Whilst
many alternative models are capable of predicting enhanced struc-
ture formation, the exact scale and time dependence of the enhance-
ment will differ from model to model. Here we consider two models
which have a well-defined and investigated effect on the halo mass
function, and hence are relatively simple to calculate the EVS over
a range of redshift for: local form primordial non-Gaussianity and
the bouncing, coupled scalar field dark energy model labelled as
‘SUGRA003’ in Baldi (2011b). These should be regarded as toy
models – our aim is to show how the EVS can be used to select
between different models, rather than make definite predictions.

4.1 Models considered

We make use of the CoDECS simulations kindly made publicly
available by Baldi et al. (2010, 2011a). This suite of large N-body
simulations includes realizations of both $CDM and a number of
coupled dark energy cosmologies. Here, we compare the CoDECS
$CDM-L (where ‘L’ is for ‘Large’) simulation of the concor-
dance cosmology to both the primordial non-Gaussianity and the
SUGRA003 (supergravity) bouncing dark energy models. Primor-
dial non-Gaussianity, motivated by considerations of the fluctu-
ations of the inflaton field, is one of the most widely explored
modifications to the concordance cosmology (e.g. Desjacques &
Seljak 2010) and has long (Lucchin & Matarrese 1988) been known
to affect the abundances of high-mass galaxy clusters. It has also

3 In an updated version of this analysis, Chongchitnan & Silk find no tension
with $CDM.

C⃝ 2011 The Authors, MNRAS 421, L19–L23
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Cosmology with extreme galaxy clusters L21

of the cluster which has density greater than 200ρ̄m,0) from Tinker
et al. (2008) of {0.186, 1.47, 2.57, 1.19}.

When comparing to real-world clusters we need to correct for the
fact that theoretical mass functions are defined with respect to the
average matter density ρ̄m,z, but observers frequently report cluster
masses with respect to the critical density ρc. In order to do this, we
follow the procedures of Waizmann et al. (2011a) and Mortonson
et al. (2011) to convert all cluster masses to m200m, and correct
for Eddington bias. Eddington bias refers to the fact that there
is a larger population of small mass haloes which may upscatter
into our observations than there are high mass haloes which may
downscatter into them, and is corrected for using

ln mEdd = ln m + 1
2
ϵσ 2

ln m, (12)

where ϵ is the local slope of the halo mass function and σ 2
ln m is the

measurement uncertainty for the cluster mass.
In order to ensure we are avoiding a posteriori selection (by only

performing our test in regions in which we have already observed
something which we believe to be unusual), we set f sky = 1. This
is both the most conservative estimate and, we believe, the correct
one for testing ‘the most extreme clusters in the sky’.

3.2 Results

We now seek to use the apparatus described above to test if any
currently observed objects are significantly extreme to give us cause
to question $CDM cosmology. We consider the set of recently
observed, potentially extreme clusters shown in Table 1 in a $CDM
cosmology as described above. The extreme value contours (light –
99 per cent, medium – 95 per cent, dark – 66 per cent), most
likely maximum mass M0

max (solid line) and the cluster masses and
redshifts (stars) are plotted in Fig. 1. The plot shows the expected
features of a peak in maximum halo mass at z ≈ 0.2 (the location
and height of which is in broad agreement with the analysis of
Holz & Perlmutter 2010). As can be seen, none of the currently
observed clusters lies outside the 99 per cent confidence regions
of the plot, meaning that there is no current strong evidence for a
need to modify the $CDM concordance model from high-mass,
high-redshift clusters. This appears to be in agreement with the

Table 1. The extreme clusters considered in
this Letter (aMaughan et al. 2011, bMenanteau
et al. 2011, cPlanck Collaboration: Aghanim
et al. 2011, dFoley et al. 2011, eBrodwin et al.
2010, f Jee et al. 2009, gSantos et al. 2011).
MEdd

200m is calculated using the numerical code
of Zhao et al. (2009) to convert from M200c

(where necessary) and equation (12) to include
the Eddington bias.

Cluster z MEdd
200m(M⊙)

A2163a 0.203 3.04+0.87
−0.67 × 1015

A370a 0.375 2.62+0.87
−0.67 × 1015

RXJ1347a 0.451 2.14+0.60
−0.48 × 1015

ACT-CL J0102b 0.87 1.85+0.42
−0.33 × 1015

PLCK G266c 0.94 1.45+0.27
−0.20 × 1015

SPT-CL J2106d 1.132 1.11+0.24
−0.20 × 1015

SPT-CL J0546e 1.067 7.80+1.27
−0.90 × 1014

XXMU J2235f 1.4 6.82+1.52
−1.23 × 1014

XXMU J0044g 1.579 4.02+0.88
−0.73 × 1014

Figure 1. Extreme value contours and modal highest mass cluster with
redshift for a $CDM cosmology, along with a set of currently observed
‘extreme’ galaxy clusters. None lies in the region above the 99 per cent
contour and hence are consistent with a concordance cosmology.

findings of Waizmann et al. (2011a) for a similar set of clusters, but
in contradiction to Chongchitnan & Silk (2011)3 who find that the
cluster XMMU J0044 is a 4σ result (i.e. should lie well above the
99 per cent region in Fig. 1), whilst here we find it to be well within
the acceptable region.

4 T E S T I N G C O S M O L O G I C A L M O D E L S W I T H
EXTREME CLUSTERS

In addition to simply ruling out $CDM cosmology with massive
clusters, we may also consider whether extreme objects offer the po-
tential to discriminate between different alternative models. Whilst
many alternative models are capable of predicting enhanced struc-
ture formation, the exact scale and time dependence of the enhance-
ment will differ from model to model. Here we consider two models
which have a well-defined and investigated effect on the halo mass
function, and hence are relatively simple to calculate the EVS over
a range of redshift for: local form primordial non-Gaussianity and
the bouncing, coupled scalar field dark energy model labelled as
‘SUGRA003’ in Baldi (2011b). These should be regarded as toy
models – our aim is to show how the EVS can be used to select
between different models, rather than make definite predictions.

4.1 Models considered

We make use of the CoDECS simulations kindly made publicly
available by Baldi et al. (2010, 2011a). This suite of large N-body
simulations includes realizations of both $CDM and a number of
coupled dark energy cosmologies. Here, we compare the CoDECS
$CDM-L (where ‘L’ is for ‘Large’) simulation of the concor-
dance cosmology to both the primordial non-Gaussianity and the
SUGRA003 (supergravity) bouncing dark energy models. Primor-
dial non-Gaussianity, motivated by considerations of the fluctu-
ations of the inflaton field, is one of the most widely explored
modifications to the concordance cosmology (e.g. Desjacques &
Seljak 2010) and has long (Lucchin & Matarrese 1988) been known
to affect the abundances of high-mass galaxy clusters. It has also

3 In an updated version of this analysis, Chongchitnan & Silk find no tension
with $CDM.

C⃝ 2011 The Authors, MNRAS 421, L19–L23
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Figure 5. A new version of Fig. 1 from Harrison & Coles (2012) using
the EVS prescription of Harrison & Coles (2011) and the CPMSO mass
function from Watson et al. (2013a). The shaded regions show the 66, 95
and 99 per cent confidence intervals. The black data points show maximal
mass clusters observed by a central observer in the Jubilee simulation.

Figure 6. Histogram of extreme objects for three different thresholds in
mass (dotted line) compared with the prediction from the Poisson distribu-
tion (dashed line) for the corresponding mean value of the objects above the
corresponding threshold. The mass thresholds are 1.2 × 1015, 1.4 × 1015

and 1.6 × 1015 h−1 M⊙, left-to-right panels, respectively. The statistics are
calculated for z = 0.05.

The question of how well the Poisson distribution fits our rare
cluster number counts is addressed in Fig. 6. The simulation vol-
ume at z = 0.05 was split up into 5438 independent subvolumes. For
each subvolume, we calculated the number of objects above a given
threshold mass (1.2 × 1015, 1.4 × 1015 and 1.6 × 1015 h−1 M⊙ for
the panels in Fig. 6, left-to-right, respectively) found in each sub-
volume. The mass thresholds were chosen so that only a very small
number (around 0–2) of objects were found in each subvolume,
which represents the regime where we expect Poisson statistics to
be dominant. We then compared the histogram of the measured
distribution of the objects in the simulation to that predicted by a
Poisson distribution with a mean set by the average across all the
subvolumes. The correspondence between the two is very close.
This is an interesting result as it validates the common choice of
Poisson statistics for describing the expected distribution of these
objects, and this is the first time it has been validated using a simu-
lation of this scale (for a detailed investigation of the applicability

of the Poisson distribution in cluster counts across different masses
see Smith & Marian 2011, who used simulations of box length
1.5 h−1 Gpc for their study).

3.4 High !v mergers and the Bullet cluster

There has been recent debate regarding whether the Bullet cluster
(1E0657-56, which resides at a redshift of z = 0.296) poses a chal-
lenge to the !CDM model. 1E0657-56 consists of a large cluster
of mass M200 ∼ 1.5 × 1015 h−1 M⊙ and a subcluster – the ‘bullet’
– of mass M200 ∼ 1.5 × 1014 h−1 M⊙ that has traversed through
the larger cluster, creating a substantial bow shock along the way
(Barrena et al. 2002; Markevitch et al. 2002; Clowe, Gonzalez &
Markevitch 2004; Bradač et al. 2006; Clowe et al. 2006). Ten-
sion with !CDM arises from the calculated value for the speed of
the shock of vs = 4740+710

−550 km s−1 (Markevitch et al. 2002, 2004;
Springel & Farrar 2007), which was originally calculated to be
too high for a !CDM universe (Farrar & Rosen 2007) – whereas
it might be better accommodated in alternative cosmologies (e.g.
Llinares, Zhao & Knebe 2009). Other studies have concluded that
the velocity is not in tension with !CDM (Hayashi & White 2006).
An important clarification of this issue was presented by groups
working on simulations of Bullet-like systems (Takizawa 2005,
2006; Milosavljević et al. 2007; Springel & Farrar 2007; Mastropi-
etro & Burkert 2008) where, in general, it was found that the shock
speed was substantially higher than the speed of the mass centroid
of the infalling subcluster. For example, Springel & Farrar (2007)
found that a Bullet-like system in their simulations had a shock
speed of ∼4500 km s−1 whereas the subcluster had a speed of only
∼2600 km s−1. Milosavljević et al. (2007) found that in an illus-
trative simulation, the subcluster CDM halo had a speed that was
16 per cent lower than that of the shock.

Even given this moderation of the extreme subcluster speed in
1E0657-56 there have still been claims in the literature that the
!CDM model may be incapable of creating such a system (Lee &
Komatsu 2010; Thompson & Nagamine 2012). This is not wholly
unexpected as (a) Mastropietro & Burkert (2008) have shown that
the properties of the bow shock are not well described by simulations
and (b) even with a moderation in subcluster speed along the lines
of Springel & Farrar (2007) or Milosavljević et al. (2007), the
speed may still be too high for the !CDM model to accommodate.
These studies have relied on numerical simulations to observe the
distribution of relative velocities in colliding clusters. From these
distributions, 1E0657-56 can be assessed and deemed to be either
rare for a !CDM universe or so rare that it puts the whole model in
doubt.

Alternative approaches have also been taken in addressing this
question. Forero-Romero, Gottlöber & Yepes (2010) looked in 2D-
projected position-space for Bullet-like systems in the MareNos-
trum Universe, a large hydrodynamical cosmological simulation.
The characteristic distribution of gas and dark matter in 1E0657-
56, as projected on the sky – with a large displacement between
the cluster’s gas and dark matter – was found to be expected in 1–
2 per cent of clusters with masses larger than 1014 h−1 M⊙. Nusser
(2008) performed a ‘back in time’ analysis to place bounds on the
relative overdensity the system resides in, in the Universe, conclud-
ing that for a relative speed of ∼4500 km s−1, the system would
need to have a mass of 2.8 × 1015 h−1 M⊙ and exist in a local
overdensity of 10 times the background density of the Universe.

Here, we use the huge number counts of clusters in the Jubilee
simulation to add to the debate. We consider AHF (sub) haloes with
mass greater than 1 × 1013 h−1 M⊙ that are colliding with (host)
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•  Jubilee simulation (http://jubilee.ft.uam.es)
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§ Sunyaev-Zeldovich effect

• thermal: CMB photons scatter off the hot intra-cluster gas

• kinetic:  the cluster gas has a bulk motion with respects to the CMB
 and hence induces a Doppler shift
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• thermal: CMB photons scatter off the hot intra-cluster gas
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the SZ effect can be used to study galaxy clusters!
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• thermal: CMB photons scatter off the hot intra-cluster gas
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SZ effect (white contours) for Abell 2218
as modelled for the observed gas (orange)
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• scattering effect ⇒ magnitude is redshift independent!

⇒ SZ effect allows for detection of high-z clusters

§ Sunyaev-Zeldovich effect – applications
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SPT-CL J0459−4947
• zest > 1.5
• M ~ 1014 M⦿
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‘El Gordo’

• detection of high-z clusters

• detection of accretion shocks
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and reached a root mean square (RMS) 
noise of 6 μJy/beam at the centre of a 
CLEAN image (with a synthesised beam 
size of 3.6 × 2.7 arcseconds), or equiva-
lently, an RMS brightness sensitivity of 
about 0.1 mK.

Figure 1 shows some of the multi- 
wavelength data that are available for  
the El Gordo cluster and puts our ALMA 
observation in perspective. The back-
ground is a colour composite image 
made of multiple pointings from the 
Spitzer Infra-Red Array Camera (IRAC) at 
3.6 μm, showing the concentration of  
red galaxies in this distant cluster. The 
purple contours are derived from a 
 Chandra soft-band (0.5–2 keV) X-ray 
brightness image and the green contours 
come from a low-frequency (2.1 GHz) 
radio observation made with the Australia 
Telescope Compact Array (ATCA). The 
opposing pairs of diffuse, extended radio 
emission can be seen clearly, indicating  
a merger that happened roughly in the 
plane of the sky. The most prominent of 
these radio relics is the NW one, roughly 
0.7 Mpc long, which we observed with 
ALMA in Band 3 (the ALMA primary 
beam is shown by the white circle). The 
observed intensity distribution after 
image deconvolution (the dirty image) is 
shown as a zoomed-out inset, where  
a ripple-like signal with peak amplitude of 
roughly 20 μJy/beam can be identified.

The origin of the faint, ripple-like signal, 
signifying a shock as seen by ALMA  
in the SZ effect, is explained in Figure 2. 
The pressure boost associated with a 
shock in the intracluster medium creates 
a step-function-like change in the 
 Comptonisation profile after projection 
along the line of sight. This is measured 
as a temperature or flux decrement  
with respect to the background CMB sig-
nal at 100 GHz (Band 3). Since this local 
pressure boost scales roughly as the 
shock Mach number squared (typical 
Mach numbers for cluster merger shocks 
are ~ 2–4), the change in the SZ signal  
is non-negligible and ALMA, as the world’s 
most sensitive mm/sub-mm interfer-
ometer, can easily detect such signal 
 variations.

However, owing to the incomplete data 
coverage in the visibility plane (uv plane), 
a direct deconvolution to the image plane 
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Figure 1. A panchromatic view of the El Gordo 
 cluster and its NW radio relic. The background 
image is a mosaic from multiple Spitzer/IRAC point-
ings at 3.6 μm, overlayed with X-ray brightness 
 contours from Chandra data (purple) and 2.1 GHz 
radio contours from ATCA data (green). The white 
circle marks the region imaged by ALMA and the 
zoomed-out inset shows a deconvolved image. 

generates a ripple-like pattern. This is 
known as a dirty image and is shown in 
the right panels of Figure 2 for two mock 
ALMA observations: one for a realistic 
noise level comparable to that in our data 
(peak signal-to-noise in the image is 
roughly two) and one for data with five 
times better signal-to-noise. The ripple-
like pattern is more evident in the second 
case whereas in our actual data it is 
mostly obscured by noise. The extended, 
cluster-wide SZ signal is practically invisi-
ble owing to a lack of sufficiently short 
baselines in the current interferometric 
observation.

Using standard synthesis imaging tech-
niques, such dirty images are further 
 processed with methods like CLEAN to 
approximate the actual intensity distribu-
tion on the sky. However, in the case of 
our weak and diffuse signal, with both 
positive and negative amplitudes, a blind 
application of CLEAN does not produce 
any significant improvements. On the 
other hand, selecting specific regions to 
perform the CLEANing operation can 
cause significant biases in the location 

and amplitude of the shock jump that  
we are trying to measure. Hence we 
developed a method to fit the cluster 
shock models directly to the data from 
the interferometer in the visibility plane 
that bypasses all these imaging steps. 
The ALMA images shown here are only 
for illustration; the actual results are 
based on this uv-fitting technique which 
is novel for ALMA data analysis and 
 particularly suitable for modelling the 
extended SZ signal in galaxy clusters. 
The selection of the best-fit model (with 
the associated uncertainties) is carried 
out using a Bayesian Monte Carlo Markov 
Chain (MCMC) method that was imple-
mented using the CASA software and  
is readily adaptable for combining results 
from multi-wavelength data.

Basu K. et al., First ALMA Detection of a Galaxy Cluster Merger Shock
§ Sunyaev-Zeldovich effect – applications
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H0 = 67 km/s/Mpc (Udomprasert et al. 2004)

66 km/s/Mpc (Mason et al. 2001)

67 km/s/Mpc (Kozmanyan et al. 2019)

...

...
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