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Introduction

• Galaxy clusters are both cosmological probes and laboratory for 
complex and poorly understood astrophysical processes;

• Many observational studies at z < 1 since long, properties relatively 
well known. Central regions are dominated by passive early type 
galaxies (in line with the SFR-density relation).

• At z>1, closer to the formation  epoch, detection challenghes and 
scarcity result in much less and more recent information

• At z>1.5, few objects known, in most cases IR and sub-mm studies 
indicate formidable SFRD > 1000 M ⊙ yr-1 Mpc-3 in the central regions  
(Tran et al. 2010; Hilton et al. 2010; Hayashi et al. 2011; Santos et al. 2011; 
Fassbender et al. 2014; Dannerbauer et al. 2014; Santos et al. 2014a,b): reversal 
of SFR-density relation

• There are however also very high z clusters with mixed population, or 
even dominated by quiescent galaxies (e.g. Tanaka+ 2013);



How to find out (proto)cluster at high z > 1.5

Ideal to construct high-z samples selected with techniques catching 
(proto)clusters in different evolutionary stages.

Possibilities

• Hot gas in X emission or SZ effect. Require well relaxed structures

• Over-densities of galaxies in optical bands, to be confirmed 
spectroscopically

• Dust emission in infrared or sub-mm, during intense phases of Star 
Formation



Sub-mm surveys are very effective in 
detecting  obscured star formation at 
high-z, due to the expected steep shape 
of the SED from about 100 to 1000 
micron rest frame

The “k-correction” compensates for 
cosmological dimming, so that  the 
observed flux nearly constant between  
z=1 and 10

Why far-IR and sub-mm?



Recent FIR and sub-mm results
Galaxy clusters at high-z are rare. Wide area surveys are required to find 
some. Planck satellite observations are a great opportunity.

If (proto)clusters underwent a phase of widespread dust obscured star 
formation, lasting about 1 Gyr (cfr CM diagram), they could contribute to the 
number counts of unresolved sources of the Planck/HFI survey (Planck/HFI 
beam  5 arcmin 2 Mpc from z1 to z).

The idea is to select from Planck catalog compact sources with FIR colors 
suggesting high-z SF, and then check with Herschel (beam 25 arcsec @350 
micron) if they can be dusty star forming clusters

Clements+2014 identified 4 candidate proto-clusters undergoing a violent 
phase of very obscured star formation (estimated from a few 103 to 104 M ⊙ yr-1 
over regions of 2 Mpc,  just searching over an area of 90 sq degrees; Their 
photo-z are between z=0.76 and z=2.2

More recently hundreds of “over-densities” of high-z galaxies have been 
identified over the full sky (Planck Collaboration et al. 2015).  Possibly proto-
clusters with typical SFR of the order of several thousands M ⊙ yr-1 

 



QUESTION: are such sources expected on 
the basis of cosmological simulations?



SIMULATIONS
The Clusters Sample

The 24 most massive clusters (masses M200 > 1e15 h-1  M  ⊙ ) extracted 
from a parent simulation (gravity only) having box of 1 Gpc h-1

Re-simulated with custom version of Gadget-3, including 
hydrodynamics and sub-resolution baryonic physics: 
Cooling, Star Formation, SN Feedback, AGN Thermal Feedback 

sofening 5 h-1 kpc;  MDM = 8.5e8 h-1 M⊙; Mgas,ini=1.5e8 h-1 M⊙

(proto)cluster regions of physical sizes of 2000 kpc from snapshots at z 
0.75 to 3 (where SF and thus dust reprocessing is high) post-processed 
with GRASIL3D, to produce images and SEDs 



• Radiative transfer treatment of dust reprocessing in simulations demands 
further “sub-resolution” modelling:

• Stars are born within dense, optically thick Molecular Clouds (MCs) and 
gradually escape over timescales of 3-30 106 ys;

• Bright stars younger than this very much affected by dust reprocessing 
within MCs;

• Stars older than this, much less affected by dust associated with diffuse ISM 
(cirrus);

• Stellar radiation suffers and age-dependent  reprocessing, which is the 
reason why dust reprocessing increases with specific star formation;

• But no hope to resolve MCs (; ) in cosmological simulations;

 

Dust reprocessing in simulations



“sub-resolution” radiative transfer with GRASIL3D:
4 more parameters 

• Assume a log-normal PDF for un-resolved gas densities, with mean given 
by the local gas density from the simulation and  (a first parameter); 
Suggested by very high resolution studies;

• Assume that gas above a given density threshold in this distribution (a 
second parameter)  is in MCs;

• This allows to compute the fraction of gas which is in MCs. 
• Stars particles younger than a certain age (a third parameter) are assumed 

to radiate inside molecular clouds of mass M and radius R. The fourth 
parameter is M/R2, which sets the MC optical depth

• Radiative transfer is treated separately in the MCs and in the cirrus 
(resolved) 

 



Images of one cluster at z=2 in various NIR to sub-mm bands

Flux units log10 of erg/s/Hz/arcsec2. Box size 2000 kpc physical, close to 
the Planck HFI beam at z 1 to 3. No telescope effects.



Same cluster at z=1 in various NIR to sub-mm bands

Flux units log10 of erg/s/Hz/arcsec2. Box size 2000 kpc physical, close to 
the Planck HFI beam at z 1 to 3. No telescope effects.



The two brightest clusters at z=2 and  with some telescope effects 



Dependence on G3D parameters

Above  very little 
dependence on uncertain 
parameters introduced to 
describe “sub-resolution 
radiative transfer”.

Below   instead proper care 
is required

 



The radiative effect of AGN activity

Above  the dust emission is powered by stars.

Below  the contribution from accretion onto 
SMBH may be important at high z

 



Predicted distributions of sub-mm fluxes with GRASIL-3D

Well below the 1 Jy fluxes @350 of the 4 clusters (or “clumps”) 
identified by Clements+14 over 90 sq. degrees, with photo-z 0.8 to 2.2
 



Predicted contribution to number counts in the Planck-HFI beam

no way to find “our” simulated proto-clusters at flux levels of 1 Jy 
at sub-mm.

Integral number counts                differential number counts

data



Too gentle SF at high z 
but (still) too much stellar mass at z=0 

(Ragone-Figueroa+ 2013)

Result independent of details of radiative 
transfer

AGN cannot help in raising far-IR and sub-
mm

It is due to insufficient peaks of SF of the 
simulated (proto)cluster: 
data suggest up to 
in simulation < 

Problem worsened by the fact that final 
mass in BCGs is too large, even with AGN 
FB

 



Summary and conclusions
• Cosmological simulations of massive galaxy cluster formation post-

processed with GRASIL-3D to predict their panchromatic properties, 
focusing on IR arising from dust reprocessing, expected to be 
important in the high z actively star forming phase;

• Above 100 micron, weak dependence on additional assumptions 
required by the post-processing. Also AGN contribution it minor: 
emission powered by stars;

• Predicted sub-mm fluxes too low by a factor > a few to explain recent 
findings. Simulated (proto)clusters regions never attain SFR rates > 
several thousands, suggested by some observation;

• Problem exacerbated by the persisting overproduction of stars at z=0 
in massive systems (Ragone-Figueroa+ 2014).

• Observations suggests that z > 1.5 pop of clusters contains examples 
with both extreme as well as very low star formation activity, while in 
our simulated clusters these two cases are clearly under-represented.

• Problem likely shared by most if not all  cosmological simulations
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