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Big simulation box and high spatial 
resoution 

u  Sources – PopIII stars, galaxies, quasars – high σ peaks 
(100s Mpc box) [e.g. Barkana & Loeb 2004] at high mass 
resolution [e.g. Bolton & Haehnelt 2007].  

u  Resolving IGM (~10 kpcs) [e.g. Schaye 2001; McQuinn et al. 2007] 
and ionized bubbles (~ Mpc) [e.g. Wyithe & Loeb 2004].  

 

100 cMpc box with  
10s kpc spatial resolution 



Clumping factors 
For example, in the case of a H only simulation, the 
ionization balance is given by –  

 

!is can be re-written as –  

   
 

     where  

time step we compute the value for the crit-
ical quasar luminosity for which there is at
most one quasar in one resolution element. All
dimmer quasars are counted as “smoothly dis-
tributed sources”, while all brighter quasars
are counted as “isolated sources”. We then
compute the spectral shape of the “smoothly
distributed sources” gν as the sum of the stel-
lar contribution and the contribution from the
low luminosity quasars. Then individual point
sources of ionizing radiation are distributed
in the computational box with the luminosity
function given by equation (2). The sources
are distributed randomly throughout the com-
putational box with the probability to be lo-
cated at a given point that is proportional to
the local mass density in bI power. For the
simulations described in this paper we adopt
bS = 2 and bI = 3.

The isolated sources continue to emit ion-
izing radiation for a pre-defined period of
time, the quasar “lifetime”. In this paper
we assume that all quasars have the same
lifetime, independent of their luminosity, al-
though a luminosity-dependent lifetime would
be straightforward to incorporate into our
method.

2.2. Clumping Factors

Presently simulations of box sizes larger
than about 10h−1 Mpc do not have enough
spatial resolution to adequately resolve the
structure in the gas down to the smallest
scale (the so-called “filtering” scale, Gnedin
& Hui 1998). Our simulation has a resolu-
tion of 2h−1 Mpc for example, which does not
allow us to resolve features in the Ly-α for-
est. Thus, the evolution of gas on spatial
scales below the resolution limit must be de-
scribed approximately with a phenomenologi-
cal model. Such a model is often called “sub-
cell physics”. In the case of ionization evo-
lution of low density gas in the IGM, a sub-
cell model can be fully described by a set of

“clumping factors”(Gnedin & Ostriker 1997;
Madau, Haardt & Rees 1999; Ciardi et al.
2000; Miralda-Escudé et al. 2000).

Let us consider the ionization balance
equation for hydrogen:

d

dt
nHI = −3HnHI − nHIΓ + R(T )nenHII, (5)

where nHI, nHII, and ne are number densities
of neutral hydrogen, ionized hydrogen, and
free electrons respectively, Γ is the photoion-
ization rate, R(T ) is the hydrogen recombina-
tion coefficient, and H is the Hubble parame-
ter. Equation (5) holds at every point in the
IGM. Let us now impose a finite spatial scale
on the true distribution of cosmic gas - in our
case, the finite resolution scale of a simulation
will be such a scale. Averaging equation (5)
over such a scale (let us call it a “cell”), we
obtain:

d

dt
〈nHI〉 = −3H〈nHI〉 − 〈nHIΓ〉

+ 〈R(T )nenHII〉 (6)

Since numerical simulation can only deal
with quantities defined within one cell, we
must express the right hand side of equation
(6) as a function of physical quantities aver-
aged over one cell, namely

d

dt
ñHI = −3HñHI − CI ñHIΓ̃ + CRR̃ñeñHII,

(7)
where we use the notation such that for any
physical quantity f the tilde symbol repre-
sents the average over one cell,

f̃ ≡ 〈f〉cell,

and CI and CR are “clumping factors” defined
as

CI =
〈nHIΓ〉

〈nHI〉〈Γ〉
, (8)

CR =
〈R(T )nenHII〉

〈R(T )〉〈ne〉〈nHII〉
. (9)
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(7)
where we use the notation such that for any
physical quantity f the tilde symbol repre-
sents the average over one cell,

f̃ ≡ 〈f〉cell,

and CI and CR are “clumping factors” defined
as

CI =
〈nHIΓ〉

〈nHI〉〈Γ〉
, (8)

CR =
〈R(T )nenHII〉

〈R(T )〉〈ne〉〈nHII〉
. (9)

4

Kohler et al. 2007 



IGM clumping factors 

Finlator et al. (2012) 



Helium is important to get the electron 
density and temperatures correct 

Ciardi , Bolton, Maselli  & Graziani 2011 



Therefore, we need estimates of HeII and 
HeIII clumping factors along with HII. 



Our Simulations 
Gadget-3 simulations + CRASH 
                 Box sizes - 2.20, 4.40, 8.80 cMpc/h  

                 Gadget particle number - 2*2563 

                         CRASH grid size – 323, 643, 1283 RT cells. 

                 Best RT resolution – 17 ckpc/h 

          EUV spectral index - alpha = 1.8 

 

No escape fractions assumed – Emissivity calibrated to ‘τ’ from 
WMAP7 (Komatsu et. al 2011) and photo ionization rates computed 
from observations of Lyα forest at z~6 (Bolton et. al 2007). 

Ciardi, Bolton, Maselli & Graziani 2011 



HII 
HeII 
HeIII 

EoR simulation 
 

2.2 cMpc/h 
 1283 RT  



Ci = <ni
2>/<ni>2;Δcell < 100  

 
Lines – Cgas, CHII, CHeII, CHeIII, 

CPawlik09  
 

 



Log10 x 



For different ionization thresholds 
Ci,x = <ni

2>(x>xth)/<ni>(x>xth)
2 

 
Δcell < 100 ; Lines – Cgas, x > 0, x > 0.1, x > 0.5, x > 0.9 

 





Effect of temperature dependent 
recombination rates 

CR,i,x = <ni*ne*αi(T)>(x>xth)/(<ni>(x>xth)*<ne>(x>xth)*<αi(T)>(x>xth)) 
 

Δcell < 100; Lines – Cgas, x > 0, x > 0.1, x > 0.5, x > 0.9 
 



2.20 cMpc/h   323 RT 
2.20 cMpc/h   643 RT 
2.20 cMpc/h 1283 RT 



2.20 cMpc/h  323 RT 
4.40 cMpc/h  643 RT 

   8.80 cMpc/h 1283 RT 



4.40 cMpc/h 1283 RT  
divided to 

8 equal sub-boxes  
equivalent to  

2.20 cMpc/h 643 RT 
 
 

   Δsub-box =<ngas>sub-box/<ngas>box 
 

Cgas = <ngas
2>/<ngas>2 

 

Δcell < 100  
 

Overdensity of the 
region 

Also seen by Kohler et al 2007, 
Reicevic & Theuns 2011 



Conclusions 

•   Cgas is consistent with previous values calculated 
for z>6. 

•  CR,i,0.1  for i=HII, HeII and HeIII are close to Cgas . 
 
But clumping factors do depend on box size and  
mean overdensity of the region. !erefore, the range 
needs to be explored. 


