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² 	Model	of	structure	forma/on	
						(gas	distribu/on	&	source	type	and	loca/on)	
								

  Modelling of cosmic reionization 



  Model of structure formation 

box	size	(several	100	cMpc)	vs.	resolu/on	(108-9	M¤)	

H	ioniza/on	frac/on	

no	Mini	Halos	

MHs,	re-forma/on	

MHs,	no	re-forma/on	

RedshiF	

BC+	2006	



	
² 	Proper/es	of	the	sources	of	ionizing	radia/on																

Quasars	Stellar	type				

  Modelling of cosmic reionization 

light	dark	maPer	

DM	annihila/on/decay	

gravi/nos	
neutralinos	

sterile	neutrinos	 …	

² 	Model	of	structure	forma/on	
						(gas	distribu/on	&	source	type	and	loca/on)	
								



  Stellar type sources 

² 	Ini/al	Mass	Func/on	and	spectrum	
	
² 	Primordial	(PopIII)	à	standard	(PopII/I)	star	forma/on	

² 	Escape	frac/on		
								

Large	uncertain/es	associated	
to	high-z	stellar	type	sources	

Spectral	Energy	Distribu/on	

metal	free	+	top-heavy	IMF	

metal	free	+	Salpeter	IMF	

Z¤	+	Salpeter	IMF	



	
² 	Proper/es	of	the	sources	of	ionizing	radia/on																

Quasars	Stellar	type	

  Modelling of cosmic reionization 

² 	Evolu/on	of	ionized	regions	

light	dark	maPer	

DM	annihila/on/decay	

gravi/nos	
neutralinos	

sterile	neutrinos	 …	

² 	Model	of	structure	forma/on	
						(gas	distribu/on	&	source	type	and	loca/on)	
								



Code	(Authors)	 Grid	 Gasdyn.	 He	 Rec.	rad.	

	CRASH		
(Maselli,	Ferrara,	BC)	

Fixed	 No	 Yes	 Yes	

	C2-Ray		
(Mellema	et	al)	

Fixed/AMR	 Yes	 No	 No	

	OTVET		
(Gnedin,	Abel)	

Fixed	 No	 Yes	 Yes	

ART	
	(Nakamoto	et	al)	

Fixed	 No	 No	 Yes	

RSPH	
	(Susa,	Umemura)	

Par/cle-based	 Yes	 No	 No	

FLASH-HC	
	(Rijkhorst	et	al)	

Fixed/AMR	 Yes	 No	 No	

SimpleX	
(Ritzerveld,	Icke,	

Rijkhorst)	
Unstructured	 No	 No	 Yes	

	Zeus-MP		
(Whalen,	Norman)	

Fixed	 Yes	 No	 No	

IFT	
(Alvarez,	Shapiro)	

Fixed/AMR	 No	 No	 No	

Coral	
(Iliev	et	al)	

AMR	 Yes	 Yes	 No	

FTTE		
(Razoumov)	

Fixed/AMR	 Yes	 Yes	 yes	

  Evolution of ionized regions 

Cosmological	radia/ve	transfer	codes	comparison	I	

Iliev+	(2006)	



Code	(Authors)	 Grid	 Gasdyn.	 He	 Rec.	rad.	

	CRASH		
(Maselli,	Ferrara,	BC)	

Fixed	 No	 Yes	 Yes	

	C2-Ray		
(Mellema	et	al)	

Fixed/AMR	 Yes	 No	 No	

	OTVET		
(Gnedin,	Abel)	

Fixed	 No	 Yes	 Yes	

ART	
	(Nakamoto	et	al)	

Fixed	 No	 No	 Yes	

RSPH	
	(Susa,	Umemura)	

Par/cle-based	 Yes	 No	 No	

FLASH-HC	
	(Rijkhorst	et	al)	

Fixed/AMR	 Yes	 No	 No	

SimpleX	
(Ritzerveld,	Icke,	

Rijkhorst)	
Unstructured	 No	 No	 Yes	

	Zeus-MP		
(Whalen,	Norman)	

Fixed	 Yes	 No	 No	

IFT	
(Alvarez,	Shapiro)	

Fixed/AMR	 No	 No	 No	

Coral	
(Iliev	et	al)	

AMR	 Yes	 Yes	 No	

FTTE		
(Razoumov)	

Fixed/AMR	 Yes	 Yes	 yes	

  Evolution of ionized regions 

Cosmological	radia/ve	transfer	codes	comparison	I	

Iliev+	(2006)	

Strömgren	sphere	 Dense	clump	 Cosmological	field	



Code	(Authors)	 Grid	 Gasdyn.	 He	 Rec.	rad.	

	CRASH		
(Maselli,	Ferrara,	BC)	

Fixed	 No	 Yes	 Yes	

	C2-Ray		
(Mellema	et	al)	

Fixed/AMR	 Yes	 No	 No	

	OTVET		
(Gnedin,	Abel)	

Fixed	 No	 Yes	 Yes	

ART	
	(Nakamoto	et	al)	

Fixed	 No	 No	 Yes	

RSPH	
	(Susa,	Umemura)	

Par/cle-based	 Yes	 No	 No	

FLASH-HC	
	(Rijkhorst	et	al)	

Fixed/AMR	 Yes	 No	 No	

SimpleX	
(Ritzerveld,	Icke,	

Rijkhorst)	
Unstructured	 No	 No	 Yes	

	Zeus-MP		
(Whalen,	Norman)	

Fixed	 Yes	 No	 No	

IFT	
(Alvarez,	Shapiro)	

Fixed/AMR	 No	 No	 No	

Coral	
(Iliev	et	al)	

AMR	 Yes	 Yes	 No	

FTTE		
(Razoumov)	

Fixed/AMR	 Yes	 Yes	 yes	

  Evolution of ionized regions 

Cosmological	radia/ve	transfer	codes	comparison	I	

Iliev+	(2006)	

1.  Post-processing:	He,	high-energy	photons	

2.  Coupled:	proper/es	of	galaxies	

																														
																														STAY		TUNED!	



	
² 	Proper/es	of	the	sources	of	ionizing	radia/on																

Quasars	Stellar	type	

  Modelling of cosmic reionization 

² 	Evolu/on	of	ionized	regions	

light	dark	maPer	

DM	annihila/on/decay	

gravi/nos	
neutralinos	

sterile	neutrinos	 …	

² 	Model	of	structure	forma/on	
						(gas	distribu/on	&	source	type	and	loca/on)	
								



BC+	2012;	Eide+	in	prep	

L [Mpc/h com.] Particles Mgas [Msun/h] 

533 2 x 32003 5.7 x 107 

100 2 x 17923 2 x 106 

35.12 2 x 5123 4.15 x 106 

8.78 2 x 2563 6.48 x 104 

4.39 2 x 2563 8.11 x 103 

2.20 2 x 2563 1.01 x 103 

  Simulations of H & He reionization 

Model	of	galaxy	forma3on	
	

	MassiveBlack	II	(Khandai+	2015)	



BC+	2012;	Eide+	in	prep	

L [Mpc/h com.] Particles Mgas [Msun/h] 

533 2 x 32003 5.7 x 107 

100 2 x 17923 2 x 106 

35.12 2 x 5123 4.15 x 106 

8.78 2 x 2563 6.48 x 104 

4.39 2 x 2563 8.11 x 103 

2.20 2 x 2563 1.01 x 103 

  Simulations of H & He reionization 

MBII	

Model	of	galaxy	forma3on	
	

	MassiveBlack	II	(Khandai+	2015)	



  Simulations of H & He reionization 
BC+	2012;	Eide+	in	prep	

Proper3es	of	the	sources	of	ionizing	radia3on	
	

	Stars,	QSOs,	XRBs,	ISM		

+	QSO	

Model	of	galaxy	forma3on	
	

	MassiveBlack	II	(Khandai+	2015)	
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UV,	x-rays,	Lyα	photons	in	H,	He,	metals,	dust	
			radia/on	from	recombina/on,	background	
UV,	x-rays,	Lyα	photons	in	H,	He,	metals,	dust	

Radia3ve	transfer	of	ionizing	photons	
	

	CRASH	
BC+	2001;	Maselli,	Ferrara,	BC	2003;	Maselli,	BC,	Kanekar	2009;	Pierleoni,	Maselli,	BC	2009;	Partl+	2011;	
Graziani,	Maselli,	BC	2013;	Hariharan+	2017;	Graziani,	BC,	Ferrara	in	prep;	Glatzle,	Graziani,	BC	in	prep		

  Simulations of H & He reionization 
BC+	2012;	Eide+	in	prep	

Proper3es	of	the	sources	of	ionizing	radia3on	
	

	Stars,	QSOs,	XRBs,	ISM		

Model	of	galaxy	forma3on	
	

	MassiveBlack	II	(Khandai+	2015)	



  Radiative transfer of ionizing photons  
BC+	2012;	Eide+	in	prep	

-	127	frequency	bins	in	13.6eV-2keV	
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  Radiative transfer of ionizing photons  
BC+	2012;	Eide+	in	prep	

-	127	frequency	bins	in	13.6eV-2keV	
	
-	Secondary	ioniza/on	from	Dalgarno+		

X-ray ionization of the IGM 13
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Figure A2. Average number of collisional ionizations of HI (top
panel) and HeI (bottom panel) as a function of the electron energy
Ek in the non-linear regime Ek < 100 eV, with x = 0.1 (dashed
lines) and x = 10−4 (solid lines). The DG99, SVS85 and VF08
models are represented by black, blue and red lines, respectively.

APPENDIX B: IMPACT OF SECONDARY
IONIZATION MODELS ON H II REGIONS

To understand how the choice of a specific secondary ioniza-
tion model impacts on the final properties of the H II regions
(see Figure 2), we ran the same test of Section 3.2 by adopt-
ing the SVS85 and VF08 models. In addition to the standard
ionization rate Ṅ0 = 1.36 × 1056 photons s−1 we also con-
sidered the case with Ṅ1 = 1.36 × 1057 photons s−1. Note
that this ionization rate has been assigned to the quasar
considered in Section 4.

The results of this comparison are summarised in Figure
B1 for a case in which the contribution from X-rays and
secondary electrons is included (UV+X). First note that for
the simple configuration of this test the results provided by
SVS85 and VF08 are indistinguishable when N = N0, while
few small differences in the helium profiles are found.

Second, while a noticeable disagreement is found be-
tween DG99 and the other rmodels, both on the shape and
size of the H II regions, the extent predicted for the He II

and He III bubbles is similar in all the models. More specif-
ically, for both ionization rates, the DG99 model predicts
a radius of the I-Front smaller than the one obtained with
SVS85 or VF08, and a larger low ionization H II layer is
generally found in DG99. These differences are ascribable to
the different behaviour of the models in the limit xe → 0
(see Appendix A). Other differences in the xHeII and xHeIII

profiles are also present although less evident.
The highest discrepancy though is observed in the tem-

perature (bottom panel and small box inside it), which is
systematically higher by a factor of 2.7 within and nearby
the I-front in the DG99 model. It is lower instead, in the
outer, partially-ionized shell. These differences are ascrib-
able not only to the linear extrapolation of models SVS85
and VF08 at energies Ek < 100 eV (where they are not de-
fined), but in the way the heating mechanism is modelled.
SVS85 and VF08 tend in fact to over-estimate the ionization
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Figure B1. Radial profiles of the Strömgren sphere created in a
cosmological mixture of H and He at the final simulation time ts =
107 yrs. The distance d from the source is shown in physical Mpc.
In all the panels the profiles are obtained using the model: DG99
(blue lines), SVS85 (black) and VF08 (red). For each simulation
set two cases are considered: Ṅ0 = 1.36 × 1056 photons s−1 and
Ṅ1 = 1.36 × 1057 photons s−1. From the top to the bottom the
panels refer to the profiles of xHII, xHeII, xHeIII and log(T ) [K].
The small box in the bottom panel shows a zoom of the gas
temperature (in linear scale of 104 K) in the fully ionized region
0.1 < d < 0.9 Mpc, physical.

reducing the contribution to the photo-heating (see Figures
A1 and A2 in Appendix A) but also to distribute more en-
ergy to excitations instead of gas photo-heating.

Another sensitive difference in also found the slope of
the ionization front and it is due to the different way the
models handle the transition xe → 0, by favouring more
photo-heating than collisional ionization. For example, con-
sider that the DG99 model continues to predict some ion-
ization contributions for xe ∼ 10−6 while SVS85 and VF08
consider xe ∼ 10−4 as lowest ionization limit; the result
is then a flatter slope in the temperature profile and then
hotter temperatures T ∼ [5 × 102 − 103] K in the external
regions.
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  Radiative transfer of ionizing photons  
BC+	2012;	Eide+	in	prep	

-	127	frequency	bins	in	13.6eV-2keV	
	
-	Secondary	ioniza/on	from	Dalgarno+	
	
-	Escape	frac/on	of	UV	photons	5%-20%	
	
-	Number	of	photon	packets	per	source	1d3-1d6		



Radia3ve	transfer	of	ionizing	photons	
	

	CRASH	
BC+	2001;	Maselli,	Ferrara,	BC	2003;	Maselli,	BC,	Kanekar	2009;	Pierleoni,	Maselli,	BC	2009;	Partl+	2011;	

Graziani,	Maselli,	BC	2013;	Hariharan+	2017;	Graziani,	BC,	Ferrara	sub;	Glatzle,	Graziani,	BC	in	prep		

  Simulations of H & He reionization 
BC+	2012;	Eide+	in	prep	

Proper3es	of	the	sources	of	ionizing	radia3on	
	

	Stars,	QSOs,	XRBs,	ISM		

Model	of	galaxy	forma3on	
	

	MassiveBlack	II	(Khandai+	2015)	



  Qualitative estimates 
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  Qualitative estimates 
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		Galaxies																					QSO	

Kakiichi+	2017	

108	-109	photon	packets	



  Qualitative estimates 
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  Average quantities 
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  Conclusions 

²  Physics	rich	simula/ons	of	structure	forma/on	with	large	boxes	and	high	resolu/on	

²  BePer	understanding	of	source	proper/es	

²  Accurate	radia/ve	transfer	


