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Simulating Reionization at Large Scales

•The first, truly large-scale, radiative transfer simulations of cosmic 
reionization, comoving volume (143 Mpc)3, with high enough 
resolution to account for individual dwarf galaxy sources.  

•This is more than a 2 orders of magnitude improvement over 
previous simulations. 

•We achieve this by combining results from extremely large, 
cosmological N-body simulations with our new, fast and efficient 
code for 3D radiative transfer, C2-Ray.



N-body + Radiative Transfer 
Reionization simulation

• N-body simulation yields the density field and 
sources of ionizing radiation
- PMFAST code (Merz, et al. 2005) with
16243 = 4.28 billion particles, 32483 cells,
particle mass = 2.5 x 107 Msun

- Halo finder yields location, mass, other                
properties of all galaxies, M ≥ 2.5 x 109 Msun, 
“on-the-fly”
e.g. Nhalo  105 by redshift z   11



N-body + Radiative Transfer 
Reionization simulation

• Radiative transfer simulations evolve the radiation 
field and nonequilibrium ionization state of the gas
- New, fast, efficient C2-Ray code (Conservative, 
Causal Ray-Tracing) (Mellema, Iliev, Alvarez, & 
Shapiro 2006, New Astronomy, 11, 374) uses short-
characteristics to propagate radiation throughout the 
evolving gas density field provided by the N-body 
results, re-gridded to (203)3 and (406)3 cells, for 
different resolution runs, from each and every galaxy 
halo source in the box.
e.g. Nhalo  105 by redshift z   11



Structure 
formation in 
ΛCDM 
at z = 10 

simulation volume =
(100 h-1Mpc)3,

comoving

16243  particles on
32483 cells

Projection of 
cloud-in-cell 

densities of 20 Mpc
slice 



Halo Mass Function from N-body Simulation

PS

ST

ST = Sheth-Tormen

PS = Press-Schechter



Every galaxy in the simulation volume emits 
ionizing radiation

• We assume a constant mass-to-light ratio for simplicity:
fγ = # ionizing photons released

by each galaxy per halo baryon
= f* fesc Ni ,

where           f* = star-forming fraction of halo
baryons, 

fesc = ionizing photon escape fraction,  
Ni = # ionizing photons emitted per stellar      

baryon over stellar lifetime  
e.g. Ni =  50,000  (top-heavy IMF), f* =  0.2, fesc =  0.2 

fγ = 2000



Every galaxy in the simulation volume emits 
ionizing radiation

• We assume a constant mass-to-light ratio for simplicity:
fγ = # ionizing photons released

by each galaxy per halo baryon
= f* fesc Ni ,

where           f* = star-forming fraction of halo
baryons, 

fesc = ionizing photon escape fraction,  
Ni = # ionizing photons emitted per stellar      

baryon over stellar lifetime  
e.g. Ni =  50,000  (top-heavy IMF), f* =  0.2, fesc =  0.2 

fγ = 2000

• This yields a source luminosity:      dNγ/dt = fγ Mbary / t* , 
t* = source lifetime     (e.g.  2 x 107 yrs),

Mbary = halo baryonic mass



Fraction, fcoll , of total mass collapsed into halos 
and cumulative number, ξtot  , of ionizing photons per H atom

emitted by all sources 

PS

ST

ST = Sheth-Tormen

PS = Press-Schechter

fγ = 2000



Evolution of the Mean Ionized Fraction of the 
Universe 

volume-weighted
ionized fraction

mass-weighted 
ionized fraction

xm = mass-weighted

xv = volume-weighted

(f γ = 2000)

•First sources
start forming at
z = 21

• H II regions 
finally overlap 
to finish 
reionization at
z = 11.3



Time-slices of the reionization simulation (fγ = 2000)

z = 18.5 16.1 14.5

13.6 12.6 11.3



Reionization proceeds “inside-out” from 
high-density to low-density regions



A 3-D view of the H II regions in the simulation volume as 
the mean ionized fraction of the universe approaches 50%

(fγ = 2000)

z = 14.74 z = 13.62



The Geometry 
of Reionization

for source efficiency
fγ = 2000

from z = 19.5 to z = 
13.2

a cut through the 
simulation volume, one 

cell deep

gas density (green in 
neutral regions, yellow 

in ionized regions)
and

the H II regions (red)



Subregions
reionize at 

different times.

• The mean ionized 
fractions in independent 
subregions of the 
simulation volume differ 
considerably from the 
global mean.

• There is a large scatter 
in the value of zov about
the global average.

• The larger the 
subregion, the smaller is 
the scatter, but need 
V > 30 h-1 Mpc
to make ∆z < 2 .



Evolution of the size distribution of the H II regions

Number of
H II regions 

vs. volume per 
H II region

Volume filling 
factor of the 

H II regions of 
that size



3D Power Spectra of total, neutral, and ionized gas 
densities:  ∆2

ρ (k), ∆2
ρ, H I (k),  and ∆2

ρ, H II (k)

ρtot
ρH II

ρH I

• H I and H II 
fluctuations during 
reionization exceed 
those of total density.

• Peak k :
kmax  few h Mpc-1

independent of z
(typical patch size).

• Peak power at   

x  50 %   . 



Gunn-Peterson optical depths cell-by-cell

• The overlap epoch of reionization still has a significant, detectable 
GP optical depth throughout a substantial fraction of the volume.



Extended reionization: Jeans-mass filtering, 
halo-mass-dependent emissivity

Cases
1. Halo masses Msolar >109

fγ = 2000 (e.g. Pop III);

2. Halo masses Msolar >109

fγ = 250  (e.g. Pop II);

3. Halo masses Msolar >108

fγ = 250 (e.g. Pop II),
lower-mass halos

suppressed inside H II regions 
(Jeans-mass filtering) ; 

4. Same as 3., but
fγ = 2000 (Msolar < 109 )
fγ = 250 (Msolar > 109 )

1

2

4

3



Extended reionization: Jeans-mass filtering, 
halo-mass-dependent emissivity

Cases
1. Halo masses Msolar >109

fγ = 2000 (e.g. Pop III);

2. Halo masses Msolar >109

fγ = 250  (e.g. Pop II);

3. Halo masses Msolar >108

fγ = 250 (e.g. Pop II),
lower-mass halos

suppressed inside H II regions 
(Jeans-mass filtering) ; 
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fγ = 250 (Msolar > 109 )

1

2

4
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2
3

1

4
WMAP Polarization

1-σ range (year 1)



Mellema, Iliev, Pen, & Shapiro (2006)

Simulating Cosmic Reionization at Large 
Scales II : The 21-cm Background 



Q: How large must a reionization simulation volume 
be to predict 21-cm background fluctuations?

• Simulation volumes must  exceed the 
beamsize and bandwidth of  future 
radio arrays  by a large enough factor 
to make  21-cm predictions  
meaningful.

e.g.  for PAST, LOFAR,
∆θbeam ≥ 3‘
∆νbandwidth  >  0.1  Mhz

• Our (143 Mpc)3 comoving volume 
simulation is the first to be large 
enough to predict 21-cm 
fluctuations.

Lbox = 100 h-1 Mpc
(comoving)

redshifted
21-cm



Evolution of the Mean 
21-cm Brightness 

Temperature

• Suggestion that a “global reionization step” in frequency space would make 
mean 21-cm emission signal detectable (Shaver et al. 1999) appears more 
difficult than previously thought <===>  reionization more gradual on average 

• Lower efficiency fγ delays, while subgrid clumping C(z) extends reionization. 

2000

2000, C(z)

fγ = 250



Reionization topology revealed by fluctuations in 21-cm 
brightness temperature, δTb , along the line of sight

• Mapping the sky along the line of sight :  cuts in position-redshift
space for two different simulations:

Cases f2000 (top) and f250 (bottom)



• Reionization starts at z ~ 20 with isolated, highly clustered H II regions, and 
most gas neutral and bright, δTb > 100 mK in some pixels, cosmic web evident.

• By z ~ 15, isolated H II regions merge to make regions  ~ 10 Mpc comoving, 
and new sources make new, isolated H II regions, too.

• By z ~ 13 - 13.5, many bigger H II regions merge to form a couple of 
topologically-connected volumes  >  104 (Mpc)3 .

• At z ~ 12,  H II regions merge with the largest one.
• By z ~ 11, last islands of H I (in voids) ionized.
• Reionization is inhomogeneous – e.g. zov varies from cut to cut, by ∆z >1; 

some lines of sight have no H I at z < 13, others have H I even after <x> = 0.99.

Reionization topology revealed by fluctuations in 21-cm brightness 
temperature, δTb , along the line of sight

Case f2000:



• Similar to Case f2000, but finishes later.

Reionization topology revealed by fluctuations in 21-cm brightness 
temperature, δTb , along the line of sight

Case f2000:

Case f 250 :

•Similar to Case f 2000, except f 250 finishes later and evolution 
is shifted to lower redshifts.



21-cm sky maps
Case f 2000



Subtracted
21-cm sky 

maps
• To eliminate 

foreground 
contamination, 
we subtract the 
band-averaged 
signal  in a wide 
frequency band 
(e.g.∆ν =5MHz)
from the signal
within the 
observed 
bandwidth

(e.g. ∆ν = 0.2MHz)
• Signal survives 

subtraction.

Case f 250

Before subtraction

After subtraction



21-cm sky maps : rare, bright peaks

• Brightest emission peaks may 
be easiest features to detect.  

• Peak values decline more 
slowly with time than mean 
signal.

• Figure key 

(#, #) = 
(∆θbeam, arcmin , ∆νbandwidth,MHz )

(6, 0.4)  <===> e.g. PAST
(3, 0.2)  <===> e.g. LOFAR
(1, 0.1)  <===> e.g. SKA

PAST

mean
signal

LOFAR

fully neutral
mean signal

SKA

simulation
pixels



Non-Gaussianity of the 21-cm signal
• Probability 

distribution function 
(PDF) of δTb is non-
Gaussian.

• Strong holes (ionized 
regions) more
common and brightest 
peaks less common 
than Gaussian at 50% 
ionized epoch.

• At late times, holes 
and bright peaks 
much more common 
than Gaussian.

Figure key
•different curves give PDF if simulation volume is sampled in 
subregions of different size :

non-Gaussian PDFs Gaussian PDFs
(with same mean and variance)

20 h-1 Mpc <===> black, solid                        black, dotted          
10 h-1 Mpc <===> red, solid                                red, dotted

5 h-1 Mpc <===> blue, solid                             blue, dotted

fγ = 250
x = 0.5 @ x = 0.84 @



21-cm line-of-sight spectra

• At full simulation resolution, (∆θ , ∆ν)cell = (14”, 30 kHz) for (203)3 cells.
• For fγ = 250, brightness peaks > 50 mK common before z ~ 12  (< 110 MHz), rare 

later (> 110 MHz).
• At z ~ 12 (110 MHz), gaps appear (H II regions), larger for lower z (higher ν).

• Spectra with 
redshift distortion
taken into account  
(red)

• Difference 
between redshift-
distorted and 
undistorted spectra 
(green)

• Redshift
distortion is   
important.

fγ = 250



21-cm line-of-sight spectra

• Smoothing beam is a compensated Gaussian (closer to radio observations than  
Gaussian), which produces negative δTb at the minima.  

• At high z (ν < 100 MHz), when IGM mostly neutral, smoothing reduces signal, 
due primarily to density fluctuations.

• Once H II regions multiply and grow (ν >100 MHz), fluctuations increase, 
creating valleys deeper than the neutral density peaks easier to detect?

• Spectra at full 
simulation resolution
(red):
(∆θ , ∆ν)cell ~

(14”, 30 kHz)
for (203)3 cells.

• Smoothed spectra
(blue): 

∆νbandwidth,MHz = 0.2MHz
∆θbeam, arcmin = 3 arcmin

fγ = 250



21-cm background : statistical signals

• rms brightness 
temperature 
fluctuations: 
fully neutral IGM 
signal without 
reionization is boosted 
by reionization
patchiness.

f 2000

f 2000C

f 250



21-cm 2-D angular power spectra

• Power spectrum peaks 
at ℓ = ℓmax ,
with ℓmax ↓ as z ↓
then leveling off.

e.g. For f 2000, unsmoothed, 
max ~ 10 mK at ℓmax ~ 4000
( ~ 5’) at z = 13.6, 
when <x> ~ 50% .

Case f 250 similar, except 
ℓmax ~ 5000 ( ~ 4’) 
at z = 11.8.

• Density fluctuations are 
smaller than those of 
brightness temperature.

gas density,
no reionizationδTb

f 2000



21-cm 2-D angular power spectra

• Power spectrum peaks at ℓ
= ℓmax , with ℓmax ↓ as z ↓
then leveling off.

e.g. For f 2000, unsmoothed, 
max ~ 10 mK at ℓmax ~ 4000
( ~ 5’) at z = 13.6, 
when <x> ~ 50% .

Case f 250 similar, except 
ℓmax ~ 5000 ( ~ 4’) 
at z = 11.8.

• Density fluctuations are 
smaller than those of
brightness temperature.

gas density,
no reionizationδTb

f 250



21-cm 2-D angular power spectra

• Power spectrum peaks
at ℓ = ℓmax , 
with ℓmax ↓ as z ↓
then leveling off.

e.g. For f 2000, unsmoothed, 
max ~ 10 mK at ℓmax ~ 4000
( ~ 5’) at z = 13.6, 
when <x> ~ 50% .

Case f 250 similar, except 
ℓmax ~ 5000 ( ~ 4’) 
at z = 11.8.

• Finite bandwidth ===> 
ℓmax ↓ as  ∆ν ↑

∆ν = 2 MHz

unsmoothed

∆ν = .03 MHz

0.1

0.2

0.5

1



A Dwarf Galaxy Turns on at z=9
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The H II Region of the First Star



The H II Region of the First Star
(Alvarez, Bromm, and Shapiro 2005)

• Numerical LCDM simulations predict first stars formed 
in minihalos with mass ~106 M at redshifts z > 20 
(e.g. Abel, Bryan, & Norman 2002; Bromm, Coppi, & 
Larson 2002)

• We have combined a GADGET SPH simulation of the 
cosmological density field which formed first Pop III 
star, with a high resolution, 3D ray-tracing calculation 
which tracks the stellar I-front to follow the evolution of 
the first H II region
⇒ follows I-front during lifetime of star, from inside the 

minihalo to the IGM and the local beginnings of 
cosmic reionization



Champagne Flow Inside Star-forming Minihalo

• For isothermal sphere density 
profile of minihalo gas, 1D hydro 
calculations show I-front starts 
out D-type, preceded by shock, 
but eventually detaches from 
shock and runs ahead as R-type 
I-front
⇒ “breakout” leads to 
“champagne flow”
(e.g. Franco et al. 1990; Shu et 
al. 2002; Whalen, Abel, & 
Norman 2004; Kitayama et al 
2004)

(Shu et al. 2002)



H II Region Surrounding the Champagne Flow

• Inside the shock-bounded wind of the champagne 
flow, the minihalo gas is approximately 
homogeneous and spherically symmetric ⇒ can 
apply 1D analytical wind solution

• Outside the wind, the gas is nearly static over the 
lifetime of star
⇒ static approx. for R-type I-front OK there
⇒ 3D ray-tracing + I-front tracking sufficient



3D I-front Propagation
• Initial conditions: Boxsize is ~280 kpc comoving with 

1283 SPH particles ⇒ particle mass ~60 M
• Formation of first star: Star forms at location of highest 

density SPH particle at z = 20, n~104 cm-3

• Ionization front tracking: We calculate propagation of I-
front outward along rays. For each of ~50,000 rays with 
640 segments in radius each, we solve 
I-front evolution equation:



M*=80M
t*=3 Myr

M*=200M
t*=2.6 Myr

t = 0

Lbox = 13.6 kpc
(proper)

Lbox / 2

Lbox / 4

z=20



Escape Fraction

• fesc ↑ as M* ↑
• fesc > 0 for stellar masses such 

that tB < t* (M* > 25 M )



Ionizing Efficiency from Star to IGM: 
Cosmic Reionization Begins

• These calculations yield the mass of gas ionized by the 
first Pop III star, MHII, as a function of stellar mass, M*:

50,000 ≤ MHII/M* ≤ 60,000, 
(80 M ≤ M* ≤ 400 M )



I-front Trapping by Nearby Minihalos
• I-front trapped in outer 
layers of nearby minihalos
⇒ minihalos self-shield  

• Evaporation times tev > t*
⇒ high-density gas in 
nearby minihalos remains 
neutral

• Recent suggestion that 
first star stimulates second 
generation star formation 
by fully ionizing 
neighboring minihalos
(O’Shea et al. 2005) may 
need revision



Shapiro, Ahn, Alvarez, Iliev, Martel & Ryu (2005)

(astro-ph/0512516)

The 21-cm Background from the Cosmic 
Dark Ages: Minihalos and the Intergalactic 

Medium Before Reionization



Seeing Invisible Light From the 
Dark Ages

• Hydrogen atoms in the early universe can be 
detected in absorption or emission against the 
Cosmic Microwave Background (CMB) at 
redshifted radio wavelength 21 cm. 

• Halos formed during the dark ages are dense and 
hot enough to appear in emission.

• The intergalactic medium, too, can appear in either 
emission or absorption. 

• Future radio astronomy antenna arrays are being 
designed to detect this 21 cm emission.



3 Ways to Change the 21-cm Level 
Population

• An H atom can:
– Absorb a 21-cm photon from the CMB 

(CMB Pumping)
– Collide with another atom

(Collisional Pumping)
– Absorb a UV photon at 1215 Angstrom to make 

Lyman alpha transition of H atom, then decay to 
one of 21-cm levels

(Lyman Alpha Pumping)



Stages of 21-cm Background
• Dark Ages

– z ≥ 150, Tspin=TCMB nothing
– 20 ≤ z ≤ 150, Tspin<TCMB absorption
– z ≤ 20, Tspin>TCMB in minihalos emission

• Epoch of Reionization (6 ≤ z ≤ 20)
– Tspin>TCMB in minihalos emission
– After sources turn on, Lyman alpha pumping 

• Without heating, Tspin<TCMB absorption
• With heating, Tspin>TCMB emission



21-cm Emission from Minihalos vs.
Shock-heated Gas outside Virialized Regions

(Shapiro, Ahn, Alvarez, Iliev, Martel & Ryu 2005)

• Shock-heated IGM outside of the minihalos may also 
contribute to the 21-cm background, despite its less 
effective  collisional pumping (Furlanetto and Loeb 
2004).

• To quantify this, we simulated the gas and N-body 
dynamics of cosmic structure formation in LCDM 
before reionization, to compute the spin temperature 
at each point and map the differential brightness 
temperature vs. redshift.

• TVD/PM simulations of 0.7 Mpc comoving box size 
used 10243 cells and 5123 dark matter particles.



Mean 21cm 
Differential 
Brightness 
Temperature 
from Minihalos
and 
Unperturbed 
IGM before Lyα
Pumping: 
Analytical 
Prediction

PS

ST



Total =
Minihalos+IGM

z=10



IGM

z=10



Minihalos

z=10



•Mean brightness temperature dominated by minihalos for z  < 20.   
•For z > 17, IGM contribution changes from emission to absorption.
•At z > 20, IGM absorption dominates over minihalo emission.
•At z > 20, mean brightness temperature same as uniform IGM

Minihalos vs. IGM



•Mean brightness temperature dominated by minihalos for z  < 20.   
•For z > 17, IGM contribution changes from emission to absorption.
•At z > 20, IGM absorption dominates over minihalo emission.
•At z > 20, mean brightness temperature same as uniform IGM

Minihalos vs. IGM



•Mean brightness temperature dominated by minihalos for z  < 20.   
•For z > 17, IGM contribution changes from emission to absorption.
•At z > 20, IGM absorption dominates over minihalo emission.
•At z > 20, mean brightness temperature same as uniform IGM

Minihalos vs. IGM





Total =
Minihalos+IGM

z=20

Linear color 
table shows 
absorption as 
well as 
emission



Chuzhoy and Shapiro (2005)

(astro-ph/0512206)

UV pumping of hyperfine transitions in the 
light elements, with application to 21-cm 

hydrogen and 92-cm deuterium lines from 
the early universe



• Spin temperature

where  yα = (P10 T*)/(A10 Tα )
P10 ∝ Jα = mean intensity at Ly α

(Field 1958, 1959)
• Standard assumption:
scattering atomic recoil Tα =  Tk

and 
Jα =  Jα,0  =  background level

Decoupling the spin temperature of the 21-cm 
transition of H I from the CMB



• But there is a backreaction of the 
Ly α scattering : 

hyperfine splitting  +  atomic recoil  
===>

(1) Tα ≠ Tk
(Tα between Tk and TCMB)

(2) Jα ≠ Jα,o
(Chen and Miralda-Escude 2004; 

without hyperfine splitting)

(3) Tα , Jα both depend on local 
departure from Hubble flow 
===> small-scale structure 
affects mean 21-cm signal



Hydrogen spin temperature at z ~ 12 for an illustrative 
radiation intensity, for different overdensities

corrected

uncorrected



The correction factor to the differential brightness temperature
(the 21-cm absorption signal) for different radiation intensities, 

for different overdensities



Alvarez, Komatsu, Dore &Shapiro (2005)

(astro-ph/0512010)

The History of Reionization as Revealed by 
the CMB Doppler – 21cm Correlation



Recombining

PrimevAl Structure Telescope (PAST) Square Kilometer Array (SKA)

Ionizing Up

CMB Doppler - 21cm Cross-Correlation 

correlation anti-correlation



•CMB Doppler- 21cm cross - correlation has 
a peak at degree scales ( ℓ  100 ). 

•Maximum amplitude when the universe is 
about half-ionized (e.g. 100’s of [µK]2 )

constrains reionization history



Maximum correlation occurs when universe is about half-ionized.


