. _~Simulating the Early
* Structure Formation and

the Epoch of Reionization
Hlian T. lliev
University of Sussex
&N -~ with
Garrelt Mellema (Stockholm), Paul Shapiro (Austin),
Ue-Li Pen (CITA), Kyungjin Ahn (Chosun), Ben Moore

(Zurich), Gustavo Yepes (Madrid), Stefan Gottloeber
(AIP), Yehuda Hoffman (Jerusalem)



- The formation of EarIy Cosmic Structures
.-Illev Mellema; Pen Merz, Shapiro, Alvarez 2006a, MNRAS, 369, 1885, and in progress)

- 114/h Mpc box @ 7=6
30723 particles (29 billion),

- 61443 cells, P°M simulation

density=green, halos=orange

We have now ran simulations with
1024°, 1500°,1728°, 2048’ and 3072° -
particles in boxes of 37/h-114/h Mpc.

These sizes allow us to resolve all
halos down to the atomically-cooling
limit (10°M_,_ ) in 100-150/h-Mpc
boxes - the ultlmate goal for

this type of simulations.

Still larger simulations are possible

on current hardware, with

64-300 billion particles

(6x-30x the Millenium simulation)

165 billion (5488°;0n 10,976 cores)

was recently finished (see next);

10% (10,000°=trillion)-particle ' Simulations ran at Texas Advanced

simulations are now within reach.. Computing Facility on up to 2,048 cores.



Th{e Fermation of Early Cosmic Structures: The Very Small Scales

20/h Mpc bOX @'-2;8 % (lliev, et el Yyork in prog\r‘e\ss)
54887 particles (165 billion), . B
‘109763 cells P3M 51mu1at10n Ga W Frq
Resolves. all halos down to small
minihalos (10° M_,_ ). We also ran

11.4/h Mpc and 6.3/h Mpc boxes b N
with same min resolution. . B AR

Structures are highly biased. e IWE ™ e &
Extend to extremely small g™ ! s PO
scales (resolution of this / “
simulation is 182 pe')

First halos form at z=43. b s ] L
>112 million halos at z=8. ' b,

Very useful for modelling the . T &

efftects of Small-Scale StI'U.CtU.l”C Slmulatlons ran at Texas Advaneed
and 21-cm absorptlon. Computing Center on 864-21,952 cores.



The high-z halo mass function

(work in progress)

Ricb"statisi;ics (z=8):

2/h Mpc.box: 5M+ (mini)halos
114/h Mpc_box: 12M+ halos

']

O]

=
0
(O
=) \
_ 3 S
Results show good z ?ZG Gpe/h, 4900 S
. = pc/h, 3072
agreement with each s
other, but differ from = 20 Mpc/h, 54883
the Sheth-Tormen 2 Mpc/h, 20483

mass function (green) Sheth—Tormen
at the high-mass end.




The high-z halo mass function

(work in progress)

Ricb"statis’;ics'(z=8):

2/h Mpc box: 5M+ (mini)halos
114/h Mpc box: 12M+ halos

50+ particles/halo

Results show good e GpesR, 2000
: 1 Gpc/h, 3072

agreement with each

other, but differ from 20 Mpc/h, 548832

the Sheth-Tormen 2 Mpc/h, 20483

mass function (green) Sheth—Tormen

at the high-mass end.




The high-z halo mass function

(work in progress)

7= 16 e, 100+ particles/halo

2/h Mpc box: ~2M (mini)halos
114/h Mpc box: 150k+ halos

Results show good

agreementiwith each 11.4 Mpc/h, 30728
other, but differ from 6.3 Mpc/h, 17283
the Sheth-Tormen 20 Mpo/h, 54889

. pc ,
mass function (green) > Mpe/h, 20489
for rare halos (i.e. Sheth—Tormen

everywhere).




The high-z halo mass function

(work in progress)

Z=307 100+ particles/halo

2/h Mpc box: 30k+ (mini)halos

Results show good oo

agreement with each 2N
other, but differ by an |
order of magnitude
from the Sheth-Tormen
mass function (green)

for all halos.

11.4 Mpe/h, 30728 _x
6.3 Mpc/h, 1728%

20 Mpc/h, 54883
2 Mpc,/h, 20483

Sheth—Tormen



The high-z collapsed fractions

(work in progress)

-

Halo collapsed
fractions agree quite
well for a range of
box sizes from- 114
Mpc/h to 6.3 Mpc/h.

Cut-off and noise at
high mass:is due to
poor statistics (i.e.
cosmic variance).

M>10° M,  114/h Mpc
N\ 38/h Mpc

5x108 M <M<10° M,
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The high-z halo bias

-

~Hales at high-z are
strongly biased.

»Bias increases strongly
with halo mass and can
reach a few hundred 1n
the nonlinear regime.
>Scale at which bias
becomes linear varies
significantly with halo
mass.

(work in progress)

108<M, ,,<3.2x108
2 3'2x108<Mhalo<109
10°<M,;,,<3.2%10°

3.2x10%9%<M

halo

- - e .




Halo bias at hlgh redshift: illustration

(work in progress)
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6.3/h Mpcefox. @ v 10 R | iy
1728’ particles (5.2 billion), g, )
34563 cells, P°M simulation

Simulation ran at Texas Advanced
Computing Facility on 864 cores.



Han bias at hlqh redshift: illustration
< 1 progress)

F e - 3 4
s 5 N 3 “‘ku};?ii*“&?’f e
1 g L‘;:L SS05 ‘:{ B
;0 - o . »y t:,?“ : S
! 7 i

6.3/h Mpc box @ z=10 - i |
1728 particles (5.2 billion), £k, <7
34563 cells, PM simulation

Simulation ran at Texas Advanced
Computing Facility on 864 cores.



Conditional mass functions

Locally, the halo mass
function depends
strongly on the
over/under-density.

Extended PS-type
models are often used
for modelling this
effect.

With resp. to 20/h Mpc

error

Mpc 54883
.3/h Mpec, 17283 ,

'f' '
s fit 6.3 Mpcih /
Direct comparison to \
simulations shows this
Is not a very good
approximation to

actual structures.
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Scatter is also very
significant.




- Conditional mass functions

As.we go-to lower
redshifts, the
extended PS model

z=20
doe; somewhat better, 20,/h Mpc, 54882
but is still very

' 6.3/h Mpc, 17282 g9
significantly different, j

error

by up to factor of 2,
especially in the
highest and lowest
density regions.
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Scatter remains high.

Boxsize has almost no
effect on mean fit.




- Conditional mass functions

As.we go-to lower
redshifts, the
extended PS model
does much better for
dense regions, but still
overpredicts the
number of minihalos
for mean and low
density by upto 60%.

Scatter remains high.

error

7z=8
20/h Mpc, 54883
6.3/h Mpec, 17283

—~~
~
T
—~~
S
N
S
Qy
=
=
o
=
o)
20

Boxsize has no effect
on mean fit.




“The high-z halo mass functions:
effect of primordial non-Gaussianity

(work in progress)

Many |nflat|onary theories

predict the possibility of
non-Gaussianity in the
primordial density
fluctuations.

Usually characterized by
parameter fNL (quadratic
term in potential). Current
observational limits
suggest O0<fNL<50.

Important effects on very

large scales at z=0 (e.qg. Y "
pc/h, 30723, f, =0

Dalal et'al 2008, 114 Mpec/h, 30728, f, =50

Desjacques et al. 2009, Sheth—Tormen

Pillepich et al.; 2009)

Can it also affect reionization?




- The high-z coIIapsed fractions: effect of

_primordial non-Gaussianity

Effect of non-
Gaussianity is largest
at for very rare halos
and gradually
diminishes as halos
become more
common (blue).

fcoll.high—mass

Initial 'peak" is in fact
due to cosmic
variance (present
also for 2 random
realizations without

Non- Gaussuanlty
(red). o

(work in progress)
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Effect of primordial non-Gaussianity:
| reionization history

: .o . . (workin progress)
Effect-on mean reionization

history 1s significant
(>20%) at high-z (z>16),
when reionization 1S

dominated by rare sources 114Mpc_f10_150S_fNLO
A - - _ 114Mpc_f10_150S_fNL50
and largely disappears at 114Mpe_f10_1508

lower redshifts.

Non-Gaussiahity affects
most the halo clustering,
thus this could be a
stronger effect on HII
region sizes, 21-cm

fluctuations, etc. Stay tuned...



-Stfor}g'halo clustermg
- 5.
'.-qlllck 1008,1 percolatlon

-large H IT reglons w1th

complex georqe;t-ry.z 1

!.' .-

64/h Mpc box

1

1

WMAP3+ cosmelogy, &

- 432’ radiative transfer

s_imulatidﬁ_n.{EVoI—utidﬁ;

-.--‘>IO8 solar mass h%bos ;
resolved

A

-
R TN

S1mulat10ns ran at Texas Supercomputmg Center on up to 10,000 cores



Large -Scale Slmulatlons of Relonlzatlon
[lliev et aI 2006a, 2007a; Mellema, lliev, et al. 2006; and in prep.]

| N-body: CubeP*M _ o C?-Ray code

- 1728%-3072° part. Ne ok ~ (Mellema, Iliev, et al. 2006)

- (5.2 to 29 billion) or more - i | radiative transfer
4000°-5488° (64-165 billion) i noneq. chemistry
density slices S e precise
velocity slices ‘_ e e highly efficient -
halo catalogues-sources b ' coupled to gasdynamics
Scales well at least up to R PP o N ‘ massively parallel
21,952 cores & | (scales well up to

e L 10,240 cores).

35-114/h Mpc (CubeP’M) * iy W, f
resolving 108 M, halos | et D © '.
up t0 21 x 10° sources y & Q Coupled to hy i
50-100 dens. snapshots SO
simple source models
sub-grid clumping

no hydro — large scales.

g -

y




Code Scaling

A Mellema, Merz, Shapiro, Pen 2008 in TeraGrid08 proceedings)
~ Both N-body and radiative transfer codes are massively parallel

and sCale (weakly) up to thousands of processors.
Full, detailed radiative transfer|: Petascale-size problem!

21,952 cores, 54883

CubeP’M

2048 coreés

|
o)

N
o
o
o
(@]
C
—
0]
%)
1

resources used
resources used
|—L
o

o)

2048 cores

5 10 15
problem size problem size




redshifted 21-cm

V‘\

e

| - CMB polarization
-~ Observing the

Ly-a sources Reionization Epoch .
. -~ ———a NIR fluctuations

Iliev et al. 2006a, MNRAS; ‘ |
2007(a,b,c,d),2008 MNRAS, s ol St P
ApJ, Mellema et al. 2006,
MNRAS; Dore et al., 2006,
Phys. Rev. D; Holder, Iliev
& Mellema 2006 Apl,
Fernandez et al. 2010, ApJ
Tilvi et al. 2010, ApJ

9150
A[R]




Kine(ma)tic SZ effect

Temperature variations given by LOS
integral:

{mm j{ji}{.‘ Wann - v,

Spectrum is black-body (no spectral
distortions of original CMB.

Both density and velocity distributions are
important, with ionization imposing
additional fluctuations during EoR.

Dominated by IGM during EoR and by
clusters later-on.



kSZ from patchy reionization:
extraction from simulations
. (lliev, Pen, Mellema, Bond, Shapiro, 2007)

AT . | ripl
?{“}k.‘ii = 07 j diye™""an.n - v,

e Method:

— find all integrals along LOS for available outputs

— every light-crossing time interpolate between
closest two outputs

— to avoid periodicity artefacts change directions
(Xx-y-z) and do random shifts (using box
periodicity) and/or 90 degree rotations.



~ Large-scale velocities

~The coherent bulk
motions due to cosmic
structure formation
peak at very large
scales — hundreds of
Mpc (missing rms
power vs. boxsize
shown). *
>Fortunately, those
large-scale motions
are linear and can be

(statistically) corrected
for (Iliev et al. 2007).

2

>
p
=
)
L

rms,box

Iliev et al. 07

" Zahn et al 05
" Gnedin & Jaffe 91

1ogo(Lye,) [h~'Mpc]




- Large-scale velocities correction:algorithm
: (II|ev Pen, Bond, Mellema & Shapiro 2007)
> Ftrst the missing velocity power 1s calculated based on the linear

theory for the simulation boxsize and cosmology.

»Then, the full computational volume 1s assumed to be moving
with the same coherent velocity, Vo in which case:

(AT) (2) _ ﬂ) (2) + 7en(2) 2l
ﬂ MB / tot o I‘E MB / phox o o .

> Here, the velocity v is chosen with random amplitude and

direction using

Ubox () — Urms, missing (_—' In '-rj") “h‘( )"1'9)

where q and t are uniformly-distributed random numbers between
0 and 1, which guarantees Gaussian-distributed v with zero mean

(Box & Mueller 1958).



Sample kSZ map from

patchy reionization

> Sample KSZ map
(run f250).

» range of plxel
values is AT/T=-10%"
to 10>, i.e. AT :
max/min: are in the
tens of pK at ~
arcmin scales.

kad
-
—
-
@
o
]

~1 deg



I<SZ sky maps extended
vs mstant relonlzatlon

DeltaT/T (x 16}

e}
[}
L
>
'_
ey
'—
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©
i

250 X % instant reionization, same T



kSZ sky maps patchy VS.
’umform relonlzatlon

DeltaT/T (x 16}

e}
=
—
ey
—_
b
@
-]

D50 % ¢ uniform reionization, same x  (and, thus 1)



kSZ sky maps: self-regulated
~ reionization

(work in progress)

—— ———
w o

<
o [
— —
ke >
e o

delta T/T_CMB
L
delta T/T_CMB

Early relomza‘uon scenario Extended reionization scenario

114/h Mpc box overlap at z~8.3 (early) and z~6.5 (extended),
7=0.08 (early) and 1=0.06 (extended).




kSZ sky power spectra

» Power spectra peak at |~3000-

5000, with a peak value >1
uK -

Early and late reionization
scenarios (f2000 and f250) f2000C
would be difficult to —
distinguish (some differences
for 1~3000-20,000)

Instant reionization (at z~13,
same t as f250) has ~ order of
magnitude less power for
|~2000-8000, but same large-I ~“uniform
behaviour.

Uniform reionization (same X

}primary

as f250) has much less power
on all scales.



KSZ sky poWer spectra with
- large-scale velocity correction

» Power spectra peak at I~3000-
5000, with a peak value >1
uK

» Early and late reionization
scenarios (f2000 and f250)
would be difficult to
distinguish (some differences
for 1~3000-20,000)

>

f2000C

primary. 250




kSZ sky power spectra: contributions
; by epoch

114Mpc_f10_1505_256

iprhnary

12<z<15
15<z<20

Not self-regulated Self-regulated



-kKSZ non-Gaussianity?
aNot réally! Maps
are highly
Gaussian

solid: f250
simulation
dotted: Gaussian

with same mean
and rms




| KSZ PDFs: self-regulated
M models

Maps are still
largely Gaussian,
with some
departures at
wings. Extended _.
reionization 37Mpe.110.1505 | 37Mpe_f2_108
scenarios yield

somewhat less /

wide PDFs.

—-6-4-20 2 4 —-6-4-20 2 4
6T/ Topa(x 10°)




Detectability of kSZ

(lliev, Mellema, Pen, Bond, Shapiro, 2008, MNRAS, 384, 863)

LI T T 11 T 1] L T T 11 T T 1]

1000 = : SPT 219 GHz, |4000 deg2 3 1000 = I' ACT 210 GHz, I100 deg2 3

- , 1’ beam . - _ 1.1" beam T .

- noise 11.5 uK per beam . = ", noise 3.3 uK per beam 7 .

100 & = o~ 100 —=

= = = = =

& N 1 3 - .

>~ 10 =4 >~ 10 —=

2 : = g -

+ I A S 1 7 B N

=1 B ] K B i

g 4 1l E

0.1 b 0.1 bl |
1000 1000

Sky power spectra of patchy EoR kSZ vs. expected
noise levels of SPT and ACT. Includes noise from

primary CMB and post-EoR kSZ (shown). tSZ is
assumed subtracted.




1(1+1)C,/ 2 uk?]

Detectablllty olj kSZ self-regulated

(work in progress)

100 _I [ I I | L || ] ] I I: 100 - =1 || I I ] L || ] -
- SPT, 219 GHz, 4000 deg? . = ACT 210 GHz, 100 deg2 .
- 1’ beam i _ 1.1’ beam i
B nd'-jse 11.5 uK per beam 1 B nd’-jse 3.3 uK per beam 1
10 & 4 % 10g =
- T 1 3 = o =
B I ___,_. #### 7] = B __'__...--—"'"""F-— 7]
B o 1 & B i
- | . \_. = .
e 4 = N |
+
1 = - = 1 = e =
0.1 | L L1 |I.'|'-‘| | L L1 0.1 (N L L1 |I.'|'-‘||| L
1000 104 1000 104

Sky power spectra of patchy EoR kSZ with expected noise
levels of SPT and ACT. Includes noise from primary CMB and

post-EoR kSZ (shown). tSZ is assumed subtracted. Early and
extended scenarios are clearly distinguishable for I>5000.




‘Ly-a Luminosity Functions: effects of velocities
_.and the assumed line widths
(Hiev et al. 2008 MNRAS, 391, 63)

0.1 L
% 0.01 EE r-‘__ﬁil rg
£ ooo1 [Intrinsic .. 2
k| E 0 I_-_ 1 T ~ANs e
%” 0.0001 _ES 0% H %ﬂ ,,,,,,,,,,
= Eobserved _ 1 W
AR Uad > . IR . . N = U
- no velocities 13- T variable line width 1 :
Sl 15N B L3
IR 1 sl TN B sl vl 1ol L
1010 10[1 1012 1010 1011 10[2

7=6 L [M,,,] 7z=6 L [My)




Luminosity function:

S|mulat|ons VS. observations
' (lliev et al. 2008, MNRAS, 391, 63)

-

LF normalization: set by~
matching the number density
of sources in simulations to
the observed one (by
Kashikawa et al. 2006).
Excellent match of the shape,
for an assumed faint-end
slope of -1.5for the fit to the
observations.

o
A
=
N
QO
Q.
=
—
Q0
.
o
~
=
o

— the majority of sources
responsible for reionization
are too faint to be observed
at present. * |




‘Correlation functions of L %’ o, sources
= (lliev et al. 2008, MNRAS, 39

"2=6, L__=101M,

.. .: 4; 1 |||||||
.b ?‘g"“ :...'l.t.:;-. . 1

Pt LA Y T
40 60
ObSCI’VGd Y [Mpc/h] lIltTlIlSlC R [cMpc/h]

For a given (e.qg. observed) number density of

sources their clustering is largely unaffected by
reionization patchiness (max 10% difference at

small scales and at high-z, decreasing later).




A S|mple physical model for the luminosity

function of Ly-a sources

(T||V| Malhotra, Rhoads, Scannapieco, Thacker, lliev &
~ Mellema, 2009, ApJ, 704, 724)

A simple, 1-parameter

mOde|’ based On -2 -z=§§:)nwan et al (2007) f=;é?vson et al (2007)
assumption that Ly-a e [1
luminosity is ‘ =

proportional to halo -
mass growth.

Matches well the Lyéa LF
data at z=3-6.6.

43.5 42.0 42.5 43.0 43.5
Log LLyﬂ




A simple physical model for the luminosity

function of Ly-a sources: source clustering
- (Tilvi, Malhotra, Rhoads, Scannapieco, Thacker, lliev &
. .7 Mellema, 2009, ApJ, 704, 724)

Source clustering agrees weII ’
with observed one.

Model introduces a natural
duty cycle

® This work
A QOuchi et al 03

<& Kovac et al 07
O Gawiser et al 07

20 .26 30 35 40 45 50 20 25 30 35 40 . 45 50

Ly-a emitters
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‘Reionization of the Local Group

(w/B. Moore, G. Yepes, S Goetlobber, Y. Hoffman,G. Mellema;
- work in progress)

Constrained simulations of the formation of the LG and its
neighbourhood (GADGET, 647h Mpc box, 10243 particles) post-
processed with radiative transfer (on 2563 grid), same method.

" Milky Way Virgo WMAP3



Reionizatioh of the Local
Group the Photon Budget

> Beth (proto-)LG and Virgo
reionize around z~10.

> At the time of LG reionization
internal sources have barely
produced less than 1 |on|zmg
photons/atom => mostly
external reionization

» By contrast, Vlrgo constltuents
have already produced multiple
photons/atom by the time it is
fully ionized (z~10.5), i.e. its
reionization is internal.
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Reionization of the Local Group::
the evolution

| Total mass . .- Neutral mass

(proto) Local Group (proto) Virgo



Reionization of the Local Group::
the evolution

| Total mass . .- Neutral mass

(proto) Local Group (proto) Virgo



Reionization of the Local Group::
the evolution '

‘- Total mass ' Neutral mass

(proto) Local Group (proto) Virgo



Reionization of the Local Group::
the evolution '

‘- Total mass ' Neutral mass

(proto) Local Group (proto) Virgo



~ How-robust are the above conclusions?E.qg.
~would they change for a different LG
realization, constralnts |mposed
cosmology, . -

We address thls by a new simulation, with
different (and improved) representation of
our neighbourhood. This now contains not
only the LG and'Virgo, but also the Fornax
cluster. |

Cosmology is updated to WMAPS.



~Reionization of the Local Group,
WMAP5: the Photon Budget

Both (pre-)Fornax and Virgo
reionize earlier, at z~8.6.

LG reionizes later, at z~8.25.

\ LG
At the time of LG reionization Virgo

Fornax

internal sources have produced
~1.8 ionizing photons/atom

Virgo progenitors have produced
~2.2 (2.9) photons/atom by
z~8.6 (8.25), while Fornax ones
have produced 2.8 (3.6)
photons/atom by z=8.6 (8.25).
Both are reionized predominantly
internally, while also contributing
to the LG reiohization.




- Reionization of the Local Group,'
.~ WMAPS5: the evolution

-- Neutral mass ' : & Neutral mass
z=9.0

>+
A q

(pI‘OtO) Local GI'OU.p (proto) Virgo
X | (proto) Fornax



_ Reionization of the Local Group:
the evolutlon '

Neutral mass : & Neutral mass

(proto) Local Group (proto) Virgo
X ' (proto) Fornax



_ Reionization of the Local Group:
the evolutlon '

-

-- Neutral mass ' : & Neutral mass
7z=8.7

(proto) Local Group (proto) Virgo
X | (proto) Fornax



_ Reionization of the Local Group:
the evolutlon '

-

-- Neutral mass ' : & Neutral mass
7=8.55

et
My, a2
'

(proto) Local Group (proto) Virgo
X | (proto) Fornax



_ Reionization of the Local Group:
the evolutlon '

-

-- Neutral mass ' : & Neutral mass
7=8.4

(proto) Local Group (proto) Virgo
X | (proto) Fornax



Early H2-dissociating background (Lyman-Werner bands)
“Uniform source distribution case: Sawtooth Modulation
LW band photons attenuated by H atom resonance lines |
“Sawtooth-modulation (Haiman, Abel, Rees 2000)
‘o Based upon uniformly distributed sources
Different horizon for different Lyman resonance lines

Ahn, Shapiro, Iliev,
Mellema, Eeh,"ApJ ,
2009, 393, 1449
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Non-uniform source distribution: Picket-Fence Modulation

_—7 gO,Bf — I
ot vt e i = i
11 11.5 12 12.5 13 13.5 0.6
E (eV) e -
g -
——

Sources distributed inhomogeneously: Need to sum individual
contribution

One single source is observed as a picket-fence in spectrum: Can
effectively follow attenuation by multi-frequency phenomenon by pre-
calculated modulation factor -> Computations become hugely

TN

1
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=08
o g
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I Retarded time emissivity

Sources form in hierarchy. Evolution is fast (exponential rise in
source population).
Horizon for LW background is very large (~100 comoving Mpc)

Construct spacetime diagram and draw past line cone at a given
space-time to account for LW

L W h o riz o n
A e} —

9 WI | |2 WJiOjUDO )

C om oving po sition (M pc)

(0d W)



H, Dissociating Background during EOR

DB: 19.175-5lid
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Summary

| > Large- -scale, accurate EoR simulations at the large
“scales relevant to observations are now possible.

> High-z structure formation differs from low-z one in
many important features — mass function, halo bias ...

» Patch reionization creates strong CMB fluctuations at
small scales due to kSZ effect. The derived sky power
spectra peak strongly to > 10 (uK)? at I~few thousand
(dependent on details of reionization). Large-scale bulk
velocities are important.

» The first constrained simulations of the reionization of
our neighbourhood show that our Local Group was

mostly reionized from outside, by Virgo and Fornax.

» LW H2-molecule destroying background at large scales
can now be modelled numerically in a self-consistent
way. It is highly spatially inhomogeneous and time-
dependent. Minihaloes could be important sources.



Thank you for your attention!

Time for questions...

-
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