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Early evolution of the universe
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- Progress of reionization: 3D view


file:///home/iti20/Desktop/Dropbox/presentations/movies/reion_movies_wmap5/first.wmv#Movie

_ Large-Scale Simulations of Reionization

C?-Ray code
(Mellema, et al. 2006)
i - radiative transfer _
SRR e " ‘noneq. chemistry
precise
highly efficient -
‘coupled to gasdynamics

. massively parallel
(excellent scaling to
. | % 40,000+ cores).
114-425/h Mpc (CubeP*M) * T ’

resolving 10% -10°M_ halogs" SR s & ?‘
up to 120 x 10° sources = -'

.-

¥
> . M
& Sapled to hydro
50-100 dens. snapshots L o v
simple source models
sub-grid clumping

no hydro — large scales.



3 Code scaling
‘('I‘H‘ev et al. 2012, Harnois-Deraps et al. 2012)

CubeP3M, Curie o5 [ C2—Ray (Kraken)

500 1000 1500 2000 2x10* 3x10* 4x10*
cores cores




The Formation of EarIy Cosmlc Structures ,
II|ev etal. 2006a MNRAS 369, 1885; lliev et. aI Aer1107 4772 and in prep)

425/h Mpc boX‘@ 7=6 -
“548‘&.part1¢les (165 b11110n)
- 10,976%cells, P°M simulation

i dens1tfy..—V1olet ‘halos=blue
* 41.5x41.5 Mpc zoomed slice

, Halos 1 O? M and above

solar _

resolved. First halos form
at z~26; 176 million halos
by z=2.6)

Volume comparable to

the FOV of EoR radio
surveys like LOFAR

All atomi@_.ally—cooling halos -
o >108 M ) are in the RT S s A i
108 109 M d 11 d Simulation ran at Texas Advanced
| ( - solar mo = .~ Computing Facility on 10,988-21,976 cores.

sub- grld)



The Formatlon of Early Cosmic Structures The Very SmaII Scales

(Watson et aI In prep )

20/h Mpc box @ z=8, zoom g ;r:x R

54883 particles (165 b11110n)
10, 9.>7‘63 .ee]ls P3M smmlatlon

,;‘Resolvés all halos down to smalﬁ -
mmlhalos (10°M_ ).

Structure-s are highly biasec
Extend to extremely small
scales (resolution of this
simulation is 1'8_‘2_;; pc!) ‘

LE
'T'.‘“

L9
i S5

First halos form at z=43. e
1D+ mllhon halos W

Very useful for modelhng st VT A I e R
the effects of small-scale N R eeiagin s e
structure and 21 -cm N AL T o R
'absorptlon etc * .. - ' Simulation ran at Texas Advanced

Computing Center on 10,976-21,952 cores.



The Formatlon of Early Cosmic Structures: The Very Large Scales

JUBILEE pI’OJ ect

«(S. Gottloeber G Yepes pi B DiegO,IGGpc/h

W. W‘qtson ‘and others)

6/h Gpe "box @ z=0

-6000° particles (216 billion),
12,0002 cells, P°M simulation

Volume eomparable tothe ! °,
observable universe. Resolves
all halos abo.vewaxlO12 Y|

solar) i,

Rich statistics: F1rst*halos

form at z>10, over- 350 million
halos at z=0, 8.5 million.
galaxy clusters at z=0.

Useful for studies of statistics
and clustering of very
massive, rare sources, as well
as modelling of galaxy
Surveys and ISW:

(lliev et al., in pr.ep 2

Simulation ran on JUROPA at Juelich
Supercomputing Center on 8000 cores.



. Halo mass function

oy ~ (Watson et al., in prep.)
~Hale multiplicity function:

Three approaches to halo finding tested:
FOF (Gadget), AHF, and CPMSO (CubeP°M).



~ Halo mass function

S (Watson et al., in prep.)
~Hale multiplicity function:

Three approaches to halo finding tested:
FOF (Gadget), AHF, and CPMSO (CubeP°M).



- Simulation suite
< .~ (Watson et al., in prep.)

Box Size A Mesh Resolution Mparticle M halo.min = .r' | k ':' max ar 'f'f! s

TiT

114 h='Mpe 30723 6144®  018h~'kpe 519 x10°Mg  L04x10°Mg 300 20x107°  0.074

20 h~'Mpe 54883 10976 018 h l'kpe  5.19 x 10° Mg 1.04 x 10° Mgz 300 2.0 x 1075 0.090

114 h~'Mpe  3072% 6144  186h 'kpe 547 x105Mg 109 x 108Mg 300 1.2x1075 0.074

425 h—'Mpe AR 109763  3.87 h—'kpe 5.27 x 107 Mg, 1.05 x 109 Mg, 300 9.5x10°6 0137

1000 h—'Mpe  3456% 69122 1447 h—'kpe 2.8 x 10 Mg 550 x 101 Mg 150 4.6 x 1001 0.011

3200 h—'Mpe  4000% 8000  40.00 h—'kpe 5.8 x 1010 Mg 1.16 x 1012 M5 120 45x107% 339 x 106
6000 h—'Mpe  6000% 12000  50.00 h—'kpe 1.07 x 10'' Mg 214 x 102 Mg 100 2.8 x 1077




Halo Mass functlon through
the cosmic ages

(Watson et al, in prep.)

F —— 6Qpc/hz = 0,1

F —— 3.2Gpc/h z = 0,1,3

E —— 1Gpc/hz = 0,1,3,6,8

E —— 425Mpc/h z = 3,6,8,10

= 114Mpec/h z = 6,8,10,15

F 20Mpc/h z = 8,10

. —— 11.4Mpc/h z = 8,10,15,20,26

FOF: universal shape | SO: redshift- and Omega-dependent



-~ Effect of FOF linking length

(Watson et al., in prep.)

-

_Linking length (ll) is a
‘parameter used for

defining FOF halos.

Typically a fixed value
of [1=0.2 is used.

At higher-z this is not
appropriate value and
among other issues

results in over-linking.

Shorter Il produces
more sensible results.



' Halo
~mass
function
fit:
CPMSO

(WatSon et

al., in pre_p:—. )

0 05 1 0 05 1 0 05 1 0 05 1
In(o—1)




Halo
‘mass-
function
fit: AHF

(Watson et

-+
. —
—
~—
o]
-+
o]
A

al., in prep.).

F —— 20, 11.4Mpc/h
- —}— 26, 11.4Mpc/h




‘How rare are halos?

WMAPS
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Density fluctuations: power /

(lliev et al., in prep.)

607 Mpc, 54883

log,,(k) [h/Mpc]




DenS|ty fluctuatlons power

lliev et al., In prep.

)‘

z=8.064

20/h Mpc, 54883
114/h Mpc, 30723
425/h Mpc, 54883
6/h Gpc, 60003

log,,(k) [h/Mpc]




The high-z halo bias
, (lliev et al., In prep.)
~Halos at high-z are
strongly clustered.

»Bias increases fast with 607 Mpc, 54883

halo mass and can reach 28.6 Mpc, 54883
163 Mpc, 30723

a thousands 1n the
nonlinear regime.
»Scale at which bias
becomes linear‘va'ries
significantly with halo
mass.

»Simulations with
different resolutions
agree farly well in the

overlapping mass ranges.



_The high-z halo bias:
~ extreme objects

(lllev et al., in prep.)

{ ~750 MW +-size
2=8, 6 Gpe/h, 6000° objects resolved at

by, 2.1x102M <M,  <2.1x10'3M,
Z=8

d Those extreme
objects, located at
the highest density
peaks are very
highly clustered at
these redshifts



z=0 halo bias

»Halos at z=0 are much
less clustered.

»Scale at which bias
becomes linear varies
significantly with halo
mass.

>Smallest halos (below
M, ~5e12) are anti-biased

(b<1), as expected.

(lliev et al, in prep.)

z=0, 1 Gpc/h, 34563
5x1010M, <M,  <5x101M,

halo

5x 1011M <M, , <5x1012M,
e DX 101Mo <My, <5x101M,, /
5% 1018Mg<M,,,,<5x 101Mg,” /

/)
////

/




e

rge-scale reioniz

E5 -

__ ation




'-Larg@-scale :

"St’ructure of i‘;# i f .

e '-Relf)mzatlon E o

q 'FN'&;. .if'
_‘.(Ihev et al in prep ) ﬂ‘“{* w 1

425 Mpc/hf
504’ RT




- LOFAR resolution

(lliev et al, in prep.)

0T (mK) at z=7.48 OT (mK) at z=7.48 (37, 0.5 MHz)

— —_
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‘Reionization history: how_big
~ volume is big enough?

(lliev et al, in prep.)

425 Mpc/h
212.5 Mpc/h subvolume




-Relomzatlon history: how olfe
volume IS big enough7

(lliev et al, in prep.)

425 Mpc/h
%, 106 Mpc/h subvolumes




‘Reionization history: how_big
~ volume is big enough?

(lliev et al, in prep.)

425 Mpc/h
% 53 Mpc/h subvolumes




Ioni'za'tion
history
stages

(lliev et al, in prep.)
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lonization IR
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‘lonization
history
stages

(lliev et al, in prep.)
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‘HIl region sizes: FOF
(lliev et al, in prep.) .

Same volume in regions with V<< V

Many more large Hll regions in the Iarger box

logo(V) [Mpc?]

Early ‘ Middle Late



- HIll region sizes: Spherical Average |
; (Iliev et al, in prep.) '

Same volume in regions with V<<V _

Again many more Iarge HIl regions in the larger box

/

x,=0.3 x,=0.5 x,,=0.7
425 Mpc/h 425 Mpec/h 425 Mpc/h
114 Mpe/h 114 Mpe/h 114 Mpc/h

] 0 -1 0 1
log,,(R) [Mpc] log,,(R) [Mpc]

Early ‘ Middle Late



_l_21-*cm power spectra: early

-

(lliev et al, in prep.)

x_=0.20
425 Mpc/h
114 Mpc/h

-1 0
log,,(k) [h/Mpc]




R 1-cm power spectra: middle

‘& | (Iliev et al, in prep.)

—

log,o(A%,.m) [MK?]

X,=0.5

425 Mpc/h
114 Mpc/h




21-cm power spectra: late

-

(lliev et al, in prep.)

x,=0.77
425 Mpec/h

114 Mpc/h

-1 0
log,,(k) [h/Mpc]




21-cm fluctuations: rms and skewness

(lliev et al, in prep.)

LOFAR, Gaussian beam
0=3", Av=440 kHz

|
E
| F—
o
o
T
[V sl
—
O
Y

skewness [mK]




2 1'Cm nOn'gaUSSianity(lliev et al, in prep.)

Evolution of skewness & kurtosis of 07},

—— skewness
—— kurtosis




RMS convergénce with box size

425 Mpc/h

212.5 Mpc/h subvolumes
7 Av,,,=440 kHz
f ? AG =3’

beam

150 100
Ve [MHZ]




RMS convergénce with box size

425 Mpc/h

106 Mpc/h subvolumes
Av,, =440 kHz

AO '

150 100
Vs |IMHZ]




RMS convergénce with box size

425 Mpc/h

53 Mpc/h subvolumes
. Av_, =440 kHz
i A

=3’

beam




Skewness and kurtosis

(lliev et al, in prep.)

425 Mpc/h
212.5 Mpc/h subvolumes 425 Mpc/h
Av . =440 kHz 212.5 Mpc/h subv.
ABL =3 Av,,,=440 kHz
A8 =3’

beam
beam

[AN]
(@]

o 0
o 7]
g S
2 5
kv

[7] 4

53 Mpc/h subvolumes 425 Mpc/h

Av . = ; 53 Mpc/h subv.
Vops—440 kHz i

AD,.. =3’ || Av,,,=440 kHz
beam AG —3

beam

(6T8)/2 [mK]
kurtosis




‘Redshift-space distortions in the

- nonlinear regime (Mao et al, in prep.)

>'In the linear regime the redshifted 21-cm power
spectrum can be written as:

Lm“:\ z } — _P (] [,IL Z P#.. JF ]‘[ii ‘|‘FI#““:"F'L1 :h“l-%:

,Astrophysics CoSmoIogy

> This assumes that density, velocity and
lonization fields are linear. However, that is
generally justified only for the velocity and (at
large scales) for density field.

> Q: What are the limits of applicability of this
approximation?



_Redshift-space distortions in the

nonlinear regime (Mao et al, in prep.)

™) - 0.2 1 E 0.2 1 1 0.2 1
Y Foz 1 [0.2 1 [0.2 1 k0.2 1
~x, = 0.50, z = 7.48 {}Ex' = 0.68, z = 7.139 Ex, = 0.78, z = 6.98] Ex, = 0.92, z = 6.757
10 él-f-l :%
- - 15
1 3 1:?
- : HH 2
I o E E [ 1 !
0‘1 1 L 1L 11111 ml | L1 1111 Lol 11 1ill
E 1 il Iog L1 Illl 1 1 IO.IEI L1 !.I E 1 il 1 {}Izl L1 I1I E_ 1 IG'IBI 1 I}I

0.2 1 0.2 1 0.2 1 0.2 1
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- Contribution of the First Stars to

- pe reionization
2T e (Ahn et al, 2012)
> New method for includi ng i g

the formation, contribution
and suppression of the
First Stars in radiative
transfer simulations.

> Lyman-Werner bands -
radiative‘transfer added.

—— gl.7-8.7S_M300.J0.1, 2,,=6.7
—— £1.7.8.7S (no minihalo), z,,~6.7

> Reionization starts much
earlier (z~40), is extended LA e
in time and its morphology & , R —
changes significantly. o

(A) §

With First Stars = No First Stars



Observmg First Stars with Planck
;_' o (Ahn et al., 2012)

The effect of First Planck 2-year
Stars is to both

INCrease L and

introduce features in
the CMB polarization

data at Iarge Scales —— gB.7_130S_M300.J0.05, = 7=0.0924, z,,=8.3
oo : 3 ——g1.7.8.7S_M300_J0.1, 7=0.0851, 2,,=6.7

g 8.7_130S (no minihalo), 7=0.0831, z.,=8.3

(due to the different [Ty R

reionization history)

Effect should be
detectable with
Planck




, Ob S o rV| N g - Planck 2-year with z, <7 prior
~First Stars il [ @
(Ahn et al., 2012) E@ @ ; /\

Principal

| | |
012 -0.08 -0.04 o 12 -0.08 -0.04 o oo4 oo Q0 [ 02
My my

component analysis
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confidence level
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Summary
- Structure formation at high-z is quite different from later times

o different halo mass function, higher halo clustering.

FOF halo‘mass function has universal shape for fixed linking
length, at all scales and redshifts. .

Spherical overdensity mass functions afe redshift- and Omega- .
dependent. |

Very long wavelength d‘efnsit'y fluctuations increase reionization
patchiness and 21-cm signal appreciably.

Reionization Hi_story and patchiness converge at scales above
100 Mpc/h, but vary significantly for smaller volumes, even if
they are at mean density.

u-decomposition approximation is valid only during the early
stages of reionization.

Effects of the First Stars should be directly detectable with
Planck - first direct observation of the Cosmic Dawn?
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