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Reionization

High z

f, (1077 erg s7' ecm™2 &71)

Low z

J103027.104+052455.0 (z=6.28)

- R.M. Becker etal. 2001 (Sloan Digital Sky Survey)
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Z~ 1000 - 1100:

Photons cfecou]oﬁe from electrons.
Flectrons combine with protons, CMB formec{.
%ar@ ﬁATy ionized > Cl\fear[y ﬂﬁy neutral.

zZ~ 20 -30:

‘First stars form: very massive, very hot: ‘Many ionizing Joﬁowns.
Z~ 10 -20:

Cﬁoy. 11 stars, ear(y ga(axies, Qzlg‘]\f. Tonized bubbles are formecf.

‘Universe is Joam’a[fy reionized.

Z~ 06 -10:;
Jonized bubbles coalesce. Universe is near[_y ﬁd@ fonized.



Effect on the CMB




Effect on the CMB
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Optical depth:
T = [dlne(l) or

oL (obs) = %X (em) e 7 CIT o A e 2

CMB TT spectrum damped by exp (-21)



What if reionization was patchy ?

Large T

°2(n) o< exp —71(n)

Patchy 71 is scale dependent.



What if reionization was patchy ?

Bubble sizeatz=6 ~ 8 ‘M}oc.

Comoving distance to z=6 ~ 8000 ?\/ljoc.

[ ~ 3000
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CMB spectra -
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Primary CMB

Tems = 0.01

IR + Radio

tSZ + kSZ

CMB Lensing
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Maximum likelihood analysis with WMAP + ACT

{Trm87 AS? Ng, ha th27 Qth}

J. Lesgourgues 2011

CMB Boltzmann code CLASS



Maximum likelihood analysis with WMAP + ACT
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Trms < 0.029 at 95% C.L.



Can we do better with Planck (2013) ?

Lamarre et al 2011

’j;ﬁy’\“65'7o%

For the 143 GHz channel:
12 bolometers
“Noise = 62 (1K s¥> per bolometer 9501’ Stokes ‘l)

=52 UK s/ per array.

Great, but:
Beam FWHM = 7 arc minutes.

Beam elf%zcts important for [ > 2 87,1n2 [ > 1200



Can we do better with Planck (2013) ?

unfortunately not.
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Can ACTPol (2014) do better ?

“Niemack et al 2010

ji;gyfv 10 %

For the 150 GHz channel:
Noise = 6 (LK V> per array.

most imjoormnt[y,

Beam FWHM = 1.4 arc minutes !

Beam aﬁécts important for [ > > 87,1n2 [ > 5800




Can ACTPol (2014) do better ?
Yes !
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Maximum likelihood analysis with
WMAP + ACTPol (simulated)
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Trms < 0.015 at 95% C.L. Wlth WMAP -

- ACTPol

Trms < 0.029 at 95% C.L. with WMAP -

-ACT



Can we constrain patchy trms < 0.005 ?

Yes, with the 1-point function.

The patchy tau map has power on very small scales | > 2000.
In contrast, the primary CMB has power on large scales | < 500.

The observed map is %T(ﬁ) x e~ T(M)

Band pass filter the CMB map into 2 regions: Small scale map
Large scale map



Can we constrain patchy trms < 0.005 ?

Yes, with the 1-point function.

The patchy tau map has power on very small scales | > 2000.

In contrast, the primary CMB has power on large scales | < 500.




1. Choose a scale lpoundary-

- )

O Iboundary 3000

2. Use Healpix (Gorski et al.) to prepare CMB maps
W|'|'h SCales I < Iboundary Gnd l > Iboundary,

3. Square the maps: f =T° — <T2>

<flow fhigh>

4. Compute the cross correlation: T =
P () > Fiign) 72

5. Expect r = 0 for the primary CMB.
r #0 when patchy 7 is present.



Cross correlation for trms = 0.005
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Possible contaminants:

CMB Lensing.

Simulated CMB maps
using ﬂ-[eaﬁoi;c

Sunyaev-Zeldovich terms (t and k).

Infrared and radio background.



Conclusions:

1. The Universe is reionized between 6 < z < 20. Ionized bubbles
form around luminous sources, resulting in patchy reionization.

2. CMB photons are Thomson scattered by free electrons. The
optical depth is different along different lines of sight. This
introduces anisotropies on the scale of the ionized bubbles.

3. Current data excludes very patchy scenarios Trms > 0.03.

4. With future data sets (ACTPol, SPTPol), and better modeling of

the secondaries, one can detect small patchiness Trms < 0.005.



