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Overview
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Observations constraining reionization
Modeling reionization
Inferring the ionization history

Implications for 21 cm experiments

Given current observations
what bounds can we place
on the reionization history!?




Bayesian Inference

Use data {D} to constrain parameters {w} of model {M}

Use model+parameters to infer ionization history

Use inferred ionization history to make predictions
for 21 cm experiments




Observational Constraints

CMB

Lyman alpha forest

GM temperature

GM metallicity
Galaxy counts

LAE clustering

GRB

2| cm experiments




Observations

CMB

Lyman alpha
forest

Relatively well understood measurements




CMB optical depth
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Lyman alpha forest

Teff = —10g[<F>(Z)],
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Connecting Lya forest to CMB

|. Convert mean transmittance to ionizing background
2. Connect ionizing background to sources
3. Use source prescription to calculate ionization history

4. Use ionization history to calculate CMB optical depth

Tef — I'_19 = Nijop — Qi < TcMB

Use Lya forest to constrain
evolution of sources




Fluctuating Gunn-Peterson approximation

Teff — 112

— Nion

Effective optical depth Teff = — 1Og[<F> (Z)],

Mean Transmittance <F> (Z) — / dA P(AE Z) eXp(—T).
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Relating Gamma to sources 7o —[[—12 — Nion
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Source Properties of
spectrum absorbing systems

Source spectrum: hard or soft?

Distribution of absorbing systems processes
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radiation from sources f(T) T Misawar+ 2007
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Mean free path from spacing between LLS ALLs = (112 ( P > 1994

Many uncertainties arising from poorly
constrained IGM properties at z24




Constraints

on Nion
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lonization history

Filling fraction dQun Nion 5
> — _ 0)(1 1.
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regions

Source
emissivity

Clumping

_ . Miralde-Escude+ 2000
Before overlap Aj set by bubble size Furlanetto & Oh 2005




Model properties
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Parametrizations of Ndot

Need to explore different parametrizations of Nion
..try two

via source ; dfeon(z
emissivity Nion(2) = ¢(2)na (0) dt( )

() = o + & ;CO) [tanh (z;j‘)) + 1}

Nion = NoAion|14+ Ni1(z—20)+ Na2(z — Zo)2 + N3(z — 20)3]

Directly
X O(z — Zmax), (D)

If very different parametrizations give same
physical predictions may be robust




Zeta model
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Nion model

Nion = NoAion|[14+ Ni1(z—20) + Na2(z — Zo)2 + N3(z — 20)3]

X O(2 — Zmax),

()

llllllllllllllllllllll T

20

model parameters

T T T T T T T | T T T T | T T T T
i LyatWMAPS |
- Lya(no z=6)+W5;
I LyatWMAP3 ]
— Lya+Planck
— l T T l T T T T l T T T T l T T T T |
—l | | | | | 1 1 1 1 1 | | 1 | 1 | ]
5 10 15 20 25

best fitting history




zeta Ndot
L L L - I LA R I S B B L B B | — ]
~10 | ,— ~ ~10F _ ]
5 ~ z=8 i \bi.. i 7=8 i
A C 1~ i i
L . \_L g i
O : T |9| [T T LI L : O cr 1 T 1 T T T LA N B D S B R B T ]
~10 - 27 1 ~10 [ Z79 -
D-' : /’—\\ : D-. :
L _— - - 1 -
0 L L | — ’| L R A 0 -—ﬁ— D T T
—~ = [ 1 .1 z=10
il 1 ®er
o C 1 A I
- N [ S WIV\j\/—”/\/¢“A
0 i T T T T T T | 0 T T ] T T 17l T T ] T T T T
—~ = [ J ~ z=11
Zor 1 %o
(ol : : (a8 /,\r"\v\/\'\
0 [ P T Al ] 0 — X -’\-’;’1;.“5—-*
0 0.2 04 0.6 0.8 1 0 02 0.4 0.6 0.8

Distribution of X;

p(s| M) = / dw p(w| D, M)8ls(w|M) — 4

X

Marginalise over the

1
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lonization history

Contours from cumulative
probability distribution
(not | & 2 sigma errors
and not best fit)

More restrictive
parametrization gives tighter
bounds on allowed histories




P(x,>0.95)
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* Universe mostly ionized by z=8
* Mid-point of reionization typically occurs around z=9-1 |
* Polynomial more flexible, so larger spread in distribution

©c o <9 O
VI U > SN«

- O

c o o ©
AV} s~ (&)} (00]
mlllllllllllllllllllllIII|III|III|III|III|I

o

x;i=0.5

midpoi

nt

N
()]
=t —
[«5)

lllllllllllllllllllllIII|III|III|III|III|I

14 16

—_
@

Lya+WMAPS
Lya(no z=6)+W5
Lya+VWMAP3
Lya+Planck




Mapping xi to 21 cm fluctuations

L; — an; — TbQPTb

Use FZH04 bubble model to map x; to amplitude of 21 cm fluctuations

14 2 1/2
Assume Ts saturated so that 1y ~ 27xm1 ( 10 ) mK.

(probably not good at z> 10, but
very uncertain)
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(not | & 2 sigma errors
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Sky temperature taken to be
Tuey ~ 180(v/180MHz) *° K.

MWA sensitivity curve
assumes 2000 hrs on two
fields. Collecting area
capped at z=8.




What do you gain!?

Add 21 cm data point
xi(z=9)=0.5%£0.05

Tightens distributions
significantly

Zeta ndot

dotted=Lya+CMB
solid=Lya+CMB+21cm
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P(7)

Measure tau?

Can imagine measuring CMB optical depth with 21 cm experiments
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constrain tau at interesting level




Global Ty experiments

Same exercise leads to
distribution of dxi/dz

Potentially useful for

guiding global experiments
e.g. EDGES

Bowman+ 2008

Mapping to sensitivity
not totally straightforward




Caveats

lgnored covariances between data sets and
cosmological parameters

lgnored spin temperature variation (but may well
be important at these redshifts)

Lya forest model approximate

Could include more data: high-z galaxies, DLA, IGM
temperature, etc.




Conclusions

Despite uncertainties interesting to take analytical
reionization models and perform inference
exercise - Quantify our ignorance

Two different parametrizations agree that

® Reionization likely complete by z=8

® Mid point of reionization probably in range z=9-11

Adding 21 cm measurements will improve things

Framework easily extended to include other
observations




