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Reionization Overview:
Latest predictions, constraints, & prospects
Jordan Mirocha (McGill) ‘
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Modeling the Epoch of Relonization

We often think of reionization in the following, highly-idealized, one-zone model:

QH 1 X p*Nionfesc — H 111le
N e N’

sources sinks

Each quantity here is potentially very complicated to model and/or infer:

P star formation rate density: encodes stellar feedback physics, though averaged over galaxy population
NiOIl # of ionizing photons produced per stellar baryon: encodes stellar atmospheres, IMF, metallicity, binarity

fesc escape fraction: encodes topology of interstellar medium, possibly circumgalactic medium
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Modeling the Epoch of Reionization

We often think of reionization in the fc % (Bouwens+ (2015)]
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Modeling the Epoch of Relonization

We often think of reionization in the following, highly-idealized, one-zone model:

QH 1 X p*Nionfesc — H 111le
N e N’

sources sinks

Each quantity here is potentially very complicated to model and/or infer:
P star formation rate density: encodes stellar feedback physics, though averaged over galaxy population

NiOIl # of ionizing photons produced per stellar baryon: encodes stellar atmospheres, IMF, metallicity, binarity

fesc escape fraction: encodes topology of interstellar medium, possibly circumgalactic medium

Results are model dependent!
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Poplll stars?
Multi-Probe Prospects
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Efficient Poplll star formation drives early reionization, global 21-cm signal, and comprises|~30% of high-z NIRB.
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Constraining Pop-Ill reionization

at z>15 using the low-ell CMB

(not promising)

Xiaohan Wu (Harvard CfA)




Reionization with Pop-lli

* Calculating the reionization history with the simplest Pop-Illl model:

/\ Lyman-Werner photons form a

Pop-lll star formation in background and photo-dissociate H2
10° — 10° M, halos at z=20-30 — increased minimum halo mass

with a star formation efficiency (M_;) for Pop-lll star formation

&_/ (e.g. Machacek+01)

Free parameter: Free parameter:
Star formation efficiency l Strength of LW feedback
6 values from 0.0001 to 0.03 e.g. fiducial and strong LW
How many ionizing photons emitted
by Pop-lll stars
(+ state-of-the-art Pop-Il model)

|
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Summary of results

* The requirement to satisfy low total tau and endpoint of reionization
already *ruled out most of the Pop-Ill parameter space* (high z structure
formation + LW feedback -> hard to get very extended reionization)

* Future CMB surveys is unlikely to help constrain Pop-Ill models
Pop-Illl models get distinguishable from Pop-ll-only
when tau(z>15) > 0.008

fiducial model

Pop-Ill SFE
| =0.0001, 0.0003, ..., 0.03
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-‘ PHYSICALMUDELLING OF
PATCHY REIONIZATION-

CMB-54 summer meeting , August 12th 2021
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Paul, Mukherjee, Choudhury,
MNRAS 500 (2020) 1,
232-246
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I Planck + SPT
Il Planck + ACTPol/SO-g
Il LiteBIRD + S4
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Mukherjee, Paul, Choudhury, MNRAS 486 (2019) 2, 2042-2049

Exact solution

with Limber

-
10 ===
il -
% 1076 et -
3 Les® " L === Analytical for My, = 108M,
% 10—7 PT LI ::::::-:2::—— Simulation for M, = 108M,
Q ...--":: --::::;::::“' ===+ Analytical for M, = 109M,,
108 ..:;“::;-:---' — = Simulation for M, = 10°M,
Lo-oksimiaass «+++ Analytical for M, = 101Mo
- = = Simulation for M,,;, = 101°M,,
1010 - Analytical for M, = 1011M
= = Simulation for M,,;, = 1011M,
10-1
10! 102

See also: Roy et al. (2021)
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Constraining reionization with the CMB optical depth fluctuation
- Compton-y cross-correlation

Toshiya Namikawa
(Cambridge -> Kavli IPMU)

with A. Roy, B. Sherwin, N. Battaglia, D. N. Spergel

2021-08-12 @ CMB-S4 collaboration meeting
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Direction-dependent CMB optical depth

(Robertson et al. 2010)

+ (Isotropic) CMB optical depth, 7, is often used for cosmological parameter constraints

* However, 7 could be anisotropic (originated from fluctuations of n,)
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Thermal Sunyaev Zel'dovich (SZ2) effect

(Robertson et al. 2010)
+ CMB photons are scattered to higher energies by hot electron gas and the black body spectrum is shifted

wavelength (mm)
5 2 1

sg. T .- The temperature change is characterized by
—~ AT,(n)
7, 200 — = g(Wy(n)
a Tcms

o
(=]

where the Compton y-parameter is defined as

ksT, (D)
V= ]Wne(l)@c dl

e

Intensity (MJy
2

N
=]

(integrated electron pressure)

A
20 60 100 0

200 50
frequency ?GHZ)

y is generated at both late-time and reionization
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Measurement of optical-depth power spectrum ¢;”

Planck 2015 data

20

15 -

10 -

0.5 1

L:c”rn
[=]
(=]
»

]
]
>
[]
[]
]
18
[]
1
[]
]
]
]
® ]
]
]
.I
]
]
]
[]
]
[]
[]
[]
[]
]
]
]
]
]
1
]
)

250 500 750 1000 1250 1500 1750 2000
L

Extracting &t alone, the measured spectrum becomes consistent with null

(Namikawa et al. 2021)
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Forecast

Future CMB experiments can improve the signal-to-noise by 2-3 orders of magnitudes,
and provide much better constraints on reionization parameters
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R: Mean bubble size

onr- bubble size distribution

T,,: temperature of ionization bubbles TN Slide
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Cross-correlating Patchy kSZ
with other Probes of Reionization

Paul La Plante, UC Berkeley
CMB-S4 Summer Meeting
August 12, 2021

In collaboration with: Adam Lidz (Penn), Jackson Sipple (Penn)




Reionization

b , .4._
t'm—-- e A .
T BT PlaaNEV A« ..
EEL Sl .\ J & .-_
AT AN NN VAN T
S TGANTAYSENEEN L . W -

vt g ‘ ] ksz Soni
/%/ }Z_‘ S ES

Galames

-

NASA/AAS
Ionlzed regions

PLP Slide



Galaxies, 7.5 < z < 8.5
) - 3
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kSZ2 X 21 cIm Removing the 21-cm foreground

Depends on 21cm window function

may remove the signals

kSZ2—21cm cross correlation
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kSZ2 x galaxies

Also depends on window function

kSZ?-galaxy cross correlation
Te

kSZ2-galaxy cross-correlation, z, = 0.20 0.94 0.44 0.10 0.02 0.00

8.58 < z < 8.62

e 850 < z < 8.70
b= 840 <z <880
8.10 < z < 9.10

b= 7.60 <2z <9.60
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Big detection with CMB-S4!

» Big boost from better noise
profile

e Caveats:
* Does not include low-z kSZ

* Noise might increase with
“real-world” component
separation

» Want to understand
significance while changing
reionization history
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Line Intensity Mapping at Reionization

Patrick C. Breysse (NYU)

CMB-S4 2021 Summer Collaboration Meeting




Line Intensity Mapping

Faint Galaxies Line Emission
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Galaxy surveys give detailed properties of
brightest galaxies

Intensity maps give statistical properties of
all galaxies
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CO Intensity Mapping

Carbon Monoxide Mapping
Array Project (COMAP) [

* Currently mapping CO at z~3

* Partially funded extension to
z~7 upcoming

* Maps molecular gas, star
formation
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Cll Intensity Mapping

CONCERTO, TIME, and
FYST

* All targeting Cll 158 um at
Z~7

* Widely different
spectrograph technologies

* Brighter than CO, but has
several foreground lines
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Lyman-a Intensity Mapping

SPHEREXx midEx Mission

* IR spectrum at every point on
the sky, deep fields at poles
well-suited for LIM

» Accesses several different
lines, inc. EoR-era Ly«
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Modeling Limitations

Huge need for theory/modeling effort to understand cross-
experiment synergies!

~ 1100
u : Z Dark Ages,
« Example- Dark ages lensing 3 2 g

Cosmic Dawn,

Wlth LIMxCMB 4 - Reionization

CMB z=1100
* Maniyar+ 2021, arXiv:2106.09005

* What other synergies are there? | .
* CIB? kSZ? 21.cm? 777 o o AR
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First Upper Limits from HERA
on the 21 cm Power Spectrum

Josh Dillon
UC Berkeley
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Working outside the foreground-dominated
region, we get our power spectrum upper limit.
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HERA Collaboration (2021)
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Our first (and world-leading!) limit with just
18 nights and a very conservative analysis.

21 cm Power Spectrum Limits for 0.05 <k < 0.6 h Mpc~!

e

20 22 24
Redshift

HERA Collaboration (2021)
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GMRT (Paciga+2013)
MWA (Dillon+2014)
MWA (Dillon+2015)
MWA (Beardsley+2016)
MWA (Ewall-Wice, Dillon+2016)
MWA (Li+2019)

MWA (Barry+2019)
MWA (Trott+2020)
LOFAR (Patil+2017)
LOFAR (Gehlot+2018)
LOFAR (Mertens+2020)
LOFAR (Gehlot+2020)
PAPER (Kolopanis+2019)

- Mesinger+2016 (k= 0.05)
+ Mesinger+2016 (k=0.2)

Mesinger+2016 (k = 0.5)
HERA (HERA+2021)
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We can already largely rule out an
IGM unheated by X-rays at z=7.9,
though this is not at all surprising.

0T91 em X (1 + (5) [1 — T(EFMB] THT

S

Ruled Out at 68% Confidence
I SR e -0 Adiabatically

Ruled Out at 25% Confidence cooled IGM

02 04 06 08
Neutral Fraction

PRELIMINARY! HERA Collaboration (in prep.)
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We’'ll have way more sensitivity with a full
season (~100 nights) and the full array, and
should easily rule EDGES in or out.

Observed Frequency (MHz)
200 150 125 100

Fiducial Heating

Scenario

Radio Background
to explain EDGES

50 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0

Redshift
Figure: Aaron Ewall-Wice
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Liv et al. (2016)
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Discussion

e How will CMB f, affect the cross-correlation with external tracer?
o Roman Space Telescope covers 5% of the sky
o Hard to predict for intensity mapping since there is so little known about
the signal
e Coordinates between experiments and modeling
o Including realistic prediction of instrument modeling and noise
o Astrophysical modeling is generally difficult, including galaxy modeling
and intensity mapping modeling

e Session note link


https://docs.google.com/document/d/1pG1MBKci6YU32-BmOahDYoKfFxXi28EOuQjjX1AQswA/edit

We thank all the speakers who
contributed to the session!

Jordan Mirocha, Suvodip Mukherjee, Xiaohan Wu, Patrick Breysse,
Paul La Plante, Toshiya Namikawa, and Josh Dillon
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