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lonization of He 11 is the second major step in reionization.
He II reionization: Quasars at 2 < z < 4

Observations of He 11 Ly« forest using HST-COS [Worseck+-2014,2019]

Uncertainity in He 11 reionization affects inferences of cosmological
parameters from large scale surveys like eBOSS, DESI, WEAVE, SKA etc.




Observations
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e Opacity of He 1I increases with redshift as seen in absorption features



He 11 Lya Forest at z > 3
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e Example of He 11 Ly« forest spectra from Makan-+2020
e Total of 24 He 11 Ly« forest Spectra are used in the analysis.
e Non-zero flux: Detection of transmission spikes

e Can we use this information to constrain nature of Hell reionization?



Patchy He 11 Reionization

[Worseck+2019,Gaikwad+2019]

[— Observation +++ NE-KS19-2.0 (Mean from all Mock)  — NE-KS19-2.0 (Scatter in Mock) |
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Observations show large scatter in
Teff Hell

More Opaque sightlines = Large
Teff Hell

More transperent sightlines =
Small Teff ,Hell

Uniform UVB model does not
match observed 7eg merr CDF



Patchy He 11 Reionization

[Worseck+2019,Gaikwad+2019]

[— observation ++ NE-KS19-2.0 (Mean from all Mock)

— NEKS192.0 (Scatter in Mock) ]
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Observations show large scatter in
Teff,Hell

More Opaque sightlines = Large
Teff Hell

More transperent sightlines =
Small Teff ,Hell

Uniform UVB model does not
match observed 7eg merr CDF

Scatter in Te merr in uniform UVB
model is mainly due to
fluctutations in cosmic density
field.

Patchy reionization = Fluctuations
in ionizing radiation field 6



Patchy He 11 Reionization

[Worseck+2019,Gaikwad+2019]

[— Observation +++ NE-KS19-2.0 (Mean from all Mock)  — NE-KS19-2.0 (Scatter in Mock) |
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How to simulate patchy
reionization?

Radiative transfer simulations
Computationally expensive, not suitable

for parameter exploration

Semi numerical simulations:
Less accurate but efficient for parameter

exploration

Patchy Reionization = Fluctuating
mean free path model [Davies+2015]



Simulations




Patchy Reionization using EX-CITE [Davies+2015]

e Photo-ionization rate fluctuations
depend on mean free path along

2 sightline to sources
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e EX-CITE solves coupled equations
using Octree method.
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Effect of Iyer and A, merr on Lya forest
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e Variation in [gerr affects the overall flux level

e Variation in Ay merr affects location of transmission spikes

Igerr Variation

>\mfp.Hc11 Variation



Effect of Iyer and A, merr on Lya forest

L ol P (T13)=0.003  woin

—— (I')=0.010

==t (i) = 1.6

— (Nup.men) =39.8

E e ey

L160N2048

0.8

0.2]

0.0f-=

‘Ur{L160N2048

Teff
INgerr Variation

Teff

Amfp,Hell Variation

Variation in 'gerr affects median of the 7og perr distribution

e Variation in Ay Herr affects scatter of the Teg gerr distribution

e Statistics : Two Sample Anderson-Darling Test

Using these properties, we constrain ['ger1 —Amfp,Hert Simultaneously
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Results




Measurement of [y and A\ et from 7o et CDF
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Parameter Evolution

w Haardt+2012 —— Faucher-Giguere+2020  #mm Khaire+2019 Makan+2022
----- Puchwein+2019 —— Onorbe+2017 Worseck+2019 %  This Work (Fluctuating MFP-UVB)
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Modeling and observational uncertainties are accounted for in the final
measurements of Ngerr and Amfp Hell-

Larger uncertainty in [gerr is due to finite Amp Hell-

First measurements of the A ¢y Herr from observations

Previous neutral fractions constraints were from uniform UVB models.

et and Amgp merr favors late and rapid He 1I reionization scenario. .



Emissivity Evolution
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e Absorption Limited Approximation

z

e Constraints on Emissivity and Photon Emission Rate for He 11

e Good agreement with Galaxy and QSO surveys
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Coherent Picture
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Summary

Age of the Universe in Gyr
2.2 2.1 2.0

He 11 Lya forest at 2 < z < 4

Patchy He 11 reionization Simulations

Constraints on INger1, Amfp,Hell, fHell,

€228 and Nperr at 2 < z < 4

Complementary to and Consistent with
thermal parameter (T — ) evolution

from H I Ly« forest

All parameter evolution favors late
He 11 reionization models.
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