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CMB (z ~ 1100), Epoch of Reionization: Two step process

H1(13.6 eV) and He 1 (24.6 V) : z ~ 6, early type of stars and galaxies
He 11 (54.4 V) : z ~ 3, mainly QSOs

Effect of thermal and ionization state during He 1I reionization?

Epoch of He 11 reionization is observationally more accessible through H 1
Lya forest (optical)

Some questions about EoR.
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e What are the sources?



Epoch of Reionization

e What are the sources?
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e Spectral Energy Distribution (SED) : £L(L,v) dv



Epoch of Reionization

e What are the sources?

e Galaxies and/or QSOs
e Spectral Energy Distribution (SED) : £L(L,v) dv

v (Hz) ) v (Hz)
. 101 101 1015 1016 107 o 101 10M 1015 1016 1017
! [Aseef +2009) ! (Shang + 2011] ]
102 4
o : E)
N ' ]
= : 1 %
L : 1 &
g8 B ©
S0 H 4 510 \
. H i =2 :
) H 1 5 :
g H 1 = |
4 1 % H2
B
10° E i
E i3
] L
Galaxy SED 4 QSO SED |
1 o H=)
10" L L L , 107 L L L e ;
102 107! 10° 10! 10° 102 107 10° 10! 10? 10° 4

E(eV) E(eV)



Epoch of Reionization

e What are the sources?

e Galaxies and/or QSOs
e Spectral Energy Distribution (SED) : £L(L,v) dv

e How many of them are present?
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Epoch of Reionization

e What are the sources?
e Galaxies and/or QSOs
e Spectral Energy Distribution (SED) : £L(L,v) dv
e How many of them are present?
e Luminosity Function : ®(L,z) dL
v(i17) V(i)
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Epoch of Reionization

e What: Spectral Energy Distribution (SED) : £(L,v) dv
e How many: Luminosity Function : ®(L,z) dL

e Emissivity:

LlI]aX
e(l/,z):/ L(Lv) &(Lz) dL
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Epoch of Reionization

e H 1 emissivity (912 A)

e Galaxies: High at z > 5 due to SED and population

e QSOs: Small at z > 5 due to decrease in their population
e He 11 emissivity (228 A)

e Galaxies: Small 2 < z < 4 due to SED
e QSOs: High at 2 < z < 4 due to SED and population
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Epoch of Reionization

e Emissivity: Total number of ionizing photons produced
e How many of these photons escaped in to IGM?

e Galaxies: f.s. Uncertain
e QSOs: fee ~0.8—1.0

e How do photons ionize IGM? =- Radiative Transfer
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Radiative Hydrodynamics
3D Radiative
Transfer

e Specific Intensity: 1,(x,y, z,0,,t)
e Radiative Transfer Equation : Absorption, Emission, Scattering

dl,

. = _II/ v '1/
ds & +J



Radiative Hydrodynamics
Photoionization
3D Radiative
Transfer

Ionization
Evolution

e Photoionization of He 11 = He 111
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e Photoionization of He 11 = He 111

e Large ionization fraction = larger mean free path
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e Photoionization of He 11 = He 111
e Large ionization fraction = larger mean free path

e Excess energy of ionizing photons carried away by electrons



Radiative Hydrodynamics
Photoionization
3D Radiative
> Transfer
Photoheating

Ionization > | Thermal
Evolution | < Evolution

Recombination

Mean Free Path

Photoionization of He 11 = He 111

e Large ionization fraction = larger mean free path

e Excess energy of ionizing photons carried away by electrons

Larger temperature = Less probability of recombination.



Radiative Hydrodynamics
Photoionization
3D Radiative
> Transfer

Mean Free Path

Pressure
Photoheating Smoothing
Ionization » | Thermal | = |Cosmological
:

Recombination

Photoionization of He 11 = He 111

e Large ionization fraction = larger mean free path

e Excess energy of ionizing photons carried away by electrons

Larger temperature = Less probability of recombination.

e Larger temperature = A, v field smoothing



Radiative Hydrodynamics
Photoionization
3D Radiative
> Transfer
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e Photoionization of He 11 = He 111

e Large ionization fraction = larger mean free path

e Excess energy of ionizing photons carried away by electrons
e Larger temperature = Less probability of recombination.

e Larger temperature = A, v field smoothing

e Cooling due to Hubble expansion



Radiative Hydrodynamics
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e Photoionization of He 11 = He 111

e Large ionization fraction = larger mean free path

e Excess energy of ionizing photons carried away by electrons
e Larger temperature = Less probability of recombination.

e Larger temperature = A, v field smoothing

e Cooling due to Hubble expansion

e Distribution of gas in IGM and Galaxy formation and Evolution 5
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e Cosmological Radiative Hydrodynamics Simulation
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e Cosmological Radiative Hydrodynamics Simulation

e Computationally very expensive
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e Cosmological Radiative Hydrodynamics Simulation
e Computationally very expensive

e Radiative Transfer Equation : Absorption, Emission, Scattering

< Py
dS_ v Oy T Ju



Radiative Hydrodynamics

Photoionization .
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Cosmological Radiative Hydrodynamics Simulation

e Computationally very expensive

Radiative Transfer Equation : Absorption, Emission, Scattering

< Py
dS_ v Oy T Ju

L(x,y,2,0,¢,t) : 7 Variables to discretize



Radiative Hydrodynamics
Photoionization .
3D Radiative Structure Formation
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Cosmological Radiative Hydrodynamics Simulation

e Computationally very expensive

Radiative Transfer Equation : Absorption, Emission, Scattering

< Py
dS_ v Oy T Ju

L(x,y,2,0,¢,t) : 7 Variables to discretize

1D Radiative Transfer Code : UVB Calculations
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UV Background | 4 Observational
Equilibrium / Calculation QSO SED Input
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Radiative Transfer Equation : Absorption, Emission, Scattering

L
ds_ VaV _/V

L(x,y,2,0,¢,t) : 7 Variables to discretize

e Average over 6,¢,y, z

Volume average emissivity: €, (Sources + Recombination)

Volume average emissivity: (Observational Input)
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UV Background | 4 Observational
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How does ionization state of IGM evolve?

e Photo-ionization Equilibrium? Default in GADGET-3 (except Puchwein+2015)

Eqbm = Radiative time-scale < Hubble or Dynamical timescale

Photo-ionization Non-Equilibrium?

Non-Egbm =- Radiative time-scale > Hubble or Dynamical timescale

Aim-2: Effect of Eqbm/Non-Eqbm on lonization and Thermal Evolution?
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e Step-1: UVB Calculation with varying QSO SED indices
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e Step-1: UVB Calculation with varying QSO SED indices
e Step-2: Perform Cosmological hydrodynamical.

e Cosmological hydrodynamical simulations are still expensive.
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Step-1: UVB Calculation with varying QSO SED indices

Step-2: Perform Cosmological hydrodynamical.

Cosmological hydrodynamical simulations are still expensive.

Step-2A: Code for lonization and Temperature Evolution (CITE)
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Step-1: UVB Calculation with varying QSO SED indices
Step-2: Perform Cosmological hydrodynamical.

Cosmological hydrodynamical simulations are still expensive.

Step-2A: Code for lonization and Temperature Evolution (CITE)

Step-2B: Need to account for pressure smoothing effects

Step-2B: Generating Ly-Alpha forest Spectra in Simulation (GLASS)
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e Step-1: UVB Calculation (PhD Thesis of Vikram Khaire)
o Khaire et.al. 2013,2015,2016,2017,2019 : PhD Thesis of Vikram Khaire
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e Step-1: UVB Calculation (PhD Thesis of Vikram Khaire)
e Step-2: Cosmological Hydrodynamics (Gaikwad+2017a,b,2018,2019, PhD Thesis)

e Step-2A: Code for lonization and Temperature Evolution (CITE)
e Step-2B: Generating Ly-Alpha forest Spectra in Simulation (GLASS)
e Step-2C: Constrain thermal and ionization evolution of IGM from observations
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e Step-1: UVB Calculation (PhD Thesis of Vikram Khaire)
e Step-2: Cosmological Hydrodynamics (Gaikwad+2017a,b,2018,2019, PhD Thesis)
e Step-2A: Code for lonization and Temperature Evolution (CITE)
e Step-2B: Generating Ly-Alpha forest Spectra in Simulation (GLASS)
e Step-2C: Constrain thermal and ionization evolution of IGM from observations

e Step-3: Constrain pressure smoothing scale from observations
(Maitra+2019, PhD Thesis of Soumak Maitra, in progress)



Effect on lonization Evolution
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faerr Evolution: QSO SED index
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e At 2 <z <b5: H1is highly ionized and is in photo-ionization equilibrium.

e Volume average He II fraction evolution : fierr ~ Nperr/Nie



faerr Evolution: QSO SED index
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e Redshift of He 11 reionization: z at fyerr ~

e Duration/Extent of He 11 reionization: Az
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for 0.025 S fHeII S 0.9



faerr Evolution: QSO SED index
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e Steeper QSO SED = Less number of He 11 lonizing photons
e Require more time to ionize intergalactic He 1I.
e Steeper QSO SED = Late He 11 reionization.



faerr Evolution: QSO SED index
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o Steeper QSO SED = zcion,mia ~ 4.0
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e Duration of He 1I reionization (Az ~ 1.33) is relatively same.

e Steeper QSO SED = Late He 11 reionization. 9



faerr Evolution: Non-Equilibrium Effects
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e lonization evolution equation

dX;
dt

= CVX,-H(T) Ne X,‘+1 — X (I'%X,. -+ Feyx, ne)

e Equilibrium lonization evolution: dX;/dt = 0: (Default in GADGET-3) 10



faerr Evolution: Non-Equilibrium Effects
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e Equilibrium lonization evolution: Radiative processes time scales are short
compared to dyanmical and Hubble time-scales.
e Non-Equilibrium lonization evolution: Radiative processes time scales are no
longer short compared to dyanmical and Hubble time-scales.
10



faerr Evolution: Non-Equilibrium Effects
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o Duration of He 1I reionization in Non-Eqbm (Az ~ 0.9) is shorter than
Eqbm (Az ~ 1.33).

e fiyer1 initially evolves slowly in Non-Eqbm. Egbm is reached at z < 3.7.
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Effect on Thermal Evolution
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Temperature-Density Relation
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Low density gas in IGM follows power-law TDR T = Ty A7!

e Evolution of Ty and y can be used to constrain timing and nature of He 11
reionization.

What is the effect of Non-eqbm ionization evolution?

13
To (~) is higher (lower) in Non-eqbm model compared to Egbm model.



Temperature-Density Relation
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e Low density gas in IGM follows power-law TDR T = To A7 !

e Evolution of Ty and y can be used to constrain timing and nature of He 11
reionization.

What is the effect of Non-eqbm ionization evolution? "
To (~) is higher (lower) in Non-eqbm model compared to Egbm model.



Thermal Parameter Evolution
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Thermal Parameter Evolution
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e Evolution of Ty and 7 in Egbm model
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Thermal Parameter Evolution
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Thermal Parameter Evolution
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Thermal Parameter Evolution
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Thermal Parameter Evolution

T T T T T T T T
44 EQ-KS19-1.4 10°H &4 EQ-KS19-1.4
\—"' NEKS19-1.4 Fle-s NEKS19-1.4 ey
1 10k
m E
[ & B SRR Sy C 5
Cooling after HI Reionization - _ L '
1 1 g ra
T T T Z102E ra
e =4.0 E I
1.6 a=1.4 E o e
e S S R r s
1.5 w4 [ SN P R R S r ol 1
\ e, S -3 e
? LR »” 107 Ln
14l S - - E
s a” Eoaam
"a - e ]
1.3 a E ™ #~C H>c Coolingafter HI ]
H~C H>C Cooling after HI Reionization 4 L L L i 0 Rle mmzatlmn
1.2 1 1 1 1 1 1 10
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 20 25 30 35 40 45 50 55 6.0
z z
. . 5, T T T
e Cooling and Heating are comparable o

e Low density IGM freely expands with Universe .4

e Hubble expansion effective in low density IGM

e Slightly overdense regions responds lately to =" |
Hubble expansion )
e Ty increases, 7y increases (steep TDR)




Thermal Parameter Evolution
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Thermal Parameter Evolution
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HIl Photo-ionization rate
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e The derived Iy evolution is different for Equilibrium and Non-equilibrium
evolution.
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Observations: Thermal Evolution
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To — v Evolution
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TO — Evolution [Omeara+2017]
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= e KODIAQ DR2 Sample
e 296 QSO absorption spectra

e 106 QSO absorption spectra after
removing DLA, LLS, sub-DLA

e Velocity resolution: Av ~ 6
km S_l, byr ~ 12.8 km SR

e SNR per pixel ~ 6 — 52
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To — v Evolution
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e Constraints on Tg — 7 using wavelet statistics from 106 QSO sample.
e Ty evolution is roughly consistent with steeper QSO SED (« ~ —2.0) model

e Work in progress: Other statistics to constrain Ty and 7.
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To — v Evolution
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e Ty — y evolution from literature.
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Observations: lonization Evolution
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He 11 Effective Optical Depth (7.t ner1) Evolution
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e He 11 Ly« forest is in UV: HST-COS spectra
o Effective optical depth Tef et = — In(F)

e Effective optical depth: Robust quantity

e Effective optical depth: Less effect of resolution

o T ~10*K, by ~ 12.8 kms™ 1, byerr ~ 6.4 kms™!

e Best HST-COS resolution (G130M) is ~ 17 kms™?



He 11 Effective Optical Depth (7.t ner1) Evolution
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e He 11 Ly« forest generate from simulation
e Accounted for following effects

e Pressure smoothing (GLASS)
e LSF of HST-COS: Not Gaussian
e Finite SNR: Sensitivity limit for Teg Herr measurements

e Flatter QSO SED (a ~ —1.4) models are not consistent with observations



He 11 Effective Optical Depth (7.t ner1) Evolution

% % 50" Percentile (Modian) |
------ 16" Percentile
-— 84'" Percentile
44 Worseck+2018

(%4 50" Percentile (Median)
16" Percentile
== 84" Percentile
44 Worseck+2018

oL /y—»—< B | L i
Zal A= 71° 4 34 A
= / =
& / &
3 - 3 -
<
7
2k o 4 2k i
. ; .
1 1 1 1 1 1 1 1
2.5 3.0 3.5 4.0 2.5 3.0 3.5 4.0
z z
e Steeper QSO SED (« ~ —2.0) models are consistent with observations
o At z <3

e Non-Equilibrium model with oo ~ —2.0 is in better agreement with data
e Equilibrium model with & ~ —1.9 is in better agreement with data

e At z > 3 observed Teg Herr is systematically larger than model. Why?
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He 11 Effective Optical Depth (7.t ner1) Evolution

Teff, Hell
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Teff, Hell

o Simulated 7eg mer1 CDF is consistent with observed 7eg o1t CDF at

2,66 <z <274

e Blue curve = 7eg nert CDF from Observations

e Red curve = mean 7eq gerr CDF from Simulations

e Gray curves = Ter ger1 CDF from each mock sample (Simulation)
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He 11 Effective Optical Depth (7.t ner1) Evolution
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o Simulated 7es er1 CDF is not in agreement with observed 7o merr CDF at

3.34 <z <350
e Our model reproduces lower limit on Teg Herr very well
e Our model does not produce scatter in Tef Herr-
e Fluctuations in eyt are important at z > 3.

e Our model do not include fluctuations in gerr. 25



He 11 Effective Optical Depth (7.t ner1) Evolution
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He 11 Effective Optical Depth (7.t ner1) Evolution

Teff, Hell
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Observations: Pressure Smoothing
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Pressure Smoothing

Low Temp erature High Temperature

10 10

y (h ™' cMpc)
y (h~! cMpc)

logA logA

Smoothing of density and velocity field due to increase in temperature

e Pressure smoothing scale can be observationally constrained

Correlation of pixels/absorbers along sightline (Longitudinal)

Correlation of pixels/absorbers in transverse direction: QSO doublet or

) 28
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Pressure Smoothing

logA logA
Three- and two-point spatial correlations of intergalactic
medium at z ~ 2 using projected quasar triplets
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Summary




Cosmological radiative hydrodynamical simulations are very expensive
UV background calculation 4+ Cosmological hydrodynamical simulations
Cosmological hydrodynamical simulations: CITE 4+ GLASS

Uncertainty in UVB calculation: QSO SED index

lonization Evolution: Eqgbm or Non-Eqbm

Thermal (To — «y) Evolution:

e Constraints on Tg — v from sample of KODIAQ-DR2 106 QSO spectra
e Steeper QSO SED index and Non-Egbm evolution

lonization Evolution:

® T.g Herl Evolution = Steeper QSO SED index
® Tof Hell Evolution at z > 3 = Fluctuations in UVB are important

Pressure Smoothing:
e QSO doublet and triplet 31



Index

Pl T — A Relation ° Radiative Hydrodynamics
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Temperature-Density Relation

logT
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Temperature-Density Relation
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Temperature-Density Relation

logT

o 1
i i i i i T,=9985K, y=1.49
3.0 L [ R L L L
-1.0 =05 0.0 0.5 1.0 1.5 2.0
log A
0 1 2 3 4 5
log N

(log Ay, log T3)

4.0 -
10000 K
(log Ay, log T1)
3.5 -
Before Hell
", —log T log(20000) —log(5000) _ \
" log gl 05-(-0.5) =0. (’]
3.0 s L L
.0 -0.5 0.0 0.5 1.0
logA

33



Temperature-Density Relation

logT
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Temperature-Density Relation
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Temperature-Density Relation
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