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Introduction What is the IGM?

Image : NASA, ESA, P. Oesch, B. Robertson and A. Fei
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® Density fluctuations in the early universe (z ~ 110 ~ 0.4 Myr ~ 0.4 x 10°

® Overdense regions grow due to gravitational instability

® Collapsed structures: Formation of stars and Galaxies (z < 20, tage ~ 0.2 Gyr ~ 0.2 X 10°
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IGM Features: (i) Large volume and (ii) Distinct filamentary structure




Introduction What is the IGM?

Image : NASA, ESA, P. Oesch, B. Robertson and A. Fei

Previous Farthest galaxy Farthest galaxy
record holder Hubble has seen JWST has seen
Redshift (z)
0 8 12 20
pe * R o o al Cosmic
“Dark Ages”
w -
.
. g 7513
~ '
Modern galaxies form First stars?
=
Present -
day - 2
0 L 13.0 e 134 135
Billions of years ago He Il(gglonlf)atlon HI & H((e‘I Renc:n[\]nzatnon
4<zZ< (6<2<20)

Density fluctuations in the early universe (z ~ 1100 ~ 0.4 Myr ~ 0.4 x 10
Overdense regions grow due to gravitational instability
Collapsed structures: Formation of stars and Galaxies (z < 20, tage ~ 0.2 Gyr ~ 0.2 x 109

Intergalactic Medium: Diffuse gas that is not associated with collapsed objects

IGM Features: (i) Large volume and (ii) Distinct filamentary structure

How do we probe the IGM?




Quasar Absorption Spectroscopy [Gaikwad-+2020,2021]

Intergalactic Medium Quasar

Unabsorbed Flux
Observed Flux

® The set of characteristics absorption features are collectively known as Ly« forest

® Main focus of my work = Observations + Simulations of Ly« forest

® Why is the quasar absorption spectroscopy important?




Advantages of Quasar absorption spectroscopy
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Huge dynamic range

1. Cosmological Scales
Large scales ~ 0.5 Gpc
Small scales ~ 100 kpc

2. Cosmological Densities
Low density IGM
n ~ 0.001m~—3

High density IGM
n~ 10m-3

Earth : 1 atm, 300 K
n ~ 10 m—3

e Quasar absorption spectroscopy is a very sensitive probe of the IGM

e Suitable for studying both cosmology and astrophysics

e What is the physical state of the IGM?



Evolution of the IGM

Image : NASA, ESA, P. Oes
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Evolution of the IGM
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Evolution of the IGM

Image : NASA, ESA, P. Oes
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Physical conditions of the IGM [Gaikwad-+2016]

v (km/s)

Depth of absorption lines  Width of absorption lines Location of absorption lines

The process of reionization affects amount of neutral hydrogen and temperature

Velocities are affected by large scale structures formation



Lya Forest:
Simulation
Ty, vy free parameter

Lya Forest
Observation

\

Statistics
sensitive to

To Y
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x> minimization

Best fit To, V : X%min




Simulations




y(h™" cMpc)
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® Perform cosmological hydrodynamical simulation from t = 10 Myr to 1.2 Gyr (2 < z < 100)
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® Perform cosmological hydrodynamical simulation from t = 10 Myr to 1.2 Gyr (2 < z < 100)

® Solve radiative transfer equation that propagates ionizing radiation field to IGM



e L 3
80 100 120 10 100 120 140 160 60 80 100 120 140 160

60 60 80
2 (h ! cMpe]  (h~* cMpc) 2 (h ! cMpe)

=0.75-0.50-0.25 0.00 0.25 0.50 075 1.00 1.25 150-1.25-1.00-0.75-0.50-0.25 0.00 0.25 050 54 48 -42 ~3.6 —3.0 —24 ~18 ~1.2 ~0.6 0.0
Tog Ty / (T}

® Perform cosmological hydrodynamical simulation from ¢t = 10 Myr to 1.2 Gyr (2 < z < 100)
® Solve radiative transfer equation that propagates ionizing radiation field to IGM

® Solve non-equilibrium (chemistry) ionization evolution Equation for HI, Hel, Hell
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Perform cosmological hydrodynamical simulation from t = 10 Myr to 1.2 Gyr (2 < z < 100)
Solve radiative transfer equation that propagates ionizing radiation field to IGM

Solve non-equilibrium (chemistry) ionization evolution Equation for HI, Hel, Hell

Solve non-equilibrium temperature evolution Equation.

Step 2 to 4 are performed in post-processing of hydrodynamical simulations
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Perform cosmological hydrodynamical simulation from ¢t = 10 Myr to 1.2 Gyr (2 < z < 100)
Solve radiative transfer equation that propagates ionizing radiation field to IGM

Solve non-equilibrium (chemistry) ionization evolution Equation for HI, Hel, Hell

Solve non-equilibrium temperature evolution Equation.

Step 2 to 4 are performed in post-processing of hydrodynamical simulations

Randomly shoot sightlines to extract fields that probes different large scale structures.
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® Example of a sample sightline. The fields are then used to compute absorption spectrum.
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Results




Temperature-Density Relation
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e |GM is low density medium. Essential to see how does temperature correlate with density



Temperature-Density Relation
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e |GM is low density medium. Essential to see how does temperature correlate with density



Temperature-Density Relation

Gaikwad+2018, 2019
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e |GM is low density medium. Essential to see how does temperature correlate with density
e Temperature density relation from cosmological hydrodynamical simulations

e In low density IGM, temperature and density are tightly correlated (A = p/p)



Temperature-Density Relation

* | Gaikwad+2018, 2019

1
-1.0 -0.5 0.0 0.5 1.0 1.5

IGM is low density medium. Essential to see how does temperature correlate with density
e Temperature density relation from cosmological hydrodynamical simulations

In low density IGM, temperature and density are tightly correlated (A = p/p)

e Temperature-Density relation is well described by the power-law

Evolution of thermal parameters (To, ) quantifies thermal state of the IGM. 8



Temperature-Density Relation
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Temperature-Density Relation
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Initially temperature of the IGM is similar to CMB temperature




Temperature-Density Relation
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During reionization, IGM starts to heat. Heating is more than cooling.



Temperature-Density Relation
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Heating is independent of density. So all the densities heated to similar temperaturé



Temperature-Density Relation
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The reionization is in the last phase of completion. Cooling will start to dominate. 8



Temperature-Density Relation
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Temperature-Density Relation

Age of the Universe in Gyr
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Heating due to Hell reionization starts. Quasar population starts to contribute.8



Temperature-Density Relation
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The rise in temperature is high. Quasars are more energetic.



Temperature-Density Relation
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Cooling is density dependent. Hubble expansion, Compton cooling, Recombination cooling et?.



Temperature-Density Relation
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Aim: To measure the evolution of thermal parameters from observations 8



Evolution of the thermal state of the IGM (Gaikwad+2020,2021)
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Evolution of the thermal state of the IGM (Gaikwad+2020,2021)
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® Gaikwad+2021 and Gaikwad+2020 measurements are shown by black stars and red squares.

Measuring Tp,~y from observations is extremely challenging!



Evolution of the thermal state of the IGM (Gaikwad+-2020,2021)
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® Measured thermal parameter evolution is in better agreement with models at z > 5

® Models do not agree well with the thermal parameter evolution at z < 5. Why?



dfxi
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® Equilibrium ionization evolution does not match the measurements
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® Equilibrium ionization evolution does not match the measurements

® Physically motivated Non-Equilibrium ionization evolution match the measurements better



e Photo-heating rate x 1.0
—— Photo-heating rate x 0.7

—— Equilibrium
Non_Equilibrium

T T T T T T[T T T T T i T T T T A T T T T

® Equilibrium ionization evolution does not match the measurements
® Physically motivated Non-Equilibrium ionization evolution match the measurements better

® Sources are less energetic (by ~ 30 percent) than previously assumed.
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—— Equilibrium

Non_Equilibrium —— Photo-heating rate x 0.7

[ Photo-heating rate x 1.0

Equilibrium ionization evolution does not match the measurements

Physically motivated Non-Equilibrium ionization evolution match the measurements better

Sources are less energetic (by ~ 30 percent) than previously assumed.

Early He 11 reionization models are ruled out by the measurements

0.6

0.8



—— Faucher-Giguere+2020 : Late
v Khaire+2019 : Early
i Haardt+2012 : Very Early

—— Faucher-Giguere+2020 : Rapid
sranr Puchwein+2019 : Gradual

o Non_Equilibrium —— Photo-heating rate x 0.7

[— Equilibrium

[ Photo-heating rate x 1.0

® Equilibrium ionization evolution does not match the measurements

® Physically motivated Non-Equilibrium ionization evolution match the measurements better
® Sources are less energetic (by ~ 30 percent) than previously assumed.
® Early He 11 reionization models are ruled out by the measurements

® Measurements favour rapid He II reionization.
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sranr Puchwein+2019 : Gradual
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® Equilibrium ionization evolution does not match the measurements

® Physically motivated Non-Equilibrium ionization evolution match the measurements better
® Sources are less energetic (by ~ 30 percent) than previously assumed.

® Early He 11 reionization models are ruled out by the measurements

® Measurements favour rapid He II reionization.



Is everything understood? (Gaikwad+2017)

#  Gaikwad+2020

* Gaikwad+2021

¥ Boera+2019
—— Late Reionization
- Early Reionization
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e We understand the evolution of thermal state of IGM at z > 2

e What about at z < 0.57 Models seems to converge to Ty ~ 5000 K

10



Is everything understood? (Gaikwad+2017)

- No Turbulence
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e We understand the evolution of thermal state of IGM at z > 2
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What about at z < 0.5?7 Models seems to converge to Tg ~ 5000 K

e Line width distribution at z < 0.5

o Observations show larger b values than simulations (To ~ 5000 K)
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Is everything understood? (Gaikwad+2017)
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e We understand the evolution of thermal state of IGM at z > 2

e What about at z < 0.57 Models seems to converge to Ty ~ 5000 K

e Line width distribution at z < 0.5

o Observations show larger b values than simulations (To ~ 5000 K)

o Observation Systematics? Ruled out = Careful analysis of instrumental broadening

e Thermal: Heating source? Possibly No = Conflict with lonizing photon budget
10



Is everything understood? (Gaikwad+2017)
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We understand the evolution of thermal state of IGM at z > 2
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What about at z < 0.5?7 Models seems to converge to Tg ~ 5000 K

Line width distribution at z < 0.5

Observations show larger b values than simulations (T ~ 5000 K)

Observation Systematics? Ruled out = Careful analysis of instrumental broadening
Thermal: Heating source? Possibly No = Conflict with lonizing photon budget

10
Non-Thermal: by, ~ 10 kms—1= Interesting question for Plasma community



Is everything understood? (Gaikwad+2017)

#  Gaikwad+2020

* Gaikwad+2021

¥ Boera+2019
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e What about 4 < z < 5, do we understand thermal state of IGM better?

11
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Summary

#  Gaikwad+2020

* Gaikwad+2021

¥ Boera+2019
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e |GM is highly ionized at z < 5

e The thermal state of IGM can be measured from observations of quasar absorption spectra
e Requires Non-Equilibrium ionization evolution to explain evolution of thermal state of IGM
e Observations hint the presence of non-thermal broadening of lines in IGM at z < 0.5

e Next generation observations are trying to detect the temperature fluctuations
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