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Concentrate on the physics of underlying structure of the IGM
| 4
» Theoretical models of reionization
» Future probes of reionization
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» Review: In the beginning: the first sources of light and the reionization of the
universe by Rennan Barkanaa & Abraham Loeb, Phys. Rept., 349, 125
(2001)

» Review: Analytical Models of the Intergalactic Medium and Reionization by T.
Roy Choudhury, Current Science, 97, 841 (2009)
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Modelling reionization

\/ Formation of (dark matter) haloes:
Excursion set formalism / simulations

» Photon production
X Galaxy/star formation: cooling, fragmentation,
feedback
Radiation from stars: population synthesis
X Escape of photons: neutral hydrogen within the
host galaxy

X Radiative transfer in the IGM: evolution of
ionization fronts
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Dark matter haloes g}

Number of haloes per comoving volume having mass [M, M + dM)] at a redshift z:
n(M,z) =dn(z)/dM.
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Star formation g}
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» Physics of star formation involves cooling of the baryonic gas, fragmentation,
formation of molecular clouds etc.
» Let the star formation rate of a galaxy in a halo be

M*(M7tatform) = f*(Mvz) (;;b) M /\*(t - tform)7
m

/Ooodt/\*(t):r

torm 1S the formation time of the halo.
f. is the fraction of baryons that goes into stars.

» For constant star formation rates, we should have A, (f) = 1/tsgr, Where fsgr
is the star formation time scale.

» On the other extreme, for a starburst, we put A.(t) = dp(t).

» If we assume that the star-formation time scale is ~ the dynamical time scale
tyyn Of the halo, then one can show that

with

fayn 1
tH V Ahalo

Hence one often assumes A.(t) ~ dp(t).

~ 0.1
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Radiation from stars N
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Given the star formation rate, IMF and the metallicity, it is possible to calculate the
radiation from the galaxy using the population synthesis models, e.g.,

STARBURST99.
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» The population synthesis codes provide the luminosity /, (t) per unit mass of
stars formed (which is energy per unit time per frequency range) for a burst
of star formation at t = 0. It is sometimes called the specific luminosity.
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stars formed (which is energy per unit time per frequency range) for a burst
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» The population synthesis codes provide the luminosity /, (t) per unit mass of
stars formed (which is energy per unit time per frequency range) for a burst
of star formation at t = 0. It is sometimes called the specific luminosity.

» The number of ionizing photons produced per unit time in a halo is

. ) . .
N'Y(M’ t, tform) = Ix (é}:) M/t dt’ /\*(t/ — tform)/ dv Iv(thy t )
form vy

» For ionizing photons produced by massive stars, we can approximate

o (t
/VH dv h(y) =1 p(t)

) o0 /u(t)
Ny = / dt / dv
v 0 vy hl/

is the total number of ionizing photons produced in the halo per unit mass of
stars.

where
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» The population synthesis codes provide the luminosity /, (t) per unit mass of
stars formed (which is energy per unit time per frequency range) for a burst
of star formation at t = 0. It is sometimes called the specific luminosity.
The number of ionizing photons produced per unit time in a halo is

. ) . .
N'Y(M’ t, tform) = Ix (é}:) M/t dt’ /\*(t/ — tform)/ dv Iv(thy t )
form vy

For ionizing photons produced by massive stars, we can approximate

o (t
/VH dv h(y) =1 p(t)

) o0 /u(t)
Ny = / dt / dv
v 0 vy hl/

is the total number of ionizing photons produced in the halo per unit mass of
stars.
Hence

where

N’y(Mv ta tform) - f* Ty (&) M /\*(t - tform)~
m
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form larger haloes.



Global photon production rate g}

NCRA+TIFR

» Haloes once formed may not survive forever, the smaller ones will merge to
form larger haloes.

» The number of ionizing photons produced per unit time per unit comoving
volume as

torm M ttbrm N M7t>t0rma
O= [t [ 0 o) B (. )

Muin

where the mass integral is over all haloes with mass above M., that can cool
and form stars. p(t|twm) be the fraction of haloes that formed at t,,) and
survive till t > .
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» Haloes once formed may not survive forever, the smaller ones will merge to
form larger haloes.

» The number of ionizing photons produced per unit time per unit comoving
volume as

torm M ttbrm N M7t>t0rma
O= [t [ 0 o) B (. )

Muin

where the mass integral is over all haloes with mass above M., that can cool
and form stars. p(t|twm) be the fraction of haloes that formed at t,,) and
survive till t > .

» Taking A.(t — tiorm) = 0p(t — tiorm ),

. Q > 2n
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» Not all of the photons produced by stars in the halo will escape into the
surrounding IGM. A fraction will absorbed by dense neutral hydrogen in the
interstellar medium of the galaxy itself.
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» This quantity is poorly modelled, and also there are very few observational
constraints, particularly at high redshifts.
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» Not all of the photons produced by stars in the halo will escape into the
surrounding IGM. A fraction will absorbed by dense neutral hydrogen in the
interstellar medium of the galaxy itself.

» Let the fraction of photons that escape into the IGM be denoted as f.. This
can, in principle, be a function of M and z (and perhaps other conditions like
the environment).

» This quantity is poorly modelled, and also there are very few observational
constraints, particularly at high redshifts.

» So, the quantity that is relevant for reionization studies is

(0= (o)

o0 82n
Mt f. o M-—21
/M M Tese 1 1M 550
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» The number of ionizing photons in the IGM per unit time per unit comoving

volume: )
) Q o on
A (t) = <QZ> /M AM foe fi 1Mo — 1
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» The number of ionizing photons in the IGM per unit time per unit comoving
volume: )
. Qp o o°n
I’L/(t) = <§2m> ‘/Iwmm dm fesc f* UVMW.

» Note that the unknown quantities f., . and ., appear as a combination of
multiplicative factors, so we do not need to know them individually.



The reionization efficiency parameter g}
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» The number of ionizing photons in the IGM per unit time per unit comoving

volume: )
) Q o on
A (t) = <QZ> /M AM foe fi 1Mo — 1

» Note that the unknown quantities f., . and ., appear as a combination of
multiplicative factors, so we do not need to know them individually.

» It is customary to define a dimensionless parameter
Nion = fesc f* Ny Mp

so that the expression for the photon production rate becomes
[e'e] X 2
Ay (1) = <Qb>/ ang Nin g 01
Qm

Mo mp Ot OM’
Nion can be interpreted as the number of ionizing photons entering the IGM
per baryon in the halo.




lonizing photons and the collapsed fraction

» Take N, to be independent of the halo mass M:

iy (2 Nea(t) d ([ dan
() = <Qm> mp dt </M M M dM>

N
NZ



lonizing photons and the collapsed fraction g}
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» Take N, to be independent of the halo mass M:

oo (W Nw(t) d [ [ dn
() = <Qm> mp dt </M MM dM>
» We can define the collapsed fraction as

1 [ dn
fcoll(t) = ﬁim /A;’ dM M m,

where pp, is the mean comoving density of matter. Note that g, does not
evolve with time.
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» Take N, to be independent of the halo mass M:

oo (W Nw(t) d [ [ dn
0= (o) 5 (1 )
» We can define the collapsed fraction as
1 [ dn
fco = — MM EYVE
() Pm /Mmm d dM

where pp, is the mean comoving density of matter. Note that g, does not
evolve with time.
» Keep in mind that £ (t) depends on the value of My;,.
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» Take N, to be independent of the halo mass M:

oo (W Nw(t) d [ [ dn
0= (o) 5 (1 )
» We can define the collapsed fraction as
1 [ dn
fco = — MM EYVE
() Pm /Mmm d dM

where pp, is the mean comoving density of matter. Note that g, does not
evolve with time.

» Keep in mind that £ (t) depends on the value of My;,.

» We can then write
. Qb [_7 dfcoll
Ay(t) = Nin(t) (Qm)m”; i

f_)b dfco]l
= Nion(t)mip dt

_ df,
= Nooo(t) o " (1)

where we have used n, = p»/m, and ignored the presence of helium.




Radiative transfer challenge
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» Assume that locations of the sources and their luminosities are known. We

can calculate the volume-averaged emissivity €, (t, X).
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» Assume that locations of the sources and their luminosities are known. We
can calculate the volume-averaged emissivity €, (t, X).

» 7-dimensional partial differential equation to determine the intensity /, (¢, x, )
= either inaccurate or inefficient
al, c . ol

14 C
79 TN * Il/ - H 79 1z - — vy 7] 1z
t + (t)n Vx (t)y » —|—3H(t)l crul, + €
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» Numerical simulations employ some approximate schemes (e.g., spherical
symmetry, ray-tracing, Monte-Carlo sampling, ...)



Radiative transfer challenge g}
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» Assume that locations of the sources and their luminosities are known. We
can calculate the volume-averaged emissivity €, (t, X).

» 7-dimensional partial differential equation to determine the intensity /, (¢, x, )
— either inaccurate or inefficient
al, c . al, c
— 4+ —A-Vxl, —H(t)v— + 3H()I, = —cr, I, + —¢,
at tamh Ve —HOv5, +3H{ vl g€
» Numerical simulations employ some approximate schemes (e.g., spherical
symmetry, ray-tracing, Monte-Carlo sampling, ...)

» Alternatives: analytic or semi-numeric



Growth of ionized regions

Number of photons produced per unit volume

ionization of neutral regions

ionizing HI in already ionized regions

Photoionization equilibrium within ionized regions:

Nyr FHI = QB (C n%) 8_3

clumping factor: C = (n2)/(ny)?.

dQHH h’Y —
=—"L —Quu C ny a
dt n Hi U ap Iy

3

N
N
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Photon production g}

= ()
n,.,_

Number of ionizing photons in the IGM per baryons

Photon production rate:

Collapse rate of dark matter haloes

Nion = f. foie X number of photons per baryons in stars x (g)
m
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» In case the gas cools only by atomic transitions, My, ~ 108M,,. Presence of
molecules makes M, ~ 108M,,.

» Feedback effects can increase the value of M,,;,.

» Radiative feedback: heating due to reionization leads to inefficient cooling
in small mass haloes.

» Mechanical feedback: energetic events (e.g., supernova explosions) can
deplete the gas from shallow potential wells (small mass haloes).

» Chemical feedback: polluting the medium with metals (from supernova
explosions) can change the chemistry of star-formation (e.g., Poplll — Popll
transition)
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The master equation:

dQun dfeon -
= Ny =0 n
T; at QHH C ag Ny a

3

CMBR optical depth

Z1SS
T =CoT nH/ dt QHH(t) 373
0
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Constraints from 7, (and quasar spectra)
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Data constrained models g}

Mitra, TRC & Ferrara (2015)

HI
0.2 0.4 0.6 0.8 1.0

QHII

-2

10*10%10
i B |

Constraints based on Planck data + quasar absorption line measurements at
zZ~6
reionization starts at z ~ 12
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Pandolfi, Ferrara, TRC, Melchiorri & Mitra (2012)
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Parameter | WMAP7 | WMAP7 + ASTRO
Qnm 0.266 + 0.029 0.273 +0.027
Qph? 0.0225819-90057 | 0.02183 + 0.00054
h 0.710 +0.025 0.698 + 0.023
ns 0.963 +0.014 0.958 +0.013
o8 0.801 =+ 0.030 0.794 +0.027
Tel 0.088 £ 0.015 0.080 + 0.012

when astrophysical data sets are included and physically motivated models used,
parameters become more constrained
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» Warm dark matter models Dayal, TRC, Bromm & Pacucci (2017)
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» Warm dark matter models Dayal, TRC, Bromm & Pacucci (2017)
» Cosmic magnetic fields Pandey, TRC, Sethi & Ferrara (2015)
» Non-flat models Mitra, TRC & Ratra (2018)



