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Intracluster Medium (ICM)

- Coma Cluster (Abell 1656)

- The Coma Cluster is a rich cluster located at a distance ~ 100 Mpc from our Galaxy
(redshift z ~ 0.0231); at this distance, 1 arcsec ~ 0.48 kpc (108 AU).

- About 1000 galaxies in the Coma Cluster have spectroscopic redshifts; taking into

account of all the faint dwarf galaxies, there may be 10,000 or more galaxies in the
Coma Cluster.

a) Optical (b) X-ra
p y

The Coma Cluster (a) at optical wavelengths [SDSS], and (b) at X-ray wavelengths [Chandra]. Two yellowish, brightest

galaxies are NGC 4889 (left) and NGC 4874 (right), which are separated by 7 arcmin, corresponding to 200 kpc.
[Fig 8.3, Ryden]



 Dark Matter in the Coma Cluster
- Virial Mass:

» In the central regions of the Coma Cluster, the
line-of-sight velocity dispersion is found to be:

oy ~ 800 kms™?

» The half-light radius, which is measured from the
center of the two brightest cluster galaxies, that
contains half the total flux of the galaxies in the
cluster is:

100 Mpc x tan(52' /60" x 7/180°)
rm ~ d2arcmin — 71, = 1.5 Mpc

» Using the virial theorem, we can make a mass
estimate for the Coma Cluster:
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M, =5 ~ 2.7 x 10% g ~ 1.4 x 105 M, T Caltech Archives

. . : Fritz Zwicky (1898-1974)
In deriving the above virial equation, a constant Photo by Floyd Clark (1971)

density was assumed. But, the equation is correct
within a factor of unity.

11922 - Jacobus Kapteyn discovered evidence for galactic rotation and suggested the existence of dark matter using stellar velocities.
11933 - Fritz Zwicky applied the virial theorem to the Coma Cluster and obtained evidence of unseen mass. ’



- Stellar Mass:

» Integrating over the luminosity function of the Coma galaxies, the total luminosity of all the
stars in all the galaxies in the Coma Cluster is found to be:

L™ ~ 8 x 102 L o ~ 400Ly ™Y ™ in B-band

» Most of the visible light from the Coma Cluster comes from elliptical galaxies, whose stellar
populations have a mass-to-light ratio v« ~ 5M/Lg o . This yields a total stellar mass
for the Coma Cluster:

M, =v,Lg =~ (5My/Lp,o) (8 x 107 Lp o) ~ 4 x 10" M
- Thus, the total virial mass of the Coma Cluster is more than 30 times the mass of the

stars that it contains:

o My =~ 35M, (~ 1.4 x 10'° M)

This discrepancy led Fritz Zwicky (1933) to deduce the existence of “dark matter.”

» Only eight redshifts of galaxies in the Coma Cluster were known at the time. However, it
was enough for Zwicky to realize that the velocity dispersion was far too large for Coma to
remain bound if stars were the only matter present.



Hot Diffuse Intracluster Medium

Hot Diffuse ICM

- Stars provide a minority of the baryons in a rich cluster like the

Coma. As seen in X-ray, the Coma Cluster is revealed as
containing a hot diffuse intracluster medium.

- The X-ray spectrum has the characteristic shape of thermal

bremsstrahlung, or free-free emission, with kT ~ 10 keV in the

2-20 keV range.

- Cooling Time Scale:

» For fully ionized hydrogen, the free-free emissivity is
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(top) X-ray image, (bottom) X-ray
spectrum of the Coma Cluster
[Henriksen & Mushotzky 1986]

kTyas ~ 7.3keV for Coma



» The power per unit volume produced by thermal bremsstrahlung is:

2 kT 1/2
Lg = 47T/jy7fde = 4nCxg Mte€ ( ) NeNi g

h M C2

MeC?

h

Here, 47Cgx = 1.10 x 10" *? ergcm® s+

Frequency-averaged Gaunt factor: gz ~ 1.15 (near T ~ 10°K)

—> Lo~ 1.77x107% erg cm st il 7 ( i )2 for a fully ionized hydrogen gas
10 keV 10~3¢cm—3

» The mass density of the ICM is:

_ _ nH
= ~ 1.67 x 10 27 3 ( )
PICM = MHTH gcm 10-3 crn—3

» Mass-to-light ratio for the ICM (considering only the bremsstrahlung) is:

v :PICMN18O(M L) kT _1/2( nH )—1
oM = p OIHO)\ 10keV 10—3 cm—3

Note that Yiom > v« (& 5Mg/Lp o).
The bremsstrahlung is not an efficient cooling mechanism.



» The thermal energy density of the ICM is

3 _ _ ny kT
Co = (Onm) kT ~ 4.81 x 10~ 3( )
= (2nn); % S 103 em-3/ \ 10keV

» The cooling time for the ICM is then:

kT 1/2 ny —1
tcool = ~ ( )
L= & /L ~ 860Gy ( 10 keV) 10—3 cm=3

EThe p-profile consists of a central core and !
_ :a power-law outer part and is useful in the :
- Gas Mass: : observational description of X-ray clusters.

» The gas density profile of clusters is often expressed with a f-profile:

57 —38/2 B~ 0.75
14+ (1) ] re ~ 0.3 Mpc for the Coma Cluster

nyg — No
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ng ~3x 102 cm ™3

A7 s (T 3(1=F) «
M as ~ _ c
gas(T) 301 = B)mHnOTC (%) when r > r. and 8 < 1

» We assume an abrupt cutoff at the virial radius (r,

~ 3 Mpc). This gives a mass estimate:
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0.75
——— My ~5M, (M, ~ 4 x 10"° M)
3 Mpc

Myas(r) = 2 x 101 M (



- Total Mass Iin the hydrostatic equilibrium:

» In X-rays, the central regions of the Coma Cluster look smooth. We thus expect that Coma,
at least in its central regions, is a relaxed cluster, in hydrostatic equilibrium.

» Spherical objects in hydrostatic equilibrium obey the equation:

M (r) isthe mass of everything inside a radius 7,
dP _ GM(r)pgas(r) including gas, stars, and dark mass.
dr r2 Pgas(T) is the gas density at a radius -

» The ideal gas law for an ionized hydrogen gas is:

» Combining the equation of hydrostatic equilibrium with the ideal gas law, we find the total
mass M(r) contained within a radius r:

B r? 2k d(pgasgas)
Ggas(T) mu dr

L QTkTgaS . d ln pgas . d ln Tgas
- Gmyg dlnr dlnr

M(r) =




» We assume that the intracluster gas is isothermal (7,,,; = constant) as an first order
approximation and use a beta profile for the gas density:

_ 2rkTgas d1n pgas
Mr) = Gmyu ( dlnr)

68KkT 4.5kT s qs
M(r) ~ BT P 898

r (forr>r. and 8~ 0.75
na(r) & ng (r/re) "> Gmy Gmy ( g )

If a cluster is in hydrostatic equilibrium, and has a cutoff at the virial radius, then its total
mass (including everything) is:

4.5KT, kT, Tvi
Myg ~ —22r .. ~ 3.0 x 10 M gas v
e Gmpy g . © (10 keV J \ 3 Mpc

(Here, HE stands for the hydrostatic equilibrium.)

» For the Coma Cluster, with k7, = 7.3keV and r; =~ 3 Mpc, the total mass is:

MHE ~ 2.2 X 1015M®

This is consistent with the virial estimate of M, ~ 1.4 x 10> M.

In summary,

total mass Mot =~ 2 X 1015M®
stellar mass M, = 0.02M;
gas mass Mgas = 0.1 Moy
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Diffuse Intergalactic Medium - Introduction to Cosmology

« Cosmic baryon density:

- The 2015 results from the Planck satellite tell us that the current baryonic mass
density and number density of baryonic matter are, respectively:

Pbary,0 = (4.190 £ 0.026) x 1073 gem ™ & 0.048p. o : p. = critical density: the mean density of matter
_ | _ _7  _3 ’ : when the overall geometry of the universe is flat
Mbary,0 = Pbary,0/Mu = 2.5 X 107" cm : (Euclidean).

- The amount of baryonic matter in gravitationally bound systems, including stars, the
ISM, the CGM, and the ICM, provides only ~ 15% of this mean cosmic baryon
density.

- The remainder is provided by a very tenuous intergalactic medium (IGM).



- The Universe expands.

- As a consequence, the mean baryon density decreases with time, since the baryon
number is conserved.

- The expansion of the universe is homogeneous and isotropic on large scales, and
thus can be described by a simple scale factor a(z), which is customarily normalized
so that a(fy) = 1 atthe presenttime 7, = 13.8 Gyr after the Big Bang.

a(tp) =1 atthe present time %o

- The expansion of the universe is frequently described in terms of the Hubble
parameter:

H(t) = a Recall the Hubble-Lemaitre law: V = HyR
a

The Hubble parameter evaluated at the present time is the Hubble constant.

Hy = H(ty) =67.74 £ 0.46kms ' Mpc™' from the CMB measurement

The Hubble time and the Hubble distance are, respectively,

H;' =14.4340.10 Gyr cHy ' = 4425 4+ 30 Mpc



. Hubble tension: 80| + 1 cMBmeasurements | from Perivolaropoulos & Skara (2022)

Local distance ladder
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Light emitted by a quasar at time 7, , with a redshift z, is observed by us at 7,( > 1,).
The scale factor at the time the light was emitted is smaller than that at the present
time:

a(te) < a(ty) =1

The scale factor a(z,) can be expressed in terms of the redshift of the quasar:

a(te) — (1 + Ze) ! 1
a(z) =
(14 2)
vV—1y U 1% A 1
Recall that 2z = =— = — =142z and =
0 c 0 Ao 14z

Between the time of emission and the time of observation (¢, < ¢ < 1), the number

density of baryons and the frequency of the emitted photons have been
decreasing.

Pbary (£) = fbary00(t) ™ = Aibary0(1+2)°  (t) = voa(t) ™ = vo(1 + 2) = vo



Absorption Lines as a Probe of the IGM

- The IGM is difficult to detect. A useful way of searching for intergalactic gas is to look for
absorption lines from the IGM along the line of sight to a distant quasar.

- Every parcel of gas along the line of sight to a distant quasar will selectively absorb certain
wavelengths of continuum light of the quasar due to the presence of the various chemical

elements in the gas.

- Through the analysis of these quasar absorption lines we can study the spatial
distributions, motions, chemical enrichment, and ionization histories of gaseous structures
from redshift z ~ 7 until the present.

- This structure includes the gas in galaxies of all morphological types as well as the
diffuse gas in the IGM.

> 2
foso—¥

source absorber
quasar H clouds observer

+ The Lya line (1216A) would be a particularly useful probe as long as the medium isn’t too
highly ionized.



- Consider the nearby quasar 3C273, at a redshift z, = 0.158.

» If 3C 273 produces a Lya photon with an energy hv., = 10.20eV, by the time it reaches us,
it will be redshifted to the lower energy: (14 2 = 1.158)

hve =10.20eV  —  hyy = hvea(te)/a(ty) = 10.20eV/1.158 = 8.81 eV

» If the continuum with an initial energy hv. = 10.20eV x 1.158 at the redshift of 3C 272 will
be redshifted to the lower energy:

hve = 10.20eV x 1.158 = 11.81eV  —  hyy = hv/1.158 = 10.20eV

This energy can be absorbed by neutral hydrogen in our own galaxy.

- In general, if a quasar is at a redshift z,, photons with an initial energy in the range
hv,, < hv, < hv, (1 + z,) can be absorbed by a transition with energy hv,, somewhere
along the line of sight from the quasar to us.

observer atom quasar

o <—o @

redshift = () Z Ze
frequency = 1, Vul Ve

» The redshift at which photons can be absorbed is:

Ve = 1o(1 + 2¢) Vs Vs

Vut = VO(l + Z) I Ve




Gunn-Peterson Effect

Jim Gunn & Bruce Peterson (1965)

observer atom quasar

@ <0 @

redshift = () Z, %
- 1%
frequency = 1, v, e

« In order to understand the Gunn-Peterson effect, let’s consider radiation observed at some
frequency v that was initially lying blueward of Ly by a quasar at redshift z,. The emitted photons
pass through the local Lya resonance as they propagates towards us through a smoothly distributed
sea of neutral hydrogen atoms, and are scattered off the line-of-sight with a cross-section of

e

71'62 71'82
0-1/ — fad)v :)(O¢1/ )(O = fa )
m,c m,c

where @, is the Voigt profile of the Lya line, normalized so that J¢ydv = 1.

- The total optical depth for resonant scattering at the observed frequency v is given by the line
integral of this cross-section times the neutral hydrogen density 7y, in the ground state,

S S
7OP = [ 0, Nydl = [ XoP, napdl. Note v’ =v(l+ z) inthe integral
0 0




In an expanding Universe, the integral should be performed along the proper
distance. We, therefore, want to use the redshift z instead of the proper length [
travelled by light. Then, the optical depth becomes

 proper distance = the distance between two
: points of space at a constant cosmological time.

Ze dl , : comoving distance = the distance expressed in
TZS}P =X ¢1/ nHI—dZ Here,| V" = v(1 + 2)|in the integral. : comoving coordinates. The comoving distance
: between two comoving points of space remains

0 : fixed at all times.

The expansion of the Universe is homogeneous and isotropic on large scale, and thus can be
described by a simple scale factor a(z).

The scale factor today, a(f;) = 1, is greater that the scale factor at the redshift z,
a(z) = 1/(1 + z). We obtain the proper length element in terms of the redshift.

da . dz Notice that the scale factor
0 = ﬁ / a 147z transforms like wavelength:
dr ™
Ao = A1 +2)
da da dz dl c _
dl=cdt=c—=c—=c > = Ay = 2/ (1 +2)
a Ha H(1 + 2) dz H(l +2)

V4
e c dz
Then, the Gunn-Peterson optical depth is given by TEP = %OJ ¢, Ny

0 H1l+7z




. The thermal and natural broadening (Avy,....o ~ 13 km s~ for T = 10*K) is tiny compared to the
“broadening” due to the Hubble expansion (Av = cz ~ 30,000 km s forz = 0.1).

Thus, we can treat the Voigt function as being very strongly peaked at the Lya frequency v, in the

local comoving frame. This resonance will occur at the redshift of z suchthat v =v,/(1 +z), i.e., at
z=v,/lv—1.

. Then, in the local comoving frame at 7, the frequency interval dv’ can be expressed by
dv'/v’" = dz/(1 + 7). Finally, we obtain

: du Here, the density and Hubble parameter
= X0 / o nHI should be evaluated at the following z for
the given v. v,
z=—-—1
~ X0oMHI —7 / gb,, v
__ Xo¢€ nyr (2
Ve, H(z)
. . . GP NH1,0
At low redshifts (z ~ 0), this gives an optical depth z,;” = 15,200
nbary 0

where the baryon number density at the present time is 77,y o = 2.5 X 1077 cm™.

- Thus, even when the number density of neutral hydrogen atoms is one part in 10,000 of the baryon
density, the optical depth is larger than one.

- This result implies the spectrum of a low redshift quasar, for instance 3C 273 at z = 0.158, should be
black between the observed wavelengths A= 1216A and 1216 x 1.158 = 1408A and emitted
wavelengths A = 1050A and 1050 x 1.158 = 1216A. This is called the Gunn-Peterson trough.



Absence of a Gunn-Peterson trough at z < 5

However, it has been found that this is not the case. Therefore, either [1] intergalactic medium has
a density very much lower than the mean baryon density of the Universe (gas is somehow
segregated efficiently into galaxies) or [2] intergalactic gas is very highly ionized.

The absence of a Gunn-Peterson
trough at redshifts 7 < 5 is now
regarded as evidence that the IGM at
low redshifts is highly ionized, not that
it is absent.

The figure shows spectra for high-
redshift quasars. Notice that the
Gunn-Peterson trough bluewards of
the QSO Lya emission is clearly
apparent in the highest redshift
ones.

This indicates that the Universe has
become somewhat more neutral at
these redshifts. A similar behavior is
also seen bluewards of the QSO Lyf

regions of the same spectra.
These spectra show that the

reionization of the IGM has ended at
7~ 6.
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Dark Ages, Reionization Epoch

Time since Big Bang (yf(??rs)

1010 10° 108 10°
LI e e e L Schematic of
the epoch of
. reionization
. [Barkana 2006;
» Fig 9.3 Ryden]
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 In the early Universe, some hundred million years after the Big Bang, the temperature became
low enough for electrons to combine with protons for the first time.

- This is known as the epoch of recombination. This left the gas in the Universe in an overall neutral
state.

 In today’s Universe, however, nearly all of the gas between the galaxies is fully ionized.

- There should have been a moment in the history of the Universe when it becomes ionized again.
This period is known as the epoch of reionization.
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 What caused the cosmic reionization?

How exactly this came to happens is still not fully understood, but one strong candidate for
causing this to happen is the formation of the very first stars and galaxies.

The other possible explanation would be strong high-energy radiation from quasars, and
they do seem to have an effect, but the latest estimates indicate that they would contribute
no more than ~ 10% to the total ionizing background radiation needed.

« When did the cosmic reionization happen?

One of the strongest pieces of evidence for the increasing fraction of neutral gas in the IGM
is the Lya forest and the so called Gunn-Peterson trough.

The spectrum of a quasatr, is intrinsically a bright continuum source with only a few very
broad features. However, spectra of distant quasars show a large number of narrow
absorption features, resembling the trunks of trees tightly packed together in a forest. This
feature was therefore named the Lya forest.

At higher redshifts, the absorption features appear closer together, until finally a
completely absorbed trough is observed. This indicates that the universe was
previously more filled with neutral gas, and at some point the IGM was completely
neutral. The term “Gunn-Peterson trough” is named after the study of Gunn and Peterson
(1965).

The Gunn-Peterson trough is typically observed at z ~ 6, thus marks the end of the epoch
of reionization.



« A bit more details

- Suppose that a fraction f; = 0.9 of all baryons are hydrogen nuclei. We can assume
that f; is constant after Big Bang Nucleosynthesis is complete because of
iInefficiency of stars at nucleosynthesis.

- Let f (2) the fraction of neutral hydrogen in their ground state; this can be a function
of redshift. Then, the density of neutral hydrogen in the ground state at a redshift z.

3

— Nbar :ﬁar, (1_'_2)
nu1(2) = Mbary fi.fa(2) / vy et

= Mhary,0fmfo(2) (1 + z)3 ~2.27%x 107" [Cm_B] L

S fal2) (14 2

- We can then write the optical depth at an arbitrary redshift:

3
GP _ X0C__ fn (1 T Z) QP X0C nHI(z)
T, = —Va nbary,OfH H(Z) «— T, ” H(z)

- In a flat, ACDM universe, the Hubble parameter is given by (from the Friedmann equations)

1/2 ordinary + dark matter  dark energy

H(z) = Hpy |Qmo (1 + 2)3 + Qa0 Here, Q0,0 = 0.31 and Q4 o = 0.69

~ HoQY2 (14 2)3/? if 2> (Q.0/Qmo)"® —1~0.31

m,0

standard model (Wilkinson Microwave Anisotropy Probe)

Here, the density parameter is defined as:| () = £ | H(z) = Ho [0 (1+2)° + Qa0 (1 +Z>3“+w)r/z :
c w = —1 (w = p/p, the equation of state of the dark energy) !
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- At redshifts z > (Qx.0/Qm0)"® =1~ 0.31, we can use the approximation that the
universe is matter dominated:

3
_GP _ XOCﬁb o fi fo (14 2)
1% _ ary,
Voo HoQM? (14 2)%

~ 25, 600 g—%fn(z) (1+ 2)*?

This indicates that, if we want a hope of seeing a Gunn-Peterson trough, we must go
to high redshift.

The appearance of the Gunn-Peterson effect at high redshifts have two reasons:
(1) the factor of (1 + z)*? is ~ 20 times bigger at z ~ 6 than that at 7 < 1.
(2) we expect the neutral fraction f,(z) for hydrogen to be larger at higher redshift.
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Cosmology - Epoch of Recombination

- Beginning of the Big Bang Nucelosynthesis:

- The temperature of the Cosmic Background Radiation drops as the universe
expands:

T =To/a="Ty(1l+ z), where Ty = 2.7255 + 0.0006 K (temperature in the present time)

....................................................................

: Temperature is equivalent to energy (kT = (2.3486 & 0.0005) x 10~ *eV]
i and thus to frequency.

When kT ~ 66keV (a ~ 3.6 x 1077,z ~ 2.8 x 10%), deuterium nuclei could form
without being photodissociated. This was the starting of Big Bang Nucleosynthesis,
which dirtied the hydrogen in the universe with significant amounts of helium and
lithium.

In this radiation dominated epoch, the hydrogen (helium, lithium) was highly
lonized.

- The Epoch of Recombination:

- Eventually, the temperature 1 reached a level low enough that the fractional
ionization of hydrogen dropped below x = 1/2; the time when this happened is
known as the epoch of recombination.

- Now we will find when the epoch of recombination began by using the photoionization
equilibrium condition for the pure hydrogen gas.
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The number density of ionizing photons in the Cosmic Background Radiation:

87 V2 ST hv
(T = AT ~ —1v? ——— ) forhv>1 kT
mu(T) c3 exp (hv/kET) — 1 = (1) 3" exp( kT) o V(I; :H1§.>6e\/)

The photoionization rate of hydrogen is

Cpi = /OO ny,(T)copi(v)dv  (vo = Iu/h)

0

» We will use the following approximations for the photoionization cross-section and the
number density of photons:
_3 8

n, (T) ~ 12w for hy > Ig > kT

opi(V) = oo (v/10) 3

oo = 6.304 x 10~ ¥ cm 2

M=K+ s) < Iy

» When kT < Iy, corresponding to redshifts z < (In/kTp) — 1 ~ 58,000, the photoionization
rate is

87‘(‘ > dv
3 —hv/kT
14

o v

...................................................................................

87T 3 _—Iu/kT - dx L oo o0
—_— x — — : d _ d

8 KT _pokr 112
N — ool e M 5 S B
c2 0 IH ; a
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» Numerically, this is

_ kT B .
Cpi ~ 4.61 x 108s7 1 (ﬁ) p—13.6eV/kT

» The total number density of blackbody photons is given by

o T e % e o . - o e E
Ny = A nl/(T)dV = C—3 . exp (h]//k‘T) — ldV /O efz ixl :/0 drze™® (1 _ e—x)—l :/0 drr> Ze—nw
ET\® [ 22dx o0 o = '
= 87 <E> /0 v _ 1 — 2 %/0 dyy’e™ — y=nx
L 8 5 = CBIE)
- 13 —3 i ~ an _
my = 16n¢E) (e ) =307 108 (E0) et ommireoe

» Using this, we can write the photoionization rate in the form:

2
__ oocny ( Iy —Iu/kT 8w kTN _i,
- Photoionization equilibrium for pure hydrogen gas:
CpiftHO = MeNpQB H 1 —z = z? anB,H
pi

2 2 . . . .
(pi(l —z)ng = xz"njjap = €<—— fractional ionization
T = Ne/NH, Ne = Ny
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» The condition for the epoch of recombination is then given by:

o MHOB H 1 NHOB H
— = and z=- —

Cpi 2 Cpi

» From the above equation for the photoionization rate, we can rewrite the condition as
follows:

= 2

l—x==x

(k_T)QGIH/kT _ opC n»y
IH C(g)OCB,H ny

The baryon-to-photon ratio in the hydrogen-only universe:

..........................................................

..........................................................

~ -3
Nhary  Dhary0 nyo A~ 411 [ecm™]

T =Ty(1+2) D — = ~ 6.1 x 1071V
5 5 (i Wy

Nbary,0 ~ 2.50 X 10~7 [cm ™)

The ratio remains constant with time, unless stars were born and messed things
up by generating non-CMB photons into the universe.

Recall that the recombination rate coefficient is given by:

aB,H(T) ~ 2.59 x 10—13 T4—0.833—0.O34 In T}y [Cm3 S_l]
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- The condition for the epoch of recombination can be written as

1.17
(];—T> /M = 9.8 x 10"
H

The solution to this equation is kT ~ 0.024Iy = 0.33 eV, This corresponds to the following
temperature, redshift and mean baryon density:

the epoch of recombination: T ~ 3800K, z ~ 1400, Mipary ~ 690 cm™?

- Dark Ages

- The recombination of hydrogen brings in the “Dark Ages”, which is the period
between recombination at z ~ 1400 and the formation of the first stars at z ~ 30.

- The Cosmic Background Radiation will have a temperature ranging from T ~ 3800 K
atz~1400to T ~ 80 K at z ~ 30.

- At the beginning of the Dark Ages, the temperature is about that of an M star. By the

end of the Dark Ages, the photons of the Cosmic Background Radiation would be too
low in energy to photo-ionize hydrogen atoms.

- The reionization of intergalactic hydrogen must be accomplished by UV
photons that comes from massive stars and from active galactic nuclei (AGN).
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Epoch of Reionization

- The Epoch of Reionization

- The reionization is a patchy process. The individual H Il regions around early (first) stars and
those around AGNs gradually merge to form a single expanse of ionized gas.

- Thus, we cannot speak of an instant of reionization, but rather an epoch of reionization as
the patches of ionized gas take over more and more of the universe.

- We have some observational evidence on the ionization state of the baryonic gas as a
function of time during the epoch of reionization, as seen in the quasar spectra at z > 6.

w0 IR LD T
Fan et al. (2006) found that Lya optical depth as a
function of redshift, from a sample of 19 quasars. o L Ly il
1 o
1 4.3 ! " )
7',,%2.6( +Z> for 2 < 5.5 "7,,_* o o LF
65 l-o B O. o® '/// n
i t -
We have previously obtained the following equation: ’..:.- """ ¥
~ | Pon & -
7P ~ 25,600 fo(2) (1 + 2)*/? LI
Combining these two equations, we find the neutral @:—;if‘{;"”l T
fraction is small for z < 5.5. °3 4 5 5
Z
14 2\ 28 abe
- —6
fn(z) ~ 6.2 x 10 < 6.5 ) Lya optical depth as a function of redshift.

[Fig 5, Fan et al. 2006, AJ, 132, 117]
[See also Fan et al. 2006, AR&AA]
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- Limitation of using Gunn-Peterson effect for determining the neutral fraction:

» (Quasars take us back only to z ~ 7. Thus, the Gunn-Peterson effect can tell us solely
about the very late stages of reionization.

» The optical depth higher than 7 ~ 5 (at z = 7) corresponding to a transmitted fraction
e~ " ~ 0.007, which is hard to distinguish from zero in a noisy spectrum.

» To observe the earlier process of reionization, when the neutral fraction was still close to
unity, we have to take a different approach, i.e., the CMB.

- The Epoch of Reionization, as probed by the CMB.

- The Cosmic Microwave Background contains information about the epoch of
reionization.

- The reionized gas of the IGM at low redshift provides free electrons between us and
the CMB.

» These free electrons scatter the photons of the CMB via Thomson scattering with cross-

section:
o, = 6.652 x 1072° cm?

» If the optical depth from Thomson scattering were t,>> 1, then the temperature
fluctuations of the CMB would be thoroughly smeared out.



» The actual CMB spectrum shows only a modest suppression of the power spectrum
of temperature fluctuations on small angular scales due to scattering from free
electrons in the reionized IGM. Therefore, we expect that the free electrons in the reionized
gas provide 7, < 1. The Planck results give 7. = 0.066 + 0.016.

80 -

60

20 -

O | | IIIIII| | | IIIIII| | | IIIIII| |
1 10 100 1000

Effect of reionization on the CMB power spectrum.

Solid line : CMB spectrum without Thomson scattering by reionized gas. The other lines represent the CMB spectrum
with different Thomson scattering optical depths 7, = 0.05, 0.1, 0.2, 0.5, in order of decreasing height of main
spectral peak.

[Fig 9.5 Ryden; calculated using CAMB]
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Thomson scattering

- The optical depth for Thomson scattering can be written as

to 1 da o dz
Te = C netaedt:cae/ nea—:cae/ Ne (2
o o " Wam =, P EG )

Here, t« = time at which the reionization was completed.

» For a universe made of pure hydrogen, which undergoes complete reionization at the time
t«, the number density of free electrons can be expressed in terms of the Baryon density:

— — 3
Ne =— NMH — Nbary — nbary,0<1 =+ Z)

» Then after the complete reionization (¢ > t.), the optical depth for Thomson scattering is:

_ e (1+2)%dz 21 —1 /z (1+ 2)%dz
e — ellbar ~ 4.97 x 10
Te = COM y’O/o ) X S o )

1/2 _ 2¢0eNpary,0 3 1/2 1/2
H(z) = Hy [Qm,o (14 z)3 + QA,O} —>  Te= 3 Hon,yo {[Qm,o(l + 24)” + QA,O] — [Qm,0 + Q4 0] }

~ 2 Co-eﬁbary,O

T3 HoQm o

(ot + 2"+ 200 - 1)
3 1/2
Te ~ 0.00486 { 0.31(1 + 2.)° +0.69] "~ — 1}

» From the observed value of the optical depth, this gives a redshift of reionization:

7. ~ 0.066 — 2z,=17.8 Note that we assumed the pure-hydrogen universe and
an instantaneous reionization, in deriving this resullt.



- In the figure, the filling factor of ionized T T T T T T T T ]
hydrogen is denoted by Q. O i
- P
- f Instol&ggz‘ous
= @ Reionization
- The latest results (Planck Collaboration et - $$
al., 2015) places reionization at 7 ~ 8.8, 2 i
assuming a model in which the universe Cf oL Key Observational
IS instantly reionized. \ i Constraints
- Studies of the cosmic microwave - i
background (CMB) tell us of the column o =3 o Teorerission of [ys Forest
density of ionized material in front of the - ® LBG Lya Emission Fraction
last scattering surface. i o Damping Wing Quasars
. -4 Lya Dark G
- Thomson scattering of CMB photons upon i iﬂfi " Dy Hare bops
free electrons causes the signal to : | | | |

lllIllllIIlllIllllIlIllil

become partially linearly polarized,
allowing us to calculate a Thomson optical
depth which in turn can be used to
estimate when reionization took place.

Redshift

| Summary of constraints on the redshift at which
- The red arrow shows the instantaneous reionization took place. (Bouwens et al. 2015).

E}elcl)lnlgatlc;.n redtShllﬁ l‘zrcc));nSPlaan The points include Gunn-Peterson and Lya dark gaps
ollaboration et al. ( )- from Fan et al. (2006) and McGreer et al. (2015),

- The gray shaded region schematically quasar damping wings from Schroeder et al. (2013),
follows the evolution in the filling factor. and Lya galaxies from Schenker et al. (2014).
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Reionization Sources

- We need to find objects that were produce large quantities of ionizing photons
with hv > 13.6eV at a redshift z ~ 10.

- Suppose that a single source of ionizing photons (either an AGN or a star-forming
galaxy) is turned on. Then, a Stromgren sphere will form, with a radius:

1/3
R(t) = R, (1 —eY t)
» The ionization (and recombination) time trec is givenby

142\ see Leture 07
11

1 _
troe = — — (14 2) >~ 0.5 Gyr (
QB HNH aB,HMbary,0

---------------------------------------------------------------------------------------------------------------------------- ap g ~ 2.59 x 107 [em? s

» The Stromgren radlus for the AGN or a star-forming galaxy is

R, = (39 1/3~07Mc Q)" (1x2\"
* 7 \4drmap unk VPO ppr g1 11

- In order for the Stromgren spheres to overlap and fill the universe with ionized
hydrogen, the number density of photo-ionizing sources must be

AT R3 3

_ Qo AR
—5 rce 1 source > — 06 M 3
g [sowce 74 ——> T AR b (1054 51 11

=
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» The above equation gives the required number density in physical units; the number density in
comoving length units, normalized to the present, is

—1 3
_ _ 1+ 2
source 1 ? — 1 _4M s QO
n (14 2) 5 x 10 pc (1054 = =

» Thus, the rate per comoving volume at which ionizing photons are produced must be greater
than the following critical value:

This is the equivalent of a dozen O3 main sequence stars per cubic Mpc, which is not a lot.

- Now examine the OB stars as a candidate for the cosmic reionization. We should notice that
the lifetime of an O3 star is only ~ 1 Myr, which is much shorter than the ionization (and

recombination) time ¢... ~ 500 Myr [(1 + z)/ll] - Thus, we need continuous star-formation.

» Using the starburst99 code (Leitherer et al. 1999; https://www.stsci.edu/science/starburst99/docs/
default.htm), we obtain the production rate of ionizing photons, per a unit star-formation rate,

for the continuous star-formation: oS
i IMF of Kroupa (2001)

E(m)Am =m~*Am

SFR adopting the Initial Mass Function of a = 0.3 for m < 0.08 M4
Q L 1053.148[ —1] ) ; E
* — S 1 Mg yr—1 Kroupg (2001), for continuous star- o= 1.3 for 0.08Mg < m < 0.5Mo|
formation b= 2.3 for m > 0.5Mq '

» Only a fraction f.,. of the photoionizing photons will escape the galaxy and enter the IGM.


https://www.stsci.edu/science/starburst99/docs/default.htm
https://www.stsci.edu/science/starburst99/docs/default.htm
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» Comoving star-formation rate, required to keep the universe ionized is then:

s (142 £ Here, f...is the escape fraction of
Q*fesc > Jrcrit —> SEFR z 0.004 M@ yl‘_l MpC_ ( ) fe_sg

ionizing photons (escape out of the
11 host galaxy and enter the IGM).

The escape fraction is a critical parameter to identify the main source of the cosmic reionization.
However, the escape fraction of ionizing photon is poorly known at all redshifts.

Observation of the cosmic star-formation rate:

Galaxies [Gyr]
» The cosmic star-formation rate has a fairly broad peak in the 138 4 2 Y 1 06
redshift range 1 <z < 4. ET 1 | | [ &
» The comoving SF rate at z ~ 10 was lower than that at z ~ 2, but i .
how much lower is not clear. _ ik e I
» The earliest generation of stars (Pop Il stars) would definitely play "'"8_ —— % e
a significant role in ionizing the universe. But, they are still poorly = P ; 1
understood. 510t F —— I 4
» Galaxies, especially compact SF galaxies, are likely to be the 5°  F T —+— 3
dominant source of the cosmic reionization. <& [ v LBG: Bouwens etal (2008) 0
107 F A BO8 (LF integrated) =
= LAE: Ota et al. (2008) =
AGNs : p, (C/f,_ =40, 30, 20) 3
» The observed comoving density of bright quasars has a narrower P Y Y EUTTN TN TURTE FRUTY FUUTN PRV S
peak in the redshift range 2 <z < 3. o 1 2 3 4 , 5.6 7 8 9
» It is known that the number of AGNs wasn’t enough to reionize
the IGM at z ~ 10. The cosmic star-formation rate using different

: traces (GRB = Gamma-Ray Bursts; LBG =
» However, the faintest AGNs may have been numerous enough to Luminous Blue Galaxies: LAE = Lyman-Alpha

contribute significantly to the reionization. (This scenario is highly Emitters) [Kistler et al. 2009; Fig 9.6 Ryden]
unlikely. But, it cannot be completely ruled out.)
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Lya Forest

« History
- A uniformly dark Gunn-Peterson trough is only seen at redshifts 7 > 6.

- However, at lower redshifts, there exists a “Lyman alpha forest” of absorption lines.

- The Lya forest was first discovered by Roger Lynds in 1971.

» Lynds found many absorption lines in the spectrum of 4C 05.34 (with z = 2.877, the largest
redshift then known for any quasar), most of which were at wavelengths shorter than the
Lya emission line of the quasar.

» Lynds concluded that most of the absorption lines that he saw were Lya lines from
hydrogen along the line of sight to the quasar; the other absorption lines were from
relatively common heavier elements (such as O, C, N, and Si) at the same redshifts as the
absorbing hydrogen.

» As similar distributions of short-wavelength absorption lines began to be seen in the
spectra of additional quasars, astronomers began using the metaphor of a Lyman alpha
“forrest” of absorption lines.
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Lya Forest

Figure (a) shows a cartoon of how a quasar spectrum might
look like if there were no intervening neutral hydrogen
between the quasar and us.

- The quasar continuum is relatively flat. Broad emission features
are produced by the quasar itself (near the black hole and its
accretion disk).

In some cases, gas near the quasar central engine also
produces “intrinsic” absorption lines, most notably Ly«, and

relatively high ionization metal transitions such as C IV, N V,
and O VI.

However, the vast majority of absorption lines in a typical
quasar spectrum are “intervening”, produced by gas unrelated
to the quasar that is located along the line of sight between
the quasar and the Earth.

Its wavelength is stretched by the expansion of the Universe

from what it was initially at the quasar, and, if it had continued
to travel to us, it would have been stretched some more from
the 1216A wavelength it had at the absorber.

No absorbing clouds (a)

flux
(amount
of
light)

emission

N

wavelength ». —>

One absorbing cloud close by (b)

flux emission
(amount
° \/\
light) absorption
wavelength 2. —>
Several absorbing clouds (C)

flux
(amount

of
light)

emission

u |H:albsorption

wavelength A~ —>



« The cartoon below shows a quasar with it Lya emission line redshifted from the UV into the red, and
the Lya absorption lines from four intervening clouds appearing as orange, yellow and green-blue.

- Each structure will produce an absorption line in the quasar spectrum at a wavelengthoof
Aobs = Arest(1 + Zgq5), Where z,,¢ is the redshift of the absorbing gas and 4. = 1216A is the rest

wavelength of the Lya transition. Since <z the redshift of the quasar, these Lyax
absorption lines form a “forest” at wavelengths blueward of the Lya emission of the quasar.

Zgas quasar’

- The region redward of the Lya emission will be populated only by absorption through other chemical
transitions with longer 4, ,,,.

Definition of redshift: O
< /IObS _ /lemit V\/\/\/\O Q

ﬂemit i
/lobs = /‘temit(1 + Z) O Q

o

Q

P4
=
gas L
ﬂobs = /1rest(1 + Zgas) Y
/1(?1;15 = ﬂrest(l + unasar)
. 1gas quasar
e ;tobs < /10bs }\. —->

© Edward Wright: http://www.astro.ucla.edu/~wright/Lyman-alpha-forest.html



http://www.astro.ucla.edu/~wright/Lyman-alpha-forest.html

A very nice visualization that shows how different systems absorb Lyman-alpha, made by Andrew Pontzen.
To see this movie, please download from http://www.cosmocrunch.co.uk/media/dla_credited.mov

Intensity

1200 |
Wavelength/A



http://www.cosmocrunch.co.uk/media/dla_credited.mov
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Ly Absorption System

A structure along the line of sight to the quasar can be described by its neutral
Hydrogen column density N(H 1), the product of the density of the material and the
path length along the line of sight through the gas.

| = 77
» Classification . V/ai
N(HI) =nglL - N
N(HI) <102 cm=2 Currently not observable 0.4 el
1012 <NHTI) <1017 cm-2 Lya forest e
\ tau 0.8 ———
o o L .‘x._..x’!uu 1.6 ———
1017 < N (HI) <2x1020 cm-2 Lyman limit systems | .
6562 6562.5 6563 6563.5 6564
2x1020 <N (HT) Dampled Lya systems As N (H 1) increases, the absorption

line depth and width increase.

- Atypical temperature of the diffuse IGM is T ~ 10° K (corresponding to a thermal
broadening b ~ 40 km s~! in Lya line). The optical depth at line center is then

~ 1.0 b ! N
07~ 27 J0kms—! 1014 cmn—2

- The name “Lyman limit system” is given because at these column densities, clouds

become optically thick to photons with A < 912A, at the Lyman limit. As a consequence,

Lyman limit systems are self-shielded from outside ionizing photons.

- Damped Lyman alpha systems (DLAs) have column densities of neutral hydrogen
comparable to a large galaxy like our own.



What are the Lya absorption systems?

» Metallicity
- The metallicity of DLAs is typically in the rage Z ~ 0.01 —0.3Z,,

- The Lyman alpha forests has a lower metallicity of Z ~ 0.001 — 0.01Z,,.

- What are they?

- DLAs can be thought of as gravitationally bound (proto)galaxies, containing gas
(and associated dark matter), but which haven’t yet been effective at converting gas
into stars.

- However, the lower column density absorption lines in the Lyman alpha forest, which
are vastly more numerous than the DLAs, cannot be associated with individual
gravitationally bound gas clouds.

» Densities in the Lyman alpha forests are simply not dense enough to represent
gravitationally collapsed, virialized systems with a high neutral fraction of hydrogen.

» Instead, the absorption lines of the Lyman alpha forests are likely produced from highly
lonized regions of gas that are broadened primarily by the Hubble flow.

- The Lyman alpha forest shouldn’t be thought as resulting from discrete clouds along
the line of sight to a quasar.

» Instead, Lyman alpha forests are more likely to be caused by a smoothly fluctuating
density field along the line of sight.



- The Lyman alpha absorption systems are generally associated with galaxies, but not always.

- For instance, 3C 273 lies behind the Virgo cluster of galaxies, and has a couple of
absorbers in the cluster's redshift range, but they cannot be clearly identified in position
and redshift with specific galaxies in the Virgo cluster.

- At low redshift, many of the galaxies that are responsible for the DLA absorbers can be
directly identified.

» These galaxies are a heterogeneous population. They are not just the most luminous
galaxies, but include dwarf and low surface brightness galaxies.

» There are even cases where no galaxy has been identified to sensitivity limits.

- Column density distribution
- There are many more weak lines than strong

. T | T | T | T | T | T | T | T | T ]
lines. ) Number per Unit Redshift |
: C : s -12 er Unit log Column —
- The column density distribution roughly follows b - P ° -

a power-law. s i
e -16 — _|
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Typical spectrum of a quasar

Spectrum of a quasar PKS0454+039 at 7 = 1.34

Lya Forest
- LLS Ly/? Emission

partjal break j
- fiCA l DLA LS

— break \
1L l W ‘ W' = AP = 1026A

0 L e S | . /»tLymanbreak=912A

| ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] rest

1600 1800 2000 2200 2400 2600 2800 3000 3200
Wavelength, A

i/Lya Emission

CIV Abs. n
< from DLAT

N W b~ O
|

- A — 1216A

rest

—1 -2 —1
Flux, ergs s cm ~ A

- Typical spectrum of a quasar, showing the quasar continuum and emission lines, and the absorption
lines produced by galaxies and IGM that lie between the quasar and the observer.

- The Lya forest, absorption produced by various intergalactic clouds, is apparent at wavelengths blueward
of the Lya emission line.

- The two strongest absorbers, due to galaxies, are a damped Lya absorber at z = 0.86
((1 +0.86) x 1216 = 2262A) and a Lyman limit system at z = 1.15 ((1 + 1.15) x 1216 = 2614A).

- The damped Lya absorber produces a Lyman limit break at ~ 1700A ((1 + 0.86) x 912 = 1696A).

- The Lyman limit system: a partial Lyman limit break at ~ 1960A ((1 + 1.15) x 912 = 1961A) since the neutral
Hydrogen column density is not large enough for it to absorb all ionizing photons.
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Evolution of Lya Absorption Systems

- The Lya absorption component evolves strongly

with cosmic time.

- We see dramatically more absorbers toward
higher redshifts.

- However, they have not completely disappeared
at low redshifts. When the launch of HST
provided the first capability of measuring Lya at

low redshifts to the required accuracy, it was
found that a few of these absorbers remain in the
local Universe.

- The evolution of the Lyax forest may be intimately

connected with the history of galaxy formation.

This dramatic evolution in the number of
forest clouds is mostly due to the expansion
of the Universe, with a modest contribution
from the cosmic structure growth.

10131<N,, < 1014 101877<N, <1016 10145<N,, <1016

—* — simulation
A Kim et al. " Bahcall et al. — — Williger et al.
o Impey et al.

® [u et al

2.9 -

log dAN/dz

L 101377<N, <106 ’
1.5 - ’ p/i/

% /3//./
% /// Q?‘
1 |- ) p ]
- I e — 40/
Coln 10145<N, <101
0.5 _— ! ! ! | ! ! ! | | | | | ! ! A —_
0 0.2 0.4 0.6 0.8
log (1+2)

Evolution of the number of lines within a
given range of column density obtained from
numerical simulations and observations
(Efstathiou et al.)
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 This figure compares two
guasars at very different
redshifts, 3C 273 at z=0.158
and 1422+2309 at z= 3.62.

« The spectra were shifted to a
common scale in emitted
wavelength.
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- At low redshift, 3C 273 shows only a handful Lya absorbers, including the strong and broad absorption

from its light intercepting the diosk of a foreground spiral ogalaxy (ours). Our galaxy also produces absorption
in the C IV lines around 1550 A, which appear at 1337 A in the quasar's emitted frame.

- Hundreds of lines can be identified in the spectrum of 1422+2309, with the densest concentration near the
quasar redshift. The strong and broad emission peak is Lya, which is almost chopped in half by the onset

of the Lyx forest in the high-redshift quasar.

- This is a very general feature showing how the density of Lya absorbers decreases with cosmic

time (lower z).
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- lllustration of structure evolution of intergalactic gas from high to low redshift.
- Higher redshift quasars show a much thicker forest of Ly« lines.

« The right-hand panels show slices through N-body/hydrodynamic simulation results at two
epochsz=3and z=1.

- Three contour levels are shown : 10! cm™2 (dotted lines), 10'> cm™2 (solid lines) and 10"° cm™
(thick solid lines).

Evolution proceeds so that the voids become more empty and even lower column density
material is found in filamentary structures at low redshifts.
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Correlation between Density and Temperature

- Density versus Temperature in the intergalactic gas
- In simulations of the evolution of intergalactic gas, it is found that there is a tight
correlation between density and temperature at T < 105 K.

» The origin of this correlation lies in the balance between heating and cooling (adiabatic
cooling due to the expansion of the universe)

» Heating: With only hydrogen present, heating is done by the electrons ejected during the
photoionization of hydrogen. The volumetric heating rate is:

Goi = nyyoCoi (EY = non, o E (E') =the average kinetic energy of an ejected electron.
bl H Cpl < > etpTiAH < > We need to use the Case A recombination rate coefficient

in a highly ionized hydrogen gas, responsible to the

Ne = Np = NH in a highly ionized hydrogen gas
© P gnly yarogeng Lyman alpha forests.

Gpi ~ nfaa u (E)

» Cooling: The regions that give rise to low column density Lya lines will cool mainly through
adiabatic cooling as the universe expands. During adiabatic expansion, the thermal energy
density has the dependence &£ x V=7 (V =volume of a gas element). The volumetric

cooling rate is then:

d& EdV E\ . Vda
Ladi == =V o = (7v> S Laai = 3vE()H (t)

T - |
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» Energy Balance: apap o< T7%™ near T ~ 10* K
3 9 kT l T
nfoam (E) = 3y (inHkT> H(t) —— npg = iozAfyH (E)H(t) — N =073

We then obtain

ny X T2 s T« n%58

0.58

n : _

T = Tg ( o ) Here, T is the temperature when ny = Nipary
Npary

- Optical Depth versus Density in the intergalactic gas

- The balance equation between the photoionization and radiative recombination is

given by
CpiMHO = MeNpQA H : SRS o MHOA H
P! erPTA, <—— fractional ionization l—x==zx 7

» After the epoch of reionization z ~ 8, the neutral fraction f, =1 —x will be much smaller
than one (i.e., x & 1). In this limit, the solution for the neutral fraction is

npoa g(7)

fo & -
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» Then, the number density of neutral hydrogen atoms is

2 T
nygo = fnnH i~ nHa?’H( )
P! T\ 072
Using the Case A recombination rate coefficient, aam ~ 4.2 x 107" cm?s™! (104 K) . we

find that

ngo X n%IT_O‘me_il

- The optical depth for Lya absorption at a given redshift is proportional to the number
density of neutral hydrogen.

using the density-temperature correlation

0.58

T OC N0 X n%IT_O‘nC_l X n11{'6g“p_il «— -
X Ny

pi

» Properly normalizing, we obtain the relation between the density and optical depth:

1.6
n
7-:?( ) «— N XNy

ﬁbary

» The constant 7 depends on the assumed cosmology as well as on the amount of ionizing
radiation present.

» The above equation is referred to as the fluctuating Gunn-Peterson approximation.
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Warm-Hot Intergalactic Medium

- The Warm-Hot Intergalactic Medium (WHIM)
- The WHIM is at temperature 10°K < T < 107K,
and has adensity intherange 5x107"cm™2 <n<5x10%cm™2 (n = (2 —200) X Npary,0)

- These low densities and relatively high temperatures account for the difficulty of
observing the WHIM.

» Missing baryon problem

- The baryonic density has been fairly well known from Big Bang Nucleosynthesis and
from early observations of the CMB by the COBE satellite.

- However, the density in easily detected baryons — stars, interstellar gas, and X-ray
emitting gas in clusters — was only ~ 0.17,,,, .

- It is believed that the unobserved baryons are in a low-density gas spread
through intergalactic space.
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Simulations of the WHIM

* Much of what we know about the WHIM comes from numerical cosmological
simulations that include gas dynamics.

- Davé et al. (2001, Apd, 552, 473) have performed, for the first time, simulations of the
intergalactic medium, and found that baryons in the universe reside in four broad
phases, defined by their over density ¢ =n/7 —1 and temperature T.

>

Diffuse IGM: § < 1000, T < 10° K. Photoionized intergalactic gas that gives rise to Lyman
alpha absorption.

Condensed: § > 1000, T < 10° K. Stars and cool galactic gas.
Hot intracluster medium: 7 > 107 K. Gas in galaxy clusters and large groups.

Warm-Hot: 10° < T < 10" K. The “warm-hot intergalactic medium.”

Diffuse IGM T<10° K Warm-Hot IGM 10°<T<107 K

(Left) Distribution of diffuse intergalactic gas
at z = 0. (Right) Distribution of warm-hot
intergalactic gas at z = 0.

green : " = 107bary,0
red: n = 104 ﬁbary,O

[Renyue Cen; Fig 10.1, Ryden]
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Summary:

At z = 4, shortly after reionization is complete,
nearly all the baryonic gas was in the form of
photo-ionized gas with 7 < 10° K.

As structure went nonlinear and collapsed, more
and more of the baryonic gas became shock-

heated to temperatures 10°K < 7' < 10" K (WHIM).

The WHIM grew steadily with time until it
composed 30-40% of the baryonic matter today.

“Condensed” gas represents galaxies containing
stars, interstellar gas, and circumgalactic gas.

“Hot” gas is the intracluster gas at T > 10’ K.

Difference between the DIM & WHIM

The diffuse intergalactic medium (DIM) is smoothly
distributed.

The WHIM is found primarily in long filaments. As it
flows along filaments to the clusters, the WHIM is
shocked and heated to higher temperatures than
the photo-ionized DIM.
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[Fig 10.2, Ryden; Dave et al. 2001]
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* Density-Temperature of the WHIM

- The density is positively correlated with temperature

(so there is no pressure equilibrium).

n T
20 Mpary,0 106K

20 pary,0 ~ 5 X 107% cm™?

Metallicity

The metallicity of intergalactic gas reaches Z ~ 0.3Z,

primarily in dense virialized clusters, contaminated with
gas ejected by supernovae.

Along the WHIM filaments, a metallicity Z ~ 107°Z is
more typical.

At the low metallicity of the WHIM, bremsstrahlung
dominates the cooling down to a temperature as low
as T ~ 10°K.

The WHIM has a temperature that is typical of the hot
interstellar medium of our Galaxy. However, the WHIM
has densities that are smaller by 3 orders of magnitude
than the HIM (g = 4 X 10~ cm™).

108 E T TTTT T TTTTm T TTTT T TTTI T ||||||T| T TTThm T TTTI IIHII?
107 &
108 &

105

[ IlIIIIlI lllllllmilll | IIIIHI | Illlll!] 1 nlllllll | IllllllI | Illlll._ll

0.010.1 1 10 100100010* 105 108
P/<pb>

The distribution of WHIM in the
density-temperature plane at z = 0.

The contours contain 90%, 50%, and
10% of the baryons, from the
outermost contour inward.

[Fig 10.3, Ryden; Dave et al. 2001]
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Observations

- Bremsstrahlung

- Observing bremsstrahlung emission from the WHIM is “challenging” (impossible).

' cooling rate for ICM: £ 29 51 (KT N2 a2
. cooling rate for : ~ 1. 10~ s ( )
J i T 107 ergem s (10 keV) 1073 cm—2

kT 1/2 ’n,H 2
. cooling rate for WHIM: ~ 5.4 x 1073° —34-1
i J L~ 5.4 107 ergem s | Gy 5 % 1 2

- Note that, in our Galaxy, seeing bremsstrahlung emission from hot bubbles other than
the Local Bubble is impossible.

* Lines from highly ionized heavy elements.

- Consider oxygen, for instance, the most abundance element heavier than helium.
» T <3x10°K : OV and O VI become important.
» 3x10°K < T < 2x 10°K : The dominant ionization state of oxygen is helium-like O VII.

» T >2x10°K : O VIl and fully ionized O IX become important.
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O VI emission line:
» The WHIM at T ~ 3 x 10°K has a low hydrogen number density:

ng ~ 6Mpary0 ~ 1.5 x 107%ecm™ at T ~3 x 10°K (from the density-temperature relation)
n T

20Mpary.0 106K

For the metallicity z ~ 0.01 Z,,, the abundance ratio is ng/ny ~ 5 x 107°. This leads
to a number density of oxygen:

no ~ 8 x 10712 em =3

Even at its maximum relative abundance, at T ~ 3 x 10°K, O VI accounts for only
25% of all the oxygen:

nNovi ~ 2 X 1072 em™?

Since the WHIM is concentrated along filaments of the cosmic web, a line of sight
passing through a single filament, whose thickness is ~ 1 Mpc, will contribute a
column density:

14
Novi ~ novil ~ 5 x 10"* cm ™2
OVI ™~ MOVI X cm (1 Mpc>

Measuring a emission line from column density Ngy; < 10! cm™ is difficult.
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- O VI absorption line:

» Danforth & Shull (2008), in the study of UV absorption lines (HST and FUSE) toward bright
AGNs, found O VI absorption systems with column densities:

Novi ~ 8 x 1012 — 5 x 10" ¢m 2

» The strongest absorption systems, with Ny > 10'*cm™ had an average Doppler
broadening parameter b ~ 40kms~!, correspondingto 7 ~ 10°K .

» They concluded that the WHIM in the temperature range of 10°K < T < 10°K, where O
VI absorption is strongest, provides ~ 10% of the baryonic material in the universe.

» This still leaves a large amount of “missing” baryons in the IGM.

COVI 1032 LiF1b 1 Anexample spectrum of O VI absorption line in
P 1 the z =0.06808 absorber toward PG 0953+414.

Wavelength (A) Fig 1, Danforth & Shull (2008, ApdJ, 679, 194)
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- The hotter WHIM in the range
10°K < T < 10’ K is more difficult.

» The ion O VIl has an X-ray line at 4 = 21.6A
(0.57 keV). However, this is not a strong line,
and has been found only at a relatively low
significance level along a few lines of sight.

» The right figure shows a simulation of
intervening O VIl absorption lines at four
redshifts along the line of sight to an X-ray
bright AGN for a 700 ksec observation (~ 8.1
days) with the Chandra transmission grating
iInstrument.

» Observations have been very challenging and
the results are controversial.

- The “missing” baryons aren’t missing:
they just need high-throughput X-ray
spectrographs with high energy resolution
to get their message across to us.
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Simulated 700 ksec Chandra LETG/HRC spectrum
of B2 1721+34 showing predicted WHIM O VII Ka
absorption at redshifts of 0.11, 0.12, 0.14, and 0.16.

[Fig 10.5, Ryden]



