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1 Cosmic Background Radiation: Energy Distri-
bution in the Universe

1.1 Olber’s paradox

The night sky is dark. This is an obvious fact for us (not actually in cities like
Tokyo). But, is it true? In the 19th century, a German astronomer Heinrich
Wilhelm Olbers (1758-1840) had doubts about this. If the universe is static
and infinite and has an infinite number of stars distributed in an infinitely
large space, the night sky should be as bright as the solar surface.

The surface brightness of an object is proportional to F'/§2 where F is the
flux and € is the solid angle. Assuming constant luminosity L at a distant
d, then F o< L/d?. Assuming the size of an object r, then Q o r2/d.
Therefore, the surface brightness becomes constant.

There is another approach to the paradox. Assume the number density
of objects n is homogeneous and isotropic. Then the number of objects
within a shell at a distance r is dN o nr?dr. As flux from an object is
F o L/r?, flux from all stars in a shell is dI = FdN o Lndr. Therefore,
the total flux out to radius R will be I = [dI o< Ln[r]f. By setting R to
00, the flux from the sky becomes infinite.

However, we know the universe is not infinite from observations. There-
fore, the paradox is solved. But, is the sky completely dark? Actually not.
There is dim but almost isotropic diffuse emission in the sky. This is the
so-called cosmic background radiation.



1.2 Composition and Mass/Energy Density in the Universe

The critical density of the universe is

=1.69 x 107%h2 erg ecm ™3 = 8.28 x 107%h2 ; erg cm™3. (1)

Density parameters are defined as Qx = px/p.. The latest Planck data tell
us the composition as follows with A ~ 0.678:

Qx Energy Density [erg/cm?]
Dark Energy 0.69 5.4 x 1077
Dark Matter 0.31 2.4 x 107°
Baryon 0.048 3.7 x 10710
Neutrino < 0.0055 <43x1071
Radiation 5.4 % 107° 4.2 x 10713

1.3 Cosmic Background Radiation in various wavelengths

The cosmic background radiation is almost isotropic radiation in the sky. It
is the result of integrated emission from its origins over the cosmic history.

1.3.1 Cosmic Microwave Background Radiation

The cosmic microwave background (CMB) is the thermal radiation left over
from the Big Bang. The CMB has a thermal black body spectrum at a
temperature of 2.725 K. The CMB energy density at the present day is
given by

pomB = aT? ~ 4.2 x 10713 erg/cm® ~ 0.26 eV /em?, (2)

where a is the radiation constant (4osg/c = 7.5657 x 1071 erg/cm3/K*).
The CMB energy density is roughly 10~* of the critical density p..

1.3.2 Cosmic Optical/Infrared Background Radiation

The cosmic optical background (COB) and the cosmic infrared background
(CIB), so-called extragalactic background light (EBL), are the diffuse, isotropic
background radiation from far-infrared (FIR) to ultraviolet (UV) wave-
lengths, is believed to be predominantly composed of the light from stars
and dust integrated over the entire history of the universe (Dwek & Kren-
nrich 2013). The observed spectrum of the local EBL at z = 0 has two



peaks of comparable energy density. The first peak in the optical to the
near-infrared (NIR) is attributed to direct starlight, while the second peak
in the FIR is attributed to emission from dust that absorbs and reprocesses
the starlight.

The energy source of stars is nuclear reaction in stars. In the main-
sequence phase, some fraction of the rest mass energy (ny = 0.0072 per unit
mass) is released in the 4p —* He reaction. Most of the energy go in to
radiation. The mass ratio against total baryons of the Helium originated
in the Big Bang is Ygn = 0.24, while that in current galaxies is Yy = 0.28.
AY = 0.04 of Helium are generated in the cosmic star formation history.
If the fraction of baryonic gas contained in galaxies is f. ~ 0.1, the total
background energy density will be

iy AY £ Qypec?

~ 5.2 x 1071 erg/cm® ~ 3.3 x 1073 eV /em?, (3)
14+ 2z

PCOB

where we take the typical star forming redshift as z, = 1. By converting
this value into the flux, we can get Icop ~ 1.2 x 1075 erg/cm?/s/sr ~
12 nW/m?/sr. The nuclear fusion to heavier elements will also contribute
to the COB in the similar order of magnitude.

1.3.3 Cosmic X-ray Background Radiation

The cosmic X-ray background (CXB) is believed to be composed of X-ray
emission from AGNs. X-ray emission from AGNs is dominated by Comp-
tonization of disk photons in a corona above the accretion disk. Thus, the
radiation energy source is matter accretion on to the central supermassive
black hole (SMBH). Here, it is well known that the mass of the SMBH cor-
relates strongly with physical properties of the host galaxy. For example,
it is known that the SMBH mass Mpy appears a fairly constant fraction of
the stellar bulge mass M;, as Mpy ~ 1073M; (Haring & Rix 2004). The
mass density of stars in spheroid is % spn, = 0.0018h ™1 (Fukugita & Peebles
1998). The radiation efficiency of BH accretion disk is n ~ 0.1. The flux
ratio between optical and X-ray is known to be Fy/ Fypt ~ 0.1. Therefore,
the total CXB energy density is

F Q
X 1/BH, buger, spi pec® ~ 6.4x107 17 erg/em® ~ 4.0x1078 keV /cm?
Fopt 1+ Ze
(4)
where we take the typical AGN redshift as z. = 3.0 and h = 0.70. By con-
verting this value into the flux, we can get Icxpg ~ 1.5x 1077 erg/cm? /s /st ~

95 keV /cm? /s /sr.

PCXB ~



1.3.4 Cosmic Gamma-ray Background Radiation

The cosmic gamma-ray background (CGB) is expected to be dominated
by blazars, since blazars are the most numerous population in known ex-
tragalactic gamma-ray emitting sources. Blazars are divided into two cate-
gories by their optical spectra. Those are BL Lacertae objects (BL Lacs) and
flat-spectrum radio quasars (FSRQs). Gamma-ray emission from blazars is
thought to be originated in the inverse-Compton process in sub-pc scale jet in
which electrons scatter internal synchrotron radiation, so-called synchrotron
self-Compton emission (SSC: Jones et al., 1974) or external radiation, so-
called external Compton (EC: Dermer & Schlickeiser, 1993; Sikora et al.,
1994). In the case of BL Lacs, SSC dominates the gamma-ray emission,
while EC dominates in the case of FSRQs.

Let consider FSRQs. The blazar jet radiation power is Ly, = 47?R§F20u;eed
where Ry, is the comoving size of the emitting blob, I' is the bulk Lorentz fac-
tor, and w4 is the seed photon energy density in the jet comoving frame.
Ry is approximated as Ry = ['ctyar, where ty,; is the observed variability
time scale and the beaming factor is approximated ~ I'. Assuming typical
values of I' ~ 10 and tyar ~ 1 day, we have Ry, ~ 3 x 10'® cm. As we consider
FSRQs, the emission region locates inside the broad line region (BLR) where
the disk radiation is reprocessed. The Thomson scattering opacity of the
BLR is 74 = Ne BLROTTBLR =2 0.021n, BLR 4.57BLR,18 where n, is the electron
density in the BLR and rprp is the distance to the BLR from the central
SMBH. The energy density of scattered disk photons in the jet comoving
frame is given by ul, = I'*7sc Laisk /4775 re. From multi-wavelength stud-
ies of blazars, the radiation is dominated by gamma rays in FSRQs. Thus,
Ly, ~ F47—SCLdiSkR§/T]23LR-

The fraction of radio galaxies is ~10% of whole AGNs. Considering the
beaming effect, the fraction of blazars is approximated as fp,1, ~ 0.1(1/T)%/4x,
which will be ~ 8 x 107 with I' = 10. Therefore, the total CGB energy
density is

Ly, Q.
~,bl: nfBH, bulge? &x, sphp 02 (5)

PCGB = Jblz c
Ldisk 1 + Zc

Ry \? 1fBH, bulgeQs, sph
~ ZP4 5 g >, Sp 2 6
Jorzl™ Tee (TBLR> 1+ 2, PcC (6)
~ 4.6 x 107" erg/em® ~ 2.9 x 107'¢ GeV /em?, (7)

where we assume 7. = 0.01, I' = 10, R, = 3 x 10'® cm, and rgip =
10'" ¢cm. By converting this value to the flux, we can get Icgp ~ 1.0 x
1079 erg/cm?/s/st ~ 6.8 x 10~7 GeV /cm? /s/sr.
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Figure 1: The cosmic background radiation spectrum from microwave to
gamma-ray energies. Contribution from galaxies, Pop-III stars, Seyferts,
blazars, radio galaxies, and all AGNs is shown by purple, cyan, red, green,
blue, and black curve, respectively.

Figure. 1 shows the measured cosmic background radiation spectrum
from microwave to gamma rays. Although the estimations above subsections
are simplified calculation, the order of estimation is roughly consistent with
the measurements.

1.4 Cosmic Background Radiation Spectrum

The intensity of the cosmic background radiation is given by per time, sur-
face area, solid angle, and energy as I, dI/dE, or etc. The unit will be
[erg/cm? /s /Hz/st], [erg/cm? /s/eV /st], or else.

Although the cosmic microwave background is truly diffuse emission, the
background radiation in other wavelengths is the integration of light from
individual sources. Let assume the comoving number density of a source
class, which is called as the luminosity function, is ¢(Lyet, 2) where Ly is
the luminosity at a reference energy and z is the redshift. For example, in the
GeV gamma-ray band, 0.1-100 GeV luminosity Lg1_100 gev is often used.
The total number density of a source class at z is given by f ALyt d(Lyet, 2).



Flux from a source is given by a function of L, 2, E as

1+ =2

F (Lref,Z V) W

LV[Lref7Z7(1 +Z)V]7 (8)
where Ly[Lyef, 2, V] = dL[Lyet, 2, v]/dv is the radiation spectrum of a source
(the unit is [erg/s/Hz] or else) and dr(z) is the luminosity distance. The
factor of (1 + z) is for the redshift effect correction term for dv.

The number count of a source class per solid angle and per flux at a flux
F, is

AN

dF, dF dLret dzd dQ (Lrer 2) (9)
8Lref

~  OF, dz ddegb(L“"f’ 2); (10)

where dV?/dzdS) is the comoving volume element. Thus, the cumulative
source counts brighter than F), ,in becomes

d*V
dLref/dz ¢(Lref72>' (11)

N(> Fl/,min) == / dzdQ)

Fu,min

The diffuse intensity from sources brighter than F, iy is

dN
II/ aFl/miIl = dFl/Fyi 12
(V 7 ) /F‘u min dFV ( )
d*v
- AL | d Luet, 2)F, 13
/Lref min ' / Zd dQ¢( ' Z> ( )
(14)
The total background intensity is given by setting F, min — 0:
d?v
Il/ = Lre TS Lre 5 FI/ 1
v) = [ f/dzddgqs( .2) (15)

1+ 2
_ /dme/dzd g0t ) gy LolLier, 2 (14 2)2(16)

Since the universe is homogeneous, we can estimate the total background
intensity by time integration of radiative energy per comoving volume:

c |dt
—/dLref/dZM df

z' &(Lyet, 2) Ly[Lyet, 2, (1 + 2)V] (17)
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The cosmic energy density of the universe in the unit of [erg/cm3/Hz]
be given in the form of
4
= ?Iy(y)’ (18)
assuming the particle velocity is equal to the speed of light.
In cosmology,

pv (V)

dt 1
@ £19)
dz Ho(142)/(1 = Qum — Qa) (1 +2)2+ Qu(1+2)3 + Qp
2 2
ﬂ — CdiL @ (20)
dzd$) Ar(1+ 2) |dz

2 Attenuation of High Energy Particles Propagat-
ing the Universe

2.1 Gamma-ray Attenuation

High energy gamma rays propagating the universe are absorbed by back-
ground radiation via electron and positron pair creation. Setting the gamma-
ray energy E, and the background photon energy e, the inner product of
four-vector Eye(1 — cos @) is the Lorentz invariant and it is equal to 2E2),
where Ecy is the individual photon energy in the center-of-mass system.
Here, 6 is the angle between the gamma ray and the background pho-
ton. Then, Ecy = +/0.5E,€(1 —cosf). The pair creation occurs when
Ecv > mec®. The cross section peaks at ~ 1.4m.c?. The background
photon energy is

2m?2ct E =
~ ~ 0.5 7 V. 21
Cpeak = T <1 TeV> ¢ (21)

In terms of wavelength, A\peax ~ 2.4(E, [TeV]) pm.
The cross section for the pair production process is [?]

rr(Brves8) = 51— 52 [25057 - 2+ 3 - sm (125 2

where o1 = 8met/(3m?) = 6.65 x 10725 cm? is the Thomson cross section,
and S is

2m2ct
l1—- = 0. 2
b \/ €E,(1—cosf)’ pr=cos (23)



For a photon emitted by a source at redshift z; and observed at z = 0
with energy E,, the contribution to the v optical depth between z, and z
(O <z < Zs) is

Zs ! dt |1 — pdn(e
Ty (Ey, 20, %) :/ dz/ldﬂ/ ‘ ,u de )UW(Ev(l"‘Z),G,@)’
20 - €th

(24)
where €y, is the pair production threshold energy ey, = 2m2ct/E, /(1 +
2)/(1 — u) and dn(e, z)/de is the proper photon number density in the unit
of cm™3 eV~L

2.1.1 Cascade Emission

Electron—positron pairs created by VHE gamma-rays with EBL scatter the
cosmic microwave background (CMB) radiation via the inverse Compton
(IC) scattering and generate secondary gamma-ray emission component (the
so-called cascade emission) in addition to the absorbed primary emission
(e.g. Fan et al. 04, Ichiki et al. ’08). At redshift z, the scattered photon
energy F. . appears at lower energy than the intrinsic photon energy E. ;,
typically

Bo\2 £oo\2
E%C s <2m,ye702> ECMB(Z) ~ (.6 (]. + Z) <1T,ye’\/> GeV. (25)

Given the intrinsic luminosity dLin/dE,, we calculate the cascade emis-
sivity dLcas/dE, as:

LC&S Ye,max N d2N
d (E Z) — / d Ve€
dE, Ty, dtdE,

t10(Ves 2), (26)

e,min

where t7¢(7e, 2) is the energy-loss time of an electron with a Lorentz factor
ve and mass me by the inverse Compton (IC) emission in the local rest
frame,

3mec
4yeorucms(2)

-1
t1c(ve, 2) = ~77><1013( ) (1+2)"%s,  (27)

106
or is the Thomson scattering cross section, and ucyp(z) is the CMB energy
density at z. We consider the CMB photons only here, since the EBL energy
density is two orders magnitudes lower than that of CMB. dN./dv, is the
electron injection spectrum:

dNe _ QdE%Z‘ dLint(E'y,ia Z)

— 1— —Tyy (Ey,i/(1+2),2) 2
d’Ye d’Ye dE'y,i ‘ ’ 7 ( 8)




and al2N%E /dtdE, is the scattered photon spectrum per unit time by the
1C scattering:

(€,2)f(x) (29)

= €
€ de

d2]\f’ye’E . 3orc /d ldnCMB
dtdE, 42

with f(z) = 2zIn(z) +  + 1 — 222, (0 < z < 1) and = = E,/4y?¢c. Here,
E,; = 2fyemec2 is the energy of intrinsic photons and dncyp/de is the
CMB photon density. The integration region over the Lorentz factor, ., is
Ye,min < Ye < Ye,max; Ye,max = Emax/2m602 and Ye,min = (E'y/e)l/g/z- Since
the cooling time ¢;¢ is usually shorter than the comoving time, we assume
that pairs generate photons at the pair creation site. Because of this fast
cooling, the low energy photon spectrum below 100 MeV becomes I'p, = 1.5.
We do not take into account this spectral effect since it does not affect the
VHE spectrum.

The intergalactic magnetic field (IGMF) effect is not important in the
study of the CGB spectrum. Although IGMF bends motion of created
charged pairs and some fraction of beamed emission is lost, off-axis sources
complement this loss. The synchrotron cooling is also not effective for pairs
typically created outside galaxies.

2.1.2 Pair Echo Emission: Effect of Magnetic Field

The secondary emission delays and spreads out with a characteristic timescale
depending on the properties of the intergalactic magnetic field (IGMF).
Therefore, various time scales should be involved to evaluate the time de-
pendent pair echo emission, although we have considered the net secondary
flux only in the subsection above. Those are the duration of primary emis-
sion Aty,r, angular spreading time Atyyg, and the delay time due to magnetic
deflections Atp.

The direction of the upscattered secondary photons deviates from the
directions of the parent electron or positron and the primary gamma ray by
angles of ~ 1/v,. so the angular spreading time is

)‘7“/ + A1c

Atang(’)/e, Z) ~ (1 + Z) 2,.}/20
e

(30)

where the pair creation mean free path A, =~ 0.2607ncis ~ 20 Mpc(ncis/0.1 em )71

and the IC cooling length Aic = 3m.c?/(4veorucms) ~ 690 kpe(v./10%) 1 (14
z)~4



IGMFs in the propagation region of the pairs gives further deflection.
The magnetic deflection angle is

Op = { \/ )\ICTCOh/T% (Tcoh < )\IC) (31)

Are/rL (Teoh > A1c),

where 7, is the coherent length and the Larmor radius r; = Yemec? /eB.
The delay time due to magnetic deflection is

92
Atp ~ (1+2)(A\yy + /\Ic)z—fz (32)

Therefore, the pair echo delay time can be At = max[Atyar, Atang, Atg].
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