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Abstract Using formula to describe the average spectrum
of the extragalactic far infrared background (FIRB) radia-
tion measured by the COBE FIRAS instrument in the 0.15-
2.4 THz frequency interval at mean temperature 7 = 18.5 K,
the radiative and thermodynamic properties, such as the to-
tal emissivity, total radiation power per unit area, total en-
ergy density, number density of photons, Helmholtz free en-
ergy density, entropy density, heat capacity at constant vol-
ume, and pressure are calculated. The value for the total
intensity received in the 0.15-2.4 THz frequency interval
is equal to 13.6 nW m~2sr~!. This value is about 19.4 %
of the total intensity expected from the energy released by
stellar nucleosynthesis over cosmic history. The radiative
and thermodynamic functions of the extragalactic far in-
frared background (FIRB) radiation are calculated at red-
shift z =1.5.

Keywords Cosmology: Far infrared background -
Cosmology: theory

1 Introduction

The extragalactic infrared background radiation (EIB) spec-
trum gives us information on the cosmic history of the en-
ergy released from stellar objects, protogalaxies, and galax-
ies. This background radiation was discovered by analyz-
ing the COBE FIRAS and DIRBE data (Fixsen et al. 1998;
Puget et al. 1996; Hauser et al. 1998). As noted by Dole
et al. (2006), this detected background radiation represents
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about half of the extragalactic background light (EBL), be-
cause it covers wavelength range from 1 pm to 1000 pm,
i.e. the infrared region. The far infrared wavelength in-
terval from 125 pm to 2000 um was used in the COBE
FIRAS experiments and their data contain foreground emis-
sion from the interplanetary, Galactic interstellar dust and
extragalactic background emission (Fixsen et al. 1998). To
separate the different components of the emission was used
three different methods. As a result, the analytical expres-
sion for average spectrum in the v = 125-2000 um wave-
length interval at temperature 7 = 18.5 £ 1.2 K has been
proposed to describe the extragalactic Far InfraRed Back-
ground (FIRB) spectrum (Fixsen et al. 1998). It is essential
to note that this spectrum differs from the monopole spec-
trum (Fixsen et al. 1994) by the spectral emissivity coeffi-
cient.

The extragalactic far infrared background spectrum was
detected in the finite wavenumber range from 125 um to
2000 um. Thus, for the construction of thermodynamics of
the extragalactic far infrared background (FIRB) radiation,
as well as the radiative properties, we have to use this spe-
cific range of wavenumbers.

In Fisenko and Lemberg (2014), the exact expressions
for the temperature dependences of the thermodynamic and
radiative properties of the Cosmic Microwave Background
radiation for the monopole and dipole spectra were ob-
tained. However, the extragalactic spectrum differs from the
blackbody spectrum because of the spectral emissivity fac-
tor (0, T) and, thus, difficult to construct the exact expres-
sions. In this case, we will be using numerical methods for
calculating the thermodynamic and radiative properties of
the FIRB radiation.

In previous studies (Fisenko and Ivashov 2009; Fisenko
and Lemberg 2012, 2013), the thermodynamic functions of
the thermal radiation of real bodies in the finite frequency
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range at high temperatures were obtained by using numeri-
cal methods. The calculated values for the radiative and ther-
modynamic functions were in good agreement with experi-
mental data.

In the present work, the radiative and thermodynamic
properties of the extragalactic far infrared background ra-
diation, such as the total emissivity, total radiation power
per unit area, total energy density, number density of
photons, Helmholtz free energy density, entropy density,
heat capacity at constant volume, and pressure received
in the (0.15-2.4) THz frequency interval at the mean
temperature 7 = 18.5 K are calculated. Using formu-
las v = vo(1 + z) and T = Tp(1 + z), the radiative and
thermodynamic functions were  calculated  at
redshift z =1.5.

2 Extragalactic spectrum

According to Fixsen et al. (1998), the average spectrum of
the extragalactic Far InfraRed Background (FIRB) radiation
inthe 5 cm™! < ¥ < 80 cm™! range of wavenumbers is pre-
sented as:

I5(T) =€, T)Bs(T), (D
where
~ \ 0.6420.12
e, T)= 80<~—> (2)
)

is the spectral emissivity. Here ¢g = (1.3 £ 0.4) x 1079,
o =100 cm™! and T = 18.5 4+ 1.2 K. By(T) is the Planck
function in the wavenumber domain.

Using a procedure proposed in Fisenko and Lemberg
(2014) for presenting the Planck function Bj(T') in the fre-
quency domain, we obtain the expression for the spectral
energy density I¥ (v, T) = “Z B, (T) in the form

8th V3
1P, T) = 5 ——. 3)
¢ kgT
eksT —1
According to Eq. (3), the Eq. (1), in the frequency domain
v has the structure:

I(T)=¢ew, T)I?(v, T), “)
where

v 0.64+0.12
8(U,T):£0<v—0> ©)

Here g9 = (1.3 £0.4) x 107 and vy = 3 THz.
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Then, in accordance with Eq. (4), the total energy density
of the extragalactic FIRB radiation is presented in the form

%) vy
Io(vy, v2, T):/ 1;(T)du=/ e, T)I (v, T)dv.

V1 V1

(6)

The Stefan-Boltzmann law or the total radiation power
per unit area is defined as

, 4
Iy(vi, v2, T) = 710(1)1, v, T). @)

The total emissivity in the finite range of frequencies v; <
v < vy has the following structure:

lo(vi, 02, T)
eT)=—5—5—"—". 8
™ So2 P (v, T)dv ®
In Eq. (8), the total energy density of the blackbody radiation
f sz 1 P(v, T)dv, according to Fisenko and Lemberg (2014),

1
has the form

v2 487 (kg T)*
/ P, Tydv = ——2—[Psx) - Ps(x)]. )

" ch
where x = k}]’g—”r. P5(x) is defined as

> ()
P3(x) = Z o Lig_s(e™). (10)
s=0
Here
O po—kx

. L

Lig_g (e )— k; = (1D

is the polylogarithm function (Abramowitz and Stegun
1972).
Using Eq. (9) gives us the following expression for

Eq. (8)

An3 Io(vy,v2,T)
487 (kg T)* [P3(x1) — P3(x2)]’

e(T) = 12)

The thermodynamic functions of FIRB radiation are de-
termined as follows:

(1) Helmholtz free energy density f = % (Landau and Lif-
shitz 1980)

8k v
[, v, T)= ”3‘37/ Ve, T)
C

U1

x In((1 —e*kflTvT)dv (13)
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Table 1 Calculated values of the radiative and thermodynamic state functions at redshift z = 0 for the average spectrum of the extragalactic far
infrared background radiation. vy =0.15 THz, v, =2.4 THz,and T = 18.5 K

Quantity

Extragalactic average spectrum
VISVU=

Io(vi, vz, T) [Jm™3]
i, v,T) [Wm™2]
&(T)

fm™
s[Tm=3K™1

P [Im3]

cy Tm—3 K1

n

5.6839 x 10716
4.2600 x 10~8
7.3308 x 1076
—1.7591 x 10716
4.0233 x 1077
1.7591 x 10716
1.1784 x 10716
7.3172 x 10°

: S.
(2) Entropy density s = 3:

a L0, T
s 0. T) (14)
oT
(3) Heat capacity of at constant volume per unit volume
cy = 7‘/2
aly(vy, v, T
CV:( 0(v1, v2 )) (15)
a(T) %

(4) Pressure of photons P:
P=—=f(v,v,T) (16)

(5) The number density of photons n =

<=

87 2 e(v, T)v?
¢ Sy et —1

Here it is important to note that any thermodynamic func-
tions of the extragalactic FIRB radiation can be determined
using Eq. (6) and Eqs. (13)—(17). For example, the enthalpy
density is defined as f = Ip(vi, v2, T) + P.

To calculate the values of the total energy density Eq. (6),
the number density of photons Eq. (17) and Helmholtz
free energy density Eq. (13) the Simpson rule was applied
(Abramowitz and Stegun 1972). Knowledge of the total en-
ergy density and Helmholtz free energy density allows us to
calculate the total emissivity, pressure in the finite range of
frequencies from 0.15 THz to 2.4 THz at the mean tempera-
ture T = 18.5 K. The results are presented in Table 1.

The values of the entropy density and heat capacity at
constant volume were calculated using the method of nu-
merical differentiation (Abramowitz and Stegun 1972). The
calculated values of these thermodynamic functions are pre-
sented in Table 1.

Let us calculate the total intensity I (v1, vp, T) received
in the finite frequency range (0.15-2.4) THz. According
to Fixsen et al. (1998), a value of f(vl, vy, T) is equal

to 14 nWm2sr~!. Using the relationship between the
total intensity /(vi,vz,7T) and the total energy density
Io(vi,v2,T)

~ C
I(vi,v2,T) = EIO(UI’ v, T), (18)

in accordance with Table 1, we obtain I (w1, v, T) =
13.6 nWm~2sr~!. This value is about 19.4 % of the total
expected flux (70 nW m~2 sr~!) associated with the produc-
tion of metals throughout the history on the universe (Dwek
et al. 1998). As seen, the calculated value is in good agree-
ment with the experimental data obtained in Fixsen et al.
(1998).

Here it is important to note that the calculated values
of the thermodynamic and radiative functions represent the
state of the universe at the present time, which corresponds
to the redshift z =0.

In Pei et al. (1999), it was noted that 85 % of the in-
tegrated galaxy light arises from galaxies at z < 1.5. This
value of redshift corresponds to the peak in the history of
star-formation and rapid growth of the stellar mass in galax-
ies. Therefore, we calculate the radiative and thermody-
namic properties of the extragalactic FIRB radiation at red-
shift z =1.5.

It is well known that in an expanding universe the temper-
ature 7 and the frequency v depends on the redshift z (Sun-
yaev and Zel’dovich 1980), in accordance with the formulas
v=1v9(l +z)and T = Tp(1 + z). In this case, for numerical
calculation of the radiative and thermodynamic functions of
the extragalactic FIRB radiation, we should the mean tem-
perature 7 = 18.5 K replace by T = 46.25 K and the finite
frequency interval 0.15 THz-2.4 THz should be replaced by
0.375 THz—6 THz. In Table 2, the calculated values of the
radiative and thermodynamic functions of the extragalactic
far infrared background radiation at redshift z = 1.5 are pre-
sented. According to Table 2, the total intensity I (1, v2,T)
received in the finite frequency range (0.375-6) THz is equal
t0 503.3 n"Wm~2sr !,
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Table 2 Calculated values of the radiative and thermodynamic state functions at redshift z = 1.5 for the average spectrum of the extragalactic far
infrared background radiation. v = 0.375 THz, v, =6 THz, and T =46.25 K

Quantity

Extragalactic average spectrum
VISVU=

Io(vi, vz, T) [Jm™3]
i, v,T) [Wm™2]
&(T)

fm™
s[Tm=3K™1

P [Im3]

cy Tm—3 K1

n

2.2203 x 10714
1.66641 x 10~¢
7.3308 x 1076
—6.8716 x 10715
6.2864 x 10~
6.8716 x 10~1°
1.8412 x 10~1
1.1433 x 107

3 Conclusions

In this paper, the radiative and thermodynamic properties of
extragalactic far infrared background radiation in the finite
range of frequencies 0.15 THz < v < 2.4 THz at the mean
temperature 7 = 18.5 K are calculated. The calculated value
of the total intensity I(T) = 13.6 nWm2sr~! received in
the finite frequency interval from 0.15 THz to 2.4 THz is
in good agreement with the experimental data (Fixsen et al.
1998). As noted in Dwek et al. (1998) that the total intensity
expected from the energy released by stellar nucleosynthe-
sis over cosmic history is 70 nW m~2 sr~!. As can be seen,
that /(T) = 13.6 ntWm~2sr! is about 19.4 % of this total
intensity.

The radiative and thermodynamic functions of the extra-
galactic far infrared background radiation at redshift z = 1.5
are calculated.

In conclusion we note that, as in the case of the monopole
and dipole spectra (Fisenko and Lemberg 2014) is desir-
ably to obtain exact expressions for the temperature de-
pendences of the radiative and thermodynamic functions
of the extragalactic far infrared background radiation. This
topic will be point of discussion in subsequent publica-
tion.
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