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Abstract Using the three-component spectral model describing tRéABlaverage
continuum spectra, the exact analytical expressions femibdynamic and radia-
tive functions of Galactic far-infrared radiation are dhtd. TheCOBE FIRAS in-
strument data in the 0.15-2.88 THz frequency interval atntiean temperatures of
T, = 17.72 K, T, = 14 Kand T3 = 6.73 K are used for calculating the radiative
and thermodynamic functions, such as the total radiatiomepger unit area, total
energy density, total emissivity, number density of phetddelmholtz free energy
density, entropy density, heat capacity at constant volantepressure for the warm,
intermediate-temperature and very cold components of #iadBc continuum spec-
tra. The generalized Stefan-Boltzmann law for warm, inttiate-temperature and
very cold components is constructed. The temperature depee of each compo-
nentis determined by the formuld—2(T") = o/ T°. This result is important when we
construct the cosmological models of radiative transfat tan be applied inside the
Galaxy. Within the framework of the three-component s@dctrodel, the total num-
ber of photons in our Galaxy and the total radiation poweta(tmminosity) emitted
from a surface of the Galaxy are calculated. Their value\Vasg.; = 1.3780 x 1058
and Igiotal (T) = 1.0482 x 103¢ W. Other radiative and thermodynamic properties
of the Galactic far-infrared radiation (photon gas) of thelaXy are calculated. The
expressions for astrophysical parameters, such as thepgmtensity/Boltzmann con-
stant and number density of the Galactic far-infrared phetre obtained. We assume
that the obtained analytical expressions for thermodyoamd radiative functions
may be useful for describing the continuum spectra of thenfaared radiation for
other galaxies.
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1 INTRODUCTION

It is well-known that spectra from a galaxy, such as the cantim, absorption lines, and emission
lines, provide us with information about the galaxy’s véipand mass, the average age of its stellar
population, and the star-formation rate (Schneider 2006).

However, it is essential to note that the continuum spedtthethermal radiation also con-
tain information about the radiative and thermal propsrtiEastronomical objects that emitted it.
These properties include the total energy density, to@iateon power per unit area, total emis-
sivity, number density of photons, free energy densityraayt density, pressure, heat capacity at
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constant volume, etc. Based on these data, the followingiadal information can be obtained:
(a) astrophysical parameters, such as the entropy deBsitgfnann constant and number density of
photons (Groom 2013; (b) generalized Stefan-Boltzmann law, which is imporfanthe construc-
tion of cosmological models that describe radiative trangft) contribution of a photon gas to the
total radiation of other particles (protons, alpha and Ipetdicles, etc.); and others. It is therefore
of interest to study these properties for different cosradiations, such as the cosmic microwave
background (CMB) radiation (Mather et al. 1990; Fixsen efl8P4), the extragalactic far-infrared
background radiation (Fixsen et al. 1998), the Galactidrfrared radiation (Wright et al. 1991;
Reach et al. 1995; Fixsen et al. 1996) and others. As a réisalgstrophysical properties of these
thermal radiations can be obtained.

This article is one of a set of articles associated with theysof the radiative and thermody-
namic properties of the cosmic radiations using obsematidata fromCOBEFIRAS. In previous
articles, these properties have been discussed in detdiiddCMB radiation (Fisenko & Lemberg
2014a) and extragalactic far-infrared background raafiafiFisenko & Lemberg 2014b). In the first
article, the analytical expressions for the temperatuceradshift dependences of the radiative and
thermodynamic functions have been obtained. New astragdilysarameters for the dipole spec-
trum, such as the entropy density/Boltzmann constant amduimber density of CMB photons were
constructed. The need was noted to consider the dipoleilbotitn to the Stefan-Boltzmann law
for the construction of cosmological models that descritukative transfer. In the second article, the
same properties for the extragalactic far-infrared réaliavere calculated using numerical methods.
As a result, the total intensity received in the 0.15-2.4 Tigguency interval was calculated and
is 13.6 nW nv2 sr!. This value is about 19.4% of the total intensity expectednfthe energy
released by stellar nucleosynthesis over cosmic history.

In this article, theCOBE FIRAS observation data are used to obtain analytical esjoes for
the thermodynamic and radiative properties of the Galdatiinfrared radiation.

In Wright et al. (1991), the one-component model that dessrthe FIRAS galaxy continuous
spectrum was proposed. Modeling the spectral emissivitigérformy!-6%, the observed data were
fitted using a dust mean temperaturel/pf,s, = 23.3 K. As a result, a map of the dust emission was
obtained.

Another form for the spectral emissivity’> was proposed in Fixsen et al. (1996). The one-
component model was used to fit the observed data for the t@atantinuous spectrum. In this
work, the Galactic radiation is considered as a contamiimathie CMB radiation.

In Reach et al. (1995), Galactic continuum spectra werergbden the wavenumber range from
5 - 96 cnT! using theCOBEFIRAS instrument. To describe the continuum spectra of thiaGic
far-infrared radiation, a three-component model (warit@rimediate-temperature and very cold) was
proposed. The continuous spectrum for each component wed fising a power-law dependence
of the spectral emissivity(v) ~ v2. In this model, two free parameters (temperaflirend optical
depth) were used.

The present paper focuses on the study of the radiative anghtfidynamic properties of Galactic
far-infrared radiation. Using a three-component modehwaispectral emissivity in the fora{r) =
(v/1p)?, the analytical expressions for the temperature deperegeoicthe total energy density,
the total radiation power per unit area, total emissivitymier density of photons, free energy
density, entropy density, pressure, and heat capacitynstaot volume for the warm, intermediate-
temperature, and cold components are obtained. Thesé¢ivadiad thermodynamic properties were
calculated in a finite range of frequencies between 5 'tand 96 cnv!, using the following mean
temperatures: (a) warm temperatiie= 17.72 K, (b) intermediate-temperatui@ = 14 K, and (c)
very cold temperaturé; = 6.75 K. The generalized Stefan-Boltzmann law for warm, interiatsd
temperature, and very cold components is constructed. Nawpdysical parameters, such as the
entropy density/Boltzmann constant and number densithefGalactic far-infrared photons are
obtained. The total radiation power (total luminosity) #ed from the surface of our Galaxy, the
total number of photons in the Galaxy, and others quantiiesalculated.

1 pdg.lbl.gov/2013/reviews/rpp2013-rev-astrophysicafistants. pdf
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2 GENERAL RELATIONSHIPS

According to Mather et al. (1994) and Reach et al. (1995)ptheerved continuum spectf&’) of
the sky radiation is modeled by four separate components

OB(i,T)
oT

Here, the first and second terms are the monopole and dipoteaents of the CMB radiation.
These components represent the isotropic background.hittetérm is composed of one or two
spatial distributiong7y, (1, b) with the spectra,. () derived from the all-sky data set. The final term
is the zodiacal component with the spectrum described bywplaw, 2 () « 3. Ty = 2.72548K

is the mean temperature of the CMB radiation (Mather et a32@ixsen 2009)AT =T — Tj is
the temperature anisotropy in a given direction of the sk, a

I(v) = B(v,To) + l7=1, AT + G (1,0)gx (V) + 2(7) Z(1,D) . (2)

~3
B(9,T) = 2he* —5—— )

efsT — 1

is the Planck function at temperatufe Hereh is the Planck constant,is the speed of light and
is the wavenumber (crt).

According to Reach et al. (1995), FIRAS data for the Galagpiectra were modeled as a sum
of three components (warm, intermediate-temperature andoold) with the form

Io(1,b,,T) = G(I,b)7e(#) B5(T) 3)

whereT is the optical depth af, = 30 cm~! ande(7,T) is the spectral emissivity normalized
to unity atzg. In this three-component model, the spectral emissivityefoch component has the

following form
_ v 2
=) = (30 cm*l) ' 4)
Using Equation (4) and Equation (3), we have an expressiothéspectral intensity as the sum of
three components

3
Tog(L,b, 9, T) = (9) Y Gi(1,0)7:Bo(T5) . (5)
1=1

HereG;(1,b), 7; andT; are the spatial distribution, optical depth and tempeegfrthe warm{=1),
intermediate-temperaturé<2) and very cold¢=3) components respectively.

According to Equation (5), the total intensity of the Galacar-infrared radiation in the finite
range of wavenumbers has the following form

3 vz

L (i, 7, T) = 3 Gll, by, / £(9) By (T3)d7 (6)

=1 o

Using a procedure described in Fisenko & Lemberg (2014ajHerepresentation of the Planck
function B;(T) in the frequency domain, the expression for the spectrabgrdensity has the form

3 v2
Ia(n,ve, T) =Y Gi(l,b)7; /5(V)B,C(Ti)du. 7)

i=1 1

2
Heree(v) = (#‘I’Hz) . The Planck function in the frequency domain is defined devie

8mh V3
B, (T) = 3 (8)

eFsT — 1
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Equation (7) is general and describes the spectral energgitgén the far infrared, visible, ultravi-
olet, X-rays and other ranges of Galactic thermal radiation
The total emissivity in the finite range of frequencigs< v < v, has the following structure

3
I 9 7Ti

()= | et 1) (©)
=1 | [ B,(T;)dv

Wheref B! (T)dv is the total energy density of the blackbody radiation. Adatg to Fisenko &

Lemberg (2014a), the latter has the following structure

i 487k}
/B,’,(Ti)d = C;Tth ZT4 Ps(21;) — P3(w2i)] (10)

3 s
;= ,C’;Lq% Ps(z;) = > (””Si!) Li,_s(e ") is defined using the polyloga-
s=0

wherexy; = 4,

rithm function Liy_(e ") = % (Abramowitz & Stegun 1972).

k=1
According to Landau & Lifshitz (1980), the free energy dénbr the three component model
can be represented in the form

v2

3 h
ZGi(l,b)TiTi/VQE(V) In(l—e *87 )dv, (11)

fvi, 12, T) =

8ﬁkB
3
vy

whereG; (1, b), m andT; are the spatial distribution, optical depth and tempeeatar the warm
componentGs(l,b), 72 and T, those values for the intermediate-temperature comporaert,
G3(l,b), 73 andT5 those values for the very cold component respectively.

Using Equation (11) the thermodynamic functions of the Gaddar-infrared radiation are de-
fined as follows

(1) The entropy density

s = g; (12)
(2) Pressure
P=-—f. (13)

(3) Heat capacity at constant volume per unit volume

_ (0lg(v1,1,T)
= ( or )V' (14)
(4) The number density of photons= %
8w 7 v

Vi
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3 RADIATIVE PROPERTIES OF THE GALACTIC FAR-INFRARED RADIATION

Let us now construct an expression for the total energy tdeofthe Galactic far-infrared radiation.
In this case, according to Equation (7), we need to calcalatategral with the following form

v2

Iy(vi,10,T) = G(l,b)T/a(V)B{,(T)du. (16)

vi

Using the analytical expression for spectral emissivityegiby Equation (4), after integration, we
obtain

Io(v1,v0,T) = G(l, b)arT® [P5(:c1 ) — P5(x2)} . 17)

Then, Equation (7) for the total energy density of the Gatdar-infrared radiation takes the form
IG Vv, I/Q, = CLZ G l b Tz |:P5(I11) P5(£C21):| . (18)

Herea = 922’;’“3 = 7.4890 x 10718 Jm—3 K.

In the semi-infinite rangé < v < oo, sincePs(0) = Lig(1) = £(6) = % and Ps(o0) = 0,
Equation (18) simplifies to

3
Io(n,ve, T) =d > Gi(l,b)niT} (19)
i=1
wherea’ = 6%4%]332 =7.6189 x 107 Jm~3 K6,
The total radiation power per unit area is defined as

C
Ié(”la”QaT): ZIG(V11V27T)7 (20)
and, in accordance with Equations (18) and (19), has theviollg structure:

(1) Finite range of frequenay; < v < 1y

I 1/1, VQ, = bZG l b Tl [Pg,(l‘lz) P5($21)} s (21)

whereb = 2‘;‘;;% =5.6129 x 10710 W m—2 K6,

(2) Semi-infinite rangé <v<oo

3
15(0,00,T) = b > Gy(l,b) BT, (22)
i=1
wherel’ = % =5.7102x 1071 Wm 2 K6,
As seen, in accordance with Equation (21) and Equation {82}emperature dependence of the
total radiation power per unit area differs from the welbkm Stefan-Boltzmann law(T") = o7
(Landau & Lifshitz 1980).
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Using Equation (10) and Equation (18), for the total emiggidefined by Equation (9), we

obtain

e(T) = AZ

i=

whered = 2% — 0,01071 K2,
)
In the semi-infinite frequency ran@e< v < oo, Equation (23) is simplified to

. ) 4073k
with A" = STh07

3 Gi(l,b)TiT? | Ps(z1;) — Ps(wa;)

[Ps(z1i) — Ps(z2:)] 7

3

e(T) =AY Gi(l,b)r; T?

=0.01007 K2,

i=1

(23)

(24)

In Table 1 and Table 2, the values for the radiative functiforsthe warm, intermediate-
temperature and very cold components as well as a sum of awnoare presented. As seen
in Table 1 and Table 2, the finite frequency range from 0.1588 ZHz covers a substantial portion
of the total Galactic continuous spectrum.

It is well-known that when constructing cosmological madislat describe radiative transfer in
the inner Galaxy, the generalized Stefan-Boltzmann laveélun the following form

IS7B(T) = (T)oT*.

(25)

Hereo = 5.6704 x 1078 J m~—2 s—! K% is the Stefan-Boltzmann constant.

Table 1 Calculated values for the radiative and thermodynamie statctions of the Galactic far-
infrared radiation in the frequency interval 0.15-2.88 TH%l,b) = 1. (a) 71 = 17.72 K and
71 = 1.74 x 107° for the warm component; (bJ> = 14 K andm, = 1.00 x 10~* for the
intermediate-temperature component; {6) = 6.75 K andrs = 1.23 x 10~* for the very cold

component.

Quantity Warm Intermediate- Very Cold Sum of

Component Temperature Component Components

v <v <y Component v <v <y v <v <y

v <v<wve

Ig (v1,v2,T) 3.2536 x 10~1° 5.3285 x 10~15 8.8509 x 10~17 8.6706 x 10~1°
[Jm~?]
If, (v1,v2,7T) 2.4385 x 107 3.9936 x 10~ 7 6.6336 x 1077 6.4984 x 10~ 7
[Wm™2]
e(T) 4.5812 x 107° 1.8636 x 10~ 5.8750 x 10~ 2.9092 x 104
f[Im™3 —7.3035 x 10716 —1.1110 x 10~1®  —1.7618 x 10717 —1.8590 x 1015
s[Im™3 K1) 2.2483 x 10716 4.5996 x 10716 1.5723 x 10717 7.0051 x 10716
P [Jm~3] 7.3035 x 10716 1.1110 x 10715 1.7618 x 10717 1.8590 x 10715
cv Jm™3K~1] 9.2633 x 10716 2.1230 x 10715 7.8748 x 10717 3.1281 x 10718
n [m—3] 3.0494 x 106 5.8605 x 106 1.9229 x 10° 9.1022 x 106

However, the temperature dependence(df) should be known. The three-component model
allows one to obtain analytical expressions for the totaissivity ¢(7'). In accordance with
Equation (24), and assumirg, = 1, we obtain:
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Table 2 Calculated values for the radiative and thermodynamie siatctions of the Galactic
far-infrared radiation in the semi-infinite frequency iva. G;(1,b) = 1. (&) 71 = 17.72 K and
71 = 1.74 x 107° for the warm component; (bJ> = 14K and » = 1.00 x 10~ for the
intermediate-temperature component; 1) = 6.75 K and; = 1.23 x 10~* for the very cold

Component.

Quantity Warm Intermediate- Very Cold Sum of
Component Temperature Component Components
0<v <> Component 0<v <> 0<v <>

0<rv<oo

I (0,00, T) 4.1041 x 10~15 5.7367 x 10~15 8.8638 x 10~17 9.9294 x 10~15

[Jm~?]

I7, (0,00, 7) 3.0760 x 10~ 7 4.2995 x 10~7 6.6433 x 1077 7.4419 x 107

[Wm~—2]

e(T) 5.5020 x 10~° 1.9738 x 10~ 5.6436 x 10~° 3.0884 x 107%

f [Im™3 —8.2083 x 10716 —1.1473 x 10715 —1.7728 x 10717 —1.9858 x 10~ 1°

s [Jm™3 K1

2.7793 x 10~16

4.9172 x 10~16

1.5758 x 10~17

7.8541 x 10~16

P [Jm™3 8.2083 x 10716 1.1473 x 10715 1.7728 x 10717 1.9858 x 10715
cv [Jm™3K~1]  1.3897 x 10715 2.4586 x 1015 7.8789 x 10717 3.9271 x 10718
n[m—3] 3.3551 x 106 5.9358 x 106 1.9022 x 10° 9.4811 x 10°
(&) Warm dust component
e(T) = cT?, (26)
wherec = 1.7522 x 1077 K2,
(b) Intermediate-temperature component
e(T) = dT?, (27)
whered = 1.007 x 1075 K2,
(c) Very cold component
e(T) = eT?, (28)

wheree = 1.2386 x 1079 K—2.

In accordance with Equations (26)—(28), the generalizeta8tBoltzmann law, which can be
used for modeling the radiative transfer in the warm dusibregntermediate-temperature compo-
nent dust region, and very cold dust region in our Galaxythagollowing structure:

(&) Warm dust component
I5=8(T) = o'T", (29)
wheres’ = 9.8831 x 107 Jm~—2s~! K—%. ¢’ can be called the generalized Stefan-Boltzmann

constant for the warm component.
(b) Intermediate-temperature dust component

578(T) = ¢" T, (30)
whereo” = 5.6799 x 107'* J m~2 s=! K=5. ¢” can be named the generalized Stefan-

Boltzmann constant for the intermediate-temperature corapt.
(c) Very cold dust component
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IS*B(T) e ’ (31)

wheres’”" = 6.99862 x 10714 Jm~=2 s~ K=6. ¢ can be called the generalized Stefan-Boltzmann
constant for the very cold component.

In conclusion, let us apply the above results to calculaedkliative parameters of the Galactic
far-infrared radiation (photon gas) of our Galaxy. Theltoddiation power emitted from the surface
S’ of the Galaxy has the form

Igiotal(T) = S'IG(ve, 10, T) (32)

The continuous spectrum measured by the FIRFGBE instrument allows us to calculate the total
radiation power (total luminosity) emitted from the sudaaf our Galaxy. Indeed, the calculated
total radiation powet(, (v, v, T") emitted from a unit area is presented in Table 1 and Table 2.
According to Equation (25), we need to know a value of theamefares’ of our Galaxy. Itis well-
known that the Milky Way Galaxy is a stellar disk with a diaeret of about 30 kpc and a width of
about 0.7 kpc (Martinez & Saar 2010). The disk has a spiratsire and is populated by interstellar
dust, interstellar gas and metal-rich stars. The surfee® @frthe Galaxy can be determined as

5 = 2w(§)2 + 7hd. (33)

Now let us assume that all astronomical objects that prothe®nal emissions (stars etc.) are lo-
cated in a thin shell on the surface of our Galaxy, and theyuaiformly distributed. The astro-
nomical objects in the shell emit the thermal radiationrigpically in all directions. The warm dust,
intermediate-temperature dust and very cold dust are imijodistributed over the volume of our
Galaxy. Then, in accordance with Equation (32), we have

(1) Finite range.15 THz < v < 2.88 THz

IGtotal = 2w(g) h[1 n %]I&(ul, va, T). (34)

(2) Semi-infinite rang® < v <

. d dq,
TGtomal = 2w(§) h{l n ﬁ}IG(O, 00,T). (35)
Using the relationship kpc = 3.086x 10'2m, the calculated value f&’ in Equation (33) is

S’ =1.4085 x 10*? m?. (36)

Then, for the total radiation power (total luminosity) etmdt from the surface are#, we obtain the
following values:

(1) Finite range.15 THz < v < 2.88 THz
Tiorar(T) = 9.1530 x 10%° W. (37)

(2) Semi-infinite rangé < v <

Iotar (T) = 1.0482 x 10°° W (38)
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These values are different from the valudgf. . ., (T') ~ 1.0x 103" W givenin the literature (Groom

2013). This difference can be explained by using the spectrassinity =(v) in our calculations.
The volume of the Milky Way Galaxy can be calculated usingftilewing expression

% - h(§)2—14534 1051 13 39
Galaxy — T 9 = 1. X m-. ( )

Then, in accordance with Equation (18), Equation (19), @aldl and 2, the total energy density of
photons produced by our Galaxy has the following values:

(1) Finite range.15 THz < v < 2.88 THz
Iciotal(T) = Vaataxy Ic(T) = 1.2062 x 10*7 J. (40)

(2) Semi-infinite rangé < v < o,

Ictotal(T) = Vaataxy I6(T) = 1.4431 x 10*7 J. (41)

4 THERMODYNAMICSOF THE GALACTIC FAR-INFRARED RADIATION

To construct the thermodynamics of the Galactic far-irddmadiation let us start with the calculation
of free energy. The free energy density is given by Equatldn (

For, 0, T) = 8”'“3 ZG (1, b)r; 1/1/ In(1 — e 577 )du . (42)

Vi

Introducing the variable; = khT

fvi,12,T) = —BZG 1,0):T; {{Pg,(wh) Ps(ffzi)}
1;0 [xh Liv(e 1) — a3, '-il(e_w)”’ 5

whereB = 121’;’,’“3 =1.4978 x 10718 Jm—3 K 6.

In the frequency range < v < oo, Equation (43) simplifies to

3

fn,ve,T) = =B > Gi(l,b)niT} . (44)
i=1
HereB' — soirhs , 15235 ¢ 1018 Jm~# K,
0
The entropy density = —— - in the finite frequency range has the following structure

s = C’ZG (1, 0)r T, {[P5(:c11) P5(a:2i)} - {xlz Lij(e ") — Igl Lil(efmi)} } , (45)

11527k

75,7 = 8.9368 X 1018 Jm—3 K5,
0

whereC' =

2 pdg.lbl.gov/2013/reviews/rpp2013-rev-astrophysicafistants. pdf
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In the semi-infinite frequency range, Equation (45) tramsfoto

3
s=C"> Gi(l,b)r T} (46)
i=1
HereC” = % =0.1427 x 107 Jm 3 K5,
Pressure is defined by the formula

P=—f = DZG (1,0)7T; {[P5(I11) P5(552i)}

1=1

1;0 [xhul( —en) _ g8 Lil(e—w)} } , (47)

whereD = 123;’“3 =1.4978 x 10718 Jm—3 K6,

In the semi-infinite range, Equation (47) is presented devial

3
P=D"Y Gi(l,b)rT!. (48)
i=1
HereD' = 47 ka — 1 5938 x 10718 J m—3 K6,
0
Knowledge of the total energy density Equation (18) allowsaiconstruct the heat capacity at
constant volume per unit volumg: = (W)V in the form

cy = EZG (1,b); T {[ng(xh) P5(ar2i)]

1 s .
o o Lin(em™) = o8 ()] | (49)
whereE = 525,33’“ =4.4934 x 10717 Jm—3 K5.

In the semi-infinite frequency range, Equation (49) simgyifio

3
cv =E' > Gi(l,b)r; T} (50)
i=1
Here B’ = ;fsfth = 45713 x 10718 Jm 3 K2,
Using the formula for the number density of photons

4

ZGZ (1,b)T / dv | (51)
i= 6kBT7 -1
vi

after integration, we obtain

3
n=FY Gil,b)nT? [P4(:vh) Py(w2:)] . (52)

i=1

whereF = 192755 — 1 0848 x 105 m~3 K5
0
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In the range) < v < oo, Equation (52) takes the form

3
n=F> Gl brl}. (53)
i=1
Here ' = -2 kh — 11037 x 10° m3 K.

By definition (Landau & Lifshitz 1980), the chemical poteitilensityy = (g—fl)m, as clearly
seen from Equation (35), is equal to zero.

The obtained expressions are used in computer calculdtorie three-component Galactic
model. In Table 1 and Table 2, the calculated values for tthiatime and thermodynamic functions of
the warm, intermediate-temperature and cold componemisalso a sum of the three-components,
are represented in the finite and semi-infinite frequencgeanTo calculate the values for the ra-
diative and thermodynamic functions we used the followiatpd(a) warm component - the mean
temperaturd; = 17.72 K and optical depth; = 1.74 x 10~°; (b) the intermediate-temperature
component - the mean temperatdke= 14 K and mean optical depth = 1.00 x 10~%; (c) very
cold component - the mean temperatiise= 6.75 K and optical depths = 1.23 x 10~%.

In conclusion, let us calculate the thermodynamic propsnif the Galactic far-infrared radia-
tion (photon gas) for our Galaxy.

Using Equation (39) and the values in Tables 1 and 2, for olexyawe obtain

(1) The total number of photon$gota1 iN OUr Galaxy
(a) Finite rang®.15 THz < v < 2.88 THz

Naiotal = Vaalaxyn = 1.3229 x 10%°. (54)
(b) Semi-infinite rang® < v <
Naiotal = Vaalaxyn = 1.3780 x 109 (55)

(2) The total entropys ot Of @ photon gas
(a) Finite rang®.15 THz < v < 2.88 THz

SGtotal = $VGalaxy = 1.0181 x 10%° JK 1, (56)
(b) Semi-infinite rangé < v <
Scitotal = $Vaalaxy = 1.1415 x 10" JK 1. (57)

(3) The total free energ¥iota1 Of @ photon gas
(a) Finite rang®.15 THz < v < 2.88 THz

Faotal = fVaalaxy = —2.7019 x 10%° J. (58)
(b) Semi-infinite rang® < v <
Fatotal = [Vaalaxy = —2.8862 x 1046 7. (59)

(4) The total heat capacity at constant vadtiegot.1 Of & photon gas
(a) Finite rang®.15 THz < v < 2.88 THz

CvGrotal = €V VGalaxy = 4.5464 x 10%0 JK~1 (60)
(b) Semi-infinite rang® < v <

CvGiotal = €y Vaalaxy = 5.7076 x 1016 JK~1 | (61)
y
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(5) Total pressur@oia1 Of @ photon gas
(a) Finite rang®.15 THz < v < 2.88 THz

Paiotal = PVGalaxy = 2.7019 x 10%° . (62)
(b) Semi-infinite rang® < v <

Petotal = PVaalaxy = 2.8862 x 1016 J. (63)

In Table 3, the radiative and thermodynamic properties@fGhalactic far-infrared radiation (photon
gas) in the finite and semi-infinite frequency ranges for thikyWVay Galaxy are presented.

In conclusion, it is important to note the following. The aioted results can be used to describe
the radiative and thermodynamic properties for any oth&dgges in the universe. In favor of what
has been said it is worth noting the work of Spinoglio et abl0®). In this work, a two-component
model with an emissivity law in the form ~ »? is proposed to fit the observed thermal continuum
spectra for the Seyfert 2 galaxy NGC 1068. As a result, theesgions obtained in this paper are
applicable for calculating the radiative and thermodyrepnoperties of this galaxy. This topic will
be a point of discussion in a subsequent publication.

Table 3 Radiative and Thermodynamic Properties of a Photon Gas irGalaxyG;(l,b) = 1

Quantity Three-component Model Three-component Model
0.15 THz < v < 2.88 THz 0<v<oo

Tgtotal [J] 1.2062 x 1047 1.4431 x 1047

I oal [W] 9.1530 x 103° 1.0482 x 1036

Fatotal [J] —2.7019 x 1046 —2.8862 x 1016

SGtotal [J K™1] 1.0181 x 1046 1.1415 x 1046

Pgiotal [J] 2.7019 x 106 2.8862 x 1046

Cvaiotal [JK™1] 4.5464 x 10*6 5.7076 x 106

Nciotal 1.3229 x 1068 1.3780 x 1068

5 ASTROPHYSICAL PARAMETERS

Now let us calculate astrophysical parameters for Galdatiimfrared photons. In accordance with
the table of astrophysical constants and parameters (G&ii8), three fundamental constants
and parameters for a monopole spectrum, such as the prese@\B temperature, entropy den-
sity/Boltzmann constant and number density of CMB photaespaesented. The parameter of the
entropy density/Boltzmann constant, for example, hasdhma f

S T\3 4
T = 2.8912(T0) cm 3, (64)
whereT,, = 2.72548 K is the present day CMB temperature.

Let us assume that the optical depth varies with temperaftien, as in the case of a monopole
spectrum, the expressions for the entropy density/Boltan@nstant and the number density of
Galactic far-infrared photons can be considered as additijparameters to the astrophysical ones
presented in Groom (2013). In accordance with Equation &8l Equation (53), the analytical
expressions for the parameter of entropy density/Boltazntamstant and number density of Galactic
far-infrared photons can be represented in the form

(1) Entropy density/Boltzmann constant
(&) Warm dust component

é - 20.1304(%) (T%)S cm 3. (65)
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(b) Intermediate-temperature component

é = 35.6151(%) (T%)S cm 3 (66)
(c) Very cold component
% = 1.1413(%) (%) cm 2 (67)

(2) Number density of Galactic far-infrared photons
(a) Warm dust component

T TN\ 4
n = 3.3551(5) (T_m) cm 3. (68)
(b) Intermediate-temperature component
T T\> 4
n = 5.9358 (E) (T—m) cm 3. (69)
(c) Very cold component
T TN\ 4
n—0.1902(%) (T—Og) cm 3. (70)

Herery; andT),; are the present day optical depths and temperatures reghectheir values are:
(@) 791 = 1.74 x 1075 andTp; = 17.72 K for the warm component; (B, = 1.00 x 10~ and
Toe = 14 K for the intermediate-temperature component;{g)= 1.23 x 10~* and7p; = 6.75 K
for the very cold component.

6 CONCLUSIONS

In this paper, using the three-component model to desdridbthermal continuum spectra of Galactic
far-infrared radiation, the exact analytical expressitoishe temperature dependences of the ra-
diative and thermodynamic functions, such as the totaktadi power per unit area, total energy
density, total emissivity, number density of photons, Hedltz free energy density, entropy density,
heat capacity at constant volume and pressure are obtdihede expressions allow us to calculate
the astrophysical properties of our Galaxy. A more detailedcription of the obtained results is
given below:

(1) The radiative and thermodynamic properties of our Galaxhe finite frequency range from
0.15 THz to 2.88 THz and semi-infinite range are calculatedhis case, the following pa-
rameters were used for the warm, intermediate-temperanuaecold components: (a) warm
component — the mean temperatifie= 17.72 K and mean optical depth = 1.74 x 107%;
(b) intermediate-temperature component — the mean temypefa = 14 K and mean optical
depthm, = 1.00 x 10~%; and c) very cold component — the mean temperdfyre 6.75 K and
mean optical depth; = 1.23 x 10~%. The calculated values are presented in Tables 1 and 2.

(2) Under the assumption that all the astronomical objdws émit radiation (stars etc.) are uni-
formly distributed in a thin shell on the surface of our Galathe total radiation power re-
ceived from the surface of the Galaxy in the finite frequeraryge from 0.15 THz to 2.88 THz
and semi-infinite range are calculated. Their valueslakg.;(T) = 3.3757 x 10%® W and
Igotal (T) = 4.2286 x 1035 W, accordingly. The calculated values for other radiative ther-
modynamic properties for the Milky Way Galaxy are preseimethble 3.

(3) The total numbers of photons in finite and semi-infinitegas in our Galaxy are obtained. For
the finite frequency range 15 THz < v < 2.88 THz, we haveNg a1 = 1.3229 x 1058, For
the semi-infinite range of frequencies, the total numbehoitens iSNq ot = 1.3780 x 1098,
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(4) The thermodynamic properties of Galactic far-infrapgubtons of the Galaxy, such as the
total Helmholtz free energy, total entropy, total heat ciyaat constant volume and to-
tal pressure are calculated. The value for the total entiapthe finite frequency range
0.15THz < v < 2.88 THZ is Sgiotal = 1.0181 x 10*6 J K—!. For the semi-finite frequency
range, we haveéSqia = 1.1415 x 10%6 J K—!. As for the total pressure, their values are:
Pgiotal = 2.7019 x 106 J- finite frequency rangePqora1 = 2.8862 x 10%¢ J- semi-infinite
range. Other thermodynamic values of our Galaxy are predentTable 3.

(5) The generalized Stefan-Boltzmann law for the warmrmgliate-temperature and cold compo-
nents is constructed and presented by Equations (29)-4B&)temperature dependences have
the same structurB®=B(T") = ¢'T with different values of the generalized Stefan-Boltzmann
constant. These results are important for the constructfimesmological models of radiative
transfer in our Galaxy.

(6) Knowing the dependence of the temperatlirand the frequency on redshiftz (Sunyaev
& Zeldovich 1980) allows us to study what the the thermodyitaand radiative state of our
Galaxy was like many years ago with the help of analyticafeggions derived in this paper.

(7) The results of the present paper allow us to estimatedhgibution of the radiative and ther-
modynamic properties of a photon gas to the total radiativitted by other particles (protons,
alpha and beta particles, etc.).

In conclusion, it is important to note that the analyticgbessions obtained in this study may
be useful for calculating the radiative and thermodynamapprties of any galaxy for which a
two-component model is a good approximation. The Seyferlaxy NGC 1068 is one example
where the two-component model can be applied. These togitgevdiscussed in forthcoming
publications.
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