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Abstract. The present paper aims at investigating the manner of two dissipative
massive scalar fields. Two massive scalar fields that interact with a reservoir were con-
sidered and a reservoir was modeled by continuum Klein-Gordon fields. The Lagrangian
of the total system was canonically quantized and the dynamics of the system was de-
termined using the Euler-Lagrange equation. Then, the explicit form of the quantum
massive scalar fields in long-time limit were observed. The propagator of the system and
correlation functions were calculated at finite temperature in the thermofield dynamics
formalizem.
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1 Introduction

Dissipative scalar field theories play an important role in physics and quantum field the-
ory. For example in optomechanics, a scalar field is used to describe a movable mirror [1].
Another interesting example is Casimir effect; in Casimir physics, a scalar field is the fluctu-
ating field interacting linearly with some external matter fields defined inside or over some
specific surfaces [2]. One of the most important applications of scalar field is in astronomy
where Bosonic stars are described by scalar massive field [3] and Soliton stars can also be
investigated by scalar fields [4].

In some of the phenomena like casimir effect or investigating behavior of Bosonic stars, the
correlation between objects are important [5, 6]. Therefore, it is useful to introduce the
coupling of scalar fields in describing objects.

A very interesting approach to thermal field theories is thermofield dynamics [7, 8], which
is used in many areas of physics. Thermo field dynamic is an operator-based approach.
Present study is going to study examines the quantization of the scalar fields at finite tem-
perature in the framework of the thermofield approach. In this method, a fictitious system
without any interaction with the original system is introduced and a thermal vacuum state
is constructed in the mixed space.

In this paper, a system consisting of two dissipative 1+ 1 dimensional massive scalar fields is
considered. We use the fundamental approach of describing dissipative by coupling to heat
bath for the system. The scalar fields are coupled to heat bath and heat bath modeled by
real Klein-Gordon field. The mass of scalar fields may be zero during or at the end of the
calculations. The ideas of heat bath that modeled by real Klein-Gordon field is not new [9].
The paper is structured as following: In sec 2, a classical Lagrangian is proposed for the total
system and using Euler-Lagrange equations, the dynamical equations for the scalar fields
and heat bath are found. In sec 3, the system is canonically quantized and the memory
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functions and coupling function of the system are defined in terms of the heat bath Green’s
function. The explicit form of the quantum massive scalar fields are derived. In sec 4, know-
ing the explicit form of the quantum fields, correlation functions of the system are obtained
at finite temperature. in Sce 5, using thermofield approach, the system is thermalized and
Green’s functions of the system at finite temperature are derived. Finally, the results are
discussed in sec 6.

2 Lagrangian

This section examines a system consisting of two scalar massive field interacting with a field
as a reservoir which is defined by real scalar field Y, (z,t). Throughout the calculation,
we assume that the fields are in 1 + 1 dimensional and use natural units. The covariant
Lagrangian density of the system is as follows:

2

L = Z %au¢i(xat)a”¢i(x,t) - %m$¢3(xvt)

i=1

1 oo
+§/ dw([0, Y, (2, )0"Y,, (2, t) — WY (2, t)]
0

2 oo
+;/O dw f;(w)di(z, )Y, (z, 1), "

where f;(w) is homogeneous coupling function of scalar fields to reservoir and ¢;(x,t) is
scalar massive field or main system. Using Euler-Lagrange equations, the classical equation
of motion for the fields ¢(x,t) and Y, (x,t) are obtained

(02 + 92, dul 1) = / deo f(w) Y (i, 1), ()
0
(0% + W)Yo (2, t) = fi(w) di(x,t). i=1,2 (3)

where 92 = 97 — 92 and sz = k% + m2.

3 Equation of motion

From the Lagrangian density (1), the conjugate momenta corresponding to the fields are
defined by:

oL .
Hw(x,t) = m = Yw(fﬂ,t)
oL :
Wi(,f,t) = m = Qi)l(x,t) (4)

The following equal-time communication relations can be required on the fields and their
conjugate momenta to quantized the theory canonically

[gsj(x, t), 7, t)} = ihd(x — a') 0y, (5)
[Yj(x, ), T (2, t)] = ih(w —w) 8z — '), (6)
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The Hamiltonian of the system is as follows:
2 oo 1 . .2
S [ dnlg w0+ @b 0)? + %6 w0)
i=1" =%
1 [ .2 N 9 9s 2
+§ dw(Il, (z,t) + (0. Y, (2, 1)) + m?*Y,, (x,t))
0
2 ) R
Y [ dwr@de 0¥ 0] (7)
i=1

The Heisenberg equations for the coupled fields-environment dynamics is as follows:

(0F + Q1 ;) di(w,1) dw fi(w) Yy, (z, 1), (8)
-/
(0% + W)Yoz, t) = filw) iz, t). i=1,2 (9)

the formal solution of above equation is

Y/w('r’ t) = ?u.]:v(xJ) o /dx//dt/G“’(m - xlvt - tl)(fl(w)(bl(m/a t/) + f2(w)¢2(xl7tl)) (10)
from Eq (2) we have
(02 + )Gz — a2/, t—t) = —=6(xz —2)d(t — 1), (11)

Where G, (z — 2’,t — t') is the Green’s function that satisfied above equation and

Golw—a/t— 1) = —%@(t —t — Jo— oD do(wn[ (= )2 — o — 27]?) (12)

©(x) is Heaviside step function and Jy(z) is Bessel function of the first kind and zero order.
Y N(z,t) is noise field or quantum vacuum fluctuating field which can be written in terms
of annihilation and creation operators as follows

dk
\/47ka

where wy, = y/k3 + w? and the annihilation and creation operators satisfy the usual com-
mutation relations

Y N(z,t) = [ag (w)e!Fo=wrt) 4 g (w)eihe—wit)) (13)

[ (w), af, (w")] = 6(k — k)0 (w — w') (14)
From Egs. (8,9,13), we can obtained
(0% + m2)éu(x, ) = /dwfl N (1) /dx /dtG 22— ) (@) (@) + fa(w)bala )],
(0% + m2)da(x, £) = /dwfg N (2. 1) /dx /dtG 2= 2t =)AW@ ) + falw)da(@ )], (15)

where the memory functions v and 7" or the susceptibility of the mediums are defined by
o=t =) = [ dof@)Gule - o't~ ),
0
e — 't t) :/ A f2(w) G — o't — ), (16)
0
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and v/ is correlation of the two subsystems
Vo —at=t)= [ dohi@) @Gl ot 1), (1)
and the noise currents are
Tn(a.t) = /0 Tt fy (@)Y (21)
Ity = [ dofa¥ (o) (15)
by substitutiny (16) and (18) into (15), we obtaine
(0% + m2)bu(a.1) + / / de' dt'fy(x — ot — 1)y (& )+ (& — ot — ) pa(a £)] = TV (2, 1)
(0% + m3)pa(z, 1) //da: dt'[y'(x — 2’ t =t o (2, t)) + 4/ (x — 2’ t =ty (2!, )] = TN (1) (19)

To solve Eq.(19), taking the fourier-Laplace transform of both sides of Eq.(19), we obtained
(K + s? + m? +5(k,s)) Ty (k, 5) — 5'(k, s) I (k, s)

k =
D) = Ga T 2 g1 57k, ) (2 + 52 + 1 + 3k, 9)) — 72(h, )
ol s) = (5 5 ) () = 7 (1) Ty ) o0
CUUT 4 2+ md 45k, 5) (K2 + 52+ m3 + (K, ) — 32 (k, 5)
that we are assume ¢;(k,0) = ¢.(k,0) = 0 and
. [ ®)
’}/(k,S)— /0 dw82+w2+k2’
3 * o fiw) fa(w)
/ e _—
")/(k,S)* /O dw82+w2+k2’
3 > f3(w)
" — _J2\") 21
ks = - [ a (21)

and fourier-Laplace transform of the noise fields are given by

> T 1 .
I¥ks) = [ o) | T + s )

! _ [ - ag(w ! a (w
I¥(ks) = [ o) | D) + s ) (22)

The inverse laplace transform of the fields are

t [e's)
(k1) = /O dt /0 ooy | 2Bk # ) @ )e ™1 () 0)
t [e’s)
Q(k:,t):/o dt’/o dw/wlka(k,t’,w)(ak(w)e*i%(t*”+atk(w)em<t*t'>) (23)

where a(k,t,w) and B(k,t,w) are

b 1 (s + k> +m3 +7"(k,s)) fr(w) =7 (k,5) f2(w)

Bl = L o o s 3k )7 K T 5 R 8)) — 7505))
N (s* + k> + mi + (K, 5)) fa(w) — 7' (K, 5) f1(w)

o) = L e a F o+ 1 4 A 0) - 7
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where L™ is the invers laplace transform operator. The explicite form of the fields qu(m, t)
at large-time limit are as follows:

. I . .
¢1(x,t)=/ /O dwﬂ(k:,w, _iwk)(dk(w)el(kx—wkt)_A'_dtk(w)el(k.’lf—wkt))

oo 27ka

éz(az,f):/ - /O dwé(k, w, —iwg) (@ (w)e B ot (w)elteert)) o (25)

oo 2TWY,
where
t>> o
/ alk,t',w)e "t dt’ = alk,w,s = —iwy,)
0
_ (mi — w? + 3(k, —iwp)) f2(w) — 7' (k, —iwp) f1(w) (26)

(M2 — o + 30k, —icon)) (3 — & + 77 (, —icon)) — 372 (k, —ieon)

and

t>>¢ o .
/ Bkt w)e“ st dt’ = B(k,w, s = —iwy)
0
(m3 — w? + 7" (k, —iwk)) fr(w) = 7' (k, —iwk) fo(w)
(m3 — w? + 7" (k, —iwg)) (M7 — w? + 3 (k, —iwk)) — 72(k, —iw)

Knowing the explicit form of the quantum fields, in the next section the two point function
and correlation function will be obtained.

(27)

4 correlation function

We can calculate the two point function of each scalar fields and correlation function of the
scalar massive fields at finite temperature. A common assumption is that the environment
is in a thermal state. In the thermal equilibrium, the normal modes of the systems have the
expectation values:

< af (w)ak (w) >=6(k — k)d(w — w')N(w), N(w) = [exp( Kh:T

Using Eq.(25), the two-point function of the scalar massive fields at finite temperature is
obtained

)-17 (29

% < ¢y, )y (2 ) + he >

< dk [ 1
= [WEA dw\B(k,w,—iwk)Fw—kcoth(

ZZT)COS[k(x — ') —wi(t —t)],

% < oz, t)da(2' ') + hc >

* dk [ 1 hw
= /_OO o /o dw |a(k, w, —iwy)|” o COth(?KBT) cos[k(z — ') — wi(t — t')], (29)
and correlation function of two scalar massive fields is as follows:

% < dr(z, )do(2' ) + hc >

= / %/ dw Bk, w, —iwg) ok, w, —iwg)
— 0 4 0
2 hw

)cos[k(z — ') — wi(t —t')], (30)

— coth
x WE 0 (2KBT
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5 Thermofiled approach

In this section, we use thermofield formalism to thermalized the system because it provides
us with much information we need.

In this formalism, it is necessary to introduce a tilde space as well as the complete system
which is a combination of original and tilde systems. To construct the thermal propagator
of the system, the doublet can be presented as follows:

0e(3) +=(2)

The propagator for each subsystem is

iG1(z —y) =< 0,0|T(®1(z,t)®1(y, 1)) 0,0 >
(32)

that G in the present case is 2 X 2 matrix and fourier transform of the ®; (k) is as follows

181
Gi(k) = w ﬁ ) (33)

The thermal propagator in the formalism of the thermofield dynamics at temperature T is
obtained

’L‘le)\(fﬂfy) = < 0,)\|T((I)1(I)1)|0,)\ >
, f—lz(Z sinh? 6 (\) + 1) QT—lz sinh 05 () cosh 0y ()
iGa(k) 205t . ‘ B i 12 (34)
— =5 sinh O (N\) cosh 05 (N) Tk(2 sinh” 6, (\) + 1)

that cosh@r(\) = ﬁ and sinhf(\) = % and A = ﬁ The finite temperature
e

1—e=Aw
Green’s function can be separated into a sum of two terms, the first corresponding to zero
temperature and the second dependent on temperature. In the next step, we can write the
propagator for the total combined system at zero temperature following;:

Geomb(x —¥) =< 01,01,02,02 |T(®®)| 01,01,02,00 > & = < 21 ) (35)
2

That Geomp in the present case is 4 X 4 matrix as follows:

181 Ba
{ o 050 \I
0 1812 0 Ba

Gcomb(k) =1 Ba “E)k M “k (36)

0 fe g laP
(% [0
\ 0 5 0 Tk/
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So the thermal propagator is:

182 0 af 0
Wi Wi

0 1812 0 af
o¢|2

Wk

Pas g

ok
€lg
™

\_

Wi
0 af
Gcomb,)\<k) = \

s Wk ky 7
( % sinh? A(\) [BE ginh 20(\) g—f sinh? 6(\ % sinh 26()\) (ﬁ )

b w200y o sinn?o0) 2 sinh20(0) 22 sinh? 6())
boalgnn?o(n)  2Psinh20(n) 2 sinn?o(n) 2L sinn2o(n) !
\ Bginh20(\)  PDsinh?6()) 20 sinh26(n) 25 sinn? 6()

In the same way, the finite temperature Greens function of the total system can be separated
into a sum of two terms, one corresponding to zero temperature and the other dependent
on temperature. Off diagonal matrix elements show the correlation functions of two fields.
Although two fields do not have direct interaction with each other, their correlation function
is not zero. This point can be utilized in describing quantum entanglement of the two
subsystem.

6 Conclusion

The quantum theory of two massive scalar field in the framework of canonical quantization
was investigated. Two quantum dissipative equation were obtained for massive scalar fields
and the explicit form of the quantum scalar fields in long-time limit were found. Knowing the
explicit form of the quantum fields, the correlation function of the fields were calculated at
finite temperature. In the last step,using the thermofield dynamics method, the propagators
of the system were found. Despite the fact that two fields do not have direct interaction with
each other, their correlation function was not observed as zero. This point can be utilized
in describing the quantum entanglement of the two subsystem.
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