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Abstract:In this paper, we show how the finite formulation of quantum field theory
based on Langevin equations can be generalized to the case of nonrenormalizable
theories.The 5th-time stochastic-quantization approach to field theory proposed

by Parisi and Wu, is put in a path-integral form in [6]. The procedure of taking the
limit 7 - o is analyzed and based on new grounds through the introduction of the
vacuum-vacuum generating functional. In this paper non perturbative aprouch related
to Parisi and Wu stochastic-quantization of the 1¢3",n > 2,d > 4 model quantum field
theory is considered.
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1.Introduction
Parisi and Wu’ proposed the following alternative method to get the quantum
averages [1]:
() Introduce a 5-th time z, in addition to the usual four space-time t, and postulate the




following Langevin equation for the dynamics of the field ¢(z,x) in this extra time ¢

Op(r,x) _ __69¢]
ot op(ry MY
1.1
(2,0 = O, -
(n(@. (', X))y = 25(z —")(X=X),
where the angular brackets denote connected average with respect to the random
variable n.
(if) Evaluate the stochastic average of fields ¢,(z,x) satisfying Eq. (1.1), that means
($n(t1,X0)$y(72,X2). . .y (Tm Xm)), . (1.2
(i) Put 1 = 72 =...= 7m = 7 in (1.2) and take the limit
lim (¢,,(r,x1)¢,7(r,x2)...d),,(r,xm))n = G(X1,X2, .., Xm) (1.3
It is possible to prove, at least perturbatively, that [6]
f Dlp](9(X1)9(X2)...¢(Xm)) eXp{-F o]}
G(X1,X2,...,Xm) = .
[ Dlplexpi-Sp]) (1.4
To understand this relation see ref.[6].
In this paper in particular we deal with double stochastic relaxation equations of
the form:
op(z,X) _ 69¢] ~
P = oe(rx) + n(z,X) + €7(z,X),
(@ X))y = 0(7(z,%) )3, =0 (1.5)
(n(z,¥) (', X))y = 26(r - 7")(x =X,
(M@, 7", X)); = 26(r —7")(x=X).
Here n(z,X) = n(r,X; o) is a space-time white noice on probability space = =(Q, S, P)
and 7, ,(z,X) = (7, X; @) are space-time white noices on probability space
5 —(Q,8,P).
(if) Evaluate the stochastic average of fields ¢,(z,x) satisfying Eq. (1.5), that means
(P (71X )Py 7(72,X2;€)- .7 (Tmy Xm; €)), . (1.6)
(i) Put 71 = 72 =...= 7m = 7 in (1.2) and take the limit

M oo 1IM 205 (7,X1; €) P 5(T, X2 €). . .¢,,,ﬁ(r,xm;e)>n’ﬁ = G(X1,X2,...,.Xm€) (1L.7)

To understand this relation we have to introduce the notion of probability (density)
P(¢,, 1), that is, the probability (density) of having the system in the configuration
pn(7,X) at time 7. There exists for P(¢,,7) an equation that describes its evolution

in the time 7.1t is called the Stochastic Fokker-Planck (SFP) ) equation and it has been
derived in [8]:



oPlo(r,X), 7] _ 5 5S*[¢] 52S*[p]
e j d4x 5o |:P[<p(z',x),r] S0t ) ]+ j dax 22> LP)

S50%(t,X) (1.8)
$*[p] = o] - [lp(r,9n(z, 0 ]1d*

It is possible to rewrite this equation in a Schrodinger-type form:

%TT,X)’T] = —2H¥[p(z,x),7], (1.9)

Y=Plo(z,X), 7] exp S*[¢(z,X)]/2],

where

_ 162, 1[ 8S*[e] |°_ 1 5°S*[e]
It is a positive semi-definite operator HY,, = E ¥, whis a ground state Eg is
Yolo(r,X),7] = exgd S*[¢(r,X)]/2]. The solution of Eq.(1.9) is

Wlp(1,x),7] = Y caPnlp(7,X), 7] Xp(~2Eq7), (1.11)

n=0
where {c,} , are normalizing constants. The probability density P[¢(z,x),7] can
be written as

Plo(z,x),7] = expS*[o(r,X)]/2] ch‘Pn[(p(r,X),T] exp(—2Ent). (1.12
n=0
In the limit ¢ - < the only term that does not disappear in this expression is
Yole(r,X),7],s0 finally we have

lim Plo(z,X),7] = coexp—S*[o(r,X)]/2] exg—S*[¢(r,x)]/2] = .13
= coexp-S*p(z,%)]]. |

This is the formal reason why Eq.(1.4) holds.

2.Non perturbative approach to Stochastic Quantization
Ap?" model Quantum Field Theory

2.1.The generating functional

In this paper we deal with a system of the double stochastic relaxation equations of
the form:



091(.X) _ 099192 +n(z,X) + €7 ,(7,X)
ot 5(p1(z',x) P1=016,02=02¢ !

¢1(0,x) = 0,x € R* 7 € R,

0p2:(1,X) _ _ 69¢1,02] (e X) + €T, (1.X)
ot S(PZ(T’X) P1=016,02=02¢ 2

¢2:(0,X) = 0,x e R* 7 € R,,
Jo1.92] = 2.1.1)
[ 4 300017, 08,01(,%) + MPps(z,0) + Ploa(r,0) | +

R4

[ 4] L (0up2(7,00,92(2,%) + MPpa(z,%)) + P(p2(z,%) | +

R4

+ [ dXly x p1(2,%)92(1,],7 > .

R4
where 0 < € < 1, P(+) is a polinomial degree 2k, k > 2
Plp12) = (2.1.2
and where n(r,X 0),7,(7,X, @),
7,(7,x, @) are Gaussian random variables such that
(n(z,%) )y = 0,
(M(7.%))5, = 0.T(7,%) )7, = 0,
and for the two-point correlation function associated with the random noises fields
(n(@. (', X))y = 25(z —")(X=X),
(M, () 7,(7", X)) = 26(r —7")(X— X)), (2.1.9
(T,(z,0) T,(z,X) )q = 20(r — 7' )(x = X)).

Remark 2.1.1. Here n(z,X) = n(z,X; @) is a space-time white noice on probability
space X =(Q,S,P) and 7, ,(7,X) = 7, ,(r,X; @) are space-time white noices on

(2.1.3

probability space b =(§,8, P).The angular brackets denote connected average with

respect to the random variables 7,7, ,.

We want to build a generating functional Z.[J1,J2] from which the correlations
(@17(T1,X1;0) X...XQ17(T1, X1 0)P2,(T1, X2, @) X.. . XP2(T1, X1, @),

0914(1,X) _ 9501, ¢2]

+ n(z,X),

or 5¢1(T’X) Q1= 17.02=P2y 77( )
002,(7,X) _ 3Y¢2,¢2]

e o ) (@)

P1=Q17,P2=P2n

can be derived by the following fashion:



(@19(T1, X1, 0) X .. XQ1(T1, X1, 0) 92, (T1, X1;0) X.. . XP2(T1, X, @), =

lim (@1pem,(t1,X1,0,@) X.. . XQ 167, (T1LX0,T)P25.67,(T1, X1, 0, @) X. ..
-0

- XQ2pen, (TH X 0,@)) = (2.1.5

_iim 0'Z[31,32; 0]
0 0d1(71,X1)...031(71,%1)632(71, X1). . .632(Tr, X1 ) | _03,-0

By canonical definition [6] one obtains
Z[J1,d2,0] =
N J DI’ )] ({ [ Dloa(’ % 0)IDlpa(r' X 0) ID[T,(¢' X @) D[’ X; @)
8(¢1(0,% 0))5(92(0,% ©))3(@1(z", X, @) = Praem, en,)0(@2(T', X @) — P2, en,) X

xex <[ [ 9@ 0s@ xo)ddr e - [ [ wE xodxdr [« (546
XEXF{-I; Iw Jo(t!, X)p2(7', X, 0)d**dz’ } exp[—% I; Iw 5z’ x; @)d*xdr’ }} x
eXp[_% IO IW (@' %, w)d“xdr’D,

where ¢1.2,57 = ¢1.2(7',X; 0, @) that appears in Eq.(2.1.1)-Eq.(2.1.2) is the solution
of the double stochastic Langevin equations (2.1.1), solved with zero initial condidion:
¢1,2,5(0,X;0,) = 0and N is a normalizing constant and
Dlpszio] =im [T Dlorzq (x0)] (2.1.7)
M-oo
where @12, (X;®), are the field configurations at the time z;, having sliced the
interval 0 to 7 in M infinitesimal parts ¢ with 7; = ie and D[¢12;,(X;®)] is path-integral
random measure.
Abbreviation 2.1.1. D[¢12;0] £ D[p1;0]D[p2;0],D[ 7, ,(z',% 0) | 2 D[7,(z', X ®)] x
D(7,(7', % @)],6(pr2~ @121em,,) £ 501~ Praen, )5(92 ~ P2nen,)s
Ji2(7", X)12(t' X, 0) = I1(z', X)p1(r', X, @) + Jo(z', X)p2(7', X, @), etc.
The delta function 6(¢1,2— @1,2,5) in EQ.(2.1.6) we can write as

5 ~ o(em)
0(Q12= Qom7) = 5|: %11:25 + 05 :| H iz

01,2 ©1,2=01,2¢ 0p12¢

. (2.1.8

where S = S— IW((pl,Z x )d*x and where 6771 J/5¢1,2¢ || is the Jacobian matrix
of the transformation 7, , > ¢1,2¢,that is



H 3(eMy2) H _ NH JGIY) H

0p1,2¢ 0p1,2¢
:|5(1' - r’)} (2.1.9
P1,2=01,2¢

detH LG H = Ngldelﬂiaf + 628

5(P1,2,e 5(;)1,2(‘[)5(/)1,2(1'/)

Ne = [[xi,xi =¢i=1,2,...
i1

From Eq.(2.1.9) by canonical calculation we get

o] S|

0Q1,2¢

-~ Ntexp trin| | 6, + 0’S sc-1) | |= (2110
8<p1,2(r)8g01,2(r’) P1,2=01,2¢ o
= Nlexp| trino.| 6(r—1')+ 07t 0%5 ,
p|: |: ( ) (8(01,2(7)8(/)1,2(7:/) P1,2=01,2¢
where 07! indicate the Geen'’s function G(z — ¢') that satisfies
0.G(r —1') = d6(r - 17'). (2.1.1)
The solutions of the Eq.(2.1.11) are: (i) if we choose propagation forward in time
Gr-7)=0r-1") (2.1.12
(ii) if we choose propagation backward in time

Gr-7)=-0r-1") (2.1.13
In case, propagation forward in time, we get

o S0 [

0P1,2¢

Ntexp<tr| Ino; +In| 6(r—7')+0(r —7') 6%S ,
0¢1,2(7)6912(7)

I e
P1,2=01,2¢
)

The term exp(tr Ino;) can be dropped, as it cancels with the same term in the
denominator of (2.1.6), once we normalize Z.[J1 2, 0] = Zc[J1.2;0]/Z[0, 0;0].
Abbreviation 2.1.2.Z.[J1 2;0] = Z[J1,J2; @]

So in Eq.(2.1.14) we are left with

o
= Nlexptrino,)exp| trin| (r—7') +0(r — 7' 528
P ) p|: |: (t-7)+0(-1) 50120000120

det

00126 (2.1.15

Nlexp| trin| 6(z—7')+0(r —1') 525 ,
001,2(7)0912(7")

By using the canonical expansion for the In, we obtain

P1,2=01,2¢ :| :|



6 ~
det <nl,2> —
0Q1,2¢
o
Nlexp tr| 0(z —1') 0°S n
p|: |: 5(;)1,2(7:)5(/)1,2(7:/) 01,2=012¢
N 525 528

O(t—1)0(c' — 1) +... =

0912(7)0912(t") 6912()0012(T) |, 0., (2.1.16)

+

P1,2=01,2¢

_ N-1 4 528
~ N: exp|: j drf ,d xe(O)—&D%Z(T)

23 2
d / d4X0 ! 0 r_ 5 S 5 S
'f ‘ IW (7= ~7) 8012(1)8¢01.2(t") S¢12(t")5¢12(T)

+... :|
01,2=01,2¢

The second term in this expression is zero because 6(r — 7')0(z' — r) = 0 and the

same for all the subsequent terins. The only one left is the first term and choosing
0(0) = 1/2 we get

s(r -
def] M) | _ Nzlexlo[l J dT’Lsz- (2.1.19
0Q1,2¢ 2 012,

Inserting Eq.(2.1.17) and Eq.(2.1.8) into Eq.(2.1.6) and performing the 7 integration,
we get

ZJ[J1,d2,0] = NID[(ol,z(r’,x;a))]D[n(r’,X;a))]5(<p1,2(0,x;a))) X

/ ~ 2 ~
([ 1 | Opi(r X m) 53 _ 1 %S et
Xexp{ IOIR4|: 4e? |: or + 5(/)1(7:/,)(;(0) :| 2 5(05(1_/’)(;0)) :|d xdz

doa(e ) ) (2.1.18
| 1 P2(7 , X0 5S 1 8% | Laua
xexp{ IOIR4|: 4e? |: ot + 5(/)2(7,'/,)(;(0) :| 2 5(05(1_/’)(;0)) :|d Xd‘l,'}
xexp{—fo J.R4 Jl,z(r’,x)(pl,z(r’,x;a))d“xdr’} exp[—% IO J.RA n%(t',x; a))d4xdr’:|.
From Eq.(2.1.18) finally we obtain
Z (i 0] = NID[gol,z(r’,x;a))]D[n(r’,x;a))]é((pl,z(o,x;a))) X
g 1 [ 9p1(r' X 0) 55 * 14%s
_ 1 2 _ _ 1 0°S |g4vdr!
Xexp{ J-OJ-R4|: 4€2 |: aT/ + 6(p1(T,,X;(1)) 77:| 2 % :|d XdT
(2.1.19

0
0
! 2
. 1 | 9927, X ) 5S B _1.8%S | jaydr
J.0 J.R4|: 4e? |: or' " Sp2(7' X o) 77:| 2 5¢3 :|d xde
_ t ! [ 4 ' 1 t 201 4 '
J-o J-W J12(t',X)p12(7', X; @)d*xdr } X exp[ 7 J-o J-W n4(t',x; w)d*xdr }

If we want also to specify that we are interested only in the correlations at the
same 5-th time 71, we have just to choose J1 2(x,7') of the form
Ji12(x,7") = IX)6(r' — 71), 71 < T and Eq.(2.1.19) then becomes



Z[3150] = N[ Dlp1a(z' )P, % 0)18(912(0,% @) X

/ ~ 2 ~
(" 1 [ Opi(r',x ) 53 1 5% -
Xexp{ J.OJ.[R4|: 4€2 |: aT/ + S(l)l(f/,x;a)) :| 2 5([)%(1_,,)(;0)) :| Xar

I - ~ 2 ~
_II 1 | Opo(r . X@) 55 _1_ 5% dixde’ —
0YR4| 4e? or' Sp2(t' X 0) 2 5p3(t', % 0)

—J.[R4 J1,2(T1,X)(p1,2(rl,x;a))d“x} X exp[—% I; J.[R4 nz(r’,x;a))d4xdr’:|.

(2.1.20

Remark 2.1.2. In all this we have to remember, of course, that once we set 71 - oo we
have also to extend the interval of integration from [0,7] to [0,0].

From Eq.(2.1.21) with € < 1 for two-point correlation function {(¢(z1,X1)@(72,X2))
defined by

r 6'Z.[31.32; 0] ,
(@1(71,X1)92(72,X2)) _ET) [531(11,)(1)&2(”,)(2) ] (2.1.21)

for mutually two-point correlation function (¢1(z1,X1)@2(72,X2)), we get
(P1(71,X1)92(72,X2) ), = (P1(T1,X1)p2(T2,X2); €) =
A N-1 Iy 1 (" 201 Ay
£ N ID[n(z’ ,X,a))]exp|: 7 IOIR4n (', X, )d*xdr :| X
([ Ploralr’ X @))(pa(rs,x1; 0)p2(r2, X2 0)) X
6(91.2(0,X®)) x

cexnd 1 | [ [ e x0) 5s oo 1P
exp{ 4e2 |:IOIR4|: or’ +5(P1(T/,X;a)) U(T,X,a)):| (2.1.22

l 528 d4 d /
2 592 X ) J : T}

, p(z', xw) 5S .. T_
xexp{ |: 5<p2(1'/,x;a)) (T, X o)
1 5°S Ay
2 503(r', ) }dm})'

Performing the ¢1.2(z',X; ®) integration in Eqg.(2.1.22) by using saddle point
approximation we get



(@1n(71,X1)P2,(72,X2)), =

det]| 202 | ded] 292 | ['D1n(r' x.0))(@1a(rs xsi)pan(raxeio) »

! 1 5°S
Xexp<q — L VY
{ J.0|: 2 SQD%(T ’X’w) ©1,=012.7 _|

} .
: 2 ] , (2.1.2
ool T SaaSeal, | :
P27 A 01,2=01,2; _|
A (T 20 v oA |
exp[ 7 Ion (', X; w)d*xdr } =
[ DI X 0191071, %0; )92 (72, %21 @) x| % j;nZ(r’,x;w)d“xdr’} <

= (@19(T1, X1, 0)92,(T1, X2, 0)),

d*xdr’

¢1,.2,(11,X1; ) that appears in Eq.(2.1.23) is the solution of the Langevin equation
(2.1.26), solved with zero initial condition. From Eq.(2.1.22)-Eq.(2.1.23) we get

(p1(71,X1;0)p2(12,X2; ), =

N j Dlp12(z',% ©)18(01,2(0,% ®))

G Dln(z', % 0)](p1(r1,X1; ) @2(72,X2; ®)) exp[—% I; Iw n?(t',x; a))d“xdr’}) x

| [ 901 x0) 5S v T e
XeXp{ 10[4{2[ o e x o) ”(T'X"")J d*xde

1 T e x0) 5S v 1 avas
xexp{ Io|:4€2|: o +6g02(r’,x;a)) n(r,x,a)):| d*xdz’ 5.

From Eq.(2.1.24) finally we get

(2.1.24

(914(T1,X1;0)P2(T2, %2, 0)), = (91(71,X1)P2(T2,X2); €) =

= NzlfD[<P1,2(T/,X;60)]<<P1(T1,X1;w)(Dz(Tz,Xz;w)>n x

2 0p1(t', X, m) 5S I ? by !
xexp{ e IRA[ o + So1(r X ) -n(t',X0) | d*xdr

/ 2
. 1 T2 a(pZ(T ’X;a)) oS . I e 4 / (2123
xexp{ el IRA[ o + Soa(r X @) n(z ,x,w)} d*xdr

where

(P1(r1, X1 0)@2(T2, %25 @), =
I Din(z',x;®)](@1(r1,X1; 0)@2(72,X2, ®)) exp[—% J':) J-sz UZ(T/,X;co)d“xdr/}

Proposition 2.1.1. It follows from Eq.(2.1.22)-Eq.(2.1.23) that in Eq.(2.1.22) we can
interchange integration on variable n(z',x; ®) and integration on variables ¢1 (', X; ®)
in Eq.(1.24)-Eq.(2.1.25)

Remark 2.1.3.Note that for any fixed values of parameters 71,X1,72,X2 and y ~ 0 we
get



([p1(r1,x150) — a][@2(72, X2, @) + A5 €),) = (P1(T1,X1; @) P2(T2, X2, 0); €), —

where by translation invariance
<(p1(T1,X1;a))(02(T2,X2;a));€>n - 8.2 ~0=>ax~ a(Tl,Tz,Xl - Xz).
From Eq.(2.1.25) by the replacement

p1(r, x5 0) —0(r)a = v_(1,X 0),
P27, X 0) +0(7)a = vi(1,X o),
p1(t, X 0) = v_(1,X0) +0(7)a,
P27, X 0) = vi(r,X0) — 0(7)a,
dpi(t,X0) v (1,X0)

P P +0(7)a,
0p2(7,X0)  ovi(1,X;0) 3
or B or 0(z)a,

we obtain

Q(71,72,X1 — X2, 8, €) =

N I Dlo12(z', % 0) K[@1(r1,X1; @) — al[pa(72,X2; @) +a]), x

a

2. (2.1.29

(2.1.27

(2.1.29

! 2
1 i 6(01(7,' 1X;a)) 6S I e 4 /
xexp{— e J.uw[ P + S0t X ) -n(r ,x,w)} d*xdz’ » x

' 2
_1 (" 0p2(7, % ®) 58S i axde' b
xexp{ 4e? Jo J.R4|: a7’ + 5(02(1_,,)(;0)) n(t ,X,a)):| dixdr’ b =

= NgljD[v_(r’,x;oo)]D[v+(r/,X;co)](v_(rl,Xl)\q(rl,xl)),7 X

1 | eeixe) s
xexp{ 4e? J.o IR“ or' ro(mat So1(7', X, @)

(', X; a))d4xdr’]2} x

1 fep | nGxe) _ s
xexp{ 4e? J.o IR“_ or' o(m)a+ 002(t' X, )

-n(t',X;0)d*xdr'}.
Remark 2.1.4.Note that

Mo Q(T1,72,X1 — X2,8,€) = 0 = liMo{@1(71,X1)P2(72,X2); €) — az =0.

L p1=v-(t' Xo)+a-

p2=v+(T1,X1;,0)-a

(2.1.29

(2.1.30

Definition 2.1.1. Let v=(7,X; @) be the solution of the Langevin equations (2.1.31)

ov_(r,X50) 09¢1,]
o - oA S )

+ (7, X 0),

91=v— (r’ ,x;w)+a7
9o=v+(71,X1;0)-a
ov.(1,Xm)

2= = §(r)a- 8012l

5¢2(1,%0) + (7, % 0),

p1=v-(' X;0)+a-
@2=v+(T1,X1;0)-a

vz(0,x;0) = 0,

(2.1.31)

Linear stochastic differental master equation corresponding to the Langevin equations



(2.1.31) reads

ov_(r,x,a,0) 09 ¢12]
ot = —o(na- i{ 391(1,% 0)

} + (7, X 0),

p1=v-(t' X0)+a-

aVJr(T,X, a,CO) _ 5(7,')8,— £ 53:(/)1’2] N n(T Xa)) (2 133
ot 002(7,X0) ormve(FLXL@)-a e
v:(0,x,a;m) = 0,
where
L4 09912]/001(T. X O, _, o xoria (2.1.33

@2=v(T1,X1;0)-a
is a linear part of variational derivative
09p12)601(T. X 0)|, _, ' x0yia (2.1.39

@2=v+(T1,X1;0)-a

and where

L2 69p121602(T, X5 O), _, ' xwria (- (2.1.39

Q2=v+(T1,X1;,0)-a
is a linear part of variational derivative
09 @12]l0¢02(t, X ) |<p1:v,(r',x;w)+a, (2.1.36

@2=v+(T1,X1;0)-a

2.2.Transcendental master equation corresponding to

two-point Green function G(x1,X2,4).

Definition 2.2.1.Let v=(7,X,a;w) be the solution of the stochastic differental master
equations (2.1.32). Transcendental master equation corresponding to the
stochastic Langevin equation (2.1.31) reads

(v-(r1,X1,8,0)v+(12,X2, & 0)), = 0. (2.2.1)

Theorem 2.2.1.Let a1 2(7,X) be an solution of the equation (2.2.1) at fixed point
(71,X1;72,%2) € (Ry x R*) x (R, x R%) i.e.,

(v-(T1,%1,8(7T1,X1; T2, X2); @)V (T2, R2, &(T1,X1; T2, X2); @) ), = 0. (2.2.2
Let A(71,X1;T2,X2) be a set such that

a(T1,X1;72,%X2) € A(T1,X1;72,%2) &

(2.2.3
< (v-(T1,X1,a(T1,X1; T2, R2); ©)V+(T2,R2,&(T1, X1;72,X2); @) ), = O,
and let 5(fl,f2,xl —X2,a(71,%X1;T2,X2)) be a set such that
a(t1,X1,72,X2) € 5(?1,?2,X1—Xz,a(?l,xl;?z,xz)) = (2.2.8

< limoQ(71,72,%X1 — X2,8(T1,X1;T2,X2);€) = 0,

where the quantity Q(71,72,X1 — X2,a(71,X1;72,X2); €) defined by Eq.(2.1.29). Then



5(T1,T2,X1 —X2,a(T1,%X1;72,%2)) S A(T1,X1;T2,%2). (2.2.9

2.3. Double Stochastic Quantization the Free Scalar
Fields

For a scalar field theory governed by the action in terms of the Euclidean spacetime is
given by

Se= [d' [ 3 (@002 + 2 (mp(x))? | (2.3.
differental master equations corresponding to the Langevin equations (2.1.31) reads

ov_(X,1,0,m)
ot B
ov.(X1,0,m)
ot B

(02 -m?)v_(X,7,0,@) + n(X, 7, 0),
(02 -m?)v.(X,7,0,@) + n(X, 7, 0), (2.3.2)
vz(X, 0;0,@) = 0.

Fourier transformed stochastic differential equations (2.3.2) in k and r given as

a—arv_(k, 7) =
(K2 + m2)v_(k,7) — (2r)*ad(7)8%(K) — (2n)*m2as*(k) + 7i(k, 7; o),
. (2.3.3
EV.;.(k, T) =
(K2 + m?)v.(k,7) — (2n)*ad(7)8%(K) + (2n)*m2as*(k) + 7i(k, 7; o).
Let us consider ODE
X (7,1) + Ax(t, 1) = g(z,1),x(0) = 0. (2.3.4)
The corresponding solution x(z,1) is
X(z,1) = e’ j eMrig(re, A)dr1. (2.3.5

0
From Eq.(2.3.3)-Eq.(2.3.5) one obtains



and

v_(kt,a) =

T

g e [ b —(2n)*a5(21)54(K) — (2r)mPad’(k) + fi(ki71i0) Jdry =

0

—(2m)*ad*(k)e k™ — (27) *mRag? (k)e (mr I elmndr, +
0

T

e (k) I emMInf(k,71; w)dry =
0

—(2r)*as*(k)e KT — (27 )*m2ad? (k)e K*+m)e I e Mg, +
0

T

+J.e—(k2+m2)(‘f—‘fl)ﬁ(k’1,'l;a))dT1 =
0
—(2r)*as* (k)e K+mr _

. a2em?)e e(k2+m2)r 1
(2m)*m?as* (k)e (+m) |: Krm  K+me

T

+J‘ e—(k2+m2)(f—71)17\(k,7:1; w)dr, =
0

254
~(2n) a5 (K)e 0 <2n>4—rﬁzaf rf:? [1-et@mr]+

T
+J‘ e—(k2+m2)(f—71)17\(k,7:1; w)dr, =
0

—(2n )4354(k)[e_(k2+m2)1 T2 szz [1- e o] } +

T

+J' e—(k2+m2)(f—fl)ﬁ(k,‘[1; w)dr;.
0

(2.3.6)



P.(k,7,a) =

T

g (km)e j el —(2r)%ad(r1)4(K) + (27)*mPas*(K) + fi(k, 71 ) Jdr =

0

_(Zﬂ)4a54(k)e—(k2+m2)r B (Zﬂ)4m2a54(k)e—(k2+m2)r J' el&m)rigr, |
0

T

_,r_e—(k2+m2)f I e(k2+m2)”ﬁ(k, T1; a))drl —
0

_(Zﬂ)4a54(k)e—(k2+m2)r + (271.)4m2a64(k)e—(k2+m2)1J.e(k2+m2)rld1.1 +
0

+J.e—(k2+m2)(‘f—‘fl)ﬁ(k’1,'l;a))dT1 =
0
—(2r)*as* (k)e K+mr _

2 2
2V 4 m2as(k e—(k2+m2)r|: gk mdr 1 } +
(em) (0 k2+m?  k?+m?

T
+J‘ e—(k2+m2)(f—71)17\(k,1:1; w)dr, =
0

254
~(2n) a5 (K)e 0 <2n>4—rﬁzaf rf:? [1-et@mr]+

T
Ie—(k2+m2)(r—rl)ﬁ(k rl;a))drl —

—(2r)*as% (k)| et mr 4 [1- e—<k2+m2>f]} +

2

T
+I e (m)T)FH(K 71; 0)dry.
0

From Eq.(2.3.6)-Eq.(2.3.7) one obtains

V_(ki,7,a)v.(k,7',@) =

{—(zfr)“aa“(kl)[e*kf*mzﬁ b [1- et |
1

.
+] e‘(k%*”‘“(’-”)ﬁ(kl,n;w)drl} x
0
{(27r)4a/54(k2)[e‘(kﬁ”“z)f + szz [1- e tmr'] } +
ks +m
y
+J- e—(k§+m2)(r’—11)ﬁ(k2, 71 a))drl}
0

From Eq.(3.2.11) one obtains

(2.3.7)

(2.3.9



(?_(kl,r,a)ﬂ(kz,f’,a’)>17 —

{—(2n)4a54(k1)|:e—(k%+m2)r b M [ G ] J} y

k? + m?

{(2”)4a’54<k2>[e‘(k%””z”/ - g [1- et ] |
2

+ (I e K mMIETIR Ky, 74; a))dfl> I e (& MI12)7 (ky, 72; @) dr2 =
0 0 . (2.3.9

8 _(K2+m?2) 7 m2 _(k2+m2)t
_(2,1-) aa’54(k1)54(k2)[e (ki+m)z k%+ o I:l_e (ki+m?) ]:| x

|:e—(k§+m2)1', + 2 m? 5 I:l _ e—(k§+m2)r' :I :| +
5+m

7’ T
+J' e—(k§+m2)(rr_12) Ie‘(k%+m2)(f"1)<ﬁ(k1,rl;w)ﬁ(kz,rz;w))ndrldrz
0 0

We set now 7' = r,a = a. Note that

—(2n)8aa’54(k1)54(k2)[e-<k%+m2>f M e sz2 [1- e tmdr ] J x
1

/ 2 2, 2\ 1
e—(k§+m2)r + m 1 — e Ki+m)z :|
[ k3 + m? I: :| o
(2.3.10

—(2n)8a254(k1)54(k2)[e—<k%+m2>r n = szz [ 1_ e—(k%+m2>T] J y
1

|:e—(k{+m2)r + L I: 1-— e—(k%+m2)r :I :|

K3 + n?
and
J’ g (Gm?)(r'~12) I e M) (ke 71; ) (Ke, T2 0)), deadea | =
0 0 Jer
S(ky + ko) J‘ e (K+m)(-12) J' e kM) §(71 — 75)dr1dro =
0 0
2(27)*5(ky + ko) | e Kitker2m) @t dr, =
(27)"6(ka 2)_[ 1 2.3.10
2(2)*5(Ka + ko)e- (iHE2m0)e [ gideamiesgyr, -
0
2021)45(kq + k e—(k{+k§+2m2)r|: 1 ekiHErmA)r _ 1 :| _
(27) 3k +k2) (G + K3+ 2m0) (G + K3+ 2m?)

2(2m)*8 (K1 + k2) 4
= —227)*5(ky + k
Ciigrome 2otk

g (KiHé+am?)e

(K2 + K2 + 2m?)

From Eq.(2.3.9)-Eq.(2.3.11) we get



i = ~ 4
lim (P (k1,7,8)V (K2, 7,8)), = (27)°a25%(k1)5% (k) o sz(kg ey

_221)*5 (ke + ko) (2319
Qi+ G+ 2R
Therefore
M c-ee (P(X1,7, )P (X2,7,8)), =
xa?(2)™® x [ dkaehn [ dioeoes?(ky )54 (ke) T m2)T4 T
221)*5(ky + ko) (2.3.13

_ 2 -8 d4k eik]_X]_ d4k eikzXz —
(2" [ dtaet [ 213 + 2P

- a’m* —4 [ qap, elkxix2) :| a2 —4 [ 4a1, eKxa—>x2)
_ [ A (2r) jd G | - a2 - 2m) jd S

Two point function G(x1,X2) of euclidean QFT corresponding to the action (2.3.1) is

G(X1,%2) = liMo(p(X1,7; 0) (X2, T, @), (2.3.19
Master equation corresponding to two-point function G(x1,x2) reads
iMoo (@(X1, T; @) 0 (X2, T, @) ) — @2 = limco.(V(ky, 7,0)V(k2,7,8)), = 0. (2.3.1H
From (2.3.15) we get
M oo(p (X1, 7; @) (X2, 7, @), = @°. (2.3.16
From Eq.(2.3.13)-Eq.(2.3.16) we get
. ~ ~ . _ eik(Xl—Xz) .
liM e (P(K1, 7,8) P (K2, 7,0)), = 0 = &%~ (21) 4jd4k =0 (2317
and therefore
a2 — (2r)* [ den e (2.3.18
k? + m?
From Eq.(2.3.16) and Eq.(2.3.21) finally we get desired result
Ge(X1,X2) = Iimﬁw(go(xl,r;a))(o(xz,r;a))>n =
(2.3.19

_ ik(x1—x2) _
()™ d4k§2:(:r;22 = (21) Z(ﬁ)m(mm—xﬂ),

where K is the modified Bessel functions of the second kind, integer order 1, and
where we used formula 6.566.2 of [12].
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Figure 2.3.1.Plot of the modified Bessel functions of the
second kind,integer order 1.

2.4.Double stochastic quantization the A¢¢ theory.

In this section we consider a neutral scalar field with a %q&ﬁ ,d > 4,self-interaction,

defined in a d-dimensional Minkowski spacetime. The vacuum persistence functional
is

the generating functional of all vacuum expectation value of time-ordered products of
the

theory. The Euclidean field theory can be obtained by analytic continuation to
imaginary

time supported by the positive energy condition for the relativistic field theory. In the

Euclidean field theory, we have the Euclidean counterpart for the vacuum persistence

functional, that is, the generating functional of complete Schwinger functions. Actually,

the (19*)4 Euclidean theory is defined by these Euclidean Green’s functions. The

Euclidean generating functional Z[h] is formally defined by the following functional

integral:

Z[h] = [[de] exp(-So - S + [doxh(x)e(x) ), (2.4.1)
where the action that usually describes a free scalar field is
_ gy (1 2 122
Solo] = [dx (L @p)2 + SmEo2(x)), (2.4.2
and the interacting part, defined by the non-Gaussian contribution, is
Slg] = Jdx 24 0*00. (2.4.3

In Eq.(2.4.1), [de] is a translational invariant measure, formally given by
[do] = er[Rd dp(x). The terms A and m3 are respectively the bare coupling constant

and the squared mass of the model. Finally, h(x) is a smooth function that we
introduce

to generate the Schwinger functions of the theory by functional derivatives. In the

weak-coupling perturbative expansion, which is the conventional procedure, we

perform a formal perturbative expansion with respect to the non-Gaussian terms of

the action. As a consequence of this formal expansion, all the n-point unrenormalized

Schwinger functions are expressed in a powers series of the bare coupling constant A.



The aim of this section is to discuss the double stochastic quantization of a free scalar
field. It can be shown that it is equivalent to the usual path integral quantization. The
starting point of the stochastic quantization to obtain the Euclidean field theory is a
Markovian Langevin equation. Assume an Euclidean d-dimensional manifold, where
we are choosing periodic boundary conditions for a scalar field and also a random
noise. In other words, they are defined in a d-torus Q = T9. To implement the
stochastic quantization we supplement the scalar field ¢(x) and the random noises
n(x) and 7j(r,x) with an extra coordinate z, the Markov parameter, such that

9(X) » ¢(7,x) and n(x) - n(z,x).

Therefore, the fields and the random noises 7n(z,x) and 7j(z,X) are defined in a domain:
T9x R®, Let us consider that this dynamical system is out of equilibrium, being
described by the following equation of evolution:

0 _ _9S[e] .
e o(1,X) 5000 ot + n(r,X) + €7(,X), (2.4.9

where 7 is a Markov parameter, n(r,X) is a random noise field and & is the usual free
action defined in Eq.(2.4.2). For a free scalar field, the double stochastic Langevin
equation reads

%(o(r,x) = —(=A + mM)o(z,X) + 1n(1,X) + €7(z,X), (2.4.5)

where A is the d-dimensional Laplace operator. The Eq.(2.4.5) describes a
Ornstein-Uhlenbeck process and we are assuming the Einstein relations, that is:

) n = 0!
(@ X))y (2.4.6
(M(7,X) )y = 0,
and for the two-point correlation function associated with the random noise fields
<77(T1X)77(T/1Xl)>n = 25(7:_1/)()(_)(/)! (247)

(M@, )7, X)) = 26(r — ' )(x - X),

where (...), means stochastic averages. In a generic way, the stochastic average for
any functional of ¢ given by F[¢] is defined by

(Flo1ns =
I D[n]D[7]F[¢] exp[—% J-dde‘ drn?(z, X, co)]exp[—% J-dde‘ drﬁz(r,x,5)] (2.4.9)

(fotos] 4 [nfanrtexo])([omend 4 [oxorrcns])

Let us define the retarded Green function for the diffusion problem that we call
G(r - 7',x-X'). The retarded Green function satisfies G(r —7',x—x) =0ifr-7' <0
and also

[% + (~Ax + m%)}G(T —7/,x=X) = 89(x - x)8%zr - 7). (2.4.9

Using the retarded Green function and the initial condition ¢(z,X)|.—0 = O, the
solution for Eq.(3.5.5) reads

o(1,%) = j;dr’ jQ dix' G(zr — 7', x— X)[n(z',X) + €fi(z’, x)]. (2.4.10

In the following we are interested in calculating the quantity (¢(z,X)¢(z',X') ), 7. Using



Eq.(2.4.6), Eq.(2.4.7) and Eq.(2.4.10), we have

(@(t1,X1)0(12,X2) )y =

. (2.4.1])
2J~Omln( 1,72) dT/ J‘Q ddX/G(Tl _ TI,XJ_ _ X/) G(TZ — T/,XZ - X’)1

where min(z1,72) means the minimum of 1 and 7. Using a Fourier representation,
the two-point correlation function { ¢(z,X)¢(z',X) ), = D(z,x;7',X') is given by
—ip(x—x') 2,12 '
D(z,x1',X) = —L— [ dip-E 5 e Hmi)e—), 2.4.1
Cxe ) = e | 4 g (2412
It is not difficult to show that Eq.(2.4.12) can be written as:

! 0 (-1)” /NN %+n—1
D(z,x7',X) = (2;1)(12'1:0 o ) (%) " Keppalmor).  (2.4.13

wherer =| x-x' | and K, is the modified Bessel function of order v.

We can use the Fourier analysis to show that when the Markov parameters 7 and 7’
go to infinity we recover the standard Euclidean free field theory. Therefore let us
define the Fourier transforms for the field and the noises given by ¢(z,k) and n(z,k).
We have respectively

0(1,K) = (2;)% [ dixe=p(z,%), (2.4.14
and
PS _ 1 —ikx
Aok = Gy | & nen. (2.4.19
(r.k) = (271:.|-)d/2 J.e_ikxﬁ(ﬁx)

Substituting Eq.(2.4.14) in Eq.(2.4.2), the free action for the scalar field in the
(d+ 1)-dimensional space writing in terms of the Fourier coefficients reads

Sol9 (9] low-oe0 = 5 [ Ae(z, (2 + Mg (z, k). (2.4.19

Substituting Eq.(2.4.14) and Eq.(2.4.15) in Eq.(2.4.5) we have that each Fourier
coefficient satisfies a Langevin equation given by

L o2,k = =+ B)p(z,K) + 1(7,K) + €Az, k). (2.4.17)
The solution for this equation reads

o(r,k) =

exp(—(k? + m3)7)p(0,Kk) + I; dr' exp(—(k? + md)(zr — 7)) [n(z',K) + €f(z',K)]. (2.4.18

Using the Einstein relation, we get that the Fourier coefficients for the random noise
satisfies
(n(z,K))y =0,

2.4.1
(M(7,K))y =0 @49

and



(n(z,n(r" . K) )y = 2(2m) 96z - 1) (k+ K),

~ s (2.4.20
(M. KA K) )y = 2(2m)96%7 - 7') (k+K)

Before investigate the interacting field theory, let us calculate the Fourier
representation for the two-point correlation function, i.e., {¢(z,K)¢(z',k’) ),. Using
Eq.(2.4.18), we obtain three contributions to the scalar two-point correlation function.
The first one is given by

exp(—(K2 + m2) 7 + (K2 + m3) )9 (0,K)p(0,k), (2.4.21)

and decay to zero at long time. Let us assume that ¢(7,k)|.—0 = 0. There are also two
crossed terms, each first order in the noise Fourier component given by

2¢(0,K) exp(—(K2 + m3)7) j 0 dsexp(—(k? + mg)(z' - 9)[ n(s k) +en(o.k)].  (2.4.22

Since we are assuming the Einstein relations, i.e., (n(r,X) ), = 0,(7(r,X) ), = 00on
averaging on noise, these cross terms vanish. The final term is second-order in the
noise Fourier component. Again, the solution subject to the initial condition
¢(7,K)|.~0 = 0 can be used to give

{jo ds exp(—(K2 + M) (z — ) n(s,K) + €A (s, k)]} «
y . (2.4.23
{ j | doexp(—(k? + mg)(z' - o)) n(o.K) + €fi(o, k’)]}.

Again averaging on noises and using the Einstein relation given by Eq.(2.4.20) we
have
that this term becomes

in(z,z")
259(k+ kp) | ;“'” dsexp(—(K? + mo) (7 + 7' — 25)). (2.4.24
Assuming that 7 = 7’ and using {¢(z,K)¢(z',K') }»|,— = D(k,K’;7,7") we have
Dk 7,7) = (27)95%(K + k’)(lem%)(l — exp(=2r(K2 + md))). (2.4.25

In the following, we are redefining the two-point correlation function as

D(k;7,7) - (27)9D(K; 7,7). In the limit when t — o we recover the standard two-point
function of the Euclidean free field theory. Before going to the next section, we would
like to mention the existence of more general Markovian Langevin equations. We can
introduce a kernel defined in the d-torus. The kerneled Langevin equation reads:

0 — _fqgd _0S .
5 P(TX) = Id yK(x,y) ) lo=oz.y) + 1(7,X) + €7(z,X). (2.4.29
The second moment of the noise fields will be modified to:

() 0", X))y = 25(r —7) K(x,X),

(2.4.27)
(1(7,%) ﬁ(T,’Xl) >1] = 26(t - ) K(x,X').

Choosing an appropriate kernel, it can be shown that all the above conclusions remain
unchanged.
The double stochastic Langevin equation reads



L0, = (A= MB)pe(r.0) ~ 4020 + 0@ +NEX).  (2.4.28
By the replacements

0 X T;0,@) = ve (X, T;0,@) + 0(7)a,

X T,0,@) = ver (X, T;0,@) — 0(7)a,

2.4.2

0 ifr<1 ( 9

0(r) = .
1 ifrz>1

we obtain from Eqgs.(2.4.28)

Ove-(X,7;0,@) +0(r)a]l  Ove(XT;0,@)
ot Bl or

= (2 - M) [ve (X T, 0, @) + 0(r)a] — %[ve_(x,r;w,w) +al®+

+ao(zr) =

+n(X,7;0) + €7(X, ;@) =

(02 — M) [Ve_ (X, 7; 00, @) + O(7)a] — %(vg_ +3av2 +3a%v. +ad) +

+n(X,7;0) + €(X,7; @) (2.4.30
and
Ove: (X, 1;0,@) —0(r)a]  ove.(X,1,0,0) B
or B or —as(7) =

(0% —mA)[ves (X, 7,0, @) — O(7)a] — %(Vi - 3avZ, + 3av., —ad) +
+n(X,7;0) + €7(X,7; @)
Differential master equations corresponding to double stochastic Langevin
equations (2.4.30) reads

%wa) = —ad(z) + [02 — (M? + 0.5082)) ]v_(X, 7; ) —

—%a3 -mla+n(x,7,0) =

—ad(t) + [0° —mE]v_(X, T, ) — (%a3 + m2a> +n(X 7, 0)

and
v (%7 ) (2.4.3)

S = ad(x) + [0% - (M +0.82) v (x,7;0) +

+%a3 +mPa+n(x7,0) =
as(t) + [0° — M3 ]vi(X T, m) + (%a3 + m2a> + (X, 7, 0)
m2 = m? + 0.51a.

Consider the Fourier transformed stochastic differential equation (2.4.31) in kand
given as



05 =
P v_(k 1)

(K2 + m2)P_(k,7) — (27)*ad()54(K) — (2n)4<m2a+ %a3)54(k) + 7k 7 @)

. and (2.4.32
EV-{.(k, T) =
(K2 + m2)P_(k,7) + (27)*a8(r)54(K) + (2n)4<m2a+ %a3)54(k) + 7k 7 @)
Let us consider ODE

X (7,1) + Ax(t, 1) = g(z,1),x(0) = 0. (2.4.33

The corresponding solution x(t,A) reads
X(1,1) = e’ j eMrig(re, A)dr1. (2.4.34

0

From Eq.(2.4.32)-Eq.(2.4.34) one obtains



V-(k 7,8) = e *mr
XJ‘e(k2+mf)fl|:_(27_L_)4a5(1_1)64(k) _ (27r)4(m2a+ %a3>64(k) + ﬁ(k,fl;w)}drl =
0

—(2n)*as4(k)e M 4 (27)* (mza + % a3> 54(k)e-(mie J- ek mridr, 4

0
T

Le(ksmdyr I el mnf(k 71;0)dr1 =

0
T

_(27_[)4a54(k)e—(k2+m%)r _ (27.[)4a<m2 + %a2>54(k)e—(k2+mf)1 J- e(k2+m{)rldrl +
0

+J' e—(k2+m%)(r—fl)ﬁ(k,rl;a))dTl =
0
~(2m) a5 (k)e e -
e g J ) (2.4.39

—2m)talm? + A a?)s4 (ke K+mde -
(2r) a(m +5a )5 (ke [ K+m? K2+ m?

+J'e—(k2+m%)(r—fl)ﬁ(k,rl;a))dTl =
0
2 A 23\ 54
, (m a+ <a )5 (k)

4 ~(k*+mf)z
—~(2r)* a5 (k)e K mr — (2rr) K2 + m2

I:l — g (K+md)r :| +

T
+I e—(k2+m§)(r—rl)ﬁ(k,fl;a))d‘l.'l =

0
2m? (mz * %az 2,2
—(27T)4a54(k) e (&mdr | W[l _ ek +m1)r:| "
1

T
+J' e_(k2+m%)(f—fl)ﬁ(k, T1;0)d71,
0

and



V.(k 1,a) = e Kmr
x [ et mbnl (2r)*a5(r1)54(k) - (27r)4(—m2a— %a3>54(k) 7k 11;0) |dr1 =

0
T

(27[)4a54(k)e—(k2+m{)r _ (27[)4<_m2a _ %a3>54(k)e—(k2+m%)r J- e(k2+m{)rldrl +

0
T

Le(ksmdyr I el mnf(k 71;0)dr1 =

0
T

+(2n) a8t (k)e ke (27r)4a<m2 4 %a3)54(k)e-<k2+m%>f [ et ey, +

0
+J'e—(k2+m%)(r—fl)ﬁ(k,rl;a))dTl =
0
21)*as4 (k)e (K+miz
+(2r)*as4(k)e (¢t 2+ 2 (2.4.38)
A > A2\ sa —(k24m?)r e(*+m?)r _ 1
+(2r) a(m 6a >5 (ke [ @rmg Keem |

T
+J' e—(k2+m%)(r—fl)ﬁ(k,rl;a))dTl =
0

- (w2 + £a%)54(0)
+(2r) a5 (k)e+mdr 4 (27)%

_ a-(K2+m?)
k? + m? I:l © ' T] -

T
+ [ e Wm0k, 71 w)drs =

0
24m? (mz + %as 2, m2
+(27T)4a54(k) g (k2+md)r | W[l P +m1)r:| "
1

T
N I e METIR(K 71; w)dry.
0

From Eq.(2.4.35)-Eq.(2.4.35') one obtains



V_(ky,7,@)V(kz,7',a") =

. m + A g2
—(21) a54(kl) e-(Kmz | k2—|:1 e—(k1+ml)r:| +
+I e_(k%"’m%)(f_fl)ﬁ(kl, 1 a))drl} «
0

m2+ 4 a/2
(27[)4a’64(k ) e (k2+m1)r k2— I: 1- e—(k2+m1)‘r :| +

J.e—(kz*'ml)(f _Tl)ﬁ(kZ,T]_ (l))dl'l

(2.4.36

From Eq.(2.4.36) one obtains
(?_(kl,r,a)ﬂ(kz,r’,a’)) =

m2 + L a2

{<2n>4a54(k1)[e(ki+mz>’ + kz—[l e-(i+m)r ] }} y
m2+ 4 a/2

(27[)4a’64(k2) e (k2+m1)r k2— I: 1- e—(k2+m1)‘r :| .

Ie (M0 (k, 71; @) dr Ie (Gm)E 27 (ka, 72; )dr2 -
o a3

m2 + A g2
~(2m) aal8*ka)0*ke)| e+ B [1 et | x
1

m? + ia’z
e (gmd)e' | kz—l:l o (G+m2)c’ :I _

J-e—(szrml)(r ~T2) J.e—(kfrml)(r 11)<n(k1 71, 0)7 (K, Tz,a))) dr1dzo

Note that



) m? + %az o
—(2r)%aal 54(ky )54 (ko) | e armor 4 W[l —ertamr ] x
1 1

m? + 4 g2
e—(k%erz)T, + —6 I: 1- e—(k%erf)‘r’ :I
K3 +m3

roral-a (2.4.39

, L, M4 %az -
—(27r)8aa’64(k1)64(k2) g (Krmd)r | —T I: 1 — e ki+mi)z :I %
1 1

m? + £ a2
| e0Gmye , 6 I: 1_ e—(k§+m§)r:|
k3 +m?
and note that

7' T
J‘ e—(k%erZ)(r’_rz) J- e—(kf+m2)(r—rl)<ﬁ(kl, 71, Cl))ﬁ(kz, 7o, 0))>1]d1'1d‘[2
0 0

'=r,a'=a

T T
S(Ky + k2) J. e (K+mi)(r-72) J'e—(k%+m%)(r—r1)5(fl — 15)dr1dr, =
0 0

2(27)*5(Ky + ko) J' e (GHE 2md) -ty =
0

(2.4.39
2(27)45(Ky + ko)e (GHGr2md)e J' elHE2mdr gy —
0
2021)45(Kq1 + K —(k2+k2+2m2)r|: 1 (CHkZ+m2)r 1 :|:
@)y olla +l)e ™ et am € (CT K+ 2mD)
2(2m) %5 (K1 + k2) 4 g (kZHE+2md)r
= —2(2r)"6(ky + k
@riaram e olark) g e o
From Eq.(2.4.38)-Eq.(2.4.39) we get
2
I k k 83254(k1)s4(k <m2+%a2>
iM roo(V_(k1,7,2) V1 (k2,7,0)) = (27)°a%5 ) -
M eoe(V-(k,7,@)V (K2, 7,8)), = (27) (k1) (2)(k§+m§)(k§+m§)
(2.4.40

_2(21)*3 (ks + ka)
K+ K3+ 2m2

mZ = m? + 0.51a2

Therefore



IimMo(?_(xl,r,a)ﬂ(xz,r,a)),7 =

2
m? + ia2>
_n2 2 -8 d4k ikixa d4k ik2X264 k 54 K ( 6
as(2m) XJ. 1€ ,[ 2€ (k1) (2)(k§+m§)x(k§+m§)
(2r) 8 x f 44k ek I dik ek 2(27)*5(ky + ko) _

kZ + k3 + 2m?
2
a2 (mz + ia2>

_ ik(x1—X2) (244])
e N Lol
1 X Mg 1
2 2
a2<m2 + €a2> _om [ )
m2 x m2 k? + m32

mZ = m? + 0.51a2
Transcendental master equation corresponding to two-point Eucledian Green function
G)(X1,X2,m, 1) in Euclidean space E4 with dimE4 = 4 reads
2
[a(x1—X2)%] (mz + %a(xl - X2)2>
(m? + 0.52a(x1 — X2)?) 2

05X — x>
k2 + m? + 0.5%a(X1 — X2)?

(2.4.47)

—2n)™* j d*k

Transcendental master equation corresponding to two-point Eucledian Green function
G)(X1,X2,m, 1) in Euclidean space Ep with dimEp = D reads

[a(x: - x2)2](m2 + %a(xl - x2)2> ’ )
(m? +0.5%a(x1 — X2)?) 2

_ 2.4.42

) _ —nktHK(x1—X2) (

—(27) Pw-lim .o, | dPk € =0
(2r) -0 .f |(2+m2+0.52,<’:1(X1—X2)2

n > 0,

where weak limit taken in £'(RR),see Apendix 1.
Note that
J‘d4k eik(Xl—Xz) _
[K2 + m? + 0.52a(x1 — X2)2 ]

(am) (e ) Kolmuba =)

(2.4.43

my = ,/mz +0.51a(x1 — X2)?,

My [X1 — Xo|

Ko(Maxa — Xa|) = —In( 2

)—yasm1|x1—x2|—>0

see Apendix 1. In order to derive Eq.(2.4.43) we applied Eq.(2.4.44) (see formula



13.6 (2) from [13]).

* ¥y (by)dy btp++
= KV_ b
o GEapyrt | 2T P (2.4.44)

-1 < Rev < 2Reu+ 1.5.

2.5.Double stochastic quantization of the 1¢$ theory.

In this section we consider a neutral scalar field with a %d)g ,d > 4,self-interaction,

defined in a 4-dimensional Minkowski spacetime. It well known that all these theories
is
nonrenormalizable [14]. The vacuum persistence functional is the generating

functional
of all vacuum expectation value of time-ordered products of the theory. Thus we deal

now with simple nonrenormalizable theory with the Lagrangian

L = Solo] + Slel, (2.5.9
where the action that usually describes a free scalar field is
Sol] = [d*x (% (@upare) + TmBe2()), (2.5.2
and the interacting part, defined by the non-Gaussian contribution, is
Sile] = [d*xZr 0°0. (2.5.3

The double stochastic Langevin equation reads
a-i_@e(r,x) = (A - m(%)(Pe(T’X) - %@?(Tlx) + U(Tyx) + €ﬁ(T1x)' (2 54)
By the replacements

0(XT,0,@) = V- (X, T;0,@) + 0(7)a,
0 X T;0,@) = v (X, T;0,@) — 0(7)a,

0 ifr<1
0(r) = .
1 ifrz>1

we obtain from Eq.(2.5.4)

(2.5.5)



Ove X 1;0,@) +0(r)a]  Ove (X1, 0,@)
ot B or

= (0?2 -m?)[ve (X 1;0,@) + 0(r)a] — %[vg_(x,r; o,@)+al’+

+n(X%, 7; 0) + €7(X, 7, @) =
(82 _ m2)[vg_(x,r; o,w) +0(r)a] —

—%(aﬁ +5a%ve +10a%v2 + 10a%v3 +5avd +v3 ) +

+ad(z) =

+n(X,7;0) + €N(X,7; @) (2.5.9
and
Ove:(X,1;0,@) —0(r)a]  ove.(X,1T,0,0) B
or B or —as(7) =

(0% - mz)[VH(X,T; w,m@) —0(r)a] -
—%(—a5 +5a%ve, —10a%v2, + 10a%v3, — bavs, +v2) +
+n(X,7; 0) + €7(X,7; @)

Differential master equations corresponding to double stochastic Langevin
equations (2.5.6) reads

wv-Xte) 2_ (24 A g ‘) —
o =-ao(r) + [8 (m + 2 a ))}v_(x,r,a))
—%aﬁ -mla+n(x,7,0) =
—-ad(r) + [0 —m2lv_(X,T;0) — (%aﬁ + mza) + (X, 7, 0)
and
. 2.5.7)
ov.(X1,0) 2 (2. A5 ) (
— = asé(r) + [8 (m + =] a ))}w(x,r,w) +
+%a5 +mla+n(x,7,0) =
as(t) + [0 —m3]v.(X,7;0) + %aﬁ + mza) + (X, 7, 0)
_ A
mZ = m? + Ea“.

Consider the Fourier transformed stochastic differential equation (2.5.7) in k given as
0% -
e v_(k 1)
~(K2 + m2)P_(k,7) — (27)*a8()64(K) — (27r)4<m2a+ %aS)&‘*(k) + 7k, 7 0)
and

] (2.4.32
a_Ti/\Jr(k! T) =

(K2 + m3)v_(k,7) + (27)*ad(7)8*(K) + (27r)4<m2a+ %a5>64(k) + 7k, 7; )

Let us consider ODE
X (r,A) + AX(7,A) = g(r,1),x(0) = 0. (2.5.8



The corresponding solution x(t,A) reads
X(z,1) = e’ j elrig(ry, 1)dr1. (2.5.9
0
From Eq.(2.4.32)-Eq.(2.4.34) one obtains
V_(k,7,a) = e KM »

x j e<k2+m%>f1[—(zn)4a5(rl)54(k) - (27:)4(m2a+ %a‘r’)&‘(k) + 7k 71 @) ]drl -
0
—(2n)%as4(k)e e (2n)4<m2a+ %a5>64(k)e‘(k2+mf)f j et mdragr, 4
' 0

T
+e—(k2+m§)r J. e(k2+m§)”ﬁ(k,rl;a))drl _
0

—(2n)%as4(k)e (< mde _ (2ﬂ)4a<m2 + %a4)54(k)e—(k2+m§)rJ‘e(k2+m§)rld1.l +
’ 0

T

N J‘ e md—)R(K 71; 0)dry =

0
_(271_)4a54(k)e—(k2+m%)‘[ _
ool 2 o A At sa1na-(eimdye| ek g (2.5.10
1) a(m +ra )5 (K)e [k2+mf i |

T
+ [ et ek 70; w)drs =
0

+ %a“)(’i“(k)

_ a(K2+m?)
@ e [1-e 7] +

al m?
—(2n)*as4(k)e ¥ mr _ (27)* (

T

+J‘ e—(k2+mf)(f—71)ﬁ(k,rl; a))d‘[’l =

0
2, A 4
m+§a>

(%)“aé“(k)[e(k“m@f + ( K2+ e [1e<k2+m%>fjj +
1

T
+ J‘ e (mD—r)f(K 71; 0)dr,

0

2 _ 2, A 4
mi = m? + frat,

and



V.(k 1,a) = e Kmr
x [ et mbnl (2r)*a5(r1)54(k) - (27r)4<—m2a— %a&")a“(k) +(k t10) Jdrs =

0
T

(Zﬂ)4a54(k)e—(k2+m{)r _ (27:)4<—m2a— %a5>54(k)e—(k2+mf)r J' e(k2+m%)”d‘[1 +
' 0

T
Le(ksmdyr I e mnf(k 71; 0)dr1 =

0
T

+(27) a8t (k)e ke (27r)4a<m2 4 %a“)&“(k)e‘“zm{ﬁ [ et smbeayr, +
' 0

T
+J‘ e (mDr)f(K 71; 0)dry =

0
+(2r)*as*(k)e-Kmir
a2 o A oan) sagna(emy| ek M g (2.5.11)
+(2r7) a(m +gra )6 (k)e [ e K +

+J‘ e—(k2+mf)(f—71)ﬁ(k,rl; a))d‘[’l =
0
a(m2 + %a“)é“(k)

k? + m?

+(2n_)4a54(k)e—(k2+m%)r + (277:)4 I:l _ e—(k2+m%)r :I n

T
+ [ et mbETf(k 70; w)drs =
0

A

4 24m? (mz + ﬁa‘l 2,12
+(2r)%as4(k)| e kmdr 4 W[l _ ek +m1)‘r:| n
1

T
+J’ e_(k2+m%)(r—fl)ﬁ(k,1'1; w)dry.
0

m2 = m2+%a4

From Eq.(2.5.10)-Eq.(2.5.11) one obtains



V_(ky,7,@)V.(kz,7',@) =

me+ A g4
—(27T)4354(k1) e (ki+mdr 4 kZ—I:l e—(k1+ml)r:| +
+I e KmDE-r)f(ky, 74; a))drl} y
0

2 /"t 4
4,164 (Kg+mz' _m i a —(k3+m3)7’
(2m)*al*(ke)| e+ — S [1- et ] |y

!
T

N I e (M)A (Ko, 71; w)dry
0

(2.5.12

From Eq.(2.5.12) one obtains

(?_(kl,r,a)ﬂ(kz,f’,a’)>17 —

m2+ A /"t a’
{(277)4354(k1) |:e(k%+m2)f + k2— |: 1 — e~ (¢+mr :I :|} X
m2 4+ L 2, a/4 .
(2ﬂ)4a’54(k2) e (mde' W[l g (Karmi) :I _

- Ie—(k§+m§)(r—rl)ﬁ(kl,rl;a))drl fe (k3+m2)(¢' _Tz)n(kz,l'z; w)dzs _
0 ) (2.5.13

m2+/'La4

_(27r)8aa/54(k1)54(k2) |: e (k1+m1)r k2— I: 1-— e—(kl+ml)r :I :| %

m? + ia’4
e—(k2+m1)r 2 m2 I:l e—(k 2+m3)z’ :I _
5>+

T
I e ) [ e e f(ky, 1110 (ka, 721 ) radir

Note that



844/ 2. m?2 m2 TEr A a4
—(2rr)%aa 64 (k1)d% (ko) | e kirmir 4 —k2 [1- e tdmdr]
m2 + /1 a'
e_(k%erz)T, + S 1- e—(k1+m1)r _
k3 + m2 [ ]
'=r,a'=a
: m? + 2at (2.5.14
—(2r)%aa'54(k1)5%(ko)| e (kq+mdr kz—l:l e—(k1+m1)‘r:|
m + A g
~(k2+m?)z _(k24m?)z
x| e ki+m?) +W[l e (k{+mp) :I
A
m = m2 + & a%
and note that
J. e (Krmp)(t'~72) Ie—(kf+m§)(r—rl)<ﬁ(k1,‘[1; o) (K2, 72; 60)>,,dT1dT2 =
° 0 '=r,a'=a
o(ky +k2) I g (G r2) J.e_(k%rm%)(’_”)S(Tl —72)dr1dry =
2(27[)45(k1 + kz)J‘e (K2+k3+2m32) (z— Tl)dfl
(2.5.19

T

2(27) 45 (K + ko) e (HG2md) J' e(kGHG2mri gy
0

2020)45 (ks + Kk e—(k2+k2+2m2)r|: 1 e(GHGmd)r _ 1 :|
(@m) ok + ko)) e e € (@ Tkt 2mD)
2(2m)*8 (K1 + k2) 4
= —-2021)"6(ks + k
@iigram  2emolark) e e o
A
4!
Transcendental master equation corresponding to two-point Eucledian Green function
G)(X1,X2,m, 1) in Euclidean space E4 with dimE4 = 4 reads

g (KiHé+am)e

mZ = m? + 2-a*

[a(x1—x2)?] (mz + %a(xl - X2)4> i

2
(m? + a0 -x2)*) (2.5.16
—(2%)_4J-d4k eik(/;l—xz) _0.
41 (X - X2)

Transcendental master equation corresponding to two-point Eucledian Green function
G)(X1,X2,m, 1) in Euclidean space Ep with dimEp = D reads

K2 + m? + 4



[a(x1— x2)2:|(m2 + %a(xl - X2)4> ’ )

(mz + %a(xl - x2)4> ’

e—11k+i k(X]_—Xz )

(2.5.17
- 0.

—(27) Pw-lim, .o, | dPk
' I k2+mz+%a(x1—x2)4

n > 0,

where a weak limit taken in £'(R?),see Apendix 1.
Note that

J’d4k eik(Xl—Xz) _
[kz + 12+ Loa(xg - xz)“}2
4

(4n)-2( My )Ko(m1|x1—x2|)

X1 — Xa| (2.5.18

my = \/mz + %a(xl —x2)*,

m1|x1 - X2|

Ko(m1|x1 - X2|) = —In( 2

)—yas my|X1 — X2| - O

see Apendix 1. In order to derive Eq.(2.5.18) we applied Eq.(2.5.19) (see formula
13.6 (2) from [13]).

* ¥y (by)dy btp++
= K,_.(b
0 (y2+ p2)u+1 2T (u+1) «(bp) (2.5.19

-1 < Rev < 2Reu+ 1.5.

3.Weak coupling. Nonperturbative result.
3.1.Weak coupling.The 1¢¢ theory

We assume now that

o Ms(KDat —x2)*

. 1, (3.1.0
m
where 05(]X|) = 0s(]X1 — X2|) = 0(]X1 — X2| = 0),X = [X1 — X2|.
From Eq.(2.4.41) and Eq.(3.1.1) we get
(1+ Aa2(x) )2
6m? 4 d4ke‘kx95(|x|)
05(])a2(x) - —
0.51a2(x) 0.51a%(x) (3.1.2
(2425 ek 1 555 |

and



05(XDa200) = (2)* w[l— 0.52%9 (O-aaz(x) )i..} _

(m? + k?) m? + k? m? + k?
4 [ d*ke®05(X|) _ d*ke0s(jx|)
4 ) _ 4,2 AN il VA
(27) i 0.51(27) “a (x)j et
Aeaikxn
+0.252(2r) “a(x) | LRk ()
(m? + k?)
Therefore under condition (3.1.41) we get
4 [ d*ke™0;5(X]) 4 [ 05(]x])d*ke’™ (3.1.9
2 4 0 _ 4 2
a (x)[l +0.54(2r) —(m2 Ko (2r) Tk + O(19),

where constant in symbol O(12) depend on m? and §.

Remark 3.1.1. Note that for a given values of the parameters m? and § we can

choose value of the parameter A such that the inequality (3.1.1) is satisfied.

Thus finally for two-point for ¢4 theory in the Euclidean QFT we obtain non
perturbative

result

95(IX1 - X2|)G(X1 - Xz) = 95(IX1 - x2|)a2(x1 - Xz) =
d4keik(X1_X2)95(|X1 — X2|)

2 -4
(2r) (m? + k?)
. -1
Aleaik(X1—X2) -
[lJro.Sﬂl(Zfr)_4 e J )
D) (3.1. 5
oy« [ S0 )
(m? + k?)
41, aik(X1—X2) -
~0.51(20) " [ e )
(m? +k?)
kel 05 (|xy — X2 )
(I (m? +k?) o

Remark 3.1.2. To first order in A,and in coordinate space, the two point function
Gay(X1 — X2;8) = 05(]X1 — X2|)Gay (X1 — X2) bounded on region R4\[-5,5]* in Euclidean
space with dim = 4is

d4kelka—>x2)g _
Guy(X1 —X%2;0) = s(X1 —x2|)

2m)*(m? + k?)
A d4keik(X1‘X2)95(|x1 — X2|) d4keik(X1_X2)93(|X1 - X2|) _
2 | oA meLk)? J (2n) (M + K2) (3.1.9

J. d*ke'kaX2)9 5 (Jx1 — X2|) {1_ A Gwr(X1 = X2;0) }
2m)*(m? + k?) 2 (Mm?+k?) ;

3.1.3



where Guyr(X1 — X2;0) = 05(X1 — X2|)G@r(X1 — X2).For 4 < 1 we get

{1_ A G(4)F(X1_X2;5)} - {1+ 0.54G@)E(X1 — X2;0) }_l

2 (m?+k?) (m? + k?) 3.1.7
_ m? + k2
m? + 0.54G g)r (X1 — X2;8) + k2
From Eq.(3.1.6) and Eq.(3.1.7) we get
: 1 d*ke 1205 (Jx1 — X2[)
G —X2;0) = . 3.1
@ (X1 —X2; ) )’ I T + 0. 5Gar (X2 — 2.0) + K2 (3.1.9
From Eq.(3.1.8) finally we get
. 1 d4keik(X1_X2)95(|X1 — X2|)
G —X2,0) ~ . 3.1.9
@ mX0) = J e 0.52G 4 (5;6) + K2 3:1.9

This expression leads us to define uZy, by
,u,zen = m2+0.5lG(4)|:(5;5) = m? + dm?. (311@
Note that in contrast with canonical perturbative calculation (see Apendix 2,eq.2.28)
om? = 0.516(4”:(5;5) is finite.
Remark 3.1.3.To first order in 4,and in coordinate space, the two point function
Gy (X1 — X2;8) | RP\[-5,8]° = 05(|x1 — X2|)G 4y (X1 — X2) bounded on region RP\[-5,5]°
in Euclidean space Ep with dimEp = D is

deeik(Xl_XZ)Qg(le — X2|) _

G)(X1 —X2;0) = f

(27)°(m? + k?)
A deeik(Xl_X2)95(|X1 — X2|) deeik(xl_X2)95(|X1 - X2|)
-5 YRR X B> 12 = (3.1.1)
(27)" (M= + k?) (27)"(m= + k?)
J. deeik(Xl_X2)05(|X1 — )(2|) 1 i G(D)F(Xl — Xo, 5)
(27)P(m? + k?) 2 (m?+k?) '
where Gppyr(X1 — X2;0) = 0s([X1 — X2])Gp)r(X1 — X2).For A < 1 we get
{1_ 2 Goyr(X1 —X2;6) } 5 {1+ 0.50Gp)r(X1 — X2;0) }_1
2 2 - 2 2
2 (m?+k? (m? + k?) (3.1.12
_ m? + k2
m? + 0. &G(D)F(Xl - X2;5) +k2°
From Eq.(3.1.11) and Eq.(3.1.12) we get
. 1 dee‘k(Xl‘X2)05(|x1 - le)
G —X2;0) = : 3.1.1
) (X1 — X2;6) 2r)° f 7 + 0. 5060 (X2 — X2:5) + K2 ( 3
From Eq.(3.1.13) finally we get
Dlaik(x1—Xx2) 0 _
Gioy(x1 — %18) = —L— [ LK 20s(X1 — Xz (3.1.14

2m)P Y m?+0.50Gp)r(5;08) + k?
This expression leads us to define u?Zy, by
1o = M2+ 0.50Gp)r(5;6) = m? + 6m?. (3.1.15

Note that in contrast with canonical perturbative calculation (see Apendix 2,eq.2.28)
om? = 0.50G(p)r(8; ) is finite.



3.2.Weak coupling.The 1¢§ theory.Exact nonperturbative

solution.
Trancendental master equation corresponding to A¢§ theory [see Eq.(3.1.2)] reads

AaZ(x)
05(IX])a2(x) (1+_6m2 ) @) d*ke s (|x])
2 2 .
(“wTaj(x)) <m2+k2>[1+%] (3.2,

Assuming now for simplisity that A/m? < 1, then from Eq.(3.2.1) we obtain

A1, Aikx
Os(ixDa?(0 = (@) * [ ——LE0D
(m2+k2)[1 —kz} (3.2.2
Note that
112 =1-z+22-2+7Z' -1+ ) " (-)"" 3.2.3
z>0,z< 1.
From Eq.(3.2.3) by setting
0.51a2
- 25e j lg) (3.2.4
we obtain
(1 0. 5/la2(x)> _ . 0mer0 | (0.5,1a2(x) )2_ B
m? + k2 m2+0k; 2 m? + k2 a 3.2.5
. » 0.51a%(x
1+ 0o
From Eq.(3.2.2) using Eq.(3.2.5) we obtain
B 4 [ d*ke®0s(x]) | ,  0.5%@3(x) (0.51a2(x) )2 B
Os(iDat() ~ (20)* [ LHEED [1 e (058000 )",
Lo [ d*ke05(|x|) 3 d*ke™™0,5 ([X|)
(2r) —Skz) 0.51(2r) 4a2(x)j—£2) 4
3.2.6)
) dkeRo,(x) (
0.2512(21) a4(x) j —iz) b=
~ (2n)°* —dll("ezkxeg('?) + (2n>-4{2( D"2) ) | —dAke'kxiigLf'f }

Let R be metric space equipped with distance p[x1,y1] = X1 — Y1|,X1,y1 € R.
Define now a map F(x,a(x)) : R - R? by



F(xa%(x)) =

41, aikx 4laikx
R (2n>‘4{2( e [ £ A ii;'i'f} -

e *ke 3.2

2\ M1
n=2 k)

+(2r)™ {Z( 1)"(412)"a(x) [ w}

We rewrite now Eq.(3.2.7) of the form

Fxbx)) =
A1, Aikx
Go() +<2n>—4{2< 1)"(2/2)"b(x) | ‘“e—iig""f} -
(3.2.9
go(X) — Ag1(X)b(x) +
+(2n)—4{2( 1)"(3/2)"0"(x) | w},
k2)™
where we let for a shortness
b(x) = a*(x),
_ (o4 [ dke05 (X))
9o) = (21)”* | M2+ Kk2) 3.2.9

Aleaikx
60 = 20 | —dz(k; fi(zl))(!f-‘) .

In Eq.(3.2.8) - Eq.(3.2.9) we set for simplisity but without loss of generality m? = 1.
We define now infinite sequence by

gn(X) = F(X,gn-1(X)),n =1,2,...

3.2.1
do(X) = go(X). ( Y
From Eq.(3.2.8) and Eq.(3.2.9) we obtain
q1(X) = F(X,go(X)) =
A eaikx
Go(x) + <2n>-4{2< D126 | dke—i;g'x'f} -
(3.2.12

go(X) — Ag1(X)go(X) +
Aleaikx
+(2m)™ {Z( 1)"(A/2)"g8(x) I M}_

2\ M1
n=2 k)

From Eq.(3.2.12) we obtain



PlA1(%),9o(X¥)] = p[F (X,9o(X)),Go(X¥)] = 101(X) — Go(X)| =

ikx
Z( 1)"(2/2)"ga(x) f M

(21) R

Al aikx
‘—/lgl(x)go(x) +(27r)_4{§ (—1)"(A/2)"gh(x )jMH <
n=2

kz)n+1
f d4ke'kxe)b(|x|) 3
kz)n+1

4leaikx
Ag1()G0(X) + (2n)‘4<2(z,/2) 98(x) [ dke—i‘;;'x'l)> <

291(X)go(x) + (27)~* Z(—l)”(l/Z)”QB(X)

29100Go(X) + (zfr)-“(Z(A/z) 0805 () | T)

From Eq.(3.2.8) we obtain

02(%) = F(x,0(X)) =

41eaikx
go(X)+(2ﬂ)—4{Z( 1)P(A/2)"a10) Idke—ingXIl)} _

= go(X) — Ag1(X)qa(X) +

A1, Aikx
+(2r) {Z( 1)"(2/2)"q10) | d"e—i‘;g'x'f}

From Eq.(3.2.12) and Eq.(3.2.14) we obtain

(3.2.13

(3.2.14



Pl92(x),01(¥)] = p[F (X, q1(X)), F (X, qo(X))] =
PIF (%01(¥)),9:1(¥)] = |F(%,91(X)) — q1(x)| =

4leaikx
KgO(X) igl(X)Q1(X)+(2ﬂ)_4{Z( 1H"(4/2) Q1(X)J-(“(e—i2§|;(+ll)}>

A1, Aikx
(go(X) igl(x)qo(X)+(2n)‘4{Z( 1)"(212)"q3x) [ dke_i%';"f})‘ _
1291(X)(o(X) — d1(X)) +

41eaikx
+(2n)“‘{2< 1)°(12)"[al(x) - 0] | ‘“‘e—igg'x'fH -
1292(X)(qo(X) — 01(X)) —
~(@1) A0 - Ga(0) x

Z 3.2.1
{Z(—l)”(zlz)“‘l[qs-l(x) FQR20G) . 4Go0GL ) + 0] x O
n=2
I d*ke™05(|x|) ‘
(m? + k)™
JAI(@o() — 1)) || [ VA g1(x) = (27) VA x
{Z(—l)”(l/Z)n_l[QB_l(X) + 05 2(X)g1(X) +.. . +Go ()T (X) + g3 ()] x
n=2
" d*ke™*0;(X]) ] B
(m? + k)™ -
JZ(do(X) — a1 00)) (VA 9100 — (2) (- 1)agt| <
JAN(Qo(x) - a1(x))[O(2),0(4) < 1.
In the last lines we applied formulas
a"-b" = (a-b)@*+a"?b+a*3p?+... +ab"?+b"),
T dr _ ( -1 + m? _ ) ) _
g (m2+r2)”+1 2(n_1)(m2+r2)n—1 2n(m? +r?) o (3.2.19
1 1 ( 11 )
2(n _ 1)m2(n—l) 2nm2-1) 2ma(n-1) (n _ 1) n /)
and Euler—Maclaurin sum formula
Zf(n) _ j Fox)dx + 0. 5(a) — Z Bif0-2)(a) - j Mclt (3.2.17

n=a i=2
where b; is Bernoulh s numbers and {x} is the fractlonal part of x. Note that

(21) " (A12)*g3 (%)
e T (3.2.18

19100 ] = 1F (%,8o()) | < Go(X) + Ag1(X)Go(X) +
From Eq.(3.2.8) we obtain



[F (x,b())| =
Go(x) + (2n)‘4{2(—1)n(z/2)“bn(x) W} ‘ -
n=1

(m? + k2)™*

go(X) + Ag1(X)b(x) +

3 n d*ke™0;5(Jx|)
-1)"(A/2)"b" == AR
)

go(x) + Ag1()b(x) + (21)* 3 (W/2)"0"(x) | M
n=2

+(2n)™ <

2 kz)ml = (3.2.19
m- +

go(X) + Ag1(X)b(X) + (2)* D (A12)"b"(x) =

n=2

go(X) + Ag1(0b(X) + (27)*(212)*b2(x) Y (A12)"b"(x) =
n=0
(27) *(M2)?b2(x)
1-(M2)b(x)

= go(X) + 491 (x)b(x) +

From Eq.(3.2.8) and Eq.(3.2.14) we obtain



PlAa(x),G2(¥)] = p[F (X, 92(x)), F (X, q1(x))] =
[F (%, 02(x)) = F (X, 02(x)) | =

°° 4 ik
‘(go(x) — 201(X)02(X) + (2n)‘4{2(_1)n(,1/2)”qg(x) J' M}) _
n=2

(m? + k)™
_ © Ann d4k ikxe
—(go(X) = 2g10001(x) + (27) 4{;(—1)'1(1/2) ) | Wi—ég'ﬁf})‘ -

1291(X)(2(X) — g2(x)) +
— Alaikxn .
+(27r)_4{Z(—l)”(l/Z)”[qg(x) - o801 | M} —‘ _
n=2

(m? + k2)™*
|Ag1(X)(02(X) — q1(X)) —
—(27)*A(92(x) — ga(X)) x

{Z(—l)”(l/Z)”_l[QT‘l(X) + a7 0002(X) +...+91(X) G5 2(X) + g5 (X)] X

n=2
. f d*ke™05(|x|) } ‘ _

(m? + k2)™?

JAN@2(x) — q100) || [ V2 92(%) — (2m) VA x

(3.2.20

{Z(—l)”(zlz)“‘l[q?l(x) + 97200 02(X) +. .. +01() A5 2(X) + g3 (X)] x
n=2
" d*ke05(|x]) ] B
(m? + k2)™* B

V21000 = G200 (VA G100 = (27) VA ) | D_(-D"(A2)" (- 1)t (x) | <
n=2

VZI(a1(x) - 92(x))[0(2),0(4) < 1.

Processing inductively we get



PLAn1(X),An(X¥)] = p[F (X, qnea (X)), F (X, qn(X))] =
[F (X Ania(¥)) = F (X ()| =

Al aikx
Kgo(x) Agl(x)qn+1<x)+(2n)—4{2( H"(2/2) cm(x)f e ii('ﬁf })

n=2

A1l kX
(go<x> zg1<x>qn<x>+(2n>-4{2( DGR"eR00 [ dhe i‘;(',ﬁ'f })
9100 (G100 — Gn(X)) +

Aleaikx
+<2”>“‘{Z< 1)"(2/2)"[gh1(x) - aR00] | ‘“‘e—igg'x'fH -

29100 (@n+1(X) = An(X)) —
~(27) ™ 2Gni1(X) = Gn(X))

~ 3.2.2
{Z(—lm/zwl{qn-l(x) Q200 +. A0 + qpie0] x5
n=2
I d*ke 05 (|x|) ‘
(m? + k)™
A2 () = GO | [ VA 92(X) — (2m) VA x
{Z( D"(A/2)"H A (x) + g2 () Ana(X) +. . +Un()ARIX) + gRT0] x
n=2
I d*ke™05(|x|) ] B
(m? + k2)™* B
1@ () = GO (VA 92(%) — (27) (- D) <
J21(@ma(X) = gn(x))[O(1),0(1) < 1.
Theorem 3.2.1.Infinite sequence defined by
On(X) = FX,qn1(X)),n=1,2,... (3.2.22
do(X) = go(X)
for any x, |x| > & has a limit: lim .., gn(x) = b(x) such that F(x,b(x)) = b(x),where
Fx,b(x)) =
go(X)+(2ﬂ)_4{Z( 1)"(4/2)"0"(x) | %} -
-t ) (3.2.23

9o(X) - 2g1(X)b(x) +

Aleaikx
+(21)™ {Z( 1)"(A/2)"b"(x) I dke—izglfll)}

and where



b(x) = a*(x),

_ (o4 [ dke05(Ix])
%00 = (@0~ | —a ey (3.2.24
g1x) = (2 [ L0 )
2(m? + k2)?
x| > 6.

Proof. Immediate from (3.2.21) by Generalized Banach fixed-point theorem,
see Apendix3 Theorem 3.2..

3.3.Weak coupling.The 1¢3",n > 2 theory.Exact

nonperturbative solution.

Transcendental master equation (2.5.16) corresponding to two-point Eucledian Green
function Gy (X1, X2, m, 1) in Euclidean space E4 with dimE4 = 4 reads

[a(x1 —x2)?] (mz + %a(xl - x2)4> ’ )

2
(mz * %a(xl - X2)4> (3.3.1
_(271.)—4 I d4k eik(Xl—Xz) _ 0

K2+ m? + %a(xl —X2)*

Assuming now for simplisity that A/m? < 1, then from Eq.(3.3.1) we obtain

Ba(az(x) ~ (2m)* [ U0
(mhk%[ﬂ%} (3.3.2
41(m? + k2)
Note that
1 _ © n-n
1+Z—1—z+22—z3+z4—...1+2n=l(—1)z (3.3.3
z>0,z< 1
From Eq.(3.3.3) by setting
_ At
T A(m? +K?) (3.3.9
we obtain
aat) O\, a8t a0 \°_
(“ 4!(m2+k2)> ) (4!(m2+k2)> T aas
e gy At -
= LD ey

From Eq.(3.3.2) using Eq.(3.3.5) we obtain



0s(xDa*(x) =

L dkeRos ) [ Aatk) a0\’ _
20| (M + k) [1 4|(m2+k2)+(4!(m2+k2)> +"}_

4 d4kekX95(|X|) 4 d*ke™™05(|x|)
@) ey a0 | A+ k)2 (3.3.6)
A2(amyaso [ KO

@A m? + k3
- (1) w 2r)™ Z( 1)"(A/41)"a% (x )Iw .
(m? +k?) k?)
Let R be metric space equipped with distance p[x1,y1] = [X1 — Y1|,X1,y1 € R.
Define now a map F(x,a(x)) : R - R? by
Fx,a%(x)) =
(27_[)_4 d4ke'2kX03(|X|) +(2n )_4 Z( (A4l a4”(x)'|. d4kelkx08(|r:i|l) _
(m? +k?) +k?)
J~ d4kekX9(>(|x|) J‘ d* ke”°<05(|x|) (3.3.7

Aleaikx
+(2m)™ {Z( 1)"(A/4") a4n(x)jm‘e—i;§|n>i|l)}

(2n)7* —(2m)(2141)

We rewrite now Eq.(3.3.7) of the form
Fxbx)) =

41eaikx
go(x)+(2n)‘4{2( 1N(A/4T) b4”(x)j(“(e—i2§|;(+|l)}
(3.2.8
Go(x) — (A/41)g1(x)b(x) +

ikx
+(27r)—4{2( 1)"(1/2)"b2(x) Ime—iiglﬁl)}’

where we let for a shortness

b(x) = a*(x),

_ (om) [ 9ke 05 ()

900 = 20)* (M +k2) (3.3.9
[ ke 0,(X)

000 = @0 | S e

In Eq.(3.3.8) - Eq.(3.3.9) we set for simplisity but without loss of generality m? = 1.
We define now infinite sequence by

an(X) = F(X,0n-1(X)),n =1,2,...
do(X) = go(X).
From Eq.(3.3.8) and Eq.(3.3.9) we obtain

(3.3.13)



q1(X) = F(X,9o(X)) =

ikx
90(X)+(2ﬂ)_4{§ (=) (/4D g2 (x )J.dke—izglrﬁll)}
3.3.1
go(X) — (M4NHg1(X)g5(X) + ( 2

A1, Aikx
+(2r) {Z( 1)"(2/4)" g8 | d"e—i‘;g'x'f}

From Eq.(3.3.12) we obtain
p[A1(X),9o(X)] = p[F (X,go(X)),Go(X)] = [d1(X) = o(X)| = [d2(X) = Go(X)| =

Al aikx
Z( 1)"(1/4)"g8'(x) | ‘“‘e—iig'x'f

41eaikx
‘ <M4')g1(x)go(x)+<2n)—4{2< 1)"(A/41)"g8(x) j—d ke iiglﬁg} <

d4ke"°‘05(|x|)
kz)n+l

Al aikx
(M40 + <2n)—4(2w4'> 670 [ ‘“e—iig""f) <

(r)™

(3.3.13

(M141)g1(0G3(x) + ()™ Z( 1)"(2/41)"g8"(x) j

— n n 4
(A1ANg1(X)g3(x) + (2r) 4(;01/4!) 98" ()0 (Ix) I ﬁ)

From Eq.(3.3.8) we obtain
02(xX) = F(x,02(x)) =
go(X)+(27r)‘4{Z( 1)"(22)"q2(x) [ W} _

2y M1
n=1 k)

= go(¥) — 29100 Gi(x) +

4alkx
+(27r)—4{2( 1"(A2) qzn(x)'[(“(e—i:;!ﬁl)}.

(3.3.14

From Eq.(3.3.12) and Eq.(3.3.14) we obtain



PlA2(x),91(X)] = p[F (X, q1(X)),F (X, qo(X))] =
= plF (X 01()),q1(¥)] = |F (X, q1(x)) — ()| =

A1, Aikx
‘(go(x) 2g:00GB) + (2n>-4{2( 1)"(2/2)"a7 () | d"e—i‘;g'x'f})

Al aikx
(go<x> 2GL0GE0) + (2n>-4{2( D"(112)" a8 (x) | d"e—igg'x'f})‘ :
100 (@) ~ G () +

A1, Aikx
+(2n>-4{2( 1)"(3/2)"[2"() - ' )] | d"e—iig'x'fH

g1 () (aF(X) — gE(x)) -
~(27)*(Go(x) — du(x)) x (3.3.19

{Z( D)™ g8 (X) + G320 0a(X) +. . +Go()AE2(X) + GFTH(X)] x

d*ke0; ([x])
(m? + k2)™*

J21(@00) — 92()) Ao + 92 ()| [ V2 91(¥) = (27) V2 x
{Z( D)8 (X) + G320 0a(X) +. . +Go()AE2(X) + 4FTH(X)] x

d*ke'*g
J.(mzeJr—églr)lill)}J < V21(9u(x) — qo(x))| x C1,

c: <1.
In the last lines we applied formula
a? - b = (a-b)(@®! +a?2b+a?3h?+... +ab?2+b>1) (3.3.16
and Euler—-Maclaurin sum formula
Zf(n) - j fx)dx + 0. 5f(a) — Z DBi i1 () - j Molt (3.3.17

where b; is Bernoulli's numbers and {x} is the fractional part of x. Note that

(27)™(A/2)°g§(x)
g O

82001 = 1F (X, go()) | < Go(X) + 291()gH(X) +

From Eq.(3.3.8) we obtain



IF (X, b(x))| =
gO(X) + (271,)—4{2(_1)n(l/z)anH(X) J. w} ‘ <
n=1

(m? + k2)™*

o(X) + Ag1(x)b?(x) +
+(2r)™ g(—l)“(/’LIZ)”bzn(x) | % <
Go(¥) + Ag100b?(x) + (27)~* nﬁ;(x/Z)”bzwx) [ % <
go(X) + 291 ()b?(x) + (27)~* i(A/Z)”bz“(x) =
2
Jo(X) + Ag1(X)b(X) + (27)"*(A/2)*b?(x) i(l/Z)”bZ”(x) =

n=0
(2m) 4 (A12)%b?(x)

= 9o(0) + 20100b%(0) + ~—= (A12)b%(x)

Processing inductively we get

(3.3.19



PLAn1(X),An(X¥)] = p[F (X, qne1 (X)), F (X, qn(X))] =
[F (X Ania(¥)) = F (X ()| =

Al aikx
Kgo(x) xgl(x)qn+1<x)+(2n>-4{2( D"(A/2) qn+1<x>f e ii(',ﬁ'f })
n=2

A1, Aikx
(go(x) 2G:00G <x>+(2n>-4{2( 1)"(4/2)" (%) j dhe i‘;(',ﬁ'f })
G200 (Ani2 () — Ga(X)) (G () + qn<x>> v

Aleaikx
+<27r)“‘{2< 1)"(2/2)" (g3 () - g&"(x)] | ‘“‘e—ig;'x'fH _

149100 (@n+2(X) = An (X)) (n+1(X) + qn(X)) —
~(27) ™ 2(Ane1(X) = An(X)) x

{;(—1)”(1/2)"_1[(1%”‘1(@ + A2 () U1 (X) +. AU (OURA(X) + R (0] X (3.3.2])

I d*ke 05 (|x|) ‘
(m? + k)™
VA1) = Gn0)) [(@ne2(X) + A [| [ VA 92(X) — (2m) VA x
{Z( D"(A2)" B2 (X) + G2 2(X)Unia(X) +. .. +0n(X)GETA(X) + G2 (X)] x
n=2
I d*ke™05(Ix]) ] B
(m? + k2)™* -
JA (a2 (X) — qn(x))| |(Qn+2(X) + An(X)) ] X

(VAgu(x) - (2n) - D] <

Ji I(qn+1(><) — gn(X))[Cn,

Cn < 1.
Theorem 3.3.1.Infinite sequence defined by

an(X) = F(X,0n-1(X)),n =1,2,...
qo(X) = go(X)
for any x,[x| > & has a limit: lim ... gn(X) = b(x) such that F(x,b(x)) = b(x),where

(3.3.22

Fxb(x)) =

A1, Aikx
Go() +<2n>—4{2< 1)"(2/2)"b2(x) | ‘“e—iig""f} -
(3.3.23
Go(X) — 201 ()D2(X) +

4leaikx
+(2n)‘4{2( 1)"(2/2)"™(x) | dke—i;;IXIl)}



and where

b(x) = a*(x),
4 [ d*ke™0s(IX])
= )| —22L8
9000 = @07 | ==
d*ke™0;5(|x|) (3.3.29
Q) = 20)* | ———-
2(m? + k?)
x| > &.
Proof. Immediate from (3.3.21) by Generalized Banach fixed-point theorem,
see Apendix3 Theorem 3.2..
Apendix1.
Gor(X1 — Xo;m) = (27)™* deM,
O)F(X1 —Xz;m) = (2) KE + P W

where d°k = dkodk; - - dko-, k| = (35 k?) ™.
In spherical coordinate system with r = |k| = (Zi:o k?) m,gol- angle between vector

X1 — X2 and vector k we obtain

ei k(Xl—Xz)
K| + m?

Gy (X1 — X2; M) = (2n)-4fd4k

@[]
000

ellx;xilx:;&pl x r3dr sin2<p1 Sin(02d¢1d(02d(p3 =
(2)

O'—'c:;N

ei [X1—X2|xr cosp1

1 x 13dr sinfp1do;.
2(22)%°T(312) {{ 2+ P P

Note that

J.ei|x1—x2|><rcos<p1 Sinz(pldgol _ 2ﬁF(3/2) Jl(rlxl _X2|) , (3)
rxy — Xo|

where J1(2) is the Bessel function of the first kind, integer order 1, (see Definition 1)

and

o0

[ aatrha = xaldr = mKa(mpa —el), 4)

where K1(z) is the modified Bessel function of the second kind, integer order 1,(see
Definition 2) and where we used formula 6.566.2 of [12]. Thus finally we get

Gayr(X1 — X2) = liM oe(p (X1, 7; ©) (X2, T; ) ) =

ik(x1-X2) _ 5)
(20) 2 [ a2 — (2n) 2(| l)Kl(m|x1 Xa|).

where K is the modified Bessel functions of the second kind, integer order 1.



Definition 1. The Bessel function of the first kind J1(z), integer order 1 is defined by
the power series:

1 21
h(z) = Z AT +)1)| ()" ©)

where z € C.For z - 0 we have:
Ji(2) = Z/2. (7)

Definition 2.The modified Bessel functions of the first kind I,(z) with v € R and
z € C are defined by the power series

2k+v
(2 = Z T(k+ 1)F(k+ v+ D) (%) ®)
The modified Bessel functions of the second kind K, (z) are defined by
7Z' I—V(Z) v(Z)
Kv(2) = sinve ®)
Remark 1. Note that
1.K, (M) = —In(%) yasmx| - 0,v =0,
2.K,(mx|) = ( 2 ) as mix| - 0,v > 0, (10)
.1 N
3.Ki(m|x]) = X as mx| - O,
where y is the Euler—Mascheroni constant. From Eq.(5) and Eq.(10) we get
G(4)|:(X1 —Xz) = |im1_,oc<¢(X1,T;CO)([S(XZ,‘HCO)) =
11
(20)2 ¢k e'k(xl "~ @n) ( " I)Kl(m|x1 “xo|) = (2) X[ (1)
2.5
2
e L3 5 K2
b
X K1
KO
0.5

Figure 3.2.1.Plot of the modified Bessel functions of the
second kind,integer order 0,1,2.

Definition3.



Go)E(X1 — X2) = lIM reon{p(X1,T; 0)p(X2, T; 0) ) =

B D Dy, ekx1-Xx2) (12)
= (21 [Pk

The integrand in Eq.(12) is not radial but one can choose a frame where

k.x# = —krcos), k= [k.kt| /ZL K2,r = [x,x*| = /zlexg u=1,2,...Dandthe

angular integral
reads

J. dQp e = Qp 4 IZ do(sinb) D-2gikr cosf
D-1\/2\z" (13)
- 0oy (P51)(£) T Isato,

where Qp = 27P2/T"(D/2) is the volume of the unit D-ball. In the last line we used
formula 3.915.5 of [12] Then,

Gorem = 1(2)(2) 7 [ drr# 1006195 40k, (14)

Now we take the massive propagator in momentum space:
r(2 D D
otem =121 (2) ()
(%)
) 2
xj; drrK%_l(mr)J%_l(kr) == —m‘ZF(%,l;%;_#) =
1
k? + m?
where we used formula 6.576.3 and formula 9.121.1 of [12] with D = 4, and F is the
hypergeometric function

(15

[e] n
F(a,b;c;z) = Zn:o r(a]f(ggll:gg; ) F(l;(—}c-:)n) %
Remark 2.Note that when D = 4, we exactly obtain massive propagator Ga,(k; m) in
momentum space, see Eqgs.(1-5).
Remark 3. If D > 5 Definition 3 no longer holds, since integral in RHS of Eq.(12)
diverges as |k’|%‘1,k’ — oo Since the estimate (17) holds

ik(x1-X2) ® D
| deEzilr;Zz ~ [ W F (17)

(16)

Remark 4. In order to avoid these difficultness mentioned above, we replace Eq.(12)
in

def.3 by the weak limit taiken in space £'(R?),D > 5
e—n|k|+ik(X1—X2)

G(D)F(Xl - Xz) = W-|im,7_,0+ G(D)(k; m, 1]) = W-|im,7_,0+ J.de K2 1 12 (18)

n>0
Notice the definition by Eq.(18) is correct since in space £'(RP) :
W-lim 0, e™M(k2 + m?) ™" = (k2 + m?) ™, (19)

and [(k? + m?)"'d°k < co.



Apendix 2.Correlation functions for the (1¢*)q scalar

theory in canonical Parisi and Wu stochastic quantization.

In this section we will analyze the canonical stochastic quantization for the (1¢*)q
self-interaction scalar theory in comparison with double stochastic quantization for the
(Ap*)q scalar theory. In this case the Langevin equation reads

X = A+ mB)p(r.X) ~ Zro3(TX) + 0@ X). 2.1)

The two-point correlation function associated with the random field is given by the
Einstein relation, while the other connected correlation functions vanish, i.e.,
The two-point correlation function associated with the random field is given by the
Einstein relation, while the other connected correlation functions vanish, i.e.,

(n(r1,X0)n(r2,X2). . .N(T2%-1,X2k-1) )y = O, (2.2
and also

M(r1,X0). . .n(t26%X2) Yy = 2 (T, X0)N(T2,%2) Y N(T 1 Xi)N(T1,X1) V- - - (2.3

where the sum is to be taken over all the different ways in which the 2k labels can be
divided into k parts, i.e., into k pairs. Performing Gaussian averages over the white
random noise, it is possible to prove that perturbatively [6]

| ID[¢]¢(X1)¢(X2). .0(Xn) €9
iMoo @(71,X1)@(72,X2). . .@(Tn, Xn) )y = ID[ e | o
pje

where S¢) = So(@) + S (@) is the d-dimensional action. This result leads us to consider
the Euclidean path integral measure a stationary distribution of a stochastic process.
Note that the solution of the Langevin equation needs a given initial condition. As for
example

@(7,X)|—0 = @o(X). (2.9)
Let us use the Langevin equation to perturbatively solve the interacting field theory.
One way to handle the Eq.(2.1) is with the method of Green’s functions. We defined
the retarded Green function for the diffusion problem in the Eq.(2.1). Let us assume
that the coupling constant is a small quantity. Therefore to solve the Langevin
equation
in the case of a interacting theory we use a perturbative series in A. Therefore we can
write

o(1,X) = 0O(7,X) + LoD (7,X) + 120D (1,X) +... (2.6)

Substituting the Eq.(2.6) in the Eq.(2.1), and if we equate terms of equal power in A,
the resulting equations are

[ £+ actmd) 0O = n(z.x), 2.7)
[ £+ aetmg) Jo@@ 0 = -3 (002 0), (2.:8)
[ £+ Cacemd) [o®@0) = - (00 )°, 2.9

and so on. Using the retarded Green function and assuming that ¢ @(z,X)|.-0 = O,



V g, the solution to the first equation given by Eq.(2.7) can be written formally as
0O(z,x) = j;dr’ jQ dix' G(r — 7', x — X)n(z',x). (2.10)

The second equation given by Eq.(2.8) can also be solved using the above result.
We obtain

eW(r,x) = —% J-T drlj- d9%; G(t — 71,X— X1) +
o Q
. \ (2.11)
+(I dr’ J. di%' G(r1 — 7/, X1 — X’)n(r’,x’)) .
0 o

We have seen that we can generate all the tree diagrams with the noise field

contributions. We can also consider the n-point correlation function

(o(71,X1)9(72,X2)...0(Tn, Xn) )n. Substituting the above results in the n-point correlation

function, and taking the random averages over the white noise field using the

Wick-decomposition property defined by Eq.(2.3) we generate the stochastic
diagrams.

Each of these stochastic diagrams has the form of a Feynman diagram, apart from
the

fact that we have to take into account that we are joining together two white random

noise fields many times.

As simple examples let us show how to derive the two-point function in the zeroth
order

(p(11,X1)Q(T2,X2) >,(,°), and also the first order correction to the scalar two-point-function

given by ((r1,X1)¢(12,%X2) )$". Using the Eq.(2.10) and the Einstein relations we have

(p(r1,x0)9(T2,%2) )y =

in(z1,7 2.12
2[™ ™ [ dr' [ dIX' Glr1— 7', x1~ X) G2 — ', %0 — X), (219
0 Q
which is just Eq.(2.13). For the first order correction we get:
(p(XD)p(X2))§" = —%q‘ dXs [ dXa(G(X1 — X4)G(X2 — X3) +
' (2.13

GO~ Xa)B(Xz ~ Xa)n(Xs) ([ 0Xs G(Ka ~ X (X&) ) .

where, for simplicity, we have introduced a compact notation:
[ide] dix=[dX, (2.14)

and also ¢(z,X) = ¢(X) and finally n(z,x) = n(X).

The process can be repeated and therefore the stochastic quantization can be used
as an alternative approach to describe scalar quantum fields. We stress here that the
stochastic quantization is based in the fact that although one starts with the system
out of equilibrium, the Markovian Langevin equation forces it into equilibrium.
Moreover, when the thermodynamic equilibrium is reached, the stochastic expectation
values will coincide with the Schwinger functions of the Euclidean field theory.



.
ez B

Figurel:Perturbative expansion for the scalar field
where crosses denote noise fields.

™ 0

,
(pplg= —— + N W O N
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Figure2:The corrections up to one-loop to the
two-point correlation function.

We can represent Eq.(6) graphically as figure (1) (the random noise field is
represented by a cross). Using this diagrammatical expansion, it is possible to show that
the two-point correlation function up to one-loop level is given by figure (2), where we
represent the retarded Green function by a line and the free two-point function by a
crossed line. The rules to obtain the algebraic values of the stochastic diagrams are
similar to the usual Feynman rules. For instance the two-point function at one-loop level
is given by

(b) = 4 5%(ki + ko) | ddkj: dz G(ki: 71 — 7)D(K; 7, 7)D(K2: 72, 7). (2.15)

(C) = —% 5d(k1 + kz)J. dko‘;Z dr G(kz; T2 — T)D(k; ‘L',‘L')D(kl; Tl,T). (2. 16)

A simple computation shows that we recover the correct equilibrium result at equal
asymptotic Markov parameters (71 = 72 - o):
d
) I—— A LTO 1 1 d%k __ 2.1
Oleser, 2 Otk e e (k§+k§+2m§)-[(k2+m%) (.19
Obtaining the Schwinger functions in the asymptotic limit does not guarantee that we
gain a finite physical theory. The next step is to implement a suitable regularization
scheme. A crucial point to find a satisfactory regularization scheme is to use one that
preserves the symmetries of the original model. In the stochastic regularization method
the symmetries of the physical theory is maintained. There are in general two different
ways to implement the stochastic regularization. The first one is to start from a Langevin




equation with a memory kernel. It is known from the literature [9] that this method can at
best only remove two degrees of divergence. Another possibility is to smear only the
noise field in the probability functional [10]-[11]:

J DInIFLp)exp| —+ [dx [ dr [z’ n(z, 0Kz, ) |
j D[n] exp[—% .[ddx.[ drjdr’ n(r,X)Ktn(z',x) }

where K, is a memory kernel. In this case we change the Einstein relations of the
noise

(Flol)y =

, (2.18)

field to:
(n(z,¥) 0", X))y = 2Ka(z, 79X~ X). (2.19
The smearing function should be chosen such that, when A - oo:
!\iLTJOKA(r—T/) =6(r-1"), (2.20)

recovering the usual theory.

Since the Langevin equation is unaffected by the stochastic regularization, the
physical field is the same as in the regularized case. However, the zeroth-order
two-point correlation function is given by:

D(k;7,7') = 26%(k+K) [*ds]" ds G(kiz —9) G(k; 7' — S)Kn(s—§) =
0 (2.21)
25%(k+K) [ ds[ ds'exd~(z + 7' — - 82+ M) ]Ka(s—S).

It is possible to prove that a necessary condition that the regularization function K,
should satisfy in order to render the divergent loops finite is Kx(7) |0 = 0. The
following series of kernels obeying this condition were proposed:

K (7) = 1 A2(A2 | 7 D"exg—-A? | 7 |]. (2.22
For the case n = O we obtam, for the free two-point correlation function:

. 59k +K) A2

limD(k;z,7) = :

e ( ) (k%> +mj) (A2 +Kk?>+mj)
Since the stochastic diagrams contains crossed lines in its loops, we have that the
ultraviolet divergences can be regularized choosing an appropriate n. Note that it is
possible to use a different regulator of the type K,(7) = or" -1

We now return to ¢4 theory. To first order in 4, and in momentum space, the two point
function in Euclidean space is

N 1 1
G, p) = 7 + (j o T )( e ) +0(22). (2.24)

Let us define now by HZs the effective or renormalized mass (squared) such that

1 = 1
P+l PP +m2{ __(I (2r) p? +mz>(pz+m2)+0(/12)}. (2.25)

Again, to first order in A, we can write the equivalent equation

G(p,—p) = 1 + O(A2). (2.26)

2 A 1
p* -+ me + I(Zﬂ)p+m2

(2.23)

This equation leads us to define Yz, by



2 4 A 1 2 2
Wy = M2 + -[(271') L (2.27)

and the quantity Uren represents the physical (or renormalized) mass of the particle.
Thus, the interaction changes the mass of the particle. However §m? = o since that

j qsdq j qdq = . (2.28)

-[(271) P +m2

This is an example of a typical “ultraviolet” dlvergence in canonical perturbative
expansion in quantum field theory.

Apendix. 3.Generalized Banach fixed-point theorem.

Theorem 3.1. [15] Let (X,d) be a complete metric space and T : X - X be a
contraction

mapping with the Lipschitz constant « € [0,1). Then:

(1) T has a unique fixed point X in X.

(2) For an arbitrary point Xo € X, the sequence (Xn)nengenerated by the Picard iteration

process (defined by xn.1 = T(Xn),n € NU {0}) converges to x.

(3) d(Xn,X) < 10‘_na d(Xo,x1) for all n e N.

Definition 3.1. [15] We say that X € X is a contractive fixed point (abbr. CFP) of T if

X = T(X) and the Picard iterates Tn(x) converge to X as n —» « for all x € X.

The operator T from Definition 3.1 became known as a Picard operator (shortly PO),

Definition 3.2. We say that X € X is a quasy contractive fixed point (abbr. QCFP) of T

if x = T(X) and there is an Xp € X such that the Picard iterates Tn(Xo) converge to

Xas n - oo.

Definition 3.3.The operator T from Definition 3.2 became known as a quasy Picard

operator (abbr. QPO)

Theorem 3.2.(Generalized Banach fixed-point theorem). Let (X,d) be a complete
metric

space and T : X —» Xis continuous.Assume that there is an yo € X such that the

inequalities are satisfied

d(y1,Yo) = d(T(Yo),Yo) < a x const,
d(y2,y1) = d(T(y1), T(Yo)) < ad(y1,Yo),
d(ys,y2) = d(T(y2), T(y1)) < ad(y2,y1),

d(Yni1,Yn) = d(T(yn), T(Yn-1)) < ad(Yn,Yn-1),

(3.1)

where a < 1, yn = T(yn-1). Ten there is a quasy contractive fixed point x of T, such
that the Picard iterates Tn(Yyo) convergetoy € Xas n - oo.
Proof. From inequalities (3.1) we obtain



d(y1,Yo) = d(T(Yo),Yo) < a x const,
d(y2,y1) = d(T(y1), T(Yo)) < ad(y1,Yo),
d(ys,y2) = d(T(y2), T(y1)) < ad(y2,y1) < a?d(y1,Yo),

3.2
d(Yn:1,¥n) = d(T(Yn), T(Yn-1)) < ad(yn,yn1) < a"d(y1,Yo),
From inequalities (3.2) by using triangle inequality we obtain for some ¢ < 1
d(Yn, Ynem) < d(Yn,Ynet) + d(Yne1, Ye2) +. - +0(Ynem-1, Ynim) <
< (@"+ @™+ 4™ Hd(ys,yo) = @ 1L d(ys, yo) < 3.3)

<

10ina d(yl,yo) < €.

Thus a sequence {yn},, < Xis a fundamental sequence in X and there is exists
liMmp.yn =y € X. We assume now that T(y) =y, by using triangle inequality we obtain

d(y,¥) < d(¥,yn) +d(yn,Yni1) + d(Yne1, ). (3.4)
For any ¢ > 0 we can choose N = N(¢) such that for any n > N
() d(V,yn) < €/3,since thatis y = liM . Yn;
(if) d(yn,yna1) < €/3,since that {yn}, , < Xis a fundamental sequence;
(iil) d(Yn+1,Y) = d(T(yn), T(Y)) < &/3,since that is limp.. T(Yn) = T(liMpow Yn) = T(Y).
Therefore for any € such that 0 < € < ¢ : d(y,¥) < € it follows that d(y,¥) = 0 and
consequently § = y.
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