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Abstract We explore the mathematical relationship between
the holographic Wilsonian renormalization group (HWRG)
and stochastic quantization(SQ) motivated by the similar-
ity of the monotonicity in RG flow with Langevin dynamics
of non-equilibrium thermodynamics. We look at scalar field
theory in AdS space with its generic mass, self-interaction,
and marginal boundary deformation in the momentum space.
Identifying the stochastic time ¢ with radial coordinate r in
AdS, we establish maps between the fictitious time evolu-
tion of stochastic multi-point correlation function and the
radial evolution of multi-trace deformation, which respec-
tively, express the relaxation process of Langevin dynam-
ics and holographic RG flow. We show that the multi-trace
deformations in the HWRG are successfully captured by the
Langevin dynamics of SQ.

1 Introduction

The notion of holography naturally arises from Black
hole(brane) thermodynamics, in a sense that the black
hole(brane) entropy is proportional to its surface area even
though the entropy is an extensive quantity that must be
proportional to the system volume [1]. Therefore, one might
guess that the holography implies that the boundary of a
black hole(brane) might have the information of the black
hole(brane) itself [2]. One of the noticeable examples of this
is AdS/CFT correspondence. The precise map of AdS/CFT
correspondence is that the generating functional, W (J) of a
d-dimensional field theory defined on d-dimensional bound-
ary of AdS;4 spacetime is the same with the appropriately
renormalized on-shell action, S,s(J) of d + 1-dimensional
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dual gravitational theory defined in AdS,;.1, where the J is
the boundary value of the gravity field on the AdS boundary
[3].

One of the interesting topics in such research fields is
the holographic Wilsonian renormalization group(HWRG),
which provides the energy scale dependency of a composite
operator in the boundary field theory [4]. In the context of
holography, one identifies the energy scale of d-dimensional
field theory to the radial direction, r in AdS,4 spacetime,
where the dual gravitational theory is defined [5,6]. As a con-
sequence, the renormalization group flow of a certain defor-
mation in the boundary field theory can be obtained from the
radial flow on the cut-off hypersurface being normal to the
radial coordinate [7,8]. This rigorous formulation efficiently
enables us to describe the low-energy behavior of the bound-
ary field theory system. Integrating out the bulk geometry
along the radial direction corresponds to integrating out the
high energy degrees of freedom in the field theory, which is
called a holographic Wilsonian renormalization group flow
(HWRG) [9-11].

On the other hand, another interesting framework that
might be related to HWRG is stochastic quantization (SQ).
Stochastic quantization is an alternative methodology to
quantize Euclidean field theory by employing a first-order
differential equation, called Langevin equation [13]. The
Langevin equation describes a relaxation process from a non-
equilibrium state to thermal equilibrium, where the evolution
parameter is ¢, which is so-called stochastic time. The form
of the Langevin equation is given by

IP(x,1) 1 88
ar  28P(x,1)

+n(x,0), ey

where @ is a field living in d-dimensional Euclidean space,
and x; is d-dimensional coordinate variable in Euclidean
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space. Sg is a theory that we want to quantize and 7 is called
Gaussian white noise, which provides randomness to our sys-
tem. The Gaussian white noise enjoys the following partition
function:

t
Z:/[’Dn(x,t)]exp{—%/ drd®x nz(x,t)} )
1

0

This allows us to construct a stochastic partition function in
terms of the field @, which is given by

Z= f (DD (x. )] exp (—Spp(®, 1)) 3)

where to get the partition function from (2), we change the
variable 1 to @ by using the Langevin equation (1). Spp (P, )
is called Fokker—Plank action. We notice that the role of the
term of Sg in the Langevin equation (1) is potential, which
gives a force of dissipation to the system. It forces the system
to settle down to thermal equilibrium by either gaining or
losing its energy to its surroundings. This is related to the
famous fluctuation-dissipation theorem [16,17].

One can also formulate the probability distribution of the
noise field n, which is given by

1
Plo(x,0);t] = z/[Dn(x, n]exp

1 t
x {‘5/ drd’x n2<x,r>} [ o161 =M1 @
In) y

The probability is conditional since it depends on the initial
boundary condition given by the Dirac delta function in it. It
turns out that this probability distribution function satisfies
the equation of stochastic time evolution,

OP[¢p(x,1); 1] —/dd+1x 1) ( 3SE
ot o Sp(x,t) \S¢p(x,1)

8
+W> P(p(x,0);1). &)

Several noticeable similarities between renormalization
group flow and SQ are as follows. Firstly, Langevin equation
is first-order differential equation in stochastic time and has
a form of diffusion equation. The renormalization equation
is also first-order equation in energy scale and converges to
a few infra-red fixed points. Secondly, the stochastic process
is a memory loss process, which is also known as Marko-
vian process. Regardless of which state the system starts
with, it goes into thermal equilibrium at a large stochastic
time. The renormalization group flow has a similar property
that regardless of which ultraviolet theory is, it gets into a
few infra-red fixed points in low energy. Integrating out high
energy degrees is also the process of losing initial informa-
tion about the system

@ Springer

Finally, we would like to discuss entropy production [18].
The entropy of the field of ¢ is defined as

s(t) = —log P(¢(x,1),1), (6)

and its expectation value is

S(r) = (s(1)) = —/dcb p(p(x, 1), 1)log p(¢(x.1),1),
(N

Since there is a dissipative force term in Langevin equation,
the field ¢ will lose its energy to its surroundings. The amount
of energy loss per unit of stochastic time(power loss) is

UL SRS ®)
— =——¢(x,1) > §

dt 2 8¢ s

and it is the entropy production into the medium or surround-
ings. Once one defines the total entropy of the system as

Stot = 8 + Ssurr» 9)

what the authors show in [18] is that the expectation value
of the s, is positive-semi definite. It implies a monotonic
flow of the stochastic process which has a similarity with the
monotonicity of RG flow [19-21].

In the stochastic quantization scheme [12], the correlation
function of Euclidean d-dimensional field theory of Sg cor-
responds to the equilibrium state of the correlation function
of d 4+ 1-dimensional field theory described by the Fokker—
Plank equation after a large fictitious time (f — ©0). Simi-
larly, for AdS/CFT description, the correlation function of a
d-dimensional field theory corresponds to the renormalized-
on-shell action of a d 4 1-dimensional gravitational theory.
This observation leads to the following studies that explore
the connection between stochastic quantization and hologra-
phy. In the study of [14], authors relate the holographic direc-
tional coordinate r to the fictitious time ¢ of stochastic quanti-
zation and argue that Schwinger—Dyson equations are condi-
tions for equilibrium state in holographic dual gauge theory.
Also, it is suggested the partition function of the holographic
theory is related to the stochastic partition function [15]. In
particular, the authors in [22] associate the monotonicity of
non-equilibrium thermodynamics with holographic RG flow
by an emergent extradimension of Wilsonian RG transfor-
mation.

These results motivate us to extend the analysis that the
stochastic quantization is associated with AdS/CFT to the
holographic Wilsonian renormalization group. Recent stud-
ies propose an interesting connection between HWRG and
stochastic quantization. If one identifies the holographic
directional coordinate r to the fictitious time ¢, one can sug-
gest that the Euclidean action Sg and holographic boundary
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action Sp have the following relation: S = —285p [15]. It
allows the Fokker—Plank action to be identified as the bulk
action in gravitational theory. In [23], authors use the Hamil-
tonian description of the holographic Wilsonian renormal-
ization group to yield the Schrodinger-type equation:

O0eVH (P, 1) = —f

r=e

1)
d?x Hrc <—%, ¢) Yu(p,r)

(10)

where Hgg is the Hamiltonian of the bulk theory of the
HWRG side which is obtained from Legendre transforma-
tion of the Lagrangian of the bulk gravity theory and the wave
function is given as ¥y = eS8 Also, the Hamiltonian for-
malism of the stochastic quantization is given by

)
aYs(@.1) = — /_ Hrp (_ﬁ’ ¢> Vs(®.1) Y

where Hpp is the Fokker—Plank Hamiltonian which is
obtained by Legendre transformation of the Fokker—Plank

Lagrangian. The wave function is given by ¥s(¢,t) =
SE@®)
P(¢p,t)e £ Identification of the Hamiltonian and wave

function of both sides of HWRG and stochastic quantization
produces a relation S = Sp — SE where P(¢p,t) = e 5P,
One can express Sp in terms of stochastic correlation func-
tions and it formulates radial flows of holographic multi-trace
deformation which constitutes the boundary action Sp. By
employing such a relation, the authors in [23-27] construct a
mathematical relationship between stochastic time evolution
of stochastic 2-point correlation function and the radial flow
of double trace operator in holography as

(SZSB r=t |
| = (Pk1, )Pk, D))g
[[ie, 8@k, r)
2
— %28# (12)
1_[1'21 SO (ki, 1)

where the left-hand side of the relation is double trace defor-
mation in holography whereas the first term on the right-hand
side is the inverse of the stochastic 2-point correlation func-
tion in tree level.

The relation is also extended to higher-order stochastic
function and multiple trace operators. In [28], authors firstly
suggested the relation of triple trace operator in HWRG
and 3-point function in stochastic quantization, by employ-
ing conformally coupled scalar with ¢3 interaction in AdSs.
The relation between quadruple trace operator and stochas-
tic 4-point function by employing ¢* theory in AdS4 [29].
In [30], the authors extend the relation to a case in a more
general boundary condition imposed on the holographic the-
ory. Especially, the authors consider marginal multiple trace

deformation on the conformal boundary and discuss the rela-
tion between multiple trace deformation in holography and
multi-point function in stochastic quantization. However,
they restrict themselves to zero boundary momentum case
only.

In this study, we develop a computational method for
the mathematical relationship between stochastic multi-point
functions and multiple trace deformation in holography in
non-zero momentum case. Our research is quite general in
the sense that we consider scalar theory in AdS space with
arbitrary mass, self-coupling, and boundary deformation as a
holographic model. To be more precise, we consider marginal
multiple trace deformation on the conformal boundary.

Together with the relation (12), we obtain the relation
between n-multiple trace deformation and stochastic n-point
function, which is given by

8"Sp
[Tim 6@, 1)

T —<]‘[d><k,-,r>>
i=1 S

1 8" Sk

< [T{@wk;. Do (k. )" — 211, 6 ki 1)

j=1

(13)

We also derive the relation of (2n — 2)-multiple trace defor-
mation and the stochatic (2n — 2)-function being given by

82n—ZSB r=t 2n-2
| = @ (ki,
12260 1) <11 ( t)>s
2n—2 .
< [T (@k;. H®(—k;. 0))g
j=1
Qn -2 5 o
LT R 11 (@ ki, )P (—ki, 1))
n—1
MMm<‘H¢@n)¢@ﬁ>
j:1 S
2n—2
< (D(g. HP(—q.1)5" <{ 1_[ D (ki t)} @(—q, l)> ]
l=n S
1 52’172SE

_——— 14
2112 8D (ki 1) (1

We note that once one turns off the boundary directional
momentum, the above relations are reduced to the relation
of the zero-momentum case in [30]. We check the above
relations for our holographic model and it turns out that the
relations (12—14) successfully capture the HWRG flow by
the process of SQ.

To check the relations (12—14), we follow the prescription
suggested in [23-30], which is Sg = 255 = 2(S¢t + Sdef),

@ Springer
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where S is the boundary counter term and Sger is the bound-
ary deformation in our holographic model. For our holo-
graphic model, we consider the self-interaction Lagrangian
density up to L, ~ A2n_2¢(2"_2), where Ap,_» is the
self-interaction coupling constant. In this theory, the mul-
tiple trace coupling becomes marginal if v = "2—_nzd , where

v=.,m?+ % and m is a mass of the scalar field, which

o . 2
is in the range that —dT <m? < vy —I— 1. In the range of

the mass of the scalar field, the bulk theory allows alternative
quantization, where one can impose the Neumann bound-
ary condition as well as the Dirichlet boundary condition.
We note that this model is the same as that in [30], but for
simplicity, the authors in [30] consider the zero-boundary-
momentum case. Our work is more general in the way that
the non-zero boundary momentum case is considered.

In Sect. 3, we perform a calculation on holographic Wilso-
nian renormalization group flow with boundary multi-trace
deformation. In Sect. 4, we discuss the non-equilibrium ther-
modynamic method to quantize the Euclidean field, called
stochastic quantization. Especially, we construct Euclidean
field theory in the stochastic frame by identifying the bound-
ary action of our holographic model with Euclidean action
with the relation Sg = —2Sp. We show that the identification
of the holographic bulk action and the Fokker—Plank action
reproduces the same Euclidean action in Sect.4.1. In Sect. 5,
we establish the precise map of stochastic correlation func-
tions and multi-trace deformations in our holographic model.
We show that the relations are well established for our model.
Appendix A and B contain technical methods of calculating
stochastic correlation function in momentum space.

2 A brief review of the relation between HWRG and SQ

In this section, we mostly follow the method of [23] to review
the relationship between the Holographic Wilsonian renor-
malization group and stochastic quantization. We will show
if we identify the Hamiltonian and wave functions of two
different frames, we obtain a precise map between the multi-
trace deformations in HWRG and the multi-point functions
in SQ.

2.1 Holographic Wilsonian renormalization group

We start with a brief review of the HWRG. Consider a holo-
graphic model defined in Euclidean AdS,41 given by

S = / drd®x J3L($. d¢) + Sp. (15)

where Sp is the boundary action defined on r = € hypersur-
face and ¢ is the field in AdS;4 1. The background metric is

@ Springer

given by

d
ds? = guudx"dx’ = riz (dﬂ + de"dx/a,-j> , (16)
i=1
where r is radial coordinate of Euclidean AdS and x' is the
boundary directional coordinates. The conformal boundary
is defined at » = 0 and the Poincaré horizon is at r = oo.
The coordinate indices @, v run from 1 tod + 1 (so 7, j run
from 1 to d) and we define the radial coordinate of AdS as
x9t1 = r. One can define the canonical momentum of the
field ¢ by requiring the condition that the variation of the
action vanishes even in the r = € boundary:

6Sp

= . 17
f3(3¢) S (x) (an

Since the cut-off € is arbitrary and action (15) should not
depend on it ‘;—f = 0, we obtain

—/ déx (8—58 b — Lo, 845))

_ / Mg (‘Ef ¢) (18)

where we perform Legendre transformation for the second
equality and obtain Hamiltonian density Hgg. If we define
the following wave function:

0eSp =

Vu = exp(—=Sp), (19)

we obtain a Schrodinger-type equation as

)
—[_ dx HRG< o ¢) Vi r).
B (20)

OeVH (P, 1) =

(%)2 the Eq. (20)

approximately becomes the Eq. (18).
2.2 Stochastic quantization

The Hamiltonian description of the stochastic quantization
also provides the evolution of the system along the stochas-
tic fictitious time z. The basic notion of stochastic quantiza-
tion comes from the partition function of the Euclidean field
theory is similar to the partition function of an equilibrium
statistical system. We consider the correlation function of
d-dimensional Euclidean field as

3 / [D¢]€

(p(x1) - P(xn)) = ¢(X1) - (xn),

2
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where Sg is an Euclidean action and
- ~ _SE@
2= / (Dgle 22)

With the condition # = kT, the above correlation function
is merely a statistical partition function in an equilibrium
state with temperature 7.

However, the stochastic process describes a non-equilibrium

state with a probabilistic distribution function P (¢, ) as

(P(x1) -+~ P (xn)) =/[D¢]P(¢,t)¢>(X1)~~¢>(xn)- (23)

SQ explains that the stochastic correlation of the scalar field
® in d + 1-dimensional space gives the correlation function
of the d-dimensional Euclidean field at a large fictitious time
(t — 00). The extra dimension of the fictitious time “¢”
emerges by promoting the field to be time-dependent as

¢(x) = ¢x,1). (24)

In the stochastic process, the scalar field interacts with an
imaginary thermal reservoir causing the non-equilibrium
stochastic process and settling down to an equilibrium distri-
bution for a large fictitious time. This relaxation process can
be expressed by the Langevin equation:

dp(r,1) 1 8k
or T 28p0en 1D 25)

where the white noise field n(x) has the Gaussian probability
distribution and its correlation function is given by

(G, (', 1)) = 8% (x — x)8(t — 1, (26)

which comes from the Markov property of the stochastic pro-
cess. The stochastic partition function is given by the noise
field distribution:

t
Z:/[Dn(x,t)]exp{—%/ df/ddx nz(x,f)}. (27)
4]

Once we employing the Langevin equation and changing
variable 71 to ¢, we get

Z = /[qu(x, t)] det (g—g) P(¢, 19) exp

t ~ 2
x[_lfd;/ddx(w’m ) }
2 Ji a7 28¢(x, 1)

(28)

where the initial probability distribution is

P(¢,10) = [ [ 8@ (x, 10) — po(x)), (29)

and the Jacobian factor comes from the Langevin equation
given by

Y oL [ ar [ ate 25
det(3¢> = exp |:4/t0 dtfd x8¢2(x,t~):|' (30)

Now, the complete partition function is given by

z= / Do (x, 1) P, t0)e - 2 D (x, e =5 [Dg]
X exp (- /[tdf/ddxﬁpp(qﬁ(x,f))), (1)
0
where
Dol = [] Do, D), (32)

to<i<t

and the Fokker—Planck Lagrangian density is given by

1 (3p)\> 1 [ 8Se \* 1 8°S
Lrp =3 A +3 £ - = 2E' (33)
2 ot 8 \ 8¢ (x) 4 5¢%(x)
By comparison of (31) with (23), we obtain the probability
distribution as

t
P(¢,1) = exp [—SE(Z’(”) —/ df/ddxﬁpp(¢(x,f))].
0]
(34)

Itis well known that P (¢, t) satisfies the following functional
equation:

8P(¢,t)_1/ .8 8Sg 8
a2 5o, ) \3p(x, 1) | 8p(x, 1)

) P(¢,1),
(33)

and that is related to time evolution with the Fokker—Planck
Hamiltonian. To see this, we define the wavefunction as

Os(.1) = P, e (36)

and then we can show that the wavefunction satisfies the
following Schrodinger-type equation:

)
0 Ys(o, 1) = _/ddXHFP (@ ¢) Ys(@, 1) (37
where the Fokker—Planck Hamiltonian is

18 1S 5
Hrr =3 ( 5600 28¢<x>) (8¢<x>

1 88
+56¢(x>>
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_L b3 (o )2_1823E
O 28¢%(x) 8 \ 8 (x) 48¢2(x)

(38)

One can also derive the Fokker—Planck Hamiltonian by Leg-
endre transformation of the Fokker—Planck Lagrangian (33).

2.3 One-to-one mapping between HWRG and SQ

The Schrodinger type-equation of the HWRG (20) and SQ
(37) have similar Hamiltonian descriptions of the system.
By identifying the Hamiltonian Hrg (r) = Hpp(t), the two
wave functions of the two different frames are identified as

Yn=e St =ys=P@.0er. (39)

From this identification, we obtain a relation

S
Sp=Sp— 7‘5 (40)

where we rewrite the probability distribution with Sp as
P(p, 1) =e P, (41)
2.3.1 Free theory relation

Recalling the definition of the stochastic correlation function
(23), the stochastic 2-point function in the momentum space
is given by

(@ k1, 1)@ (ka, 12))s = / [Dple 5P D (ky, 1) (ka, 12).
(42)

We assume that the Sp has a form:

Sp(t) = %/ddsz(k,t)rb(k,t)qb(—k, 1). (43)

From this assumption, we obtain the stochastic 2-point cor-
relation function as

1

(d)
Pk, t)rs (k1 +k2). (44)

Pk, 1)@ k2, 2))s =

On the other hand, we define a kernel of the double-trace
operator in holographic effective action given by

B 82Sp
8¢ (ki, r1)8p(ka, 1)

(¢ ki, r))g (ka, 12)) (45)

According to the relation (40), by adding the kernel of
Euclidean action Sg, we obtain the relation of the double-

@ Springer

trace deformation and stochastic correlation function as

r=t
828 B _
——————— | = (O, )Pk, 1))
]_[,‘:1 D (k;, r)
1 828
—3 2—E (46)
l_[izl 8@(/(,-, t)
Note that we impose the identification r = ¢ and ignore all the
momentum §-functions in the relation. To review the general
case, we mostly follow [30].

2.3.2 General case

For alater discussion, we consider the general case of the rela-
tion between multi-trace deformations and stochastic multi-
point functions. We define the most general case of the prob-
ability distribution function as

Pk 0 =expd =3 | T] [ @'k @0

i=2 | j=1
i
x Py(ky, ... kiit)s® (Zk,) } . @7
=1

For simplicity, we consider the existence of bi-linear, n-
multiple, and , (2n — 2)-multiple terms of the field ® only in
its Lagrangian density of both the stochastic theory and holo-
graphic model. Then we can reduce the stochastic partition
function as

z :/[Dd>(k)] e S

2
= / [DD (k)] exp [— f Py(ki, k2)8' (ky + ko) | | @ (k) d ks

s=1

+/J(k)<b(k)ddk
—/Pn<k1,...,kn>a(d) (Zk,-) [Te®)dk;
i=1 j=1
2n—2 2n—2 .
- / Poua(ki, ... k2y—2)8'V (Z kl) I1 q»(km)ddkm]

=1 m=1
(48)

An external source J plays a role to get a generating func-
tional of the partition function. Now we expand the exponents
by assuming that the higher order interaction couplings P,
and P,,_ are smaller than P as |P2| > |P,| > |Pu—2|
to evaluate the higher order interaction perturbatively. Then,
the partition function becomes
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Z= / [D® (k)] exp [— / Py(ky, k2)8D (ky + k)

2
x [ ®keratks + f J(k)d>(k)ddk:|

s=1

n n
x {1 —/P,,(kl,...,k,,)(S(d) (Zki) [T o®a’;
i=1 j=1

1
+E/Pn(k17---

n n
)5 D (Zk,') [T ®wkpadk;

i=1 j=1

X/Pn(kn+lv

2n 2n
Jo)8 D T k] T @tkmakn

I=n+1 m=n+1
2n—2
- / Py (ky. ... koy_2)8@ (Z kz)
=1
2n—2
< [ ®®m)akm+--- } (49)
m=1

By replacing every @ with % in the curly bracket in (49) and
integrating out the field ®, we obtain the following form of
the generating functional:

n n
S >
7 = {1 —/Pn(kl,...,kn;t)s(d) (§ ki) I1 M(k')ddkj
J

i=1 j=1

|
+E/P,,(kl,...,kn;t)Pn(kn+1 ..... kop: £)8@

n 2n 2n s
ki | 8@ ki ——a%
| Lk 2 4 57,4
i=1 j=n+1 =1

2n—2
_/P2n—2(k1,...,kzn_z;[)(s(d) Z kl
=1
2n—-2

) d=
——d%
o ’”}

m=1

1 8@ (py +
X exp L/ddplddpsz(mﬂ(pz)} (50)

Now, we are ready to compute the stochastic multi-point
correlation functions from the generating functional. The n-
point correlation function is given by

n
8" log Z
[[o®i.0) = o = —nlPulki, .. hni D)
<i_1 ’ >S [T 87 (k) " "

n

1 n
' sy
x Hsz(k,-,—k,-;w ; /

i=1
(S

And (2n — 2)-point correlation function is given by

2 52"2log Z
[Tok.n) =———"
i=1 s TLLi7 8 (ki)

2n—2
1
=—Q2n—=2)Poy_alki, ... kon_o;t — 5@
(2n —2)! Py 2 (ky 2m—2 )H 3P kD)
2n—2 1 1
ki — g
i ; T 2P (q, —q; 1)

X Py(ky, ..., kn—lvq;t)Pn(kn ----- k2n—2,—QJf)

2n—2 1 2n—2
m =[] =———5¢ kj
Sl | STy ; /

i=1

2n—2 1 2n—2
=2 - [[| =——+F—6@ k;
Cr=2 1 3p =i ; /

[rﬂPn(kl ..... kn—1,q; 1) Py (kn, ..., kan—2,—q: 1)
4P (q, —q; 1)

— Py, ..., kop—2; l)], (52)

where Perm denotes all possible permutations of the momen-
tum labels as

1

Perm{A(ky, ko, ... ky)} = —’{A(kl,kz, cooky) +all
m!

X possible permutation of ki, k2, ...k, in A}. (53)

The inverse relations of the correlation functions (51) and
(52) are written as

n

1 /& _
Po(ky, ..., kpit) = - <1‘[ & (k;, t)> ]_[ (®kj, P (—k;, z))s' ,
S \i=1

s j=1
(54
and
Pyo(ky, ... kop—2:1)
1 2n—2 2n—2 .
- _M< d>(k,-,z)> ]_[ (@ k. HD(=kj. 1))g
i=1 s j=l1
+n2Perm|:Pn(kl»~--akn7];q;t)Pn(kna -~~,k21172, _q;t):|
2P (q.—q:1)
1 2n—2 2n—2 |
= _(2n—2)'<1_! d>(ki,z)> 1—[1 (@K, )D(—k;. 1))g
i= S j=

2 2n-2
+ (ZW [T (@) 0=k}, D)5 Perm
b 14

n—1 B .,
S

2
=1

2n—2
x <]_[ d>(km,t)d>(—q,t)> } (55)
S

m=n
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Inserting these results (54) and (55) into the relation (40), we
get the following one-to-one mapping between the stochas-
tic n-point, (2n — 2)-point correlations and holographic n-
multiple trace, (2n — 2)-multiple trace operators respectively.

The relation between stochastic n-multiple-trace defor-
mation and n-point function is given by

8" Sp = .
| =- D (ki,
[T 6@, r) <111 ( t)>s
n 1 &S
x [T{@ k). n0(k;.0)" — ZWQEU%” (56)

j=1

The relation between and (2n — 2)-multiple-trace operator
and stochastic (2n — 2)-point function is obtained as

52"7253 r=t 2n—2
27600, 1) <H ki, 1)
v S
2n—2 1
x [T (@G, D0 (=k;,n)g
j=1
o —2)! 2 2n-2
% l_[ (D ki, )P (—k;, t)>s—l
' i=1

n—1
x Perm < HCD(kj,t) d>(q,t)>

j=1 S

2n—2

X (D(q, NP(=q, )5 <{ I1 @(kz,n} ®(—q, t)> ]
S

I=n
1 52n—2 SE

TP e (57)
To confirm these relations (46), (56), and (57), we compute
the multi-trace operators in Sect. 3 and stochastic correlation
function with Euclidean action in Sect.4, which constitute
the left-hand and right-hand side of the relations respectively.
Then we confirm the relation and find the matching condi-
tions in Sect. 5.

2.4 Summary of the results

Double trace deformation and stochastic 2-point function

The correspondence between double trace deformation and

stochastic 2-point function is given by

r=t

o1 828k

= (@, NP, D)§' = 55— —.
1_[,‘:1 8®(kia t)

acog [¢2 (1,k10) + ¢ /e K1) ]|
= 3, log [t/ (1, (IKIt) — o (10) K, (1k[1)]

8285
[, 8@k, r)

@ Springer

where the left-hand side result comes from the flow equation
of the holographic model and the right-hand side result is
derived in the stochastic frame. The relation is satisfied when

e /e® = —a(ty), (59)

where c,(cl) and c(2 are the arbitrary coefficients of the

solution of the bulk equation of motion, 9, (k,€) =
cMel2K, (Ikle) + ¢ P21, (Jkle). ax(tp) is a constant
depending on initial stochastic time, which is given by
ar(to) = I, (|k|to) /K, (|k|tp). This matching condition trans-
fers the holographic quantities to the stochastic quantities and
vice versa.

)

n-multiple trace deformation and stochastic n-point func-

tion Similarly, we have found the correspondence between

n-multiple trace deformation and stochastic n-point function
as

8” SB r=t

H?:] 6q>(kl ) r)

—<H <1><k,~,r)>
i=1 S

n
l 8"SE
x [T{@®k;, 0)®(—k;, 1) e
jlj[l( J J )S 1_[ I(Sq)(kl,t)
e=t
5,3/”2 Tk

i=1

n!.

2 1
o /e L(lkiIn))

1"[ 2 (Ku(lkile) -
n!

_ 1i[ (—a, () Jo, (0)) + 1
>0 L2 (K (lkilo) — G (10) 1 (T 0) |

(60)

which implies

rn=l_[[(—2<an>”"{ re >}("‘") ] (61)
i=1

while e, (1) = 0 and —@y, (t0) = —1 /ey, (t9) = i /ey, .

oy 1s the coupling constant of the boundary deformation
imposing the boundary condition of the marginal multiple
trace deformation D™ (¢ — 0) ~ &, on the holographic
side. 7, is the coupling constant in the ¢"-interaction term
of the Euclidean action on the stochastic side. In (61), one
can notice that the stochastic coupling constant 7,, from the
stochastic calculation is proportional to marginal n-multiple
trace coupling o,,.

(2n-2)-multiple trace deformation and stochastic (2n-2)-
point function Finally, we have found the correspondence
between (2n-2)-multiple trace deformation and stochastic
(2n-2)-point function as
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8211—253
1—[211 -2 (Sq)(k, i r)

2n—2
<H cb(k,,t>>

2n—2
x [T (@) n®@—k;.0))g"
j=1
2 — ) 2 2n—-2
% H (@ (ki YD (ki 1))5 "

x Perm <

n—1
[To®;. 0 CI>(q,t)>

Jj=1 S

2n—2
X (D(g, P(=q, D)5 <{ I1 d>(kz,r>}<b( q, t)> ]
S

1

The results of the left and right-hand sides are given by

I=n

82n—ZSE
2n 2 :
[ 280k 1)

2n—2

LHS. = -2 [] {Qki. 0}

i=1

(62)

€ Aon—2
o /(') d€/|:(2”n_2) J(n=2)(d—1)—2 1—[ Q (k,,e)j|

1 . 2n (2n—2 Ikll —v b
—Uan—EnG { v) 111(2) erm

61/2IU(|k|€) (‘kl+k2+2'"+kn—l | )

—2v

Q) ([klkj, €)

2n—2

RHS. = @2n =2 [] w; V3, 0kr. ... kan—2; 1)

j=1

5\2 ) t 2n—2
n— ’ 1(n=2)(d—1)-2 7 /
— [ dt' |t ki, t

Ton—

2

2 n2P 2
T g O Tk ek

9, (k, 1)

where we define

Q) (k, 1) = 1" [K,(|k|t) — & (to) I, (|k|D)]
Q) k€)= "2 [Ky(kle) = o /e L (lkle) |

and

Voo okt ...,

2n—2

ka2 = [ [QLtks t)]f1

i=1

(63)

(64)

(65)

(66)

We note that A»,_» is the coupling constant of the ®2"~2-
interaction term in the holographic model. This coupling,
A2n—2 also appears in the ®%"~-interaction term in Euclidean
action, Sg in the stochastic frame. 05,7 is the coupling con-
stant that appears in the (2n — 2)-multiple trace deforma-
tion and 17,_7 is another coupling constant that appears in
the ®2"2-interaction term of the Euclidean action. More
precisely, each of the (2n — 2)-trace deformation term in
the holographic model and the coefficient of the (2n — 2)-
interaction term in Euclidean action has the following form:

D2 (k, €) = /‘ddk<62n72F] (k, €) + han-2F2(k, €)
+GrFs(k, ©)), (67)
Gor-a(k€) = [ k(261 (k. &) + Fan-2Gatk, )

+72Gs (k. ©)). (68)

where F; are solutions of the holographic RG flow equa-
tions up to each coupling constant, O(02,-2), 0(6"2) and
O(hau—2). G; are terms that constitute the kernel of the
®2"—2_jnteraction term and that is g'z,,,z in the Euclidean
action evaluated up to each coupling constant O(72,—2),
0(z?2) and O (kp—2).

From the previous relations (59), we have found Q; (k,t) =
Q! (k, €)|=". To match the left and right-hand sides, we
set a(ty) = a(t)) = 0. The integration constants 7 in the
stochastic frame should have the following relation with the
marginal coupling constant ¢, in holographic data:

i T el 2]

i=1

_ 1
Wbty = Tk = T = [(_20”)1/n {EF(V)}

T2 = 202,-2. (69)

3 Holographic Wilsonian renormalization group of
self-interacting scalar field theory with marginal
deformation

In this section, we illustrate the example of the holographic
Wilsonian renormalization group of the scalar field theory
with ¢>"~2-self-interaction and marginal boundary deforma-
tion. We mostly follow [30] to explain the procedure. The
bulk action in Euclidean AdS,4 (16) is given by

@ Springer
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Shulk = / drd®x JgL(p, d¢) + Sp (70)

1 1
:[ drddxﬁ[zg“”8u¢8v¢+ zm2<;>2
r>e€

A2n—2

P 2¢2"‘2} + Sz, 71

where € is an arbitrary cut-off in the radial direction. Sp is
a boundary effective action at r = € obtained by integrating
out the degrees of freedom coming from r < €. We consider
a new field @, to define the theory in effective flat space as,

d—1

$=r7T . (72)

We also solve the problem in the boundary directional
momentum space of the re-defined field by using the Fourier
transform given by

d(x,r) = fe—"kfxl'cb(lZ, rdek, (73)

d
(2m)2

where k;x; = Zfi j=1 kix j6;;. Then the bulk action becomes

1
Shulk = 5/ dr ddk[arcb(k, 1o, d(—k, r) + k>®k, r)®(—k, r)
r>e
4L 2+d—2 DY ow, ok r
e m n 1 N ,r

AMn—2 -p@d-1-2_ |
+ / T (Q2r)dn=2)

2n—2 n
x / (]‘[ ddk,-<1>(k,-,r)> 8@ ( k}) + Sp(e). (74)
i=1 j=1

where the boundary action is also re-defined as

/ d—1 2
Sp(e) = S g(e) — i O (r = €). (75)

3.1 Holographic Wilsonian renormalization group flow of
multi-trace deformation

We demand that the holographic model action does not
depend on €, since the cut-off € is an arbitrary choice. In
the momentum space, this condition gives rise to the flow
equation of the boundary action Sp:

1 58’5 58'p
0.Sp = —— dk;
“wB=73 /,ze i [(Mn(k,-,r)) <8<I>(—k,-,r))

(k2 i(z 1><I>k‘ YO (—k; ))
- ||+}"2 V_4 (ki,r —Ki, I i|

Mn=2 (n-2)d—1)-2 1
-2 (27)d@=2)

@ Springer

2n—2

2n—2
x/|:l_[ ddkiGD(ki,r):| SOl k| a6
i=1 j=1

where

2 d2
m+ (77)

Let us solve the equation by assuming that the trial solution
is designed to be a weak field expansion in ®. The ansatz of
the boundary action is given by

v

Sp = Ag(e) +/ddkj(k,e)d>(k,e)

+/dde(2>(k,e)q>(k, )D(—k, €)

+y / []‘[ ddkid>(ki,e):| D,E’f?vkm(e)(s@ (Z kj) ,
m=3 j=1

i=1
(78)

where A(e) is a boundary cosmological constant. J (e, k)
and D" (e, k) are couplings related to single and multi-
trace operators which are unknown functions of the radial
cut-off €. We solve the unknown functions A(e€), J (¢, k)
and D™ (¢, k), by substituting the ansatz (78) into the
Hamiltonian—Jacobi equation (76). Comparison of the coeffi-
cients of multiple products of field ® gives a set of equations.

As discussed in [30,31], we focus on a case that DD and
D™ are turned on in the boundary action. Once we request
SSgSIEShe” = 0 as € — 0, we obtain an interesting boundary
condition as

n—1
(—2uA,E2) +nén [ ] A,ﬁ?) 5AD = o, (79)
i=1

where S *"“!! is the on-shell action of the bulk action (74)
and the solution of the equation of motion is given by

Ok, r — 0) = AV 4 APy, (80)

We note that such a boundary condition is obtained when we
put a boundary action, Sp in position space as

1 d
SB=Sc4t+Sdef=§\/ v (€) (5 - V) ¢ (€) + Eny/y ()9 (6).
81)

where y is the determinant of the induced metric, y;; =

dij /€% and &, is the n-multiple trace coupling. We also
1

impose a condition that v = d (% — 1), and it forces the

boundary term become marginal. Now, one can choose the
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Dirichlet boundary condition as
5A =0, (82)

or another boundary condition as
2 = (1
Al = 5, 10n 1_[ AL, (83)

which gives the marginal n-multiple trace deformation to the
boundary field theory. In this paper, we will focus on the
second boundary condition.

Single and double trace deformation We start with m =
1, 2 case and when m > 2. The equations are given by

3. Tk, e) = =27 (k, e)DP (k, €) (84)

1
3D (k,€) = 3 [49(2)%, )DP (—k, €)

(ere-p)w

The most general form of the solution is given by

Tk, €) = —% (86)
DP(k, €) = %ae log[Qy (k. e)]. (87)
where
Qu(k, €) = c Ve 2K, (Ikle) + ¢ Pe' 21, (lkle), (88)
where c,((O), c,(cl) and c,(f) are arbitrary constant with momen-

tum label. We note that in the following, we concentrate on
a case with 7 = 0. The reason is that once one considers
connected-tree level correlation functions in the stochastic
frame, they do not include zero- and one-point functions.
One may consider another case with non-zero vev of the
scalar field, (¢), but we will save it for later discussion.

‘We note that K, and I, are the modified Bessel function.

n-multiple trace deformation The equation for D™ (k, )
is given by

n
(n) d
0D, .ty (8 (Z kj)

j=1

i=1

l n
1] ) LNt

n—1

(Z/%) + (1 —83,) Zl(n — [+ 2)Perm

=3

) (n—1+2)
{D<k. OB kn,fk)(e)}

< (é ks> | (89)

To simplify our situation, we restrict ourselves in the case
that D™ = 0 for 2 < m < n, where the second term
in the Eq. (89) vanishes, only leaving the contribution of
double-trace deformation to n-multiple trace deformation.
This choice is also consistent with a fact that we deform
our AdS boundary with a marginal n-multiple trace operator
only. The deformation becomes marginal once the condition,
v=d (% — %) is satisfied. As a consequence, the multi-trace
deformation is given by

Coki, ...,k
DY) ) = ), ©0)
[[_ &G0
where C,, (k1, . . ., k;) is an arbitrary boundary momentum, k;

dependent function and specified by considering the bound-
ary condition on the conformal boundary. We impose bound-
ary deformation which gives marginal n-multiple trace defor-

mation at the boundary when v = d (1 — 1):
DEZI) n)(e —-0) = fe ( 2 )a,,(kl,.. k)

G PR 1)

where 0, is the marginal multi-trace coupling constant. The
asymptotics of the second kind of Bessel functions, K, and
I, are given as

Ku<z+0)=%r<v) (%z)_ . and

o 1\ 0
“Tw+D <§Z> ' ©2)

This boundary condition on the conformal boundary fixes the
function C,, as

ka”jg=@{§wﬁ{rkm(m> }

(93)

I(z—0)

Then, the final form of the solution of D™ is given by

_ ]I " n kil \ ™"
G {EF(\))} {Hi_l e (7) }
[T_ 260

l—ln 61/,, 1

P n _ 1

-2 : (94)
[I_ 2o

(n) B
Dty () =

|V
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where
C(2)

Q) (kj, &) = 'Ky (lkjle) + 5 ¢ €21, (Ikjle). (95)
ki

(2n-2)-multiple trace deformation: m = 2n — 2 case The
equation for D=2 (k, €) is given by

2n—2 1 2n—2
D(Zn 2) )(6)5(d) Z k 4 Z 'D(z)(—ki,e)

j=1 i=1
@n-2) -
T NI Ot (st>
s=1
2n—3
+(1=8320-2) Y [(2n —)Perm
=3

m
o @n—I)
[D(kl k[—l’k)(G)D(kls---ykzn—Zv—k)(6)] x 8 (2 kf)}
s=

(96)

Since we assume DY) = 0 for <n-—1,
on_ 2) | 22
Dl @ = 5[4 > DOk DG 2, )©
tnPerm D) @D @) ]
A2p—2 c=2(d=1)-2, 97)

+ (2n —2)(2m)d(n=2)

where Perm{Ay, .} = %;(Akl,...,km + all possible
momentum permutations). First, we consider the homoge-
neous solution which does not include the effect of coupling
Aon—2:

Copna(ky, ..., kap—2)
l—[Zn ZQv(kte €)

2n— 2)
D kop— 2)( €)=

ki (98)

Then, along with the coupling X,,_>, the inhomogeneous
solution has the following form as

2n—2

G [] (Qkien™", (99)

i=1

2n— 2)
D(kl n—2) (€)=

which allows G (¢) to satisfy the following equation:

2n—2

3G(e) [ ] 1Quki, )™

i=1

A2n—2

_ (n—2)(d—1)-2
(2n — 2)(27)dn=2)

{Hwﬁ“ﬂnhZ*m@
[T75° Qulkj o)

1
—=n
2

2-2
n

@ Springer

2
QIYH“W+W1W+M+ +m40

xPerm

fa.idw.of
(100)

The solution of G (¢) is given by

A2n—2 (n—2)(d—1)—2
. i I
G(e) = /dé |:(2n _ 2)(27T)d(il—2)6
2n—2
< [T Quki,€)

i=1

1 1 2n—2 (2n-2 (1)
_ 5”25"2 {Er(v)} { ]_[

i=1

€
/ de’ Perm
0

2
({ (v )}7““2+ Ly kg - +k,,_1|>

X

(et k o)
(101)
Thus, (2n — 2)-multiple trace deformation is given by

2n—-2

[T{Q®. o}

i=1

y /ede, hon—2 €/<n—2)<d—l>—22ﬁ2g(k, | =50
0 (2n —2) v "

i=1

1 5 { }211 {2" 2<|ki|>_v}
—=n“o,1=T'() Perm
2 2

2n-2) _
Dty (€ =

—2v
GI/ZIU(Z’?;I k is €) <|kl+k2+2‘"+kn71|>
x ae . 102)
Q/ (Z 1kjs€)
5 Aan—2 = 1 2n—2
where )»2”_2 = W and Ooop—-2 = C2n—2 {QF(U)}

m=2 (D) (k)"
{Hlnl Cki (T) }
According to these results, we construct the holographic

boundary action up to first-orderin Ay, 2, 62,,—2, and second-
order in 6, as

Sg =/d"k %as log [Qy(k, )] ®(k, €)D(—k, €)

+ / []‘[ d%k; @ (k;, e)i|
i=1

oo ol ()]
1= Q k), €)

n 2n—2
x 5@ (ij) +/ []_[ ddk,-d>(k,-,e)i|
j=1 i=1

X
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2n—2

x [Tk e} [/Ogde
i=1
5\2n—2 /(n=2)(d—-1)-2
X{an) ]‘[Q(kl,e)}

1 2m—2 (2n-2 |k| —v
—52;1—2—2’1 o, { F(V)} {1_[ (i) }Perm

i=1
61/21,,(2'5:1 kj,€) (M)
Q (X k). €)

2n—2
d
X 5( ) Z kj .
j=1

The relation between the boundary action, Sp and the
Euclidean action, Sg Keeping in mind that the relation
between Sg and Sp suggested in [30] is S = —2Sp, one
can construct the Euclidean action Sg by using the boundary
action (103). To perform this identification, we set ¢, = Oin
Q, and Q/, which are given in (88) and (95) respectively. The
argument for this is, to construct on-shell action, we manipu-
late a regular solution in the bulk region but the second kind
modified Bessel function, I, (|k|r), is divergent near r = oo.
Thus, we drop this term and keep K, (|k|r) solution only.
Then the relation Sg = —2Sp is consistent with identifica-
tion Sg = —21,, in [23], where [, is on-shell action since
we use regular solution for constructing on-shell action for
the holographic model.

—2v

(103)

4 Stochastic quantization frame

In this section, we formulate HWRG by the Langevin dynam-
ics of stochastic quantization. We consider the following
form of the Euclidean action:

Sg = /ddx > G (V" (x), (104)

n=2

which contains stochastic time dependent kernel g, (V2,1)
with Laplacian in d-dimensional Euclidean space V? =

SHY aff ov- Now, we express the Euclidean action Sg in the
momentum space which is given by

—_— (]‘[ dk; @ (k;, t))

i=1

XGp ki, ..., (105)

n
kn: 8D [k,
j=1

By employing the Langevin equation in momentum space:

ob(k,t) 1 38Sg

= T k,t 106
o 25c1>(k)+n( ), (106)
we obtain the following equation as
8<I>(k n
| (nd o)
_ n—1
XGn(p1, oo pa1, =k, 8D S "y —k | ik, 1),
j=1
(107)
where we newly defined the stochastic kernels g',, as
- 1
Gn(pi, 1) = Wgrz(l’i»t)- (108)

T) 2

The stochastic partition function in momentum space is given
by

1 t
= /[Dn(k, )] exp [—5 / dtd’k n(k, H)n(—k, t)} ,
o
(109)
where 1y is the initial stochastic time. Once we replace the
noise field n by ® by substitution of the Langevin equation

(106) into this stochastic partition function (109), we obtain
the partition function with the Fokker—Plank formalism:

= /[Dq>(k, D] exp{—Spp(®, 1)}, (110)

where Sgp is called Fokker—Planck action.

4.1 Evaluation of the stochastic kernel and construction of
the Euclidean action

We start with the Euclidean action given as (106). From the
Langevin equation, we change the variable of the stochastic
partition function with field n — . Then we get the Fokker—
Planck action:

Srp Efdt Lrp(®,1), (111)

where the Fokker—Plank Lagrangian density is given by

oo L [/dd (acp(k t)) (acp(a—zk,t))

N
+ Z (/ NGRS z)) 5@ (Z ks)
n=2 =1

s=1

N n—1
1 -
1 E n(N +2—-n)g, (kl ..... kn, — E kj;t)

n=2
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_ AGN ki, .. ks 1
XgN+2—n(n9~~-s Zkl: >_gN(18l)}
- il d .
+,,,Z_23’{/(Hd k1d>(k1,t))

=1

X Gulki, o ks )8 (Zk)” :
s=1

By identifying + = r, one can compare the Fokker-Plank
action to the bulk action (74) and we get the series of equa-
tions of the stochastic kernel which constitutes the Euclidean
action:

(112)

00k ~k 1) _ (m? + 5
at n 12 P

1 - "l 19 -
3Gn k1, ks ) (X;gz(k_,-, k,-,r)) = 55,91 k1) =0
iz

Gak, —k, 1)* — (113)

(114)
- 2n—2 ~
79m-2(ki, - ka2, 1) (; Ga(ki, _kl)>
100Gk, ..., kan-2, 1)
2 ot
nz 5
+§Perm{gn(k1,4u,kn71»
n—1 2n-2
=3 kj Gk, kw2 = Y ki)
j=1 i=n
_ Az'lizt(n 2@d-1)-2 (115)

2n —2

The solutions of the Eqgs. (113) and (114) are given by

Go(k, —k, 1) = —d log [t%Kv(|k|r) + cor%lv(|k|z)]. (116)
Gutkr. . ko 1) = 1t~ [T {Ku (k1) + colu (10}
j=1
(117)

where 7, is an integral constant. The Euclidean action can be
derived from the on-shell action by the relation S = —2Sp,
where we need to choose the regular solution which should
not be divergent in AdS interior. This condition vanishes the
irregular part of the solution, ¢y = 0.

The homogeneous solution of the Eq. (115) is given by

2n—2 .
kana.t) = 7" T {Ku(ks0) ™

j=1

G ki, ...,
(118)

By employing this solution, one can get the solution in
O(Aénfz). We apply the following type of trial solution:

Gon—a(k, ... kop—2,1)

@ Springer

-1

2n—2
=TT (FKui0) | RorzGanzin)s (119)
Jj=1
and the solution is given by
2n 2
Rop—2(han—2,1) =/t |: l_[ Tk; Perm
0
n—1 -2
X Tty | Ko '_ij !
j=1
ez ()] (120)
n—1 i ]

By assuming that 7, (k) = 1, (—k),! the permutations in the

curly bracket are given by

n—1 2n—2
et =Yk Gk, a2, = Y kis )

j=1 i=n

Perm [g_n(kl, L.

- k]

j=1

1
xPerm Thitobhn ot Thnthan 2 K, —ij

((-541)

The solution of g_zn_z(kl, e,

kan—2, t) is given by

g_2n72(k17~~~ kan—2,1)
_ 2n—2
1_[ |:t21( (L] |l)] / /[ 7! l_[ 7; Perm
n—1 -2
ot ‘_ Zkf s
j=1

T One way to. One way to get this relation, t, (k) = 7,,(—k) is that we request the
coupling constant be a O (d) invariant. Parity, k; — —k; is a subgroup
of O(d)-rotation, then we get the relation. Another way to look at this
is as follows. We assume that the scalar field ¢ (x) is a real function of
the Euclidean coordinates x; in position space. This restricts the field in
the momentum space as ¢; = ¢, once we consider its Fourier trans-
form, where * denotes complex conjugate. Also, we request that the
interaction term in position Gpace L, = f T, ()" (x)d dx should trans-
form into L, = [d% I”(;((“k 0 ¢k1 et 8D (Y, ky) in momen-
tum space,where f is a function of O (d) invariants and stochastic time,
t. We note that the coupling 7, (¢) in position space is not just a function
of t but it could be a function of differential operators. This ensures that
the coupling becomes a function of momenta in momentum space. From
the fact L, = —L,, we get 7,5 (k;) = 7,(—k;), because Euclidean time
satisfies x"; = —Xxq4, which is obtamed by Wick rotation of Lorentzian
time. If we assume that the momentum space coupling constant t, (k;)
is also real, we obtain t, (k;) = 1, (—k;).
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2n—2

XZn—2 1(n—=2)d—1 /
- [T Kokt |-

(122)

j=1

If we perform integration of the first term in the integration
part, the simplest solution of Gp,, 2 (k1, . .., kpp—2, t) is given
by

2n—2
— 1 —1
Gona(ky, ..., kop—2,1) = l_[ [ﬁKu(\kjll)]

j=1

-1
X n? 21n:[2‘L' Perm { 72 L (l B Zﬁ:l kjlt)
7 kj itk _
4 K, (1= Xzt kle)

An—a ! nd-1 4T
n— r(n—2)d—1 4 ’
_ n_I/O t [ Kokl | dt’ +tana | -

j=1
(123)

Now we construct the Euclidean action as

Sp = [ddk Dk, 1)D(—k, 1) [—a, log (r%mkn))]

n

+f [li[ddk,v<1>(ki,z)i| [rn I1 (l%Kv(|kj|t))_l:|
i=1

j=1
n
x 8D k;
j=1

2n—2 2n—2 . ]
+/ [H ddki<1>(ki,t):| I1 [ﬁKV(lkjlt)]

i=1 j=1

-1

NG Zﬁzt oo |2 1 (1= izt k)
4 k;j R ,

4 ia K, (1= X5zt k)

5\2 ) t 2n—2
n— (n—2)d—1
S /0 v [T &Ko kjle"y | dt’ + T202

j=1
2n—2
d
x 8Dy k|-
j=1

Note that the Euclidean action is obtained by identifying
the holographic bulk action with the Fokker—Planck action.
One can also derive the Euclidean action using the relation
Sg = —28p with ¢® = 0. This relation fixes the integration
constant T by comparing it with the holographic boundary

action as
- 1 kil \ ™"
w1 ol (3) ]

2n—2

2n—2 1 |k| )
,'1] Tk = 1_[ |:(_25n)]/n {EF(U)} (7) :|

i=1

(124)

1
2 2 2 =31
Tkithotthky1 = Tok = T = |:(_2Gn) " {EF(U)}

2
x (Ik1+kz+~--+kn_1>‘”}
2

Ton—2 = 2027-2. (125)

However, we keep using the integration constant in our cal-
culation and show that the same results can be obtained by
the relation of the multi-trace deformation and stochastic cor-
relation function in Sect. 5.

4.2 Stochastic correlation functions

Before we calculate the correlation functions, we define the
following quantity to assign a Feynman-like rule as

1/2

2Ky (Jklt)
ropagator: IC, (k, t: 1) = ———~

Kok, 1) ="K, (|k|1)

propagator with noise: S, (k, .. .

n t .1/2

t'7K,(lk|t

= //1/2—1)(||/)’7k;(ti/)dti’
i=1 0 ti KU(|k|tl)

s kn» t)

n-point vertex: — g)_/” k1, ...,k t)
n - n 1
=2 TT{" Kok} = =3 TTE ko).
i=1 i=1
(126)
The diagrammatic expressions are given in Fig. 1.
Inupcoming section, we solve the equations with the weak

expansion of the coupling constant 7, and A,,_» order by
order.

4.2.1 Stochastic 2-point function

Firstly, we employ the Langevin equation up to the zeroth
order of t,, from the Euclidean action:

D@ (k, ¢
TED o tog Ktk 1 0k ) + i), (127
where the solution of the equation is given by
t
@ (k, 1) = / Kok, t; )i ()dr'. (128)
fo

From the result, one can compute a non-equal time stochastic
2-point function:

(@D (k, ndP k', 1))

t pt
- f / Kok, £ DK K £ 7Y i (B (7)) did7
o Y1y
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ky
k
k k %
% .
kn—1
(a) (b)
ky
fn-g, :
k i kn-1 . " . 2
kan-3 e k,
¥

(©

Fig. 1 Diagrams for the Feynman-like rule. (a) Is the diagram of
the propagator with noise. After the time integration, it represents
®@(k,1). (b) Is composed of one propagator, n-point vertex, and
(n — 1)-propagator with noise. After the time integration, it represents
the solution of the first order of t, ®™ (k, t). (¢) Is the first type of the

= Kk, DK (k. t/)%aw(k LK)

= Kok, ) Ok, )P (k + k), (129)

where we define a new quantity:

vk, 1) = t'2 [1,(|k|t) — ax (1) K, (Ik|D)],
(i) = Lo(kl0)

= —), 130
K, (lklo) (130

and we use Markov property of noise correlator (1, ()1 @)
= 8@ (k+k)8(t —1t'). Also, note that the integration is given
by

O, (k, 1)
Kok, )"

1, ([k|1)

—— 131
Ky ([kl1) (30

t
/ K2k, t"dt' = — ai(to) =
fo

Them, the equal-time correlator is given by

Qv(k7 t)
2) 2) 1/ _ 2=\ P o(d) ’
(O (k, )P (k' 1)) = Ky (k, 1) k.1 8 (k+ k)

= Ky (k, 1)Qy(k, 1)8D (k + k).
(132)

@ Springer

(d)

2n — 2 solution, ¢(2n—2,1) (k, t). Note that it is composed of connected
two different n-point vertex with different times. Also, the colored line
denotes that we need to consider the permutation of it, where the dotted
line is the propagator that connects each vertex. (d) Is the second type
of the 2n — 2 solution, ¢(2”_2*2)(k, t), integrating with time

The diagrammatic expressions are given in Fig. 2a.

4.2.2 Stochastic n-point function

To consider the sub-leading term in the Euclidean action, we
solve the equation by perturbation of coupling 7, given by
W (k, 1) = 1, (k, 1). (133)

Then, the Langevin equation in the first order of 7, is given
by

AP (k, 1)
at

n—1
n -
—3 / (H ki @ (ki r)) Valkis s )8
i=1

n—1
< | Y kj+k
j=1

The solution of the equation is given by

=0, In (K (k, 1)) @™ (k, 1)

(134)

n

t
i><"><k,z):—5/ [Icv(k,z;z”ml?n(kl,...,kn;n
1,

’
0
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n—1
/ Hd ki Som1(kr o Ko r”)]dr”s(‘“ (Z%Hk).

j=1
(135)
The stochastic n-point function is given by
(@) () Py (1) - - - Py, (1))
n—1
=n-Perm { (BL) - & (1) oV (1)) (136)
From the solution of the Langevin equation, we get
n—1
2 2
(@2 o (o)
n ! - _
= < - 5 / I:K:v(kn» )t Valki, ooy kns th)
fé
/ ﬂd ki Sp-1 (ki .. kot m)}dr‘n
n—1 _
x Spoitki, . ke r)>a(d> D kjtka . (137)
j=1

This result also can be derived diagrammatically in Figure
2(b). We have one propagator, n-point vertex, and n — 1
number of propagators with noise. Note that we have time
integration f[:,) dt” to the whole ingredients connected to a
n-point vertex from the Eq. (135). The only correlated terms
inside the bracket (-) are the noise fields inside S,, with dif-
ferent times and momentum labels. If we collect the noise
fields, we get

n

t
= _5// [Kv(knat;t_n)TnVn(klw-wkn;t_n)
)
n—1 _ i ~
< [T {/ /cu<k,-,fn;f,~>df,”dfn
i=1 o
n—1 n—1 ¢
{/ Ky(kj, t; t/-)dt}}
0]

x 8D "kj+kn
j=1 j=1
(138)

n—1n—1
x <H [T G (t})>

i=1j=1 connected,tree

Note that the extraction of noise fields inside S,, gives a prod-
uct of propagator K. We consider the connected-tree level
diagram as

n—1

2 2
(@ - (1) DL (1))

n

t —_

:__/ |:’Cv(knat; fn)tnvn(klv--w

2 "

n—1 _ Tn _
X/l_[d”’k,- {/ i@(@-»‘mr})dr}“dfn

i=1 fo
n—1 ¢
l_[ {/ Ku(k;, t; t})dt}}
=1 Vi

n—1
x (n—1)! 1_[ 8D (ki — ki) (@ — 1))

i=1

ky; t-n)

n—1
x 8D "kj +ka
j=1

o n! u ) ! 2 Qu(kzatn)
——EE[KU(kZ,rn[té[ (/cn,tn)rn]_[,C (k,,t,,):|

n—1
x diyd D [ Y kj +kn
j=1

(139)

We bring back the permutation to complete the n-point func-
tion given by

n—1

—
n - Perm (CD,(E]) CD,({? O ‘D/((:)(f))

1 n
—n. %]‘[[/cv(k,-, )] Perm
i=1

n—1

! 1 - QV(ki’EH)] - .
x _z 2 di, 5@ ki +k
{/ [K%(k,,,r,,) 11 Kokistn) | ; s

! - . g G
=5 Tn H[KV(kl’l)] { E Ky (ki 1)

i=1

n n—1
= [ Jettg) = a(20)] }5@ (Z ki + kn> .
i=l

I=1

(140)

In the last equality, we use the relation:

/Perm[K (ky, 1) 1_[ { ]%)E]]?’ ;n; } ]dtn
1|: -2 - “ {Qv(klvt_)’l)}:| -
= - K:U (knz In) T L. T\ dty
/ n ; j—ll:[#j ’Cv(ki’ In)
B 1—[ Qu(ki, 1)
N i=1 K:v(ki, t) ’

We note that the integrand is invariant under the permutation
of the momentum label since k,, = — Z'};} k. Originally,
we should have a permutation of the integrand to be solv-
able but invariance under permutation allows us to satisfy

(141)

@ Springer



344  Page 18 of 32

Eur. Phys. J. C (2025) 85:344

the following relation without permutation:

n—1 n—1 ~ -
_ . Qu(ki, 1)
i=l i=I T
— 1 - -2 by - Qv(kh fn)
_r_l[l;/cv kn.t) [] {—Kv(ki,fn)}]' (142)

j=Li#j
4.2.3 Stochastic (2n — 2)-point function

In this case, we need to find the solution up to the order of
r,% and A, —>. The Langevin equation is given by

2n—2
90" (1)

G — rlog [Ku(k, 0] 9" 1)

n—2

2 1 .
(" = Dp, rm{f ]_[d ki Su_a(fr, . k2 )

n—1 n—1
(Zk — b 1) }rn\?nu«n ..... kan—2. k; )3V (ij—k)

j=1 j=1
2n—3
+(n—1)/ 1_[ a’k; [SZn 3k, kop—3:1)

(143)

2n—3
(2
X V5 k1 ka3 [ 6@ (Z ki k) :
=1

where we define the second type of (2n — 2) vertex as

2n—2
) -
é,,) okt koo t) = 1_[ Tk; Von—a(ki, ..., kap—25 1)
j=1
2 L1 = 52kl
X T Ty kot ky _
4 K, <| _Z’}:} kj|t)
X
FEE R 1) — 2] (144)
n —
and

2n—2

KDk, 1) = / dr’ [/"@”—” I1 Kv<|k,~|r’>] (145)

i=1
The solution of the differential equation is straightforward.

However, for simplicity, we split the solution of the field
®©"=2) into 2 different types whether the solution is related

@ Springer

to the second type of (2n — 2)-vertex V2n 5 Or not:

2
oy =Y o 0. (146)

i=1

The first type of (2n — 2) solution which is not related to
Vzn) , is given by

S22 () — %/ ICy (k. t; 1")Perm
t//

0

n—2
{/Hddk Siahr. ..

t

X /dd]znflf [Kv(iénlvt/; t”)fn]}n(klv ceey
0]

/Hd ki Su_1(ky, ...,

n—1
< 5D | SE 4y
j=1

n—1
> kj+k ] |dr,
j=1

ién72;t,)
kn:t")
kn_1; l‘)i|dt//

}r,n?" (kns - .. kan—2, k; 1)8@D

(147)

and the second type of the solution which is related to Vézl) 2

is given by
t
(n — 1)/ |:’Cu(k7[§t/)
1

2n—3

X / 1_[ ddi{\i S2n—3(1217 e £2n—3; Z‘/)
i=1
_ 2n—3
XV (ki kapoa; 1)@ (Z ki + k)i| dr'.

=1
(148)

2n—2,2
o 2P (1) =

To simplify the calculation, we divide the stochastic 2n — 2-
point function into three different types given by

2n—2
2!
(@) D)l = %-Perm
2n—4

e N
< @0l el mel ®) (149)

2n—2
N
(D () - - Dp(1))?) = (2n — 2) - Perm
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2n-3 . 2
JEE— 4 /
2 2 2n-2, + ar; (tn) — ag,; (1)) (ar(ty) — ax(t) }
SR JCTAEERE AR OY Sl O) (150) —1 11 (e (10 ) (e (1 )
(153)
2n—2
e e
B _ 7, _ .
(Pele) -~ B ()] = (2n —2) - Perm The second type of 2n — 2 correlation function is given by
3 2n-2
—
2 (2) (2n—2.,2) (@ (1) - - D)2 = (21 — 2)Perm
XDy () Py 77 T(0) (151)

The detailed calculation of the (2n — 2) correlation functions
is explained in Appendix A. In this section, we start with the
result of the calculation of the correlation functions. The first
type of 2n — 2-point function is given by

2n—2

(Dy(t) - <1>k(r>>“1—( 2>) Perm[<szn74(k1 ..... kan—43 1)

2121 — 4)!

n ! - _
X _E / |:’Cv(k2n73» t )T Vnkp—1s .. s kon—3, kn—1; 1)
0

/Hd ki Su_1(kr, ...k

n ! o ]
X —E / [Ku(anfL t; tn)TnVn(kl, cee knfly k2n72§ tn)
1

n—1; tn):|dtn

n—1 n—1
5@ (Z f + k2n3) 5@ (Z ,t kznz) ﬂ (152)

m=1 m'=1

It can be interpreted as a diagrammatic expression of the first
type of (2n — 2) correlation function in Fig. 2c. Note that the
disconnected vertices at the earlier stage have different time
integration ft:,) dt, and fz?, dt),. After the calculation, the first
type of (2n — 2)-correlation function is given by

2n—2
(Dp(r) - - Dy (1))

@Qn=2)ln—1)’n
- 4

2n—-2

Perm|: l_[ T2 (K, ki, 1))

X[ 1 2“Qv<kl,r)gv<k )

2n —1 Pl KCoki, 1) IC,(k, 1)
1 2n—2
=5 [ () = o, (0)) () — o (10)
i=1
2n—-2

1 Qv(ku t) /
T a—1 ll:[n Ko ki, 1) 1_[ (aki (1) — ok, (IO))

i=1

n2(n—1)

X [<52n—3(k1 ,,,,, kon—3; 1)
' n—2

x / [icv<k2n_z,z;r’)Perm{ f [1d%% Sp-atr, ... kn2: ")
i =1

I/

X ddlznfl |:f Ku(énfla t/§ t//)fn]}n(kl aaaaa kn; t//)
7

(154)

n—1
x 8@ (Z kg — kz,,z) ]

q=1

The diagrammatic expression of the second type of (2n —
2)-point function is given in Fig. 3a. This looks similar to the
first type diagram but it’s slightly different from the contrac-
tion stage. Unlike the first type diagram has disconnected ver-
tices at the early stage, the second type diagram has already
connected vertices which means we don’t have to assign a
different time integration to the vertex contribution. They are
topologically the same at the later stage but the difference in
connection of vertices at the earlier stage gives different sym-
metry factors by the permutation. The result of the second
type of (2n — 2) correlation function is given by

2n—2
(®p(r) - - Dy (1))

B n(n—1) 22n72
= (0 —)l———Permi; [ [Koki.n]
i=1

XH 1 2220,k t) Oulk. 1)
2

n—1 11 Kyki.t) Kyk. 1)

2n—-2
— 5 1_[ [ak; (1) — e, (0) ] [ex (1) — e (10) ]

2n—2 n
T -

2n—2 n
+-— [T (e 1) = e, (1)) [ ] [k, (1) — e, (10)] ] }

i=n j=1

(155)
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Perm 1 )
2
1] —X %—— 2 > i .
> n Tn o
L n—1 n—1]
(@) (b)
Perm
2n—2 2n—3 1 2n—2
i T L
1 n—2
+
/ _ 2 ee* 2n—3
n—1 teeeee In—4 n—2 n—1 |

Fig. 2 Diagram of the correlation functions. (a) Is a 2-point correla-
tion function. The noise fields are contracted to each other and become
a thick line. (b) Is a n-point correlation function, and (c) is the first type

of 2n — 2-point correlation function. Note that the diagram represents

Perm

2n—1

the connection of two different n-point functions with different times,
which means that we need to consider the order of time and this gives

a step function

Perm

2n—3

(®)

2n—2

2n—3

Fig. 3 Diagram of the correlation functions. (a) Is the second type of 2n — 2-point correlation function. (b) Is the third type of 2n — 2-point

correlation function
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We can notice that the factor (n — 1) is different from the
first type diagram which is (n — 1)? and this comes from the
permutation of choosing the propagator to connect vertices.

The integral expression of the third type of correlation
function is given by

2n—2
[3]
(P () - - - P (1))

= (2n —2)(n — 1)Perm <SZn—3(kl» ey kopo3it)

t
X f dt/[lcu(kzn_z, t;t)
t//

0
2n—3

X/ l—[ d%k Son—3(ky, ... kop—3;1)
i=1

2n-3
<V Sk ko2 )8 [ D7k — kau o >
j=1
(156)

The diagrammatic expression of the third type of (2n — 2)-
point function is given in Fig. 3b.

The result of the calculation of the third type of correlation
function is given by

2n—2
———
(Dr(t) - - - Dp(1)) = (2n — 2)!(n — 1)Perm
2n—2
X |: 1_[ Th; [K:v(kis )] t]€21+k2+~--+kn,1
i=1

1 [_ n? {21”—‘[2 Quiki.1) Qv k. 1)

X

=11 4 | Kokit) Ky(k, 1)

2n—2
- |: [ tew 16 = e, ()t (1) — eu (to)]”

i=1

1 n? 220, (ki 1)
T2 [_?“k(m) { l] Ky(ki, 1)
2n—2

-]

i=1

1 2n—2 XZ 5
3 n=2 5(2n-2
-2 [n {Q”(k"’t)} s LAY

i=1
2n—2 2n—2

X n— ! r(n— - / /
+ TT Ut 0 222 [0 TT 0wl yas

n—1
i=1 i=1

2n—2

2n—2
— Ton—2 |:l_[ Quki,t) = [ Kotk 1)

i=1 i=1

(o, (1) — o, (10))]] - (157)
Note that the integration in the fourth line can not be solved
analytically. However, we still can verify the relation of
(2n — 2)-stochastic correlation function and (2n — 2)-trace
deformation, maintaining this integral expression and using
the integration by part. One can find the detailed calculation
in Appendix B.

5 Reconstruction of multi-trace deformations by the
stochastic frame

In this section, we compute the stochastic correlation func-
tion to verify the relation between multiple trace deforma-
tions and the stochastic correlation function with the bound-
ary directional momentum.

5.1 Double trace deformation and stochastic 2-point
function

We start with the double trace deformation to warm up. From
the correlation function and Euclidean action,

~ -1
(@1, @k, )5 = [Kutk, )0y (k1) |
1 85

_ = =9, log (K, (k, 158
2]'[,.2:18<1>(k,~,t) ( log (K, (k, 1)) (158)

Using the relation,

3 ( fa () > = L (159)
Ko(x))  x[Ka(x)]?

we can easily obtain the following result.

1 828g

(@ (ki Pk, D)5 212, 60 (ki 1)
i=1 i

— 3 log [Qv(k, r)] .
(160)

Itimplies the following correspondence between double trace
deformation and stochastic 2-point function as

528 = _
| = (@K, DOk, D)
[Tj=; 8P ki, 1)
1 828
- Em'a‘ log [z‘/2 (IU(|k|t) + c,((‘)/c,?)l(v(\k|z))]
i=1 i

= 9 log [t”2 (I (k) — ak(zo>KU<|k|t>>] : (161)

which is consistent with double trace deformation of HWRG

once it satisfies Q, (k, €)|c=y = 9,(k, t), in other words,
a0, _

e ey = —o(to).
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5.2 n-multiple trace deformation and stochastic n-point
function

We can construct n-multiple trace deformation with the
stochastic correlation function by the following relation:

= —<H ki, r>>
i=1 S

1 8" Sg
2 l_[;,lzl Sq)(klﬂ t)

8"Sp
[T 8@ ki, r)

x [T{@ ks, n®(—k;, )" (162)

j=1

We already calculated 2-point (132) and n-point correlation
function (140). The last term is related to nothing but the n-th
stochastic kernel in the Euclidean action. If we insert these
results into the relation, we get

[ . ~ Ovkis D)
—[Erngucv(k,,t)] {]1 D)

~ [T lesta) —ozi(ro>]} [1[kt.08u6;.0]"

i=1 j=1

! _ n—1
=S Vakr, - K r)]8<d> (;kz +kn>
‘ n

= — Do [Tles @) — i t0)] Vit - K )

2 i=1
__n 1—[ (o, (1) /et (10)) + 1
2 2 (K (ki) — G (0) 1 (TKi[0)
n—1
x 8D kit | (163)
j=1
where
. T -1
Vatkrs o kai ) = ][ Qo] (164)

i=1

We remember that the holographic data of n-multiple trace
deformation is given by (94). The stochastic construction
(163) coincides with the holographic n-multiple deformation
if it satisfies

el (2]

while ay, (1) = 0 and —d, (t0) = —1/a, (t0) = ¢ /ef. . It
also matches with the result of the Sect. 5.1. We find the inte-
gration constant 7, from the stochastic side is proportional
to marginal n-multiple trace coupling o,.

(165)
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5.3 (2n — 2)-multiple trace deformation and stochastic
(2n — 2)-point function

52,1,253 r=t 2n—2
. O (k;, t
1—[2)1 28<I>(k,,r) <1_[ ( )>
2n—2 .
x ]_[ (@kj, D (—kj, 1))g
j=1
Qn - 2 i
T ]1 (@ (ki )P (—ki. 1))
n—1
x Perm < Hq)(kj,t) <I>(q,t)>
j=1 S
2n—2
x (B(q, NP(—q, 1))g <{ I1 @(kz,n} ®(—q, r>> ]
I=n S
1 82n—2SE
E 166
2]—[2n 250 (ki 1) (166)
We split the first term of the right-hand side as
2n—2 2n—2 il
<]_[ q>(k,-,t)>—z<]_[ Cb(k,,t)> : (167)
i=1 i=1

where the i denotes the first, second, and third type of the
2n — 2 correlation function. First, we calculate the following
quantity:

}’l2 n—1
[z I o 0fon)

2n—2

X (®(g, DP(—q, D) <{ H <I>(k,,t)}<1>( q, r)> ]

2n—2
————
Dy () -

2 2n—2
Z - D(1) ['1] [T (@& ok, )™
i=1 i=1

(2n

n2 ~
= gpemﬂ [ffvzn—z(kl ,,,,, kopn—2: 1)

1 Oy ki, 1) Qy(k, 1)
x [Zn—l H

1IC(k 1) Kk, t)

2n—2
1
e 11 (—ak, (10)) (=i ()
2n—2 - 1
Qu(k, 1)
+ l:[ (—a, (10)) (—x(10))° <Ku(k’t)>
2n—2

- (—a, (1)) (—ak(fo))ﬂ~ (168)

i=1
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Next, we calculate the left terms in the relation:

2n—2 2n—2

1 —
_ B3] ; —k;, 1))}
(zn_z)!@k(t) D (1)) i|:|1 (@ ki, )P (—ki, 1))

1 1 52)1—2 Sk
2@n =280 (ki 1)

2 2n-2
2 ’ .
=3 I1 fk,Perm[Tkl+k2+...+k,,71Vznfz(kl ..... kop—23 1)
j=1
2n—2 A

|:_ 1 l—[ Qv(ki»[) Qv(ksf)
2n —1 Ky (ki 1) Ky(k, 1)

i=1

b T b ) — e ol ) — )
1 4 A Ly ) — A, (o) [, (L ) — o (lo

2n

)_\2;172~

— Vo, 2k, ..., kon_nit
to 5V 2 (ki 2m—25 1)

t 2n—2
o [f /(n=2@-1-2 1—[ Qv(k,-,z/)dt’}
0 N
i=1

2n—2
- ’2"2*2 []‘[ (o (1)) — et (1)) Vau—a (k1. - . ko r)]
(169)

i=1

To construct (2n — 2)-multiple deformation by the stochas-
tic data, we should add up (168) and (169). Finally, we can
compare (2n — 2)-multiple trace deformation and stochastic
(2n — 2)-correlation function by

2n—2 1 2n—2 .
_<1‘[ M@(ki,t)> H (@), YD (—kj, 1))g

s j=1

2 2n-2
o _ PR
+ 202 1] (@ ki, DD (—ki, 1))

n—1
x Perm {<{H D (kj, l)] @(q, T)>
j=1 S

2n—2
x (®(q, NP (=g, )5 <{ I1 @(kl,r)} @(q,z>> }
I=n S

11 8228
2@n =80 ki, 1)
2n—2 2

- n
= 1_[ T, Vi_oki, ..., kop—n; t)[ - gPerm
Jj=1

< |22 o (to) I, (1k]1)
Attt 1, (k1) — (o) Ko (K1)

Aan—2 ! n? Tn—2
n— 1(n=2)(d—1)-2 5/ / / n—

t ki, tdt | — s
+2n2[/0 ||Qv(l ) } > ]

i=1

(170)
where we define
Q, (k. 1) = "2 [K, (Ik|t) — a (o) I (|k|1)] .
ay(to) = 1/ (to), (171)

and

2n—2

Vaalhr ka2t = [ [Qhtks r)]_1 :

i=1

(172)

From the 2 and n-point relations, we know Q; (k,t) =
Q! (k, €)|¢=". To match with holographic data (102), we set
a(t)) = a(t)) = 0. The coupling constant in the stochastic
frame should have the following relation with the marginal
coupling constant in holographic data:

2n—2 2n—2 y 1 |k| —v
= —25)'/" 1 = —
E wo=[] [( 5n) {f(v)}( 5 ) ]

i=1

1
2 2 2 N
Thythytethy ) = ok = T = |:(_20n) m {EF(U)}

2
y <|k1+k2+~-~+kn_1) }
2

Top—2 = 202,-2.

(173)

We explain the detailed calculation in appendix B. This result
is consistent with the n-multiple trace case, implying that the
Langevin dynamics of SQ can capture the holographic RG
flow up to marginal deformation and self-interaction with
some constraints.

6 Outlook

In this paper, we propose a mathematical relationship
between holographic Wilsonian renormalization group
(HWRG) and stochastic quantization (SQ). This relationship
is illustrated with an example of holographic model in which
the bulk action is the most general scalar field theory with
arbitrary mass, coupling Line ~ A2,—2¢>"~2 and marginal
deformation on AdS boundary(by employing asymptotic
AdS as the bulk spacetime). In weakly coupled gravitational
theory, we can consider single-particle and multi-particle
states of the scalar field corresponding to single-trace and
multi-trace operators, respectively, in the dual field theory
via holographic dictionary. In general, their scale depen-
dence has been widely discussed in terms of the holographic
Wilsonian renormalization group flow. In our formalism, we
can relate the scale dependence of operators described by a
radial flow in AdS spacetime to the fictitious time flow of
the stochastic correlation function in the relaxation process
of the statistical system.

By identifying the stochastic time ¢ with the radial coor-
dinate r in AdS, we have established a dictionary between
the radial flow of multi-trace deformations and the fictitious
time flow of stochastic multi-point correlation functions in
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the presence of the marginal deformation on the boundary
in momentum space. In the consequences of the matching
process, we also obtain the relationship between the cou-
pling constant of the Euclidean field theory in the stochastic
frame and the multi-trace coupling constant in holographic
data. It can be interpreted more intuitively by introducing
the Feynman-like diagrammatic expressions of the stochastic
quantization scheme. We define the stochastic 2-point prop-
agator, noise field, and n-point vertex to express the solution
of the Langevin equation. It turns out that these ingredients
can constitute the connected diagrams of the stochastic cor-
relation functions.

We expect these results to provide a deep understand-
ing of the holographic renormalization group flow from the
bottom-up theories. The n-point correlation functions at finite
momentum in the context of AdS/CFT have rich applica-
tions for studying strongly coupled phenomena in quantum
field theories such as fluid/gravity duality [32—35] in the con-
text of holographic renormalization group flow [9-11]. For
example, in [11,36], the shear viscosity does not run along
the radial direction but if we consider anisotropic super-
fluid, it produces non-trivial RG flows of the shear viscosi-
ties [37,38]. The shear viscosity is obtained from (retarded)
Green’s function of the fluid dynamics and so one can study
such a fluid system by looking at stochastic correlation func-
tions and their fictitious time evolution. Also, the usefulness
of the momentum space in AdS/CFT is revealed in [39-42],
where the authors show that the scalar factor that appears in
the tree-level Witten diagrams, which become much simpler
in momentum space. We suggest that the transition ampli-
tude in holographic models might be related to the stochas-
tic correlation function. In fact, the non-equal time stochas-
tic 2-point function corresponds to Green’s function in AdS
space with the appropriate initial boundary condition. One
can develop the stochastic dynamics to describe the multi-
point amplitude in the holographic models

To the present day, the stochastic quantization scheme has
tended to be regarded as a fictitious phenomenon, just a tool
for understanding (Euclidean) quantum mechanics. In this
study, however, we suggest that the non-equilibrium phe-
nomenon of stochastic quantization might represent the pro-
cess of RG flow in the radial direction. This also implies that
it can generate entropy production along a stochastic trajec-
tory [18], losing the energy of the field ¢ to its surroundings
by a dissipative force term in the Langevin equation. Once
one defines the total entropy of the system as
(174)

Stot =S + Ssurr,
the expectation value of the Bg’t‘” is positive-semi definite
implying the monotonic behavior of the total entropy, sio.

Finally, for possible future directions, we want to mention
the following topics.

@ Springer

e To achieve a rigorous connection with the holographic
renormalization group, it would be helpful to inves-
tigate the stochastic description of the holographic c-
theorem to find a physical observable. The monotonicity
of the stochastic Gibbs entropy [18] might imply that
it can become a probable candidate for the holographic
c-function.

e We also suggest that it might be fascinating to find an
actual physical system described in terms of the stochas-
tic fictitious time. The connection to the dS/CFT holog-
raphy would be interesting since the de Sitter time could
play the same role as stochastic time via our formula-
tion of the relationship between them. It would enable us
to calculate the non-trivial RG flow of the power spec-
trum in standard cosmology in the language of stochastic
quantization. Moreover, the behavior of inflaton might be
explained by the stochastic dynamics of the scalar fields.

e Finally, we want to comment that the non-equal time
stochastic correlator coincides with Green’s function in
AdS. Therefore, it might be related to the Witten dia-
gram since the non-equal time corresponds to the differ-
ent points in the bulk space from ¢ = r identification,
which would be useful to understand bulk-to-bulk prop-
agators and bulk-to-boundary propagators.
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Appendix A: Evaluation of the stochastic (2n — 2)-
correlation functions
A.1 The first type diagram

The first type of stochastic 2n — 2 correlation function is
given by

2n—2
(@) - D) = @n= . Perm
S T 2120 —4)!

2n—4
—
2 2
x <c1>,(q) . c1>,§2}1_4(r) c1>,‘;;3_3 (r)@,ﬁ';:_z(m (175)

We first calculate the correlation function without permuta-
tion:

2n—4
— e
Q=2 07 @ ™ e
m (chl o q>k2”*4 (l) ®k2)zf3 (t)(kaan (t))
_ (2n—-2)! .
2120 — 4)!<S2"—4(k15 cokop—as )

t
n _ - -
X ) // [Kv(an—3s 15 t0) T Vnkpn—1, - - kon—3, kn—1; tn)
fo
n—1

x /]—[ddlé,» Sy_1(kys ... kn_1:tn) | din
i=1
n ! VLY =
X —5 , [’Cv(an—ZJ; tn)fnvn(kl,-~-7kn—1yk2n—2§tn)
Iy
n—1
X /]_[ddk,’ Sp_1 Ky, K siny | dr,
=1

n—1 n—1
X S(d) Z ];m +k2p—3 5(d) Z ];)/n/ + kop—2 >
m=1 m'=1

(176)

We separate terms related to the noise field 7:

n—1
<Sznf4(k1, ooy kon—a; t)f 1_[ d; Sp—1 (ks kne1i 1)
i=1

Tree

n—1
y / ] % Sui ), B f,;)>
=1

S

n—2
= <S2n74(k17 oo kop_ai ) / 1—[ dk; Sy—a(ky, ...\ kn—2; Iy)
i=1

{ll — _ _ _ _
X /ddkn—l {f ]CU(kn—ls tn; tn—l)nk,ll(ln—l)dtn—l}
1o

n—2
X / 1_[ ddk_/]S,,,z(/zi, PR _;72; f;l) /ddk_/n,1
=1

Tree

i _ o - -
X { ’Cu(k;:—lvtr/z;[;;—l)nkfnl(t/nl)dﬂnl}> (177)
fo

S

Note that the Markov property of the noise field 1 results in
the correlation function of the noise fields as a delta function
given by

——12 [ ak o s i o)
= ) n—1 vkn—1, s ty—1)dty 1
0]

_ ’_/ - - - —
<[4t [ [ fcu<k,;],z,;;z;1>dz,;]]
0

X 8(tn—1 = /n—1)8D (ky_1 — k' y_1)
2n—4 ¢

n—2
x =t [T | Kotk :ipad; ]
j=n—1 0 i=l1
~ In _ n—2
x /ddki/ Ko ki iy i)d; ] 80) 1y — )8
0 r=1
~ n=2 .
X (ky4n—2 —kr) ]_[
=171

Ko (ky. 12 1])di]!

n—2 ~ 'n ~ n-2 ~
<[ /ddk; /to Kok, iy ipdi] T] 86", =08 ter — kL.
=1 r'=1

(178)

We consider the connected diagram up to tree level. The fac-
tor of a number of all possible contractions of noise fields
comes out which means that all the possible numbers of con-
nected diagrams give the same contribution. If we identify the
integration variables as a consequence of the delta function,
we obtain

_@n=2)'n’(n—1)?
-2 4

! = —
X /, [Kv(an—:‘a» L En)rnvn (kn—1 - kan—3, kn—1; tn)
ho
2n—4
< [ Kok, (ki 1)

i=n—1

Ovkiin) | -
Ku(kia ;n):| dtn

t
X / [Kv(an—Zv 1 ;;[)Tllvﬂ(kl7 ey k1, kop—o; ;;[)
1

n—2 X -
= Qv(kjyl,) =
X Kok, K, (kj, 1) —"2= | dt;,
- y I ,Cv(knfl’[_n)lcv(knflgf/) -
x | Oty —t', _ "2 dt
|: ( )-/10 K (kn-1.1,_1) "

Icu(knfl’ ZTn)Kv(knfla E'/l)df
K2 (kn 1, 1) )
(179)

fn
+(1 = O, — z"n»f
1o
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Note that we need to consider the order of stochastic time
to determine the order of integration and 1ntegrat1on range,
identifying the integration fl dt,_1 and ft dr _, by the
delta function. There are two dlfferent cases: (i) 1, > 1, and
(ii) 1, > t,,, and each case gives different value of the step

function. For the first case, we need to integrate ftt” dty—

in advance, otherwise, for the second case, flo dt’ We

n—1-"
simplify the terms and evaluate the integration as

_ 2 _ 2 2n-2
(2n2‘2)' (n D HIC(k l)[

t 2n—4 A
QU(kl7 ln) -
* f |:IC2(k2n S,In) l_[ ’C (kutn):|dtn
In 1 = Qu(kjat )
X "2\ dt
,/t(’] |:]C2(k2n 2 t) IC (kjit ) "
7
| m !
/t:’) |:’C2(k2n 3, tn ’Cv(kt s tn) ICv(knfl B Zn)

! 1 { Ouk). i)
X/ |:IC (k2n 2,ln) 1_[ IC (kjvt ):| dtn].

Evaluate the first integration:

2n—

1—[ Oy (ki 1) Oy k1, m}d[_

(180)

(2n—2)’n(n _y2 =2 1
2! H ’C”(k“’)[f [/@(kz,, i

111—[ Qv(kl, )
’Cv(k In)

[” POy (k) in) Oy (kon—2. in)
}Cv(k]»ln) Ky (kan—2, tn)

H [k 1) = et 00| [tk 5 19) = iy, (0] ]dz‘n

/ anv(k r)}
+

L Kok 1)
. 2ﬁ3 Qv ki, i) Qv(knfl,f;p
T Kokiit) Ky k1. 1)

~

1
[Kz(kzn "

X
2n—-3
= IT e ) — e, t0)] [tk (1) — e, (m)]} dr‘,;].

i=n—1

(181)

We decide the order of the integration by the subset rela-
tions of the integration range which are (¢, 1) O (), t,) and
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(15, 1) D (1, 1,). If we expand the second and fourth lines,
integrations become solvable:

2 2n=2

_ (@n-2) ”(” —-D 1
- HK(k,t)[/[mn

1—[ Qv(k tn) Qv(an 2, tn) Qv(kn 1, ln) dr
’Cv(kt s tn) ICu(k21172a tn) ’Cv(knfl 5 tn) !

=1
2n—4

! Qv (ki, tn
/ K2 (k2n 3, tn) l_[ ’C (kl 5 [n
n—1

X 1_[ [O(kj (l(,)) - Olkj (ZO)] [akz,,,z (t(/)) — Oky, n (IO)] dl—n

j=1

! 1
“,
’Cz(an 271,1) Jjo n

! Qv(k],l)
/ {/Cz(kzn 2,1,1) l_[ Ky (kj,ln)i|
2n—3

< [T lew () — e, (20)] [Otk,,,.(té)—Otkn,.(to)]dl_,é], (182)

i=n—1

2n—3

Qv(kj7 n) Qv(kn latn) dl‘
K (k; )’C (kn—1, t) "

2n-3 -2
where kn 1=— Z ﬁn 1 = — Z?=1 kj —kzn_z = kn—1~
If we evaluate the final 1ntegration and restore the permuta-
tion, the first kind diagram of the (2n — 2)-point function is

given by

2n—2
(Dp(t) - - Dr ()t
@n —2)l(n — 1)n E,
= T Perm|: 111 T A, ki, 1)}
2 220, (kis 1) Okt t)
L=t e n Kok
) 2n—2
-5 ]‘[ (a(tg) — (t0)) (e, (g) — ek, (10))
2n—-3 = n—2
Qv(kia t) /
e ]‘[ K E(a<t0>—a(ro))
x (ot 1(to) — g, (10)) (ks () — iy, (10))

1 1:[ Qv(klst) Qv(an 2at)

n — 1 Icu(ki, t) ’Cv(k2n—27t)
2n—3
< [T (atg) =) (ax, 1) — e, (0))
i=n—1
2n—2
+— (ar(tg) — a(t0)) (e, () — atx,,_, (10)) }

i=1
(183)
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Furthermore, we unify the same terms under all possible per-
mutations. This gives a simple result of the first type of the
(2n — 2)- stochastic correlation function given by

2n—2
(D (1) - - - Dr(r)) 1

_ @n=2)!(n—1)*n
- 4

2n—2

Perm|: 1_[ T2 {Ky(ki, 1)}

i=1

1 2n—2
X
2n — 1 Pl

2n—2

[ () — eto)) (e, (1) — ax, (0))
i=1
2n—2

Qu(ki, 1) Qylkn, 1)
1 ’Cv(kht) Ku(kn’t)

1
2n—1

1

T n—1
l

Qu(ki, 1)
=n IC (klv

2n—-2

1 , ,
R E (e (1) — a(10)) (e, (1) — auk, (10)) ]

(184)

H (a(tg) — (1))
i=1

A.2 The second type diagram

The integral expression of the second type of the (2n — 2)-
stochastic correlation function is given by

2n—2
@@ o) =

2n-3

— N
2 2 2n—2,1
x <q>,§1>...q>,iz) O Jai )(z)>

(2n —2) - Perm

(185)

One can calculate the second type diagram with a similar pro-
gression to the first type diagram. We consider the correlation
function without permutation as

n2(m—1)

=(2n— 2)<S2n—3(kl ,,,,, kop—351)

1691 x tuVn(kn, ..., kon—2, kn; z’)]dt/a“’)

n—1 n—1
X (Z /Ep - ~n—l) 6(d> (Z kq _k2n—2) .
p=1 g=1

(186)

We separate the terms related to the noise field given by

n—2
<SZn 3(k1, .. kop— 37I)/1_[d kl Sn— 2(k17~-~7];n—2§t/)

/l_[dkmnl(klv“ nlt)>

n—12n-3
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x/]'[d‘%[ Ku(il,z’;fz)dﬁ}
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n—1 I
x/ l_[ ddlgm
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n—1

< [Toa —i)s @k — k)
r=1

Ky (/Emv t”§ t_m)dfm:|

x ]‘[3(r,+n L= 008D ey gy — k)

r'=1

" Ky, DR 1)

n—1
= (©2n—3)! ]_[ /t
i=1 0

K3 (ki ) !
3ot Ky, 0y (k
. ]‘[/ v, 0 “(f’t)dfj. (187)
j=n In) Kv(k], ])

Then, the correlation function of the second type diagram
without permutation is given by

2n—2

P N—
(@) - PN without Perm

o) —on— 2)!n2(l’l —-1) 3
2n—2 2n—3
Qv(kl t)
X 1_[ [y (ki t)]/ |:IC2(/<2;1 2,1) l_[ Ky (kg t ,)]dt

. 1 ~ Qo 1) |,
xPerm{/{é [K%(kn’[//)r,,n[[ IC,,(k,,,,t”):|dt } (188)

1

’

We restore the permutation and perform the ftt, dt” integra-
0

tion first as

2n—2

/_/% 2
(@) - D)5

2n—2

:(2;1—2)!”(”4 [ [T Ko 0]
i=1

' 2n-3
Qv(kl t')
X/ {K 22 )" H icv(kl,t)}
Oy (k. 1)
[1:[ Kol 1) l_[ a(to)_a(m)} ]

(189)
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Finally, the complete second type of the (2n — 2)-stochastic
correlation function is given by

2n—2
(@) D)5
nin —1) 2n—2
— - 2)!TPerm{ ]‘! [, s )]
§ | 2ﬁ2 Oy (ki 1) Oy (kn, 1)
2n —1 i Kok, t) Ky(ky, t)
1 2n—2
= 5 [ [ew @) — e )] [tk (16) — et ()]
=1
1 200k 1) - ,
- 1 lCu(kz, ) ”1;[] [Olk,,l () — o, (to)]

2n— 2 n
(1) — o, ()] [ ] [et) — ar(t0)] } }

l=n m=1

(190)
A.3 The third type diagram

The integral expression of the third type of the (2n-2)-point
correlation function is given by

2n—2
ek
(P(2) -+ D())g
2n—3
— (2n — 2)Perm <q>,(j) ) @Y (r)>

(191)

We calculate the correlation function without permutation:

2n—3
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0
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Jkop_oit) | —— 1_[ Tk, Perm
j=1

"
t')
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I(

D
—Y i ki

2
X Tkt thn
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Aon—2 =
LA AE |

2n—3

X S(d) Z kj - kzn_z >

j=1

(192)

We calculate the correlation functions of the noise fields
given by

2n—-3

<s2n_3<k1 ..... ka3 1) / H d’k Sou-3(kr, ..., 122,1_3;/))

2n—3 2n—3

= l_[/IC(kj,z,z)dt/l_[a'dk

2n—3

[/ 1o ki, 1 z,)dt,}(2n3)‘ H 8 —1)8Dk, — 1).
r=1
(193)

Then, the third type of 2n — 2-correlation function is given
by

2n—2

——
(@) P(D)g

Bl — (n — 1)(2n — 2)!Perm

2n—3

! 1
Koki, t'
X {[ (k; l)] /;5 [K%(kzn—z,l) Jl:[l
-2 201kl 2
x |:1_[ T, 72 {—% (K\,(\klt/) —Otk(to)) - iak(lo)}

4
X

+ 2n— fK(Zn 2)(k t)_TZn 2] i|dl‘,},
n—

Qu(k/ t')
Kykj, t')

(194)

where we use the momentum conservation k; + kp + - -+ +
kn—1 = —k and 1 = 7_. In the last line, we expand the
terms and perform integration by part. Then, we can simply
obtain the third type of (2n — 2)-correlation function given
by

2n—2
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(195)
where we define the unsolvable integration term as
2n—2
0Pk, 1) = / P2 TT 0yl (196)
0

i=1

Appendix B: Relation of (2r — 2)-multiple Trace Defor-
mation and the Stochastic (2rn — 2)-point Function

The stochastic description of the (2n — 2)-multiple trace
deformation is given by

52n_2SB r=t 2n—2 >
=T D (ki, 1)
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e 197
21—[2n 25@(1(,‘,1‘) ( )

For the simple calculation, we firstly calculate the second
and third lines of (197):
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(198)

Next, we calculate the summation of the first and second
types of 2n — 2-correlation function as
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(199)
At this moment, we can not fix the quantities {oy, ()} and

{og, (7)) from the initial time condition of the integration,
where {-} denotes the set of o, for all momentum labels. But,
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for a simple description, we bring the final results in advance,
which is straightforward to derive: {a (t))} = {ax (#))} = 0.
Then, we obtain

2 2n—2

n
= —gPerm{rn2 E (Ko (ki, 1)]
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“12n =1 LKt 1) Ktn, 1)
2n—2 2n—2
21’1 ol 2 Qv(k ) t)
~ 5.1 l_[ [—ar, (10)] [—on, (10)] — l_[ X (kj 0
I=1 I=n VD

2n—-2 n

X ﬁ [—o,, (f0)] +2 l_[ [—o, (10)] H [—a, (to)]]}~

m=1 I=n m=1

(200)

Using the results of (198) and (200), we can get the following
quantity:
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(201)

where |k, | = |kon—2| = |k].

Afterwards, we calculate the terms related to the third
type of the (2n — 2)-correlation function. We calculate the
following quantity as
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Then, for the final part, all the remaining terms of (197) are
given by
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+ Vzn 2kt ..,

To complete the right-hand side of the relation (197), we
should add up (201) and (203). Finally, we can compare
(2n — 2)-multiple trace deformation and (2n — 2)-stochastic
correlation function by
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where we define

Q) (k, 1) = 1" [K,(|k|t) — ax(to) I, (|k|D)]

ay(to) = 1/ (to), (205)

and

~ 2n—2 . 1

Vsl knain = [T [Qen] . @06)

i=1

References

. C.R. Stephens, G. 't Hooft, B.F. Whiting, Class. Quantum Gravity
11, 621-648 (1994). https://doi.org/10.1088/0264-9381/11/3/014.
arXiv:gr-qc/9310006

. L. Susskind, J. Math. Phys. 36, 6377-6396 (1995). https://doi.org/
10.1063/1.531249. arXiv:hep-th/9409089

. E. Witten, Adv. Theor. Math. Phys. 2, 253-291 (1998). https://doi.
org/10.4310/ATMP.1998.v2.n2.a2. arXiv:hep-th/9802150

. E. Witten, arXiv:hep-th/0112258

. JM. Maldacena, Adv. Theor. Math. Phys. 2, 231-
252 (1998).  https://doi.org/10.4310/ATMP.1998.v2.n2.al.
arXiv:hep-th/9711200

. A.W. Peet, J. Polchinski, Phys. Rev. D 59, 065011 (1999). https://
doi.org/10.1103/PhysRevD.59.065011. arXiv:hep-th/9809022

. E. Alvarez, C. Gomez, Nucl. Phys. B 541, 441-460 (1999). https://
doi.org/10.1016/S0550-3213(98)00752-4. arXiv:hep-th/9807226

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

24.

25.

26.

217.

28.

29.

30.
3L

32.

33.

34.

35.

36.

37.

38.

. E.T. Akhmedov, Phys. Lett. B 442, 152—158 (1998). https://doi.

org/10.1016/S0370-2693(98)01270-2. arXiv:hep-th/9806217

. T. Faulkner, H. Liu, M. Rangamani, JHEP 08, 051 (2011). https://

doi.org/10.1007/JHEP08(2011)051. arXiv:1010.4036 [hep-th]

1. Heemskerk, J. Polchinski, JHEP 06, 031 (2011). https://doi.org/
10.1007/JHEP06(2011)031. arXiv:1010.1264 [hep-th]

S.J. Sin, Y. Zhou, JHEP 05, 030 (2011). https://doi.org/10.1007/
JHEP05(2011)030. arXiv:1102.4477 [hep-th]

G. Parisi, Y. Wu, Sci. Sin. 24, 483 (1981)

P.H. Damgaard, H. Huffel, Phys. Rep. 152, 227 (1987). https://doi.
org/10.1016/0370-1573(87)90144-X

G. Lifschytz, V. Periwal, JHEP 04, 026 (2000). https://doi.org/10.
1088/1126-6708/2000/04/026. arXiv:hep-th/0003179

D.S. Mansi, A. Mauri, A.C. Petkou, Phys. Lett. B 685,
215-221 (2010). https://doi.org/10.1016/j.physletb.2010.01.033.
arXiv:0912.2105 [hep-th]

H.B. Callen, T.A. Welton, Phys. Rev. 83, 34—40 (1951). https://doi.
org/10.1103/PhysRev.83.34

H. Nyquist, Phys. Rev. 32, 110-113 (1928). https://doi.org/10.
1103/PhysRev.32.110

Udo Seifert, Phys. Rev. Lett. 95, 040602 (2005). https://doi.org/
10.1103/PhysRevLett.95.040602

A.B. Zamolodchikov, JETP Lett. 43, 730-732 (1986)

J.L. Cardy, Phys. Lett. B 215, 749-752 (1988). https://doi.org/10.
1016/0370-2693(88)90054-8

Z. Komargodski, A. Schwimmer, JHEP 12, 099 (2011). https://doi.
org/10.1007/JHEP12(2011)099. arXiv:1107.3987 [hep-th]

K.S. Kim, S. Ryu, Phys. Rev. D 108(12), 126022 (2023). https://
doi.org/10.1103/PhysRevD.108.126022. arXiv:2310.15763 [hep-
th]

. J.H. Oh, D.P. Jatkar, JHEP 1211, 144 (2012). https://doi.org/10.

1007/JHEP11(2012)144. arXiv:1209.2242 [hep-th]

D.P. Jatkar, J.H. Oh, JHEP 1310, 170 (2013). https://doi.org/10.
1007/JHEP10(2013)170. arXiv:1305.2008 [hep-th]

J.H. Oh, Int. J. Mod. Phys. A 29, 1450082 (2014). https://doi.org/
10.1142/S0217751X14500821. arXiv:1310.0588 [hep-th]

J.H. Oh, Phys. Rev. D 94(10), 105020 (2016). https://doi.org/10.
1103/PhysRevD.94.105020. arXiv:1504.03046 [hep-th]

S. Moon, Int. J. Mod. Phys. A 33(16), 1850091 (2018). https://doi.
org/10.1142/S0217751X18500914. arXiv:1702.00117 [hep-th]
J.H. Oh, J. Korean Phys. Soc. 79(10), 903-917 (2021). https://doi.
org/10.1007/s40042-021-00320-x. arXiv:2110.05013 [hep-th]
J.H. Lee, J.H. Oh, J. Korean Phys. Soc. 83(9), 665-674 (2023).
https://doi.org/10.1007/s40042-023-00926-3. arXiv:2308.10010
[hep-th]

G. Kim, J.S. Chae, W. Sin, J.H. Oh, arXiv:2305.18920 [hep-th]
O. Aharony, G. Gur-Ari, N. Klinghoffer, JHEP 1505, 031 (2015).
https://doi.org/10.1007/JHEP05(2015)031.  arXiv:1501.06664
[hep-th]

I. Bredberg, C. Keeler, V. Lysov, A. Strominger, JHEP
03, 141 (2011). https://doi.org/10.1007/JHEP03(2011)141.
arXiv:1006.1902 [hep-th]

P. Basu, J.H. Oh, JHEP 07, 106 (2012). https://doi.org/10.1007/
JHEP07(2012)106. arXiv:1109.4592 [hep-th]

M. Park, J. Park, J.H. Oh, Eur. Phys.J. C77(11), 810 (2017). https://
doi.org/10.1140/epjc/s10052-017-5382-8. arXiv:1609.08241
[hep-th]

C. Park, G. Kim, J. Chae, J.H. Oh, JHEP 02, 182 (2023). https://
doi.org/10.1007/JHEP02(2023)182. arXiv:2210.08919 [hep-th]
N. Igbal, H. Liu, Phys. Rev. D 79, 025023 (2009). https://doi.org/
10.1103/PhysRevD.79.025023. arXiv:0809.3808 [hep-th

P. Basu, J. He, A. Mukherjee, H.H. Shieh, Phys. Lett. B
689, 45-50 (2010). https://doi.org/10.1016/j.physletb.2010.04.
042. arXiv:0911.4999 [hep-th]

JJH. Oh, JHEP 06, 103 (2012). https://doi.org/10.1007/
JHEP06(2012)103. arXiv:1201.5605 [hep-th]

@ Springer


https://doi.org/10.1088/0264-9381/11/3/014
http://arxiv.org/abs/gr-qc/9310006
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
http://arxiv.org/abs/hep-th/9409089
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
http://arxiv.org/abs/hep-th/9802150
http://arxiv.org/abs/hep-th/0112258
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
http://arxiv.org/abs/hep-th/9711200
https://doi.org/10.1103/PhysRevD.59.065011
https://doi.org/10.1103/PhysRevD.59.065011
http://arxiv.org/abs/hep-th/9809022
https://doi.org/10.1016/S0550-3213(98)00752-4
https://doi.org/10.1016/S0550-3213(98)00752-4
http://arxiv.org/abs/hep-th/9807226
https://doi.org/10.1016/S0370-2693(98)01270-2
https://doi.org/10.1016/S0370-2693(98)01270-2
http://arxiv.org/abs/hep-th/9806217
https://doi.org/10.1007/JHEP08(2011)051
https://doi.org/10.1007/JHEP08(2011)051
http://arxiv.org/abs/1010.4036
https://doi.org/10.1007/JHEP06(2011)031
https://doi.org/10.1007/JHEP06(2011)031
http://arxiv.org/abs/1010.1264
https://doi.org/10.1007/JHEP05(2011)030
https://doi.org/10.1007/JHEP05(2011)030
http://arxiv.org/abs/1102.4477
https://doi.org/10.1016/0370-1573(87)90144-X
https://doi.org/10.1016/0370-1573(87)90144-X
https://doi.org/10.1088/1126-6708/2000/04/026
https://doi.org/10.1088/1126-6708/2000/04/026
http://arxiv.org/abs/hep-th/0003179
https://doi.org/10.1016/j.physletb.2010.01.033
http://arxiv.org/abs/0912.2105
https://doi.org/10.1103/PhysRev.83.34
https://doi.org/10.1103/PhysRev.83.34
https://doi.org/10.1103/PhysRev.32.110
https://doi.org/10.1103/PhysRev.32.110
https://doi.org/10.1103/PhysRevLett.95.040602
https://doi.org/10.1103/PhysRevLett.95.040602
https://doi.org/10.1016/0370-2693(88)90054-8
https://doi.org/10.1016/0370-2693(88)90054-8
https://doi.org/10.1007/JHEP12(2011)099
https://doi.org/10.1007/JHEP12(2011)099
http://arxiv.org/abs/1107.3987
https://doi.org/10.1103/PhysRevD.108.126022
https://doi.org/10.1103/PhysRevD.108.126022
http://arxiv.org/abs/2310.15763
https://doi.org/10.1007/JHEP11(2012)144
https://doi.org/10.1007/JHEP11(2012)144
http://arxiv.org/abs/1209.2242
https://doi.org/10.1007/JHEP10(2013)170
https://doi.org/10.1007/JHEP10(2013)170
http://arxiv.org/abs/1305.2008
https://doi.org/10.1142/S0217751X14500821
https://doi.org/10.1142/S0217751X14500821
http://arxiv.org/abs/1310.0588
https://doi.org/10.1103/PhysRevD.94.105020
https://doi.org/10.1103/PhysRevD.94.105020
http://arxiv.org/abs/1504.03046
https://doi.org/10.1142/S0217751X18500914
https://doi.org/10.1142/S0217751X18500914
http://arxiv.org/abs/1702.00117
https://doi.org/10.1007/s40042-021-00320-x
https://doi.org/10.1007/s40042-021-00320-x
http://arxiv.org/abs/2110.05013
https://doi.org/10.1007/s40042-023-00926-3
http://arxiv.org/abs/2308.10010
http://arxiv.org/abs/2305.18920
https://doi.org/10.1007/JHEP05(2015)031
http://arxiv.org/abs/1501.06664
https://doi.org/10.1007/JHEP03(2011)141
http://arxiv.org/abs/1006.1902
https://doi.org/10.1007/JHEP07(2012)106
https://doi.org/10.1007/JHEP07(2012)106
http://arxiv.org/abs/1109.4592
https://doi.org/10.1140/epjc/s10052-017-5382-8
https://doi.org/10.1140/epjc/s10052-017-5382-8
http://arxiv.org/abs/1609.08241
https://doi.org/10.1007/JHEP02(2023)182
https://doi.org/10.1007/JHEP02(2023)182
http://arxiv.org/abs/2210.08919
https://doi.org/10.1103/PhysRevD.79.025023
https://doi.org/10.1103/PhysRevD.79.025023
http://arxiv.org/abs/0809.3808
https://doi.org/10.1016/j.physletb.2010.04.042
https://doi.org/10.1016/j.physletb.2010.04.042
http://arxiv.org/abs/0911.4999
https://doi.org/10.1007/JHEP06(2012)103
https://doi.org/10.1007/JHEP06(2012)103
http://arxiv.org/abs/1201.5605

344  Page 32 of 32 Eur. Phys. J. C (2025) 85:344

39. S. Albayrak, S. Kharel, JHEP 02, 040 (2019). https://doi.org/10. 41. S. Albayrak, C. Chowdhury, S. Kharel, Phys. Rev. D 101(12),

1007/JHEP02(2019)040. arXiv:1810.12459 [hep-th] ] 124043 (2020). https://doi.org/10.1103/PhysRevD.101.124043.
40. S. Albayrak, S. Kharel, JHEP 12, 135 (2019). https://doi.org/10. arXiv:2001.06777 [hep-th]
1007/JHEP12(2019)135. arXiv:1908.01835 [hep-th] 42. S. Albayrak, S. Kharel, D. Meltzer, JHEP 03, 249 (2021). https://

doi.org/10.1007/JHEP03(2021)249. arXiv:2012.10460 [hep-th]

@ Springer


https://doi.org/10.1007/JHEP02(2019)040
https://doi.org/10.1007/JHEP02(2019)040
http://arxiv.org/abs/1810.12459
https://doi.org/10.1007/JHEP12(2019)135
https://doi.org/10.1007/JHEP12(2019)135
http://arxiv.org/abs/1908.01835
https://doi.org/10.1103/PhysRevD.101.124043
http://arxiv.org/abs/2001.06777
https://doi.org/10.1007/JHEP03(2021)249
https://doi.org/10.1007/JHEP03(2021)249
http://arxiv.org/abs/2012.10460

	Momentum-space Langevin dynamics of holographic Wilsonian RG flow: self-interacting massive scalar field with marginal deformation
	Abstract 
	1 Introduction
	2 A brief review of the relation between HWRG and SQ
	2.1 Holographic Wilsonian renormalization group
	2.2 Stochastic quantization
	2.3 One-to-one mapping between HWRG and SQ
	2.3.1 Free theory relation
	2.3.2 General case

	2.4 Summary of the results

	3 Holographic Wilsonian renormalization group of self-interacting scalar field theory with marginal deformation
	3.1 Holographic Wilsonian renormalization group flow of multi-trace deformation

	4 Stochastic quantization frame
	4.1 Evaluation of the stochastic kernel and construction of the Euclidean action
	4.2 Stochastic correlation functions
	4.2.1 Stochastic 2-point function
	4.2.2 Stochastic n-point function
	4.2.3 Stochastic (2n-2)-point function


	5 Reconstruction of multi-trace deformations by the stochastic frame
	5.1 Double trace deformation and stochastic 2-point function
	5.2 n-multiple trace deformation and stochastic n-point function
	5.3 (2n-2)-multiple trace deformation and stochastic (2n-2)-point function

	6 Outlook
	Acknowledgements
	Appendix A: Evaluation of the stochastic (2n-2)-correlation functions
	A.1 The first type diagram
	A.2 The second type diagram
	A.3 The third type diagram

	Appendix B: Relation of (2n-2)-multiple Trace Deformation and the Stochastic (2n-2)-point Function
	References


