Eur. Phys. J. C (2021) 81:235
https://doi.org/10.1140/epjc/s10052-021-09018-7

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Dual path integral: a non-perturbative approach to strong

coupling

Vitaly Vanchurin!?#

1 Department of Physics, University of Minnesota, Duluth, MN 55812, USA

2 Duluth Institute for Advanced Study, Duluth, MN 55804, USA

Received: 1 June 2020 / Accepted: 3 March 2021 / Published online: 17 March 2021

© The Author(s) 2021

Abstract We develop a non-perturbative method for cal-
culating partition functions of strongly coupled quantum
mechanical systems with interactions between subsystems
described by a path integral of a dual system. The dual path
integral is derived starting from non-interacting subsystems
at zeroth order and then by introducing couplings of increas-
ing complexity at each order of an iterative procedure. These
orders of interactions play the role of a dual time and the full
quantum partition function is expressed as a transition ampli-
tude in the dual system. More precisely, it is expressed as a
path integral from a deformation-operators dependent initial
state at zero time/order to the inverse-temperature depen-
dent final state at later time/order. We provide examples of
strongly coupled systems with up to first-order interactions
(e.g. Ising model) and arbitrary high-order interactions (e.g.
141D QFT). We also discuss a possible emergence of space-
time, quantum field theories and general relativity in context
of the dual path integral.
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1 Introduction

There are two main puzzles in theoretical physics which so
far have no satisfactory resolutions. The first one is how to
calculate observables in strongly coupled theories and the
second one is how to derive general relativity from quantum
mechanics, i.e. the problem of quantum gravity. While the
former puzzle is purely mathematical, as it is usually well
defined although the analytical calculations can be difficult
to carry out, the latter puzzle is more physical than math-
ematical, as it is not even clear what is the right problem
to solve. Of course, it would be nice if the two problems
were actually related and in fact there are evidences sug-
gesting that it might be the case. For example, in context of
the AdS/CFT correspondence [1,2], general relativity in the
bulk emerges from a quantum theory on the boundary and
at the same time observables of a strongly coupled confor-
mal field theory can be obtained by performing perturbative
calculations on the anti-de Sitter background. Unfortunately,
the space-time we live in is not anti-de Sitter and so the
AdS/CFT conjecture is at most an educated guess of what
one might expect to see in a true theory of quantum grav-
ity.

In this paper our main motivation is to study the emer-
gence of space-time and general relativity from strongly cou-
pled theories beyond the AdS/CFT duality, but the initial
task will be a lot more modest. What we want first is to
understand how a fully interacting quantum mechanical par-
tition function can be obtained from the partition functions
of non-interacting subsystems. In Ref. [3] we constructed
one such transformation described by a second order differ-
ential equation for the “child” partition function with ini-
tial conditions specified by a “parent” partition function. In
certain cases the parent partition function can describe non-
interacting subsystems (see Sect. 3), but the framework was
not rich enough to handle more complex systems includ-
ing many strongly coupled systems. In this paper we will
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extend the analysis to a lot more general transformations
(and thus more general interactions) described by a path
integral with initial state specified by non-interacting par-
tition functions (see Sect. 5). By construction, the analysis is
non-perturbative with couplings of different orders of com-
plexity introduced at different orders of an iterative proce-
dure.

At a very minimum, the dual description can be viewed
as a non-perturbative method for calculating partition func-
tions of strongly coupled quantum mechanical systems such
as spin chain models (see Sect. 8), but more ambitiously it
may also tell us something new about the quantum origin
of space-time and gravity. In Ref. [4] we argued that the
anti-commutativity of quantum operators may be responsi-
ble for the emergence of space-time and in this paper we see
that essentially the same phenomena occurs for more gen-
eral quantum systems (see Sect. 3). Of course, it is prema-
ture to claim that we have derived the fully non-perturbative
equations of general relativity (see, however, some promis-
ing recent ideas in context of emergent gravity [5-9]), but
some progress in this directions can be made. In particular,
we will argue that the fully interacting quantum partition
function can often be represented by a dual path integral of
a local quantum filed theory (see Sect. 6) where the per-
turbative methods are of value. With this respect the pro-
posed framework can be considered as a generalization of
the AdS/CFT duality mapping to more general quantum sys-
tems. Even more generally, the dual path integral may dif-
fer from the Feynman path integral and then some signifi-
cant deviations from the quantum field theory framework are
expected.

The paper is organized as follows. In the next section
we construct a quantum system with a particular type of
interactions which can be modeled with an additional (or
first order) system. In Sect. 3 we consider a simple system
with first-order interactions which can be described through a
transformation of an extended partition function in an emer-
gent space-time. In Sect. 4 we obtain an analytically con-
tinued expression of the partition function which is used
in Sect. 5 to derive the dual path integral representation of
a fully interacting partition function. In Sect. 6 we argue
that the local quantum field theory may emerge in certain
limits of the dual path integral, but some significant devia-
tions from the Feynman path integral are also expected. In
Sects. 7 and 8 we demonstrate how the dual description of
spin chain models can be used to study strongly coupled
systems with respectively local and non-local interactions.
In Sect. 9 we summarize and discuss the main results of
the paper, i.e. the dual path integral and emergent phenom-
ena.

@ Springer

2 First-order interactions

Consider a quantum system described by a Hamiltonian oper-
ator
K
Hy=> " JHf (2.1)
k=1
where J ,? ’s are the real coefficients which parametrize defor-
mations of the corresponding Hermitian operators I:Ié"s. At

finite temperature the system is described by the quantum
partition function

K
Z[-B,J]=tr |:exp (—,B Z J,?I%‘)]
k=1

where B is the inverse temperature. To simplify calculations
in Sect. 4 we shall analytically continue the parameter 8 to
complex plane, but it will be assumed throughout the paper
that we are dealing with a quantum system in thermal equi-
librium. The time will eventually emerge in the dual descrip-
tions first as a relativistic coordinate in Sect. 3 and later as a
parameter in a path integral of Sect. 5 despite of the fact that
the original quantum system is in a time-invariant thermal
state.

In general the partition function (2.2) is difficult calcu-
late, but the analysis if greatly simplified if the operators
ﬁg describe Hamiltonian operators of non-interacting sub-
systems. This happens when the entire Hilbert space can be
decomposes into a tensor product of Hilbert spaces

Ho=Hy@H} - @ HE

2.2)

(2.3)

with each of the operators I:Ié‘ acting non-trivially on the
corresponding factor Hlé only. Then the full partition function
can be expanded into a product,

K
Z0[—B, J1 =try |:exp <—,8 > J,?ﬁé‘):|
k=1

tr(’)‘ [exp (—ﬂ]gﬁé‘)]

I
=

~
Il

1

ZE[—B ),

I
=

2.4)

~
I

1

where tr{)‘[ ] is the trace over k’th subsystem and Zé‘ [—BJk]
is the partition function of the k’th subsystem.

Perhaps, more realistically, the Hamiltonian operator
should contain interactions between subsystems. For exam-
ple, a tensor product operator I:I({ ® I%‘ acts non-trivially

on two Hilbert space factors H(l) and HK , but an inclusion of
such operators would spoils the factorization of the partition
function and could lead to the problem of strong coupling.
In this paper we will take a somewhat different approach
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and to describe interactions between zeroth-order subsys-
tems H;’s we will employ a collection of additional (or the
first-order) operators bék 1 H 1K which act non-trivially on
an additional (or the first-order) system H; only. Then the
full Hilbert space is a tensor product of the zeroth-order and
first-order Hilbert spaces, i.e.

HI®Ho=HI @H,@H - @ HE. 2.5)
and an interacting Hamiltonian can be defined as

K
H=> " Hf & HJ. (2.6)

k=1

This is certainly not the most general operator which can be
defined in the Hilbert space (2.5), but it is general enough to
enable us to study certain strongly coupled systems whose
partition function can be expressed through a dual path inte-
gral.

Different operators H lk ® I:Ié‘ in (2.6) act non-trivially on
the same factor of the Hilbert space, namely Hj, and as a
result the interacting partition function

K
Z[-B,J]=tr |:exp (—,B Y Hf® ﬁgfgﬂ

k=1

2.7)

does not factorize as was the case for non-interacting partition
function (2.4). To derive a useful expression of the interacting
partition function it will be convenient to first define the first-
order partition function

K
Zi[-B. p1, ..., pxl =11 |:GXP (—ﬁ > ﬁf‘pkﬂ (2.8)
k=1

where 7rq[ ] is a trace over only the first-order system 7.
The key observation is that for the system described by (2.6)
the interacting partition function (2.7) can be expressed as

K
NP
Z[-,J1= try [exp (—ﬁ > H{‘akﬂ 12606, ]
k *0

=1 k=1

" K _
xo=xy =0

(2.9)

or in terms of the first-order partition function (2.8) as

K
Z-B,J]I=Z1|-B, —,..., — ||Z[x,]]
g 1[ ’ a"(1) ax(g(i|k=1 om0

1. K
xg="xg =0

(2.10)

Note that such a representation of the partition function

9 3 _
’Bxé’”"axé(

with operator Z| |:—,3 i| acting on a non-

interacting partition function [ | le Z(’)‘ [x(’)‘, Ji] was only pos-
sible because the zeroth-order subsystems Hé‘) ’s were not cou-
pled to each other directly, but through interactions in the

first-order system as is evident from the Hamiltonian expres-
sion (2.6).

3 Extended partition function

In order to better understand the transformation (2.10) from
a non-interacting partition function l—[,f=1 Z(’)‘ [x’é, Ji] to an
interacting partition function partition function Z[—-8, Ji, ...,
Jk ], consider a first-order system described by anti-commuting

first-order operators
(], Afy =26, 3.1

where 1) is the identity operator in ;. The corresponding
first-order partition function can be calculated by separating
odd and even terms in the Taylor series expansion, i.e.

K
Zi[-B, p1, ..., pxl =11 <6Xp (—ﬂ > ﬁ{‘m))
k=1

& e (&Y
2m
> em“(K - )
= Z Iry ZH] Pk
m=0 (2 )! k=1
i (_13)2m+1 <i . )2m+]
+ 1 1 Pk (3.2)
m=0 (2 +1)! k=1

From the anti-commutation relation (3.1) we get
2

K A K A
(E Hlkpk) = E I p}
k=1 k=1

which can be substituted into (3.2),

(3.3)

= fep (L)
Zl[_ﬁ’pl""’pK]=Ztrl (Z Al I%)
m=0 (2m)' k=1
o (_,3)2m+1 K ., " K ~k

(3.4)

If we also assume that the anti-commuting operators are
traceless

trq (I:Ilj) =0

then the second term in (3.4) vanishes and the partition func-
tion is greatly simplified

S Ep (&L
Z1[-B,p1,...,pkl =tr1 (11) E 2m)! E Dk
m=0 :

(3.5)

k=1

@ Springer
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K
= Njcosh [ B Z p? (3.6)
k=1

where N is the trace of the identity operator I} in the first-
order system H (see Ref. [4] for details).

By combining (3.6) and (2.10) we obtain an equation for
a fully interacting partition function

K 2\ K
9
Z[-B,J1= Nicosh [ B | <k> 126056 1)
=1 \9%0 /) |

which can be calculated by following the analysis of Ref. [4].
Let us define an extended partition function

(3.7)
1

—.. K
xg="xy =0

Z[_ﬂ’xlv"'7xK7]17"'9JK]
K K
- _ a9 Zhr ok
=tr|exp ,BZHl ™ 1_[ olx®, Jkl
k=1 k=1

2\ K
—> [Tz 71 38
X k=1

that contains information about both interacting and non-
interacting partition functions. For example, at B = 0 the
function reduces to a product of non-interacting partition
functions of the zeroth-order subsystems, i.e.

K
a0, xt KTk = M Z R A 39)
k=1

and at x! = ... = xX = 0 the function reduces to the fully
interacting partition function, i.e.

z[-6,0,...,0,J1,..., Jk] = Z[-B, J1, ..., Jk]. (3.10)
Then one might wonder if it may be possible to derive a differ-
ential equation whose solution would be the entire extended
partition function (including (3.10)) starting from initial con-
ditions at 8 = 0, i.e. from (3.9).

The answer to the question is affirmative and the corre-
sponding equation can be found by differentiating (twice) the
extended partition function (3.8) with respect to the inverse
temperature, i.e.

22

ad
al‘ﬁz[_ﬁﬂ x,J]

@ Springer

Then it is obvious that the extended partition function must
be a solution of a relativistic wave equation

92 3 \?
OzlB, x, J] = (W -3 (W) ) 2B, x, J1=0,

k=1
3.12)

but since (3.12) is a second order differential equation in 8,
the correct initial conditions must be specified at § = O for
both“position” z[0, x, J] and “velocity” %z[o, x, J]. These
conditions can be deduced directly from the definition (3.8),
i.e.

K
210, x, J1 =N [ ] 250x%, Jil
k=1

(3.13)

d
—z[0,x, J] =0.

o (3.14)

Evidently, Eq. (3.12) describes a transformation from the
initial state z[0, x, J] specified by a non-interacting parti-
tion function to final state z[8, x, J] which describes the
fully interacting partition function z[8, 0, J] = Z[—8, J]
at inverse temperature .

In the remainder of the paper we shall generalize this trans-
formation to a lot more general couplings between subsys-
tems, but before we proceed let us emphasize that the trans-
formation is described by an equation which is relativistic
(3.12). Recall that the original quantum system was in a time-
invariant thermal state and it is only in the dual description
the relativistic dynamics of the extended partition function
emerged from a particular coupling between subsystems.

4 Analytic continuation

So far, we have analyzed some very specific first-order inter-
actions between zeroth-order subsystems described by a
quantum Hamiltonian (2.6). This allowed us to derive the cor-
responding interacting partition function (2.10) and to study
a possible emergence of space-time (3.12). The next step is
to generalize the construction to allow more general inter-
actions between subsystems and then (if we are lucky) to
study a possible emergence of general relativity from strong
coupling. In the following section we will describe one such
generalization by including the higher-order interactions, but
it turns out that such interactions are a lot more transparent
when expressed in terms of the analytically continued func-
tions.
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Consider the quantum partition function (2.7) analytically
continued to complex plane,

K
Zlix, J]=tr |:exp (ix Z[fllk ® ﬁé‘f,?)] .

k=1

A.1)

This function was shown to be given by the Eq. (2.10) which
can also be written using the Dirac delta functions,

Zlix, J] = dxy 8(xg) | 21 | ix, ax—l ..... 3)ch
0 0

x [T 28, g

K 9
dx’oc B(x(])‘) try [exp | x Hlk—k
=l axg

zZktixk, i

dxkapl .k K k)
N P B o P
=1 =1 9%

K
x [ 26tixg. Jil.
k=1

=

k

=T

I
——
=

(S
Il

—

>~

=~ I

Upon integration by parts and neglecting the (vanishing)
boundary terms we get

K d)ckdp1 K
Zlix, J] = / I1 # [ 26tixs. Jid try
k=1 k=1

K
~, O .
X |:exp (—x Z Hlkﬁ)] e ! Zf:l x(ﬁp},
k=1

X0
K k 1 K
dxydpy ki ok
= Zylixy, Jil t
J T3 T 2t g
k=1 k=1
K
; E 1k —i Y«
x |exp|ix piH| e =
k=1
K k 1 K
dxydp
0™ Fk k. k
=/HTHZO[1xO,Jk]

K ko1 i
et 2k=1%0 Pk Zlix, pll, ..

L Pkl (4.3)

Just like before (2.10) the new equation (4.3) describes
a transformation from a zeroth-order partition function of
non-interacting subsystems [ | ,le Z(I)‘ [i x](;, Ji] (in the Hilbert
space Hp) to a fully interacting partition function Z[ix, J]
(in the Hilbert space H; ® Hp) with interactions described
by the first-order partition function Zj[ix, p}, el p}<]. For

! The parameter i x is purely imaginary, but it is assumed that at the end
of the calculations it is to be analytically continued back to the negative
real line, i.e. —f.

example, the analytically continued partition function (3.7)
can now be written as

K dxka'p1 K
Zlix, J] Z/H%HZ{){U‘X’S»JH
k=1 k=1

K

iy K k1 2
xe ™ Zk=1%0Pk N cos | x (p})

k=1

(4.4)

The key idea is, whenever possible, to expand Z[ix, p},

. D }(] into a product of the first-order non-interacting

partition functions Z{ [ix, p1, ..., px] similarly to how the

zeroth-order partition function was expanded into a product

of the zeroth-order non-interacting partition functions (2.4).
Then the combined first-order partition function is

K K
. . A'k
Zilix, p1,..., pxl =tr | exp sz E H{" px
— =

K
tr] |:exp (ix Z I:I{kpk>:|
k=1

Zllix, p1, ...

. Pkl 4.5

K
j=1
K
j=1
Such a factorization is possible when the first-order Hilbert
space can be decomposed into a tensor product H; = H} ®
H% . .®Hf< with operators H 1/ k acting non-trivially on only
a single factor H{ for all k. To simplify calculations, but
without loosing the generality, we assume that the number
of factors in the first-order Hilbert space is once again K and

the full Hilbert space is

K
H=Hi®Ho=| QM| (4.6)

@) (@)

The factorization of the first-order partition function (4.5)
can be substituted into (4.3) to obtain

S A | e Ak

K K
Zlix,J] =tr; | exp | ix Z
k=1 \j=1

K kg1 K
Ry S K Lkl

0Tk Kok ey
= /Iclj[l 27 HZQ[IXO,Jk]e 12k71x0pk

K
x ]_[z{[ix, PPkl 4.7

j=1

This is the most general partition function with interactions
between zeroth-order subsystems H’é ’s described by the first-
order subsystems Hll"s which are not yet interacting.

@ Springer
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5 Dual path integral

To derive a path integral with higher-order interactions all that
we have to do is to iterate the procedure developed above.
For example, the second-order interactions between the first-
order subsystems Hll"s can be introduced by employing a
second-order system 7, which (for starters) can be assumed
to factor into a tensor product of non-interacting second-
order subsystems H’g’s. Then the full Hilbert space consists
of a tensor product of the zeroth-, first- and second-order
systems, i.e.

K K K
H="Hr ®Hi ® Ho = (@Hé) Q) H{ (@H{;) :
=1 j=1 k=1

(5.1

By analogy with the first-order operators we define the
second-order operators H I/ which act non- trivially on only a
single factor Hl of the Hllbert space. Then the full partition
function can be obtained trivially from (4.7) by adding the
second order of interactions, i.e.

K K
Zlix, J] = tr |:exp (ixz Z Z I:Ié] ® I:I{k ® ﬁgjl?)i|

dxgdpldxtdp?
/H oenr B l_[Zo[le s e T
T

xl_[Zk[lxl P ]e ’Zk 1xlpk l_[22[lx p] 5.2)
k=1 k=1

This is now the partition function with up to the second order
of interactions complexity, but we can keep going and intro-
duce third-order interactions, fourth-order interactions etc.

To describe a fully interacting partition function (with up
to some finite order N of interactions) we define a tensor
product Hilbert space

N N K
H=QH,=R) Q) H,.

n=0 n=0 k=1

(5.3)

Consequently, the operators ﬁ,{ k¥ are assumed to act non-
trivially on only respective Hilbert space factors ;. From
this point on it will be useful to borrow some terminol-
ogy from the textbook quantum mechanics, e.g. propagator,
wave-functions, Hamiltonian, path integral, etc., although as
we shall see the analogy is not exact. To avoid confusions
and also to distinguish the approximate notions of the dual
description from the standard terminology we shall be adding
the word “dual” wherever appropriate, e.g. dual propagator,
dual wave-functions, dual Hamiltonian, dual path integral,
etc.

@ Springer

For example, it will be convenient to define a “dual Hamil-
tonian density” as

H,{(x,pl,...,pK) =xp; +ilog (Z,{[ix,pl,...,pg]).
5.4)

where the n’th order partition functions of non-interacting
subsystems are given by

K
Zllix, p1..... pxl = try [exp (ix > ﬁn”‘pkﬂ (5.5)

k=1

and #r;)[ ] is a trace over H,J; factor. Then the combined
partition function of all n’th order subsystems can be written
as

K K
. . A‘k
Zulix, pr....prl=try [exp [ix YY" H pi
i=1k=1

K
trk |:exp <ix Z ﬁ,{kpk>j|
k=1

Zilix, p1, ...

= T~

» Pk ]

.
I
—_

(5.6)

K
Z(lxpj _iHI{(xv P1, 7pK))

j=1

where tr,[ ] is a trace over H,, = ®,f:1 H’,‘l. At this point it
is not clear why (5.4) should be called the dual Hamiltonian
density, but as we shall see shortly the choice is very well
motivated.

To obtain a “dual path integral” expression for the fully
interacting partition function we iterate the procedure which
had led to (5.2). The final result is

Zlix, J] = f d® xod® xn Woulxn1K[xN; X01Winlx0]

(5.7)
where the “dual propagator” is defined as
K 1,7,k k N
dppdxy ...dxy_,dp;
Klxy; =
[xn; xol / E N
e L=t Lkt (Hx G p o PO~ (6 =51 ) ) (5.8)
and the initial and final “dual wave-functions” as
K
Winlxg. ... xf 1= ] 2606, Jo) (5.9)
k=1
K
Woulxy.....xN1=[[8¢x —xf). (5.10)
k=1
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See Fig. 1 for an illustration of interactions in a generic dual
path integral with boxes representing separate factors of the
Hilbert space Hﬁ, solid lines representing tensor products of
operator from the respective factors and dashed lines con-
nected to circles representing variables of the full partition
function Z[ix, J], i.e. x and Jq, ..., Jx. Note that the dual
path integral (5.7) can be interpreted as a transition amplitude
of a dual system from the deformation-operators dependent
initial state (5.9) to inverse-temperature dependent final state
(5.10). This in a sharp contrast to the standard path inte-
gral representation of thermal partition functions where the
inverse temperature plays the role of the size of extra dimen-
sion (see for example Refs. [10-12]).

6 Quantum field theories

The dual path integral expression (5.7) is exact, but it involves
calculating a transition amplitude from initial state (5.9) to
final state (5.10) in a system described by a “dual time”-
dependent (or n-dependent) and “dual space”-dependent
(or k-dependent) Hamiltonian density H,f (xk, Pls---» PK)-
This can be considered as a generalization of the Feyn-
man path integral for local quantum field theories where the
Hamiltonian density is usually assumed to be the same every-
where in space and time. However, for more general geome-
tries with dynamical gravitational degrees of freedom the
Feynman path integral is not adequate and with this respect
the dual path integral (5.7) may give us the desired definition
of quantum gravity.

To demonstrate how a local quantum field theory can
emerge from a dual path integral, consider a collection of
n’th order “local” operators H * which are non-zero only
for j € {k — 1, k, k + 1} modulo K. (See Fig. 2 for an illus-
tration of interactions in a dual local quantum field theory
with boxes representing separate Hilbert space Hﬁ of the
original quantum theory and solid lines representing local
tensor products of operator from the respective factors.) If
the non-zero operators satisfy an anti-commutation relation

(ARRHL ghk=ly — o kb — o1k (6.1)
and a tracelessness condition

A 'k A A
r (A7) = setr (A) = sjeer (1) =0 Nf. (62)

then the n’th order partition function is a straightforward
generalization of Eq. (3.6),

Z,];(ixk, Pls--s PK) :N,’feixkpk cos (xk,/p,%_1 + p,%_H) . (6.3)
The corresponding dual Hamiltonian density (5.4) is complex

Hy (<, p1..... pg) = ilog (N!,‘ cos (x"‘/p,%_l + p,%+1)>

(6.4)

and as such cannot be interpreted as the standard Hamiltonian
density of a local quantum field theory. However, recall that
the variable ix =i xﬁ, of the fully interacting quantum parti-
tion function must be analytically continued to the real line
—pB (see Sect. 4). Then if we are only interested in the zero
temperature limit, i.e. 8 — 00, the dominant contribution
would come from only negative frequency mode, i.e.

(xw (Pl 2+ <p£¥+1>2)
eivav (Pfl—l)er(P/ivﬂ)z + e*’.xlf\/\/ (P/iv—l)2+(1’/]<v+|)2
2
o P Dl

— 7 . (6.5)

If we apply the same approximation, —ixf‘l — 00, to other

factors of the partition function, then the local dual Hamilto-
nian density can be approximated as

HY G pr. .. pk) ~ ilog (N,i‘/Zexp (—z’xk\/p,f_1 +p,%+1))
= xk‘/p%71 +p£+l + const

where the irrelevant constant does not produce any observ-
able effects and can be dropped. As a result the dual Hamilto-
nian is the desired sum of the local dual Hamiltonian density
terms

(6.6)

K
Hn[-xla~--a~xKap1a~--apK]ZZHr]f(xkapla--~’pK)
k=1

K
= Zxk\/ 1’1%—1 + 17/%+1
k=1

as is the case for local quantum field theories. This puts the
corresponding dual path integral in the same from as the
Feynman path integral for a local quantum field theory on a
lattice,

6.7)

K kg1 N gk
dxidp, ...dp;' d
Zlix, J] ——/l | R S U
k=1

@m)N
x ‘"I’out[xN]e_;'; Zrl;/:I th:l (—‘;‘;\/ (I’Z—l>2+(f’ﬁ+1)2_("5_"ﬁ—1)/’/’c’)\ym[x()]
(6.8)
where we inserted a “dual” Planck constant # = 1. Note

that the limit —ix* — oo is equivalent to i — 0 and
so only in this limit the dual path integral (6.8) represents
the quantum system described in this section. On the other
hand, if we would have kept both modes in (6.5), which
would be appropriate for example at finite temperatures, then
the dual Hamiltonian would not be real and the standard
quantum mechanical interpretation would be lost. This is the
limit where we expect to see some non-trivial deviations from
the Feynman path integral and where the effects of quantum
gravity should become important.
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Fig. 1 Interactions network of
a dual path integral

\Ijout :

H

second-order

Fig. 2 Interactions network of
a dual quantum field theory

& o

7 Local interactions

In the previous sections we stated a possibility of using the
dual path integral (5.7) to model or, more precisely, to define
quantum gravity. This resonates well with the AdS/CFT pro-
posal, but for the time being it also remains highly spec-
ulative. On a more practical level, it would be important
to explore in greater details the strongly coupled quantum
systems which can be solved using the dual description. In
particular, are there any spin chain models whose partition
functions can be expressed using the dual path integral rep-
resentation developed in this paper? In this section we will
discuss a couple of models for which the correlations func-
tion are local and in the following section we will discuss the
Ising model of which correlation function are non-local.

To construct a semi-simple example of such a model
it is sufficient to consider a dual path integral with only
two orders of interactions, i.e. N = 2. See Fig. 3 for an
illustration of interactions in the corresponding path inte-

@ Springer
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gral with boxes representing factors of the Hilbert space
Hﬁ and solid lines representing tensor products of non-
vanishing operator from the respective factors. As is evi-
dent from the figure, the only non-vanishing operators are
I:Ifk’Zk, I:Ifk’Zk_l, 1:122k’2k, I-AI22k’2k_2 which we assume to sat-
isfy the following anti-commutation relations

{[_}IZk,Zk’ ﬁ12k,2k—1} =0

{I:IZk,Zk 1_}2k,2k—2} -0

2 i (7.1)

where K is even and all indices are periodic modulo K . These
operators can be expressed in terms of spin operators

A =6 (7.2)
A =65 (1.3)
B =65 (7.4)
A% =65 (1.5)

where 67 and (Arky are the anti-commuting Pauli spin operators
on lattice sites k = 1, ..., K. If we (for simplicity) also
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Fig. 3 Interactions network of
a spin chain model

& o

assume that

A

Ak =1y (7.6)

then the corresponding quantum system can be written as a
1D spin chain model with Hamiltonian

K/2

H = Z (J2k-163 1 + JuG3_1) (6342 + 3) -
k=1

(7.7)

As a spin chain model the system of Hamiltonian (7.7) is
strongly coupled (for generic Ji’s), but as a dual path integral
it can be easily solved. All that we have to do is to plug in the
known partition functions of the zeroth-, first- and second-
order subsystems

Z&lix, p] = exp(ixp) (7.8)

Z¥ix, p1, pal = cos(xy/ (p1)? + (p2)?)
Z3ix, p1, pa] = cos(xy/ (p1)? + (p2)?)

into (5.2), i.e.

(7.9)

(7.10)

Zlix, J] :/ T, dxfapla [1;7 x3ap3,
’ (27r)3/2
K/2
el Th=1 36 U=pp) 1—/[ K[k ple TK2 2k p2
k=1
K/2
X 1_[ Zzzk[ix, pzj
k=1

B [ 11(_/12 dxkdp,
i 2
K/2

X 1_[ cos <x,/p,%+p,%_l>.

k=1

K/2

K2k
l_[cos (xk‘/JQZk-i-Jzzk_l)e DS

k=1

(7.11)

It is now straightforward to analytically continue i x to —f to
obtain an exact expression for the fully interacting quantum

d & & o

partition function of a spin model (7.7),

K12 gekap, K2
k

zip.n= [ 1957 [Teos (% + 2

k=1 k=1

) K/2

. k

et 2kl X" Pk l—[COSh <,3 P/%“'pl%l)‘

k=1

(7.12)

Note that the integral of (7.12) has the exact form of the
partition function (4.7) with up-to first order interactions.
This means that although we have started with the second
order interactions, i.e. N = 2, it was possible to reduce the
order of interactions to N = 1. Upon integration with resect
to x*’s and p;’s we obtain the following result

2(B, J1 =[] cosh <ﬂ\/J22k 2+, + J22k3>
k

B* [ 2 2 2
= H <1 + 5 <J2k + o1+ Iy + J2k—3)
k

ﬂ4 2 2 2 2 2

(7.13)

More generally we can consider the first-order interactions
Wich(])‘[ixg, Ji]l = exp(ingk) andZ{‘[ix, p,lH, e, p,1+L]

= cos (x\/ > (p) +1)2>' Then the corresponding parti-

tion function is given by (4.7) which can be written as

Z[B,J]1=]]cosh | B
k

L
P/
=1

By B, )
ST+ 5 (2 ) o
k =1 =1

(7.14)

@ Springer



235 Page 100of 13

Eur. Phys. J. C (2021) 81:235

Correlation functions can be obtained by differentiating
the partition functions with respect to the sources at the ori-
gin, i.e. at Jy = O for all k. For the considered models the
two-point correlation functions vanish and the smallest non-
vanishing four-point correlation function is

< 5 5 |: 92 32
P oc| s 21, U]
IR VY

Evidently, calculation of the four-point correlation function
amounts to calculating the respective terms in (7.13) and
(7.14). For example, if i = j, then

N oo | 2 218 B VA A P (7.16)
<xi>0<ﬁ[ﬁ,]]o— T 25 |a=ss .
-

L

(7.15)
Jir=0

for the model described by Eq. (7.13) and

94
)= i),

i

- (L(L : <ﬁ> + Li') 41=06L2 —20)p* (7.17)

2 2

for the model described by Eq. (7.14). By conducting similar
calculations for arbitrary i and j we get the following results

2
((—2 +2§—?) 41 = gp fori = j
2

2.2

otherwise

it is a straightforward exercise to calculate an arbitrary high-
order correlation function by differentiating the respective
partition functions with respective sources.

8 Ising model

In the previous section we discussed some semi-simple spin
chain models described by partition functions (7.13) and
(7.14) with up to first order interactions, but it turned out that
the correlations were completely local. On the other hand
in the most general expression of the dual path integral (5.7)
the higher order interactions are intrinsically non-local. Then
one might wonder if non-locality is something that is only
present in theories with higher order interactions, or if it is
possible to construct a non-local theory with, for example,
only local first order interactions or, in other words, using
only local first order systems.

Consider a partition function (4.7) described by the zeroth
order systems with partition functions,

ZKlixk, ) = cos(xf J) = % (exp(ix’(; Ji) + exp(fixgjk)) (8.1)

2
£) +4ﬁ—‘!‘>212!=(z+§)ﬁ4 fori =2k and j = 2k — 1

2
2
3 (%2) +2§—?) 2021=(3+1) g4 fori={2k, 2k—1} and je(2k — 2, 2 — 3)

fori =j

forl<|i—j|<L

and
(M (5) + L%) 4= (L2 - 2L)p*
<xi2x,2-> o <((2L =i —=JjDli—Jjbh ('372)2 +~ (%(L — i — j|))%> 2121
= (<2L — i = jDli = jlI+ %) B4
<L2 (%2)2) 201 = 1264

for|i —j| > L

for (7.13) and (7.14) respectively. It is interesting to note that
for the latter model the correlation function takes the largest
value at | — j| = 0, then quickly drops to the smallest value at
|i — j| = 1 and then gradually grows to an asymptotic value at
|i — j| = L.Of course, given a fully non-perturbative expres-
sion for the partition functions it should not be too surprising
that we are able to quickly obtain the observables. Although
we only calculated the four-point correlation functions, but

@ Springer

and by the first order systems with local and homogeneous
partition functions,

Zllix, 1, ..., Ikl = Zilix, Jj, ..., JjzLl. (8.2)
Here the locality is represented by the assumption 1 < L <

K and the homogeneity by the assumption Z/ = Z;. Then
the partition function (4.7) can be expressed as a product of
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the first order partition functions
K k 1 K
) dxydp; ki k oKkl
Zlix, J] = / H T HZO[”CO’ Jle i k=1 X0 Py
=1 k=1
K .
HZ’[ix p},...,p}(]
k
/ 1—[ dxodpk 1—[ (e =t =s0

K
Kk ;
tei Yini XO<p£+Jk)> [1z{tix. pi..... pk]
j=1

K
= Z HZIJ[ix,S1]1,...,SKJK]
ske{—1,+1} j=1
K
= Z HZI[i-x’stja"'7Sj+LJj+L]'
ske{—1,+1} j=1

(8.3)

For example, if we set the first order partition function to be

Z1[B, A, B] = exp (,BAB + ﬁ#) , 8.4)

i.e. L =1, then

K

Z[B, J]l= Z HeXp(ﬁSijSj+1Jj+1+§(.S‘j.]j+.3‘j+LJj+L)).

scel—1+1)  j=1

(8.5)

(See Fig. 4 for an illustration of interactions in the corre-
sponding path integral.) Furthermore if we set all sources to
be equal, i.e. J; = J, then the partition function (8.5) can be
rewritten as

K
Z[B, J] = Z ]‘[ T(sj,8j+1)- (8.6)
ske{—1,+1} j=1
or in a more standard form
ZIB, J1=Tr (TK) — B DK 10 B, DK 87

where the trace is with respect to two-by-two matrix obtained
after raising to K ’th power the so-called “transfer matrix”

T(—1,+1) T(—1,-1)

_ (exp(BJ*+BJ)
“ \exp (—,3]2)

and A4 (B, J) are the two eigenvalues of the matrix.

T — (T(+1,+1) T(+1,—1)>

exp (—BJ?) )
,BJ) . (8.8)

exp (BJ% —

Equation (8.8) has the exact form of the transfer matrix
for 1D Ising model described by Hamiltonian

A=Y (16868 + I57)

> (8.9)

K
k=1

K AX AXx

o, +0

=> (ﬂ&,f&,fﬂ NRy S "“) .
k=1
The corresponding partition function Z[B, J] has only
two free parameters SJ and BJ2, which in our case is
parametrized by B and J. This shows that the dual description

can be used to study the strongly coupled systems including
certain spin chain models such as Ising model.

9 Discussion

In this paper we simultaneously achieved two parallel results:
derived a dual path integral representation of some strongly
coupled systems (5.7) and then argued that the dual descrip-
tion may be responsible for the emergence of space-time,
quantum field theories and gravity. While the first result
is purely mathematical and should be viewed as a non-
perturbative method for calculating partition functions, the
second result is an attempt to study how the essential ingre-
dients of any successful theory of gravity may emerge from
a dual path integral representation of the partition function
for strongly coupled systems. With this respect our approach
is similar to the AdS/CFT with the main difference that we
do not a priory assume a specific symmetry of the interac-
tions (e.g. conformal) nor a specific geometry of the dual
space-time (e.g. anti-de Sitter) and rely completely on the
interactions to determine the geometry of the dual space-
time. Our approach is also similar to the more recent ideas
of describing space-time using entanglement between sub-
systems [13—17] or using quantum circuits [18-20], but our
derivation of the dual description is certainly very different.

To demonstrate how the non-perturbative method works in
practice, we considered three examples of quantum mechan-
ical systems with up to the first-order interactions complexity
(see Sects. 3, 7 and 8) and one example with arbitrary high-
order interactions complexity (see Sect. 6) and calculated the
respective dual expressions for the fully interacting partition
functions. In the latter example we showed that the zero tem-
perature limit of the dual path integral can be approximated
as a path integral of a 1 4+ 1D quantum field theory with a
non-canonical kinetic term and with the orders of interac-
tions playing the role of a dual time. In this limit the dual
system is a legitimate quantum field theory on a lattice, but
for more general systems we expect the dual path integral
to differ from the Feynman path integral. This is where our
analysis diverges significantly from the AdS/CFT proposal
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Fig. 4 Interactions network for
Ising model

in which one is supposedly dealing with legitimate quantum
theories on both sides of the duality. Of course, in a true the-
ory of quantum gravity the Feynman path integral may not
be adequate and with this respect the dual path integral could
give us the desired non-perturbative definition of quantum
gravity.

To study the emergent phenomena we first followed the
analysis of Ref. [4] and defined an extended partition function
(Sect. 3) which solves a relativistic wave equation and simul-
taneously describes both non-interacting and interacting par-
tition functions up to the first order in interactions complexity.
Although the original system was in a time-invariant thermal
state (Sect. 2), in the dual description the relativistic dynam-
ics emerges from interactions between subsystems. With this
respect not only time, but also space-time can emerge as
was first noted in Ref. [4]. Unfortunately, such systems are
not rich enough to describe many strongly coupled systems
and therefore not suitable for describing the more complex
emergent phenomena such as quantum field theories, curved
space-time or gravity. To study the more general emergent
phenomena we proposed to use the dual path integral repre-
sentation of the partition functions with arbitrary high orders
of interactions. The higher-order interactions are expected in
a generic strongly coupled system and in Sect. 6 we defined
one such system using the interactions network of Fig. 2. As
was already mentioned, the corresponding dual path integral
can be approximated as the Feynman path integral of a 1 + 1D
quantum field theory on a flat background, but a generaliza-
tion of Fig. 2 to more general curved backgrounds does not
seem out of reach. Also note that it is not too difficult to come
up with examples of different, but equivalent, dual path inte-
gral representations of the same quantum system and so at
some level the emergence of local symmetries is expected.
What is, however, less obvious is how to derive fully non-
perturbative equations of general relativity, but that is work
in progress.
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