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1 Introduction

How does a closed quantum system thermalize? And why do black holes
emit thermal radiation? Over the last decades, these two seemingly
unrelated questions have attracted the attention of researchers in physics
with backgrounds as different as condensed matter, quantum information,
statistical mechanics and high-energy physicists. The reason behind this
renewed interest is the idea that an underlying unknown mechanism might
explain several puzzles that are still open problems in these fields, starting
from the black hole information paradox, to the properties of cold atomic
systems, till the very basic foundations of quantum statistical mechanics.
It all relates to an essential feature of quantum mechanics: the role and the
dynamics of quantum information. Since quantum mechanics is unitary,
the information must be preserved. Nonetheless, experiments on closed
quantum systems and theoretical predictions on black hole dynamics
indicate that these systems have a thermal behaviour. Regardless of
the unitary time evolution, quantum information seems to be degraded,
dissipated. How to reconcile these contradictions is one of the most exciting
challenges of today’s physics. Beyond the purely theoretical appeal, the
solution of these questions may heavily affect the near future technologies
in light of the recent progresses towards building a quantum computer.

The dynamics of quantum information has recently been recast in terms
of the information spreading in a quantum system. This information
scrambling has some properties that reminds one of quantum chaos and
is often referred to as the quantum butterfly effect. Whether these two
concepts are indistinguishable or not is an open question we are not going
to directly address in this thesis, but we believe it deserves caution.

In this thesis we try to understand the microscopic origin of scrambling
in two opposite limits: weakly coupled field theories and strongly coupled
field theories with holographic duals. By doing so, we push forward a very
fascinating idea, namely that this microscopic quantum butterfly effect
leaves imprints in the late-time physics, by affecting transport properties
of the hydrodynamical excitations of the system. This could provide new
techniques to study scrambling and shed some light on the above-mentioned
problems.

As required by the object of investigation, this thesis contains topics
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from different fields within physics. For this reason, in this chapter we
try to provide the basic elements to enable the reader to understand the
motivations that led our research. In the following two sections, we review
the concepts of classical and quantum thermalization. In section 1.3 we
present a recently proposed observable to study scrambling. We conclude
this chapter by summarizing the results of this thesis and by giving an
overview to the following chapters.

1.1 Classical thermalization

When we focus on a closed classical system, for example a gas of particles,
we know that after some time the velocities of the particles will be described
by the Maxwell-Boltzmann distribution, even though they were randomized
at the very beginning. This property, the fact that everywhere in the box
the distribution function is the same, can be considered as a definition of
classical thermalization. Classical systems reach this state in a dynamical
way. Because of the nonlinear, and hence chaotic, equations of motion,
each particle starts to explore the full phase space manifold allowed by
energy conservation. This ergodization of the motion is such that, after
some time, particles with different velocities will likely have a velocity very
close to the center of the Boltzmann distribution.! Therefore it is clear
that, in classical physics, one of the main drivers to ergodicity and so to
thermalization is chaos?. A convenient definition of classical chaos is an
extreme sensitivity to the initial conditions. Given two trajectories on the
phase space which are very close to each other at a given time, they will
quickly depart from each other with a rate set by the Lyapunov exponent

AL = lim 1Log <5X(t)> . (1.1)

t—300,6X0—0 T |6X(0)]

This property of dynamical systems has been brought to the general public
under the suggestive name of butterfly effect, which is nowadays used also
in the scientific community.

IDuring the time evolution, a finite size system eventually returns arbitrarily close to
its initial state. This property, representing the statement of the Poincaré recurrence
theorem [1], does not represent a problem for thermalization since the recurrence
time is exponentially long in the system size. Moreover, statistical mechanics allows
for atypical configuration as far as they have exponentially small probability.

2The connection between chaotic dynamics and ergodization is still an open problem.
While chaotic systems are ergodic, the opposite does not necessarily have to be true.
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1.2 Quantum thermalization

The dynamical thermalization, occurring in classical mechanics, cannot
be extended in a simple way to quantum mechanics, because this means
that a pure initial state would evolve into a mixed state (thermal), in
contrast with the unitarity of the time evolution. Nevertheless, we expect
the out-of-equilibrium dynamics of closed quantum systems to drive it
into a state whose properties are very similar to what we would naively
define as a thermal state: a stationary value of macroscopic quantities
and stability over a wide range of initial conditions. This expectation is
driven not only by physical intuition, but also by numerical results on
isolated quantum systems [2].> One definition of thermalization involves
the expectation value of the observable and can be stated as follows. Let’s
consider a closed quantum system driven out-of-equilibrium and let it
evolve in time. If the system was initially prepared in a state with a well
defined mean energy and, during the evolution, the expectation value of
the observable can be well approximated by the microcanonical expression,
we can consider the system as having thermalized [3] . Given an initial
state ¢ = ), cn|n) and the observable O, the expectation value evolves
with time as follows

(BM0]6(1) =D lenlOnn + Y ehene’ P B0, (12)

n n,n#m

Requiring that this correlation function, after some thermalization time 7,
matches a microcanonical result is a highly non trivial constraint. A first
reason is that the time independent part of (1.2), |c,|?Opnn, should match
the microcanonical result. Furthermore, we should also impose the second
term to vanish. At first sight, the latter requirement might seem very easy
to satisfy, as in long time limit the second term averages to zero. But clearly
it is very important to estimate the time scale at which it starts to hold.
This is related to the spacing of the energy levels, a property which discerns
whether a system possesses quasiparticle excitations or not. Indeed, the
high energy spectrum of a generic many-body system is characterised by a
level spacing exponentially suppressed in the system size*. The low energy
spectrum, instead, changes. If a system has quasiparticle excitations, the

3A comprehensive list of the literature on the numerical studies can be found in [3].

4This can be easily seen for a quasiparticle system by considering a simple model of
metal (with quasiparticles) with N sites. The energy of the system is described by
E = Z§:1 €aNa + ..., where €, are the single particle energies and no = 0,1 the
occupation numbers. As there are 2V many-body levels, the spacing is proportional
to 27N. This property holds also for systems without quasiparticle excitations [4].
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single-particle level spacing behaves like 1/N. But in a system without
quasiparticles, the spacing is still exponentially suppressed in N.

This implies that the time at which the second term of (1.2) starts to
vanish, proportional to the inverse level spacing t* ~ (E,, — E,;,)"!, in
a many body system can be exponentially long. Moreover the study of
thermalization highly depends on the nature of excitations in the system,
since in absence of quasiparticles even the analysis of the low energy sector
of the spectrum can be non trivial.

A step forward in understanding the quantum thermalization was the
work of Deutsch [5], who used Random Matrix Theory (RMT) to show
that, for a random Hamiltonian, the first term of (1.2) indeed coincides
with the microcanonical result. RMT, though, is a crude approximation
since it washes away all the state dependence of the result, for example
the energy of the state (which is crucial in the microcanonical description).
These results are equivalent to the infinite temperature limit [3, 5].

The more refined explanation for the thermal expectation value of a
local observable is provided by the Figenstate Thermalization Hypothesis,
conjectured by Srednicki in a series of seminal papers [6, 7]. For quantum
systems that thermalize, the Hypothesis states that the spectrum of the
Hamiltonian H is such that the expectation value of a local observable
over the eigenstates n and m of H is of the following form?®

(m|O|n) = O(E)Spmn + e 5BV f0(E, w) Ry (1.3)

In the above equation, E is the average energy of the states n and m,
E = % , and w the difference, w = E,, — E,,. Moreover, O(E) and
fo(E,w) are smooth functions of the arguments and O(E) corresponds to
the microcanonical expectation value at energy E of the operator O. R,
are random numbers with zero mean and unit variance and S(E) is the
microcanonical entropy.

Despite the successes of the ETH ansatz in describing the thermal
behaviour of the correlation functions of local operators, there are still
many open questions. In quantum mechanics a pivotal role is played
by quantum information, which also in this case seems to be crucial [3].
Nevertheless, what ETH is not able to describe is the dynamics behind
thermalization. Thanks to the collective effort of the last decade, we
now understand that, under time evolution, the information spreads and

5The ETH can be formulated also in terms of operators which are not strictly local,
but still subextensive with respect to the number of degrees of freedom, as in [8].
This allows to study ETH also in intrinsically non local systems, as for example
SYK model.
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delocalizes (it scrambles) over the system, becoming inaccessible to local
experimental measurements which locally only probe an effectively thermal
state.

This can be considered one of the qualitative explanations behind ETH
and justifies the use of local operators. In more clear terms, it is important
to understand the dynamical process that underlies the ETH ansatz. By
drawing an analogy with the classical case, this might be connected to some
mechanism that naively could be defined quantum chaos. Furthermore, as
we see from equation (1.3), checking thermalization with the ETH ansatz
requires the knowledge of the spectrum and the eigenstate of the system,
which in a many-body systems is remarkably hard to compute.

The problems listed in the previous paragraphs raise the question
whether it is possible to study the dynamics of quantum thermalization us-
ing some new observables or new techniques. In the coming section, we will
review the out-of-time correlation function (OTOC), which has recently
attracted lots of interested in the study of quantum chaos. Afterwards we
will discuss a seemingly exotic idea, representing one of the main drives for
this thesis, which is to understand quantum chaos by looking at properties
of the late-time physics encoded in the hydrodynamical excitations.

1.3 Information scrambling and out-of-time
ordered correlators (OTOC)

In the previous section we reviewed some essential features of the ETH
and stressed how it seems to release the tension between thermalization
and the unitary evolution of quantum mechanics. We can think of it as
a precise understanding of thermalization in energy space, but it would
be interesting to see what it means in the position space and in time.
The way the community understands quantum thermalization nowadays
is highly connected to the concept of local operators. When we perform
an experimental measurement, in many cases we are probing the system
locally, and we have no access to the degrees of freedom in regions far
from the probe. This operation corresponds to tracing those degrees
of freedom out, giving rise to the thermal spectrum. Clearly, if the
information in a quantum system was not subjected to dynamics, i.e. it
stayed localized, it would be easily detected in an experiment and we would
not see thermalization. Our understanding of quantum thermalization
strongly indicates that in quantum systems information has a dynamics
and, consequently, it spreads over the degrees of freedom of the whole
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system. This process is called information scrambling, and has acquired an
essential role in the studies of Black Hole information paradox, quantum
thermalization and quantum information theory.

In order to probe the information scrambling, a so-called out-of-time
correlations function (OTOC) has been put forward. This 4-point function
was first introduced in the context of superconductivity by Larkin and
Ovchinnikov [9] . There, this correlation function was not put in relation
with quantum chaos but it was shown to measure the difference between
the classical and the quantum results. Only subsequently the connection
with quantum chaos arose [10-16]; since then, this correlation function
has appeared in the context of black holes physics and the Sachdev-Ye-
Kitaev (SYK) model [17] [10, 18] and there has been a big effort to create
experimental protocols to measure it [19-29]. Moreover, several techniques
were used to compute it either numerically or analytically [10, 11, 14,
30-49] and its connections with operator growth were studied in [31, 32,
38, 50-54]

The OTOC is defined as follows: given two operators V and W, oppor-
tunely normalized, it is

C(x,t) = ([V(x,1), WO [V(x, 1), W(0)]). (1.4)

We can understand the information scrambling in terms of the time
evolution of an operator, in this case V, initially located at the position x.
As a consequence of time evolution, this operator will start spreading over
the system. The spreading of the operator can be easily visualized in a
spin chain where V' at time zero is a single site spin operator [55]. In the
Heisenberg picture, the time evolution can be written in terms of nested
commutators of the operator V' with the full Hamiltonian H and, because
of these commutators, the time evolution will contain spin operators of
other sites.

We can probe the spreading by considering the commutator with an
operator inserted in 0, for example with [V (x,t), W(0)]. At time zero the
commutator vanishes because of causality. However, with time evolution
the operator V(x,t) will become more and more delocalized, and at some
time t* its front will hit the insertion W (0) , developing a non trivial value
of the commutator. This simple picture would suggest the following

C'(x,t) = ([V(x, 1), W (0)]) (1.5)

as a good observable for operator spreading. Such correlation function
corresponds to the retarded (advanced) Green’s function for ¢ positive
(negative). Unfortunately, the time ordered 2-point correlation functions,
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Figure 1.1: Representation of operator spreading. Figure taken from [56].

computed on a thermal state, decay very quickly and they are too con-
strained to carry information about scrambling. In order to extract such
information, (1.4) turns up to be a fruitful choice.

If we focus on hermitian operators W and V', (1.4) can be rewritten as

C(x,t) =2 —2ReF(x,t) (1.6)

where

F(x,t) = (V(x,)W(0)V(x, )W (0)). (1.7)
The latter expression represents the out-of-time order contribution to
C(x,t) and it contains all the physics about scrambling. The time depen-
dence of this correlation function for chaotic system can be parametrized
as

F(x,t) =1 — eeMt=9() (1.8)
where Ay, is conjectured to be the highest Lyapunov exponent of the system,
€ is a small term inversely proportional to the local number of degrees
of freedom and g(x) is a function that represents the spatial profile. For
many large N field theories, g(x) has a linear behaviour g(x) = %, where
vp is the speed at which the front depicted in Fig. (1.1) moves and it is
called the butterfly velocity.
On a thermal state, the OTOC is often defined as follows

C(X7 t) = —<p[V(X, t)7 W(O)]T [V(X, t)7 W(O)]>7 (1'9)

p being the thermal density matrix. A slightly different definition involves
a symmetric insertion of the density matrix in the correlation function

Co(x,t) = —(p' [V (x,1), W (0)]Tp! [V (x, 1), W (0)]). (1.10)



1 Introduction

That (1.9) and (1.10) might have different properties is a topic that has
not been considered in the last few years and will be discussed in chapter 5.
With this configuration, the out-of-time ordered function acquires a new
fundamental property. Under mild hypotheses, such as analyticity of corre-
lation functions and unitarity of time evolution, Maldacena, Shenker and
Stanford proved in [16] that, if the correlation function (1.10) presents an
exponential growth regime, the Lyapunov exponent satisfies the following
upper bound

9rkpT
Mg”;. (1.11)

The bound is saturated by systems which have a gravitational dual; this
proves the fast scrambling conjecture, introduced in [11], which states that
Black Holes are the fastest scramblers in nature. Nevertheless it is not
known yet whether the saturation of the bound represents a sufficient
condition for a theory to have a holographic dual. The right hand side
of (1.11) is intimately connected to the nature of black holes and, in
particular, to their event horizon. It can be shown [12, 14, 15] that, in a
theory with a holographic dual, the OTOC corresponds to the effect on
the geometry of few particles moving from the boundary towards the bulk.
Once in the proximity of the event horizon, the energy of the particle, in
the local frame, will be highly boosted, creating a shock wave along the
horizon. The Lyapunov exponent is a measure of such a boost, which for
any Black Hole results in the value @

The bound (1.11) appears like a fundamental property of quantum
mechanics, and its possible interpretations and consequences are very
fascinating. For the moment, we can rewrite the bound (1.11) in terms of
the Lyapunov time 71, = 1/,

1 h

> - 1.12
= 5 ke T (1.12)

In this form it will soon be clear why the bound has been intensively
studied in the last years, and it has to do with transport in strongly
coupled systems without quasiparticles. This is one of the main open
problems of today’s physics, both from the theoretical and experimental
point of view and in the next section we will try to highlight its connection
with the above mentioned bound.
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1.4 Quantum systems without quasiparticles

In this section we take an apparent departure from the topics of the
previous pages, which hopefully will be soon clear to the reader. Our
current understanding of transport in ordinary metals is provided by the
Landau theory of Fermi liquids [57], which is built on the concept of
quasiparticles. There, the relevant excitations are long lived and have a
pivotal property: the energy of a state made of quasiparticles is simply
the sum of their energies. These quasiparticles have the same quantum
numbers as electrons, and interact with each other. When the system
is perturbed, the interactions restore thermal equilibrium after a local
equilibration time, which we indicate with 7.. If the system is gapless, 7.
has a temperature dependence that, in the T — 0 limit, goes as 7, ~ 1/T2.
In the presence of a gap A, instead, the equilibration time is even longer
and scales as 7. ~ e€2/T. Despite its success, there are still materials
which Landau theory is not able to describe, such as cuprates, heavy
fermions, ruthenates, pnictides, vanadium dioxide, fullerenes and organics.
The electrons in these materials are strongly correlated and present a
linear in T resistivity in a wide region of their phase space [58, 59]. The
resistivity scaling suggests that the local equilibration time is exceptionally
short and scales as 7. ~ 1/T. The surprising feature of this scaling is
that, besides being very robust against disorder, it is present in systems
with very different microscopic details. It seems thus that some universal
mechanisms underlies the physics in this regime. This mechanism has
been named Planckian dissipation [60-62] and states that strongly coupled
systems without quasiparticles are the fastest in thermalizing. Furthermore
their local equilibration time saturates the lower “dimensional analysis’
bound

)

h
O (1.13)
where C' is some temperature independent constant of order one. More
recently, measurements on thermal diffusivities [63] showed Planckian
dissipation in YBCO samples.

The similarities between (1.12) and (1.13) might be interpreted as
the existence of a connection among the Lyapunov time and the local
equilibration time. Moreover, in this light, it was proposed by Blake
[64, 65] that charge and thermal diffusivities of critical systems could be
expressed as

D¢yt < v3TL, (1.14)

where the identity holds up to a numerical prefactor. This proposal
was tested in several systems [66] but soon it became evident that the
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connection with charge diffusion was not as robust as thermal diffusion.
The latter connectio is quite robust. Indeed in [67-69] it was shown that,
in the infrared, the thermal diffusivity of a generic strongly coupled system
with holographic dual satisfies relation (1.14) regardless of charge density,
periodic potential strength, or magnetic field. Those results were obtained
by using the holographic duality, which we are going to quickly review in
the following section.

1.5 Holographic duality

Since its discovery in 1997 by Maldacena [70], AdS/CFT has profoundly
changed the way we look at gravity and strongly coupled field theories.
In this section we will try to give a very general overview on the topic,
mainly focusing on the aspects that are necessary to understand some of
the results of this thesis, and the reason why we have tried to address
certain questions.%

The idea of holography can be traced back to two important results. In
1974, ’t Hooft realized that SU(N,) gauge theories greatly simplify in the
large N, limit, keeping the 't Hooft coupling A = g% ,,N. fixed [75]. In this
limit, organized as a perturbative expansion in A, the leading contribution
is given by planar diagrams. In the same work, t’"Hooft noticed that this
expansion could be connected to a string theory path integral. On a
completely different perspective, the work of Bekenstein on black holes
thermodynamics [76] showed that the entropy of a Black Hole depends on
its surface, and not on its volume. This indicates that in a gravitational
theory gravitational degrees of freedom rearrange the information on a
surface of codimension one, making possible (in principle) a description of
d+ 1 dimensional gravity in terms of a field theory defined in d dimensions
[77, 78].

AdS/CFT is an exact realization of this idea. In its most essential
definition, the AdS/CFT correspondence is a duality between a conformal
large N supersymmetric Yang-Mills theory (Large N SYM) defined in d
dimensions and a classical gravitational theory defined on a d+ 1 spacetime
with a negative cosmological constant, namely Anti-de-Sitter. Its origins
lies in string theory, where large N SYM is equivalent to string theory in
AdS. It is a strong-weak duality, i.e. it relates a strongly coupled theory
to a weakly coupled one. This means that it allows to quantitatively

SFor a review on the topic, see [71]. Applications to condensed matter physics are
reviewed in the following books [72-74].
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1.5 Holographic duality

understand properties of strongly coupled field theories by studying classic
gravitational dynamics.

Bekenstein’s argument gives a hint about the holographic nature of
gravity, but a natural question to ask is what does this extra dimension
correspond to from the QFT point of view. Given a QFT defined on a d
dimensional spacetime, we know since Wilson [79] that the theory changes
according to the energy (or spacetime) scale u we focus on. The way the
theory changes by varying this scale is described by the Renormalization
Group (RG) equation

W) — by, (1.15)
where g(u) schematically represent the coupling constants of the theory.
A remarkable fact of equation (1.15) describing the renormalization group
flow is that it is local in the energy scale. This might seem a minor aspect
but has strong implications, specially in AdS/CFT. In holography, the
renormalization scale not only becomes dynamical, but also geometrical. Its
dynamics is governed by the Einstein action with a negative cosmological

constant —2A = %
1 dt1 d(d—1)
_ - e 1.1
S 5,2 /d xy/—g (R+ 2 , (1.16)

with ¥ = 87G y and Gy the Newton’s constant and L is the AdS radius.
The zero temperature solution in vacuum is described by the metric

L 2
ds® = <z) (N dztdz” + dz?), (1.17)

where p,v =0, ...,d — 1. The direction z can be considered as a renormal-
ization group scale and the excitation of the theory are rearranged along
z according to their wavelength, as represented in Fig. (1.2). We see that
motion in z — Az precisely can be accounted for by scaling x — A\z.

On a more quantitative ground, the holographic correspondence can be
stated in terms of an identity of two partition functions, called the GKPW
rule [81, 82]

<ef diz 3, Ji(l)oi(w)>QFT _ /Dgp(bi et Sbutk[9,0i(#,2) g (2, 2=0) =1 (a) (1.18)

The left hand side of the equality is the partition function of a QFT
deformed by a source J. The right hand side corresponds to the gravi-
tational partition function, dominated by the saddle point value, where
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Figure 1.2: The emerging dimension in the AdS/CFT correspondence can be though of
as a renormalization scale. The excitations of the dual field theory are rearranged over
the boundary according to their wavelenghts: the long wavelenght, low energy dynamics of
the dual theory is captured by events in the bulk. Short distance, high energy excitations
are described by the gravitational degrees of freedom close to the boundary. The duality
rearranges the excitation. Figure taken from [80].

the boundary value (at z — 0) of the field ¢ is set by J, the value of the
source of its dual operator O. Including this fundamental identity, the
duality can be summarized in terms of a dictionary, where quantities of
the two theories are related. Some of the entries of the dictionary are
presented in the tabular below. The order used to list them is not casual
since the connection between the gravitational dynamics in the bulk and
stress tensor properties in the boundary will be the essential motivation
to pursue the results of chapter 4 that connect quantum chaos to the
energy-energy correlation function.

Another feature of gravity that holography incorporates naturally that
deserves attention for this thesis is the fluid/gravity correspondence [83].
This states that the spacetime dynamics, on a AdS background, can be
mapped into the dynamics of a fluid living on the boundary. Since the long
wavelength of the fluid is described by hydrodynamics and, in the AdS/CFT
correspondence, the IR of the boundary theory is described by the bulk
gravitational degrees of freedom, the fluid/gravity correspondence connects
the hydrodynamic behaviour of the fluid living on the boundary with the
gravitational perturbation of the event horizon. After a perturbation,
Einstein’s equations reproduce hydrodynamical equations and allow to
compute the conductivities of the fluid [83, 84]. This does not imply
that the event horizon is purely hydrodynamical, because very far from
equilibrium the hydrodynamic approximation is not valid. Nevertheless,
Black Holes have the surprising feature that they hydrodynamize very
quickly.

12



1.6 A hydrodynamical refresh

The idea of a connection between the dynamics of black hole horizons
and the Navier-Stokes equations of hydrodynamics dates back to the 80’s
when Thorne, Price and MacDonald formulated the so-called membrane
paradigm [85]. They realized that, for an external observer, the behaviour
of black holes would resemble the behaviour of a fluid membrane, sur-
rounding their event horizon, with well-defined properties as viscosity and
conductivity.

Boundary (Operators) Bulk (fields)

stress-energy tensor Ty metric field g,

global current J® Maxwell field A,

scalar operator O scalar field ¢

conformal dimension of the oper- | mass of the field

ator

source of the operator boundary value of the field

VEV of the operator boundary value of radial momen-
tum of the field

global symmetry local symmetry

temperature of the field theory Black Hole temperature

phase transition Black Hole instability

1.6 A hydrodynamical refresh

When focusing on the long-wavelength and late-time description of a given
system, often the result is a very old theory, whose origins go back to the
early works of Euler and Bernoulli in the XVIII century: hydrodynamics.
Even though it is a very old theory, there are still many properties that are
not understood, like turbulence for example, and in the last years we have
witnessed a revival of interest about its applications. In the present-day
view, hydrodynamics is an effective field theory that is conventionally
formulated in terms of equations of motion. The action formulation has
recently been addressed in” [87-98] and, as often happens going from the
equations of motion to the action, it has revealed new symmetries and
constraints. The equations of motions of (relativistic) hydrodynamics are
simply the conservation laws of the systems; for example, if there are no
more conserved currents than the stress energy tensor, the EOMs are

8, T" = 0. (1.19)

"For review on the topic see [86] and references therein.
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As stated, this does not represent a well-posed problem in d > 2 since
there are d(d + 1)/2 degrees of freedom and d equations of motion®. A
crucial step in deriving the hydrodynamical equation is the hypothesis of
local thermal equilibrium, which reduces sensibly the number of degrees of
freedom. When the system is perturbed at long wavelength, it is possible
to consider as dynamical variable the temperature T'(x) as a function
of space and time, and the velocity four vector u*(x), subject to the
normalization condition u#u, = —1. This choice makes the problem well
posed, since there are d unknowns and d equations of motion. As typical
for effective field theories, the stress-energy tensor can be written in terms
of a gradient expansion in spatial derivatives and as a function of the
dynamical variables. At zero-th order the expansion gives

T (x) = eut'u” + pPH", (1.20)

where € is the energy density, p the pressure density and with P#* =
utu’ + g"” we have indicated the projectors along the direction transverse
to the four-velocity u*. In this order, the hydrodynamical equations do not
present any dissipation, as can be easily shown [99]. Entropy production
appears in first order, with the introduction of the dissipation tensor and
transport coefficients

T (z) = eu’u” + pPH — o#”. (1.21)

The dissipation component of the stress energy tensor can be generally
parametrized as follows

2
o = prepvB [77 <8au5 + Ogug — 3gag8pup> + Cgagapup] , (1.22)

the coefficients 1 and ¢ being respectively the shear and the bulk viscosity.
The form (1.22) of the dissipation tensor is not unique, but is chosen in
such a way to affect only the spatial component of the stress-energy tensor
TY.

The analytical structure of the hydrodynamical correlators, namely the
location of the poles, can be extracted from the normal modes of the
linearised hydrodynamical equations, i.e. by looking at solutions of the
form e~ *ttkx  For example, let’s restrict the analysis to the stress-energy
tensor, and choose a frame where the spatial momentum is aligned with
the z direction, k = (0,0, k). It is possible to show that the stress energy

8In CFT, the case d = 2 is well defined since there is an extra constraint on the stress
energy tensor which has to be traceless.
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1.7 Hydrodynamic transport coefficients at weak coupling and in holography

tensor has two physically different hydrodynamical modes, the shear and
the sound modes [99]. The components 7% and T*¢, with i = (=, ), satisfy
the following linearised hydrodynamic equation

8T = — 19270, (1.23)
eE+Dp

which can be immediately recognized as a diffusion equation. Indeed by

looking for a solution of the form e ™% we get
/Y
w(k) = —i——k~, 1.24
(k) =i (124
with diffusion constant D, = —-. Besides shear modes, there are also

e+p
propagating sound modes, represented by simultaneous excitations of 79,

T°% and T%*. After diagonalizing a system of coupled hydrodynamic
equations, the condition these modes have to satisfy is the following [100]

i (4 k2
k) =vk—= | = , 1.25
o) = vk = 1 (o4 ¢) (1.25)
where v; = % is the speed of sound.

1.7 Hydrodynamic transport coefficients at
weak coupling and in holography

The late-time and long-scale physics of a generic classical or a quantum
many-body system is governed by the long-lived quantities, which are
nothing but the conserved currents. Their conservation laws become
the equation of motion and the theory is called hydrodynamics, which
indeed is nothing but the dynamics of the conserved quantities. This in
turn expresses the universality of its prediction, which heavily rely on
symmetries arguments. Although it has a high degree of universality,
the hydrodynamic prediction is intimately connected to the underlying
microscopic physics via some of the coefficients of this expansion: the
transport coefficients like viscosities and diffusivities. Given a Lagrangian
the computation of these coefficients represents a challenge even at weak
coupling, since they often manifest a nonanalytic dependence on the
coupling parameters. Traditionally, for high-energy applications like QCD
or relativistic QFTs in 3 + 1 dimensions, the main tool has been to solve
the Boltzmann equation [101-108]. Another approach, based on quantum
field theory, can be found in [109, 110].
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Another way to compute transport coefficients, more used in low-energy
many-body physics condensed matter, makes use of the Kubo formulae
for specific correlation functions, like the following ones for shear viscosity
7 or electrical conductivity o [111]

B

n=— lim d*ze " (T;;(z)T(0)), (1.26)
20 pY,p—0

o= 5 lim d*zeP® (Ji(x)J(0)), (1.27)
6 p°,p—0

where T;; is the traceless stress-energy tensor, J; is the U(1) current and
the sum over repeated indices is intended. In the weakly coupled regime,
the formulae (1.26) and (1.27) might suggest that, by simply performing
loops expansion of the correlation function in the integral, we could get
the proper perturbative results for the shear viscosity. Unfortunately, this
expansion is not reliable due to the appearance of infrared singularities
[112], and a full resummation of a series of diagrams is required [101]. This
becomes an even more challenging task when relativistic gauge theories
are considered. The pioneering computation of the shear viscosity for a
scalar field with ¢* interaction

1 1 A
L= 35(0u0)* = 5m?¢* = 510", (1.28)

was performed in [101, 112]. There, by using a finite temperature optical
theorem, Jeon derived the cutting rules at finite temperature and then
showed that an infinite set of ladder diagrams had to be resummed in
order to obtain the correct leading order result. Since then, several works
addressed this question for more complicated field theories and using
different techniques, such as the real time close time-path contour (CTP)
[113, 114] and the Imaginary Time Formalism (ITF) [115] of thermal
field theory. Within the latter approach, a non perturbative resummation
provided by the two-Particle-Irreducible (2PI) formalism was introduced
in the computation of transport quantities in [116, 117] .

In this thesis we will extensively make use of those techniques, developed
to compute the Kubo formulae, to evaluate the following correlation
function

iGr(z,ply, q) = 0(z° — y°)([p(z, p), p(y, q)]) (1.29)
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1.8 Quantum chaos and hydrodynamics

where we have defined the Wigner transport of the bilocal density operator
plap) = [ P T 6o~ /26l + u)/2)
y

- /k e Ty [(p + £/2)b(p — k/2)], (1.30)

and the trace is taken over the internal indices of the field ¢.

While in a weakly coupled QFT the computation of correlation functions
which appear in the Kubo formulae is very involved, in strongly coupled
field theories with holographic dual things simplify remarkably. By using
the dictionary, it is possible to show that the stress-energy tensor two-point
functions can be extracted by a perturbative gravity computation in the
bulk. This allows an exact numerical solution and, in the hydrodynamic
limit, an analytical solution [99, 100, 118-120]. We will use these techniques
in chapter 4 to derive one of the most important results of this thesis.

1.8 Quantum chaos and hydrodynamics

In the previous sections we have briefly reviewed the conundrum repre-
sented by the thermalization of a closed quantum system. We have also
given the qualitative understanding on how this thermal behaviour emerges,
namely because of the scrambling of quantum information. Nevertheless,
several questions have no satisfactory answer yet. We still lack a com-
prehensive dynamical understanding of how this information-scrambling
happens. Moreover, we don’t know whether scrambling and quantum chaos
are the same phenomenon. We believe that these are essential questions to
address, especially in light of the fast scrambling conjecture. The latter is
likely to be a fundamental result, able to classify different states of matter.
Unfortunately, it does not explain the mechanisms that determine whether
a system can be close to saturation of the bound or not.

On general grounds, we know that, for relativistic theories, the mech-
anisms underlying the way a system (nearly) out-of-equilibrium reaches
the thermal state leaves clear imprints in the analytic structure of the
conserved currents-correlation functions [121, 122]. Since the dynamics
of conserved currents is by definition hydrodynamics, it seems reasonable
to try to understand many-body chaos by looking for signatures in the
analytical structure of hydrodynamic excitations.

There is further evidence in support of this idea. As already mentioned,
the scrambling properties of strongly coupled theories with holographic
duals at finite temperature are set by the gravitational dynamics in the
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bulk. By using the membrane paradigm, we can imagine that this involves
the correlation functions of the stress-energy tensor, which very quickly
assume a form dictated by hydrodynamics.

Furthermore, some insights come from the study of the Sachdev-Ye-
Kitaev (SYK) model. This is a (0 + 1) theory of fermions with quartic
all-to-all interaction, and Lagrangian (in the case of Majorana fermions)

H=- Z Jigrt X XXX (1.31)
ijkl

This model saturates the bound on chaos and is supposed to have a gravity
dual. In the infrared limit, it exhibits a SL(2,R) symmetry, which is
reminiscent of the AdSs geometry. In [123], Jensen wrote a hydrodynamic
effective field theory which is maximally chaotic and captures some features
of the AdSs geometry. The fact that the IR physics of the SYK model
can be captured by a hydrodynamical mode which is also maximally
chaotic should be considered as further evidence that, at least for (nearly)
maximally chaotic systems, hydrodynamics carries some information about
scrambling.

1.9 Summary of results

In this thesis we address some of the questions raised so far. In the first
part, we try to understand what is the dynamics of scrambling, or of
quantum chaos. We tackle this problem for weakly coupled quantum
field theories (or large N) and we draw an analogy with the quantum
Boltzmann equation (QBE). Even though the QBE relies on the concept
of quasiparticles, in 1997 Damle and Sachdev showed [124] that the QBE
can be used also to study conductivities and transport properties above
the two-dimensional superfluid-insulator quantum critical point. This
means that, by carefully controlling the QBE, it can give predictions about
excitations of systems in the absence of quasiparticles. The QBE can be
generally written in the form

Or +v-V)f(t,x,p) = —L[f] (1.32)

where L is the linearized collision integral, which clearly encodes all the
relevant information about the physics.

The starting point of our results is that, while the QBE is usually
extracted from two-point functions [125-127], it is possible to obtain the
linearized QBE in a clean way from the 4-point function (1.29). As we
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1.9 Summary of results

explain with (hopefully sufficient) detail in chapter 2, the conceptual
advantage is the immediate matching of the QFT expressions with their
kinetic theory counterparts. In this approach, the operator (0; +v-V)+L,
which defines the QBE, is fully encoded in the analytical structure of
this 4-point Greens function®. Indeed such correlation function f(w,p, q),
in the spatially homogeneous case, satisfies the following Bethe-Salpeter
equation (BSE)

ciw flon) =003~ £) (1+ [REpf@D). (33)

l

where f(w,p) = fq f(w,p,q). Once on-shell, the kernel Rtransp peproduces

exactly the collision operator C, determining the matching of the QFT
result with the Boltzmann equation. Moreover, all the information about
the relaxation times, eventual branch cuts and hydrodynamic modes are
intrinsically hidden in R, as the correlation function is formally obtained
by inverting (1.33)

7

P (1.34)

f(W,p) - —jw — fl Rtransp(p,l).

Focusing on the OTOC, f'(t,x), at weak coupling the computation
requires a resummation of ladder diagrams and it is also performed by a
Bethe-Salpeter equation (BSE). This BSE can be recast into the following
integro-differential equation

—iw f'(w,p) = 6(p5 — E3) (1 + /lEOTOC(p,l)C(w,Z)> ) (1.35)

f'(w,p) being the Fourier transform in p and Laplace transform in w of
the OTOC. Clearly, since in the late time regime (w — 0 limit) the OTOC
has the form f’(t) oc e, the spectrum of the integral operator I%’(p, 1)
contains all the informations about ergodicity, i.e. the Lyapunov spectrum
is given by its positive eigenvalues.

In order to understand the scrambling dynamics, we can dissect the
OTOC-BSE. The way we have phrased it highlights it on purpose, but the
surprising result is that the OTOC-BSE is also a kinetic equation of the
form

(Bt +v- v)f/(t7 X, p) = _[’/[f/] (136)

9This can be considered as the analogue of what happens in hydrodynamics. There,
as reviewed in section 1.6, the universality of the equation of motions is translated
in the universal form of the pole structure.
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where the collision integral is nearly the same as (1.32). Instead of mea-
suring the net number of collisions, as the standard QBE, it counts the
gross number of collisions. This is to say that the terms appearing in £
and £’ are the same, with one of the signs flipped. We showed this results
for ¢* matrix model (chapter 2), (bosonic) O(N) vector model in (2 + 1)
dimensions and the Gross-Neveu model in (2 4 1) dimensions (chapter 3) .
Moreover, we also show that the linearised kinetic operator, Rtransp (p,1),
is analytically related to the kernel of the BSE of the OTOC, ROTOC(p, 1),
as follows

ROTOC(p, 1) = sinh(Bpo/2) " R™™P(p, ) sinh(Bly/2). (1.37)

It is tempting to read the previous expression as a new fluctuation
dissipation relation:

C(w, p) = sinh(Bpo/2) f(w,p), (1.38)

which would suggest that the OTOC can be obtained as analytical con-
tinuation of the hydrodynamic correlation function governing transport.
However, in this thesis we will not succumb to this temptation and we
will postpone this question to future work. Another reason why we wrote
(1.37) in this form is that it makes clear that the relation is nothing but a
similarity transformation, which preserves the spectrum and other prop-
erties. Nevertheless we warn the incautious reader that, both in (1.35)
and (1.37), there are delta functions which project out some eigenvalues.
Indeed we know that unitarity forbids eigenvalues with positive imaginary
part for the collision integral of the (standard) Boltzmann equation.

We now comment about the consequences of (1.37). Since, as we have
argued before, the full physics of scrambling is encoded in ROTOC (p,1) and
most of the hydrodynamical transport physics is encoded in Rtmnsf’(p, 1),
this relation has a profound meaning and should be considered as a
starting point for any further attempt to find imprints of ergodicity in the
hydrodynamic spectrum. Moreover, we stress that (1.37) not only holds for
the ¢* model (chapter 2), but also for models which describe the physics
above a QCP (chapter 3), where there are no quasiparticle excitations.!’
Therefore this seems to be a quite general result for weakly coupled
systems, or large N QFTs. We have repeatedly hinted the suggestive
similarities between transport computations and scrambling computations.
At infinite coupling and for theories with gravitational dual, the idea that
quantum chaos constrains transport is indeed true and it is realized in

10For fermions, we prove in chapter 3 that (1.37) is modified by replacing sinh — cosh.
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1.9 Summary of results

the phenomenon discovered in chapter 4 of this thesis (based on [128]),
and later termed pole-skipping [56]. In section 1.3, we sketched the
classification of the hydrodynamical modes and we showed that the energy-
energy correlation function contains sound modes, whose perturbative
dispersion relation is given by (1.25). Let us define the following point in
the analytically continued (w, k) plane

ke = i)\—L, we = w(ke) =iAp, (1.39)
vB

where A\;, = 27T and vp is the butterfly velocity, defined in the previous
pages. Pole-skipping is the statement that the fully resummed hydrody-
namic series (1.25), after the analytic continuation w — iw and k — ik,
passes through the point (we, k.). Since the dispersion relation (1.25)
parametrizes the pole structure of the energy-energy two-point function,
this implies that this correlator has the form

GEF(w, k) = (1.40)

and a(wc, k.) = 0. Moreover, (2) at the point (we, k.) also the residue
vanishes,

b(we, ke) = 0. (1.41)

This implicates that the pole in the correlator GEE (w, k) disappears. This
phenomenon has been later understood in terms of an effective field theory
[56] as the fact that both ergodicity and hydrodynamics are governed
by the same mode, which survives at late time. The robustness of such
modes is due to the exsistence of a new symmetry (a shift symmetry) of
the effective action. Whether this is a feature of systems saturating the
bound on chaos is still an open problem. Furthermore, we now know that
mathematically pole-skipping, as described in holographic systems, is a
manifestation of a degeneracy of Einstein equation [129]. Recently, it was
also proven that this phenomenon is present not only for energy density
correlators [130] but persists also away from infinite coupling [131]. New
constraints on thermal correlators (in holographic systems) coming from
pole-skipping (although not immediately relatable to chaos) have been
recently discovered in [132].

What happens going towards the weak-coupling limit, and so departing
from the bound, it is still unknown.
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1.10 This Thesis

1.10.1 Chapter 2

We first write a Boltzmann-like equation for the gross energy exchange
in a bosonic system. We do this by modifying the collision integral
in order to take into account the gross number of interactions between
particles instead of the net number of interaction, which corresponds to
the standard Boltzmann equation. After that, we show how this kinetic
equation matches the BSE satisfied by the OTOC. We then review how
to compute the out-of-time ordered correlation function in quantum field
theory. This can be done by using the Schwinger-Keldysh (SK) formalism
over the closed time path (CTP) contour . After analyzing the properties
of this modified SK contour, we show that the computation of the OTOC
is remarkably simplified. We explicitly use this framework to compute the
OTOC in a N x N matrix ¢* bosonic theory, without taking any large N
limit.

1.10.2 Chapter 3

In this chapter, we focus our attention to the interplay between chaos and
hydrodynamics in systems close to the quantum critical point (QCP). In
the quantum critical regime, there is no quasiparticle interpretation, but it
was shown that many transport properties can be inferred by analytically
extending the result in the symmetric phase to the quantum critical phase.
This chapter is mainly based on [133]. To understand these questions, we
make an extensive use of some results regarding transport obtained in the
imaginary time formalism (ITF) and we use the two-particle-irreducible
effective action. We first analyze the bosonic O(N) vector model, and we
study the 4-point correlation function which is relevant for transport in
the hydrodynamic limit. This computation generalizes at small external
frequency some previous results by Aarts et Martinez [134, 135] which
were obtained at strict zero frequency. This allows us to compare the
equations governing transport with the BSE for the OTOC, which was
obtained by Chowdhury and Swingle in [136]. Again, the mapping between
the two results holds and confirms our conjectured connection between
chaos and hydrodynamics. By going into the kinetic theory limit, we
observe that indeed the OTOC is nothing but a gross energy exchange
kinetic equation. In the second part of this chapter, we address a similar
analysys to a system in a fermionic quantum critical regime, namely the
2 4+ 1 the Gross-Neveu model. Here we first use the 2PI formalism to
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1.10 This Thesis

compute the 4-point function relevant to transport and then we compare
it with the OTOC computation performed in [137]. This case, in a even
more clear way, shows how transport and chaos are described by the same
BSE equation but correspond to two different boundary conditions. Such
difference, in turn, determines the sign flip of the kinetic equation for
chaos with respect to the QBE. We explicitly show how the linearized
Boltzmann equations emerge from a QFT computation of a time ordered
4-point function. By inspecting these results, it is straightforward to see
that indeed the kinetic theory for gross particle exchange reproduces the
BSE for the out-of-time correlation function.

1.10.3 Chapter 4

In this chapter we investigate the connection between quantum chaos and
hydrodynamics in theories with a holographic dual. These theories are
strongly coupled large N theories, and the out-of-time order correlation
function can be computed by means of the AdS/CFT correspondence.
This result was obtained some years ago by Shenker and Stanford in [12],
who showed that the Lyapunov exponent can be extracted by studying a
shockwave geometry in the bulk. We show that this shockwave computa-
tion can be understood in terms of a sound-wave excitation of the bulk
geometry. Since these excitations have a physical interpretation as hydro-
dynamical energy-energy correlation functions of the dual boundary theory,
we prove that for holographic theories the Lyapunov exponent and the
butterfly velocity characterize the response to an highly out-of-equilibrium
perturbation. We moreover identify the imprinting of quantum chaos in
the analytical properties of the energy-energy correlation function which
is now known as pole-skipping.

1.10.4 Chapter 5

In this last chapter we address an important question regarding the out-of-
time correlation function. We try to understand whether this correlation
function is independent of the way it gets regularised on the thermal
circle. This should have been one of the first questions to ask because
of the high interest of the community in this observable. Over the last
years, several authors have computed this correlation function using a
particular regularization, claiming a regularization independence of the
result. Drawing a comparison, it would be like computing a correlation
function in a gauge theory without verifying it is gauge independent.
Based on the results obtained in [138], we show both in weak and strongly
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coupled theories that the OTOC strongly depend on the regularization.
For the weak-coupling analysis we use the ¢* bosonic theory, while for
the strong coupling limit we focus on the SYK model. We explain why
this correlation function depends on the contour and we explain why most
of the investigations by other authors have overlooked this. This result
gives rise to the question of which of the correlation functions is physically
sensible. By using the kinetic theory results of the previous chapters, we
show that the only meaningful OTOC is the symmetrical one (separated
by half the thermal circle), which corresponds to a gross energy exchange.
All the other OTOCs correspond to kinetic equations which give too much
weight to either the gain or the loss terms in the collision integral. This
results indeed shows that the only meaningful OTOC (in QFT) is the one
for which a bound on the Lyapunov exponent has been proven.
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2 Quantum chaos in diluted
weakly coupled field theories

For perturbative scalar field theories, the late-time-limit of the out-of-time-
ordered correlation function that measures (quantum) chaos is shown to be
equal to a Boltzmann-type kinetic equation that measures the total gross
(instead of net) particle exchange between phase space cells, weighted by
a function of energy. This derivation gives a concrete form to numerous
attempts to derive chaotic many-body dynamics from ad hoc kinetic
equations. A period of exponential growth in the total gross exchange
determines the Lyapunov exponent of the chaotic system. Physically, the
exponential growth is a front propagating into an unstable state in phase
space. As in conventional Boltzmann transport, which follows from the
dynamics of the net particle number density exchange, the kernel of this
kinetic integral equation for chaos is also set by the 2-to-2 scattering rate.
This provides a mathematically precise statement of the known fact that
in dilute weakly coupled gases, transport and scrambling (or ergodicity)
are controlled by the same physics.!

2.1 Introduction

The weakly interacting dilute gas is one of the pillars of physics. It
provides a canonical example for the statistical foundation of thermody-
namics and its kinetic description—the Boltzmann equation—allows for a
computation of the collective transport properties from collisions of the
microscopic constituents. Historically, this provided the breakthrough
evidence in favor of the molecular theory of matter. A crucial point in
Boltzmann’s kinetic theory is the assumption of molecular chaos whereby
all n > 2 quasi-particle correlations are irrelevant due to diluteness and
the validity of ensemble averaging, i.e. ergodicity [127, 139-146]. However,
finding a precise quantitative probe of this underlying chaotic behavior in
many-body systems has been a notoriously difficult problem. In the past,

IThe contents of this chapter have been published in S. Grozdanov, K. E. Schalm and
V. Scopelliti, Phys.Rev. E 99 (2019) no.1, 012206.
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2 Quantum chaos in diluted weakly coupled field theories

phenomenological approaches positing a Boltzmann-like kinetic equation
(see e.g. [147]) have reproduced numerically computed properties of chaos,
such as the Lyapunov exponents, but a fundamental origin supporting this
approach is lacking.

A measure of chaos applicable to both weakly coupled (kinetic) and
strongly coupled quantum systems (without quasi-particles) is a period of
exponential growth of a thermal out-of-time-ordered correlator (OTOC):

C(t) = 6(t) (W (1), V()] W (1), V(0)])5 (2.1)

where W (t) and V' (0) are generic operators and 3 = 1/T. For example,
choosing W (t) = ¢(t), V(0) = p(0) = —ih%(m one immediately sees
that C(t) probes the dependence on initial conditions—and, hence, if this
dependence displays exponential growth, chaos. This OTOC was first
put forth in studies of quantum electron transport in weakly disordered
materials [148-150], which noted that in quantum systems the regime of
classical exponential growth cuts off at the so-called Ehrenfest time, and
of late, it has been used to detect exponential growth of perturbations
characteristic of chaos in strongly coupled quantum systems [12, 15, 16, 151].
This has led in turn to a reconsideration of this OTOC in weakly coupled
field theories [136, 152-157]. A strong impetus for this renewed interest
has been a possible connection between chaotic behavior and transport, in
particular, late-time diffusion (see e.g. recent [66, 128, 158-160]). Many
weakly coupled studies have indeed found such a connection. Intuitively,
this should not be a surprise. In weakly coupled particle-like theories,
chaotic short-time behavior is clearly set by successive uncorrelated 2-to-2
scatterings, but the dilute molecular chaos assumption in Boltzmann’s
kinetic theory shows that 2-to-2 scattering also determines the late-time
diffusive transport coefficients. A mathematically precise relation, however,
between chaos and transport in dilute perturbative systems did not exist.

In this chapter, we will provide this relation. We will show that a direct
analogue of the conventional Boltzmann transport equation, but where one
traces the total gross exchange between phase space cells weighted by an
energy factor, rather than net particle number density, computes the late-
time behavior of chaos in terms of the exponential growth of the OTOC
of a bosonic system before the Ehrenfest time. The resemblance between
the OTOC computation and kinetic equations was already noted in [152],
although with a different interpretation. Owur result is explicit in the
physical meaning of the kinetic equation for chaos and makes particularly
clear the relation between chaos and transport in dilute weakly coupled
theories, as the kernel in both cases is the 2-to-2 scattering cross-section,
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2.2 Boltzmann transport and chaos from a gross energy exchange kinetic equation

even though transport is a relaxational process and chaos an exponentially
divergent one. This OTOC-derived gross exchange equation shares many
of the salient features of the earlier postulated chaos-determining kinetic
equations [147, 161], explaining post facto why they obtained the correct
result.

2.2 Boltzmann transport and chaos from a
gross energy exchange kinetic equation

To exhibit the essence of the statement that chaos-driven ergodicity follows
from a gross exchange equation analogous to the Boltzmann equation, we
first construct this equation from first principles and show how it captures
the exponential growth of microscopic energy-weighted exchanges due to
inter-particle collisions. Then, in the next section, we derive this statement
from the late-time limit of the OTOC in perturbative quantum field theory.
Consider the linearized Boltzmann equation for the time dependence of
the change of particle number density per unit of phase space: dn(t,p) =
n(t,p) — n(Ep), where n(p) is the equilibrium Bose-Einstein distribution
n(p) = 1/(e?£®) — 1) that depends on the energy E(p).? In terms of the
_ontP) __ the linearized
n(p)(1+n(p)) °
Boltzmann equation is a homogeneous evolution equation for f(¢,p) (see
e.g. [162-164]):3

one-particle distribution function, f(t,p) =

0uf(t.p) =~ [ Lm0 1(ED). (22)
where the kernel of the collision integral

L(p.1) = —[R"(p.1) - RY(p,1)] (2.3)

measures the difference between the rates of scattering into the phase-space
cell and scattering out the phase space cell. The factor

R(p,1) = m / d¥(p, P2|P3; P4)
x (0(p3 —1) +d(ps—1)), (2.4)

2For simplicity, we assume spatial homogeneity of the gas with the energy E(p) and
think of all quantities as averaged over space, e.g. n(t,p) = [ dxn(t,x, p).
3 R : —_r.d¥p 1 = r.d' ivisti
In relativistic theories fp_f 3 3E() and fp =/f G For a non-relativistic

system, fp =f %, and similarly, [, = [d3z and [, = [ d*=.
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2 Quantum chaos in diluted weakly coupled field theories

counts increases of the local density by one unit. The factor

N _ 1
R (p’l)_n(p)(1+n(p))p p/p d¥(p, P2|P3; P4)

X (6(p—1) +6d(p2 - 1)), (2.5)

counts decreases of the number density by one unit. Here,

1
d2(p, P2|ps; p4) = n(p) n(p2) 5\7;p2—>p3p4|2

x (1+n(p3))(1 + n(pa))
x (2m)*6*(p + p2 — p3 — pa) (2.6)

With |Tpp,—psps|® the transition amplitude squared. By defining an inner
product

(Gl = / n(p)(1 + n(p))é* (0)6(p) (2.7)

one can use the symmetries of the cross-section dX(pi1,p2|ps,ps) =
d¥(p2, P1|P3, P4) = dX(P3, Pa|P1, P2) = dX(P1, P2|P4, P3) to show that
the operator L£(p,1) is not only Hermitian on this inner product, but also
positive semidefinite—all its eigenvalues are real and &, > 0. Hence, the
solutions to the Boltzmann equation are purely relaxational:

f(pat) = ZAne_Ent¢n(p)’ (28)

where ) formally stands for either a sum over discrete values or an
integral over a continuum (see e.g. [162-165]). Moreover, every & = 0
eigenvalue is associated with a symmetry and has an associated conserved
quantity—a collisional invariant.

Let us instead trace the total gross exchange, rather than the net flux,
by changing the sign of the outflow RY(p,1) in the kernel of the integral
L(p,1). A distribution function that follows from Eq. (5.4) with the
kernel L,,..(p,1) = — [R"(p,1) + RY(p,1)] counts additively the total in-
and out-flow of particles from a number density inside a unit of phase
space. However, this over-counts because the loss rate RY(p,1) consists
of a drag (self-energy) term, 2I'p, caused by the thermal environment —
the term proportional to d(p — 1) in Eq. (3.57) — in addition to a true
loss rate term, RV7 (p,1) = RY(p,1) — 2I'p,0(p —1). Only RYT changes the
number of particles in f(¢,p) due to deviations coming from f(¢,p # 1).
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2.2 Boltzmann transport and chaos from a gross energy exchange kinetic equation

Accounting for this, and changing only the sign of the true outflow, we
arrive at a gross exchange equation

8tfgross(t7p) = (29)

JIR @1+ R (0. = 4Tp5p = )] (11

The central result of this chapter is that tracking the time-evolution of
this gross exchange—weighted additionally by an odd function £(FE) of the
energy F to be specified below—is a microscopic kinetic measure of chaos
(or scrambling). It is thus quantified by the distribution fpx = E(E) faross
and governed by

Ocfex(t,p) = (2.10)
ElEy] A ,
/, E[EY] [ (p,1) + RY(p,1) = 4Tp0(p — 1)] fux(t,1).

Specifically, Eq. (2.10) can be derived from the late-time behavior of the
OTOC of local field operators in perturbative relativistic scalar quantum
field theories. The OTOC selects a specific functional £(F), such that in
the limit of high temperature, £(E) — 1/E. The distribution frx can
grow exponentially and indefinitely because the Hermitian operator

Lov(p.1) =~ £H(B(p.1) + B (p,]) ~ ATps(p - 1)) (211)
P

is no longer positive semi-definite. It permits a set of negative eigenvalues,
&m < 0, which characterize the exponential growth in the amount of gross
energy exchanged inside the system. This exponential evolution persists
to t — oo [156], so &, specify a subset of all Lyapunov exponents A, of
the many-body system, with Ap ., = —&,, by definition. Finally, since
choosing a different odd £(F) results in a similarity transformation of the
kernel, the spectrum of foroc equals the spectrum of fzx.

The above construction tremendously simplifies the computation of
the Lyapunov exponents for weakly interacting dilute systems. Beyond
providing a physically intuitive picture of chaos, it reduces the calculation
of Lyapunov exponents to a calculation of |Tpp,—paps|?, Which is entirely
determined by particle scattering. For example, in a theory of N x N
Hermitian massive scalars @y,
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2 Quantum chaos in diluted weakly coupled field theories

for which the transition probability appropriately traced over external
states equals

1
[Tiasal* =g (N? +5). (2.13)

Eq. (2.10) directly computes the Lyapunov exponents (see Fig. 2.1). In

the 8 — 0 limit, the leading exponent becomes

N 0.0257% 1 0.025 g*(N? 4 5)T?
BT sm 2 4 144m

In the large N limit, Eq. (5.47) recovers the explicit OTOC result of [152]
after correcting a factor of a 1/4 miscount (see Appendix 2.A).

| Ti2—34]? ~ (2.14)

2.3 A derivation of the gross exchange
kinetic equation from the OTOC

To set the stage, we first show how the linearized Boltzmann equation
(5.4) arises in quantum field theory, using the theory in Eq. (2.12) as an
example. The derivation is closely related to the Kadanoff-Baym quantum
kinetic equations [144, 166]. It builds on similar derivations in [101, 126,
167]. A complementary approach to the derivation here, which is closer
in spirit to the Kadanoff-Baym derivation, but makes the physics less
transparent, is the generalized OTOC contour quantum kinetic equation
of [153].

The one-particle distribution function f(¢,x,p) follows from the Wigner
transform of the bilocal operator

plz,p) = /eﬂ‘p'y Tr [@(z + y/2)@(z — y/2)]

= /e“”Tr [®(p+k/2)D(p — k/2)] . (2.15)
k
When the momentum is taken to be on shell, the Wigner function p(x, p)
becomes proportional to the relativistic one-particle operator-valued dis-
tribution function p(z, p, Ep) = n(x, p) [144]. The expectation value of
the scalar density is then (p)gs.

We now consider the linearized Boltzmann equation as a dynamical
equation for fluctuations dp(x,p) = n(p)(1 + n(p))f(x,p) in the bilocal
density operator:

[0z00(z — y)o(p — q) + L(z,ply, q)] op(y,q) = 0. (2.16)
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2.3 A derivation of the gross exchange kinetic equation from the OTOC

If the fluctuations are small, and the assumption of molecular chaos
holds, the central limit theorem implies that the two point function of the
fluctuations in the bilocal density is the Green’s function for the linearized
Boltzmann operator

iGY (x,ply, q) = 0(z° — y°)([6p(x,p), 5p(y, q)])
= [0p0d(z — y)3(p — q) + L(z,ply, q)] " (2.17)

Because the linearized Boltzmann equation is causal and purely relax-
ational, the two-point function in (5.80) is retarded. This implies that it
is possible to extract the collision integral of the linearized Boltzmann
equation directly from the analytic structure of the retarded Green’s func-
tion G% (x,ply, q). As a result, the eigenvalues of the Boltzmann equation
&, are also the locations of the poles of G%. This establishes a direct
connection between weakly coupled quantum field theory and quantum
kinetic theory. From the definition of p(k,p), Eq. (5.80) can be expressed
in terms of the connected* Schwinger-Keldysh (SK) four-point functions
(see Ref. [168]) of the microscopic fields G20 (k, p; €, q) = —GEE + Gy
where

GEE = i (Tr [@4(p + k/2)®1 (—p + k/2)]
X Tr [Ba(g + £/2)Ba(—q + /2)]) g e » (2.18)

and similarly for G 2. Here, ®; 5 denote the doubled fields on the forward
and backward contours of the SK path integral, respectively. In translation-
ally invariant systems, £ = —k. It is convenient to introduce the Keldysh
basis, ®, = ®; — &, and P, :%(CI)l + ®5). Then G% is a linear combina-
tion of 16 four-point functions Gu,asazay = 12" (Po, Py Py Pay,) With
a; = {a,r} and n,, counting the number of ; indices equal to r. In the
limit of small frequency and momenta, w = k% — 0 and k — 0, however,
it is only a single one of these four-point functions that contributes to the
final expression [133, 168, 169]:

lim G? (. alk) = — Tim 2F A ()G i
kll)% R(p7q| )__kli)r%)T (p) aarr(p7q| )
kO
=i BTN () N(¢°) (F (. ) F (0, —R)) . (2.19)

where N'(p°) = n(p°) (1 + n(p°)). The exact four-point function G%,,.,.(p, q|k)

aarr

obeys a system of Bethe-Salpeter equations (BSEs) that nevertheless still

4The disconnected part gives a product of the equilibrium one-point functions (p)g-
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2 Quantum chaos in diluted weakly coupled field theories

couples all 16 Go,asa50,- However, it turns out that in the limit of small
w and k, G, decouples and is governed by a single BSE [133, 168]:

aarr

arn (024lK) = Drap+ K) D () [z‘<2w>464 (0 — QN

- [, l)Gz:ma,qk)] , (2.20)
l

where Ay g, = —12" (D, P,,) is the Schwinger-Keldysh two-point
function and R™SP(p, () = d¥,,;/N(p°), with d¥,_,; the transition
probability of an off-shell particle with energy-momentum (p°, p) scattering
of the thermal bath to an off-shell particle with energy-momentum (1°,1).
Defining G#,..(p|k) = f Gt .r(psqlk), Eq. (2.20) reduces to

aarr(p|k) AV (p + k)Aar(p) |:ZN2

- [ Gur, 1) (221)

l

The product A,q(p + k)Aqr(p) has four poles with imaginary parts £il'p.
However, as £k — 0, only a contribution from two poles remains. This
pinching pole approximation, ubiquitous in the study of hydrodynamic
transport coefficients and spectra of finite temperature quantum field
theories [101, 168], gives

0
G 0l8) = - 0828 iy [ ey )G 1] 222

E —iw + 2I'p

To find the solution of the integral equation (2.22), we make the ansatz
whereby GZ ... (p|k) is supported on-shell:

Grarr(plk) = 0(pf — EZ)G' (plk). (2.23)
Hence,
12
s 1 _wmhN® 1
(—iw +2Tp)G’ (plk) E, | 2F,

X [R2 (p, Eylt, B + B (p, Eyl,—E)] G/ (K. (224)

5 pt __ sinh(8p°/2)
R ransp(p’e) ~ 7 sinh(B£0/2)
in [152]. Note that the R(I — p) in [152] is not the same as R" or RY used here.

R(l — p) where R(l — p) is the rung function computed
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2.3 A derivation of the gross exchange kinetic equation from the OTOC

It can be shown that ©

1 ans
5= B (P, Eplt, Br) = —R'(p.1) (2.25)
P

and [101, 133, 168]

1
57 B (p, Byl —En) = RY (p.1) = 2053(p — ). (2.26)
p

Thus, Eq. (2.24) is solved by

iTN? 1
Ep —iw— [[[R"(p,k) — RV(p,k)]

G (plk) = (2.27)

Hence, the spectrum of G/ (p|k® = w,k = 0) equals the spectrum of the
one-particle distribution f(¢, p) determined by the linearized Boltzmann
equation (5.4).

The derivation of the kinetic equation (2.10) for quantum chaos from
the OTOC now follows from an analogous line of arguments. The OTOC,

C(t) = —i/ke*““ / <[<I>ab(p+ k), ®f,, (=g — k)]

%[0, (=p). @arw ()]) - (2.28)

is a four-point function, which, as shown in [152], also obeys a BSE in the
limit of w — 0. Indicating with Goroc(p, gk, p + ¢ — k) the term inside
the integrals in Eq. (5.79), i.e. C(t) = [, e™™ Jy.q Goroc (v alk,p+q—k),
we define

G(plk) = /Qomc(p, qk,p+q—Fk). (2.29)
q

The correlator G (p|k) then obeys the following integral equation:

2 2
0o = Ep) [
By —iw+ 2T,

[ dM sinh(B4/2) s
/(277)4 sinh(ﬂpo/Q)R G(llk)|. (2.30)

6See Appendix 3.G in next chapter.

Gplk) =
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2 Quantum chaos in diluted weakly coupled field theories

Eq. (2.30) agrees with the result found in [152], even though it is expressed
here with different notation. The advantage of writing G(p|k) as in (2.30)
is that it makes transparent the similarities between G(p|k) and G e (DIK)
from Eq. (2.22), which governs transport. A priori, there is no reason to
expect G(p|k) and GZ,,..(p|k) to be related. Nevertheless, by comparing
(2.22) with (2.30), it is clear that in this calculation, the only difference
between the two BSE equations is the factor %
measure of the kernel of (2.30). As we will see in Section 2.4, this factor
is crucial for the fact that, while related, the spectra of G%,,..(p|k) and

aarr
G(p|k) are distinct: the spectrum of G7

appearing in the

*urr(D|K) only possesses relaxational
modes while G(p|k) exhibits exponentially growing modes which can be
associated with many-body quantum chaos.

To find a solution of Eq. (2.30), as in the case of Eq. (2.22), we again
introduce an on-shell ansatz G(p|k) = 6(p§ — E2)G™(p|k). This gives

(—iw +20p)G" (plk) = v / nh(fF2) 1
1

E, sinh(BEy/2) 2Ep

x (R (p, Bp|l, B1) — R™™P(p, Ep|l, —Er)) G"(l|k), (2.31)
where one of the signs in front of K is now reversed due to the fact that
factor % in the measure is an odd function of energy. Thus, the

spectrum of G (1|k), and hence, of the OTOC, equals the spectrum of the
following kinetic equation

[ sinh(BEy/2)
Ot foroc(t,p) = /lsmh(BE:,/Z)
x [R™(p,1) + RY(p,1) — 4T'p0(p — 1] foroo(t, 1), (2.32)

which precisely matches with the kinetic equation for the OTOC put for-
ward in Eq. (2.10), with £(Ep) = 1/sinh(8Ey/2), or limg_,¢ E(Ep)/E(EL) =
Ey/Ep. As noted there, this spectrum of Eq. (2.10) is in fact independent
of £(E) as long as the function £ is odd.

2.4 Results and discussion
In addition to greatly simplifying the computation of chaotic behavior
in dilute weakly interacting systems and providing a physical picture

for the meaning of many-body chaos, the gross energy exchange kinetic
equation recasting of the OTOC makes it conspicuously clear how in such
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2.4 Results and discussion

systems scrambling (or ergodicity) and transport are governed by the
same physics [128]. The kernel of the kinetic equation in both cases is the
2-t0-2 scattering cross-section. Nevertheless, the equations for fo;oc, Or
equivalently, frx, and f are subtly different, which allows for the crucial
qualitative difference: a chaotic, Lyapunov-type divergent growth of fgy
versus damped relaxation of f. Their spectra at k = 0 and small w are
presented in Figure 2.1. As already noted below Eq. (2.30), the two
off-shell late-time BSEs (2.22) and (2.30) are the same upon performing
the following identification:

G(plk) = Giarr (plR)/ sinh(Bp°/2). (2.33)

The most general solution to this BSE thus includes the information about
chaos and transport. However, the divergent modes (in time) of the OTOC
are projected out by the on-shell condition and thus do not contribute to
the correlators that compute transport. For example, the shear viscosity
71 can be inferred from the following retarded correlator (see e.g. [101]):

<sz(k), Tmy(—k»R = / DPxPydzdy Gl;%p(kj|p7 Q) ) (234)

p.q

where k = (w,0,0,k,). The integrals over p and ¢, together with the
on-shell condition, project out the odd modes in p° which govern chaos,
and transport is only sensitive to the even, stable modes [170].

The fact that, when off shell, the BSEs (2.22) and (2.30) can be mapped
onto each other is by itself a highly non-trivial result which opens several
questions. In particular, this observation seems to indicate that in some
cases, the information about scrambling and ergodicity, which has so far
been believed to be accessible only by studying a modified, extended SK
contour and OTOCs, can instead be addressed by a suitable analysis
of the analytic properties of correlation functions on the standard SK
contour. How our result implies such new analytical properties, remains
to be discovered. We remark, however, that studies in (holographic)
strongly coupled theories uncovered precisely this type of a relation between
hydrodynamic transport at an analytically continued imaginary momentum
and chaos. In particular, as we discovered in [128], chaos is encoded in
a vanishing residue (“pole-skipping”) of the retarded energy density two-
point function, which tightly constrains the behavior of the dispersion
relation of longitudinal (sound) hydrodynamic excitations. The same
imprint of chaos on properties of transport was later also observed in a
proposed effective (hydrodynamic) field theory of chaos [56]. Despite the
fact that it is at present unknown how general pole-skipping is and whether
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2 Quantum chaos in diluted weakly coupled field theories

other related analytic signatures of chaos in observables that characterize
transport exist, it may be possible that properties of many-body quantum
chaos in dilute weakly coupled theories are also uncoverable from transport,
as in strongly coupled theories [128]. We defer these questions to future
works.

The kinetic equation for many-body chaos, that we have derived here,
also gives concrete form to past attempts to do so, which were based on
a phenomenological ansatz that one should count additively the number
of collisions [147, 161]. In essence, that is also what our gross exchange
equation does. The exponential divergence can thus be understood as a
front propagation into unstable states [172]. This analogy was already
noted in [153] who derived a kinetic equation for chaos from the Dyson
equation for the 4 x 4 matrix of the four-contour SK Green’s functions. By
our arguments above that relate the poles of the OTOC to a dynamical
equation for foroc, the resulting equations in [153] should contain a
decoupled subsector that is equivalent to the kinetic equation derived here.

Finally, we wish to note that the small parameter that sets the Ehrenfest
time and controls the regime of exponential growth in the OTOC in all
these systems is the perturbative small 't Hooft coupling A = g>N. The
BSE from which the kinetic equation is derived is formally equivalent to a
differential equation of the type

d
(dt —g4N2L> f=NZ2. (2.35)
This is solved by
1 g*N2Lt
f= “iL +epe . (2.36)

The Ehrenfest (or scrambling) time, where the exponential becomes of
order of the constant term, is therefore

1 4
tsc/,’- = m ln(l/g LCO). (237)

For small ¢2, this can be an appreciable timescale for any value of N, and
there is no need for a large N number of species.
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Figure 2.1: The spectra of the kernel £(p,1) for the linearized Boltzmann equation (and
also of (T*¥(k.), T"Y(—k.)) g, cf. Eq. (2.34)) (top left) and of the kernel Lgx (p,1) for the
kinetic equation for the OTOC (top right) are plotted over the complex w plane and in the
limit of Bm — 0. In the lower half of the complex w plane, there is a dense sequence of
numerically obtained poles. In both spectra, these poles are believed to be the signature of
a branch cut. See [170] and also [121, 122, 165, 171]. In the upper half of the complex w
plane, only the kernel Lgx (p,1) has distinct poles which are identified with the Lyapunov
exponents, as explained below equation (2.11). The dependence of these two Lyapunov
exponents and the branch cuts on Sm is depicted in the inlay (bottom). For large values of
Bm, the Lyapunov exponents decay exponentially. The plots are obtained by diagonalizing
the kernels of the integral equations (2.20) and (2.32) after a discretization with N = 1000
grid points on the domain p € [m/N, N x m]. The discretization is not uniform. This is
done in order for the diagonalization to appropriately account for the contributions of both
the soft momenta and collinear momenta p & 1, which are not negligible even when both
p and 1 are large [101, 133]. The finite size of the branch cuts, i.e. its end point for large
Im(w), is related to finite domain of the discretization procedure.
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2 Quantum chaos in diluted weakly coupled field theories

2.A Diagrammatic expansion of |72 ,34]* in
the theory of N x N Hermitian matrix
scalars

Here, we present the diagrammatic expansion and the relevant combinato-
rial factors for each of the diagrams that enter into the 2-to-2 transition
amplitude |T12-,34| in the theory of N x N Hermitian matrix scalars (9).
The square of the 2-to-2 transition amplitude, |T12_34|%, is the square of
the amputated connected four-point function. At lowest non-trivial order:

For N = 1 the theory is just scalar ¢* theory and the answer is straight-
forward: |Ti2_.34]% = g*.

For N > 1 theory, the actual amplitude we wish to compute is addition-
ally traced over the external indices, since,

== [ | (#ato )2l o 0]
X[‘l’lb(—p),%b' (q)]> : (2.38)

The way that the matrix indices need to be contracted is across the cut.
An easy way to see this from the free non-interacting result: C(t)g2—¢ =

G%b’Cdch,ab;R. Graphically,
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S

Above the arrows denote momentum-flow. We are interested in the way
the weight changes as a function of N.

To find this answer, we use that Hermitian matrices span the adjoint of
U(N). Following 't Hooft, one can then use double line notation in terms
of fundamental N-“charges”. Using this double line notation, the vertex

equals.

One needs to connect the two vertices across the cut, and then contract,
i.e. trace over the external indices, in all possible ways. We will do so
step-wise.

Consider first the transition probability. Connecting the first leg across
the cut is unambiguous, i.e., each possible choice gives the same answer:

Ny
2\

Contracting the next line, however, gives rise to in-equivalent possibilities,
each with the same weight w. They are

2

‘7-12—>34|2 =
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2 Quantum chaos in diluted weakly coupled field theories

|Ti2—34]? = w?

=
A

X
L

Now, multiplying out the various combinations, each of the six indepen-
dent combinations can be contracted in two ways over the external indices.
As a result, we obtain the following set of twelve independent diagrams.

Diagram 1 with weight N* and multiplicity 1:

T
IOK
Ao

Diagram 2 with weight N2 and multiplicity 1:

Diagram 3 with weight N2 and multiplicity 2 (a crossterm diagram):
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i

Diagram 4 with weight N2 and multiplicity 2 (a crossterm diagram).
It equals Diagram 3 mirrored across the horizontal axis:

o)

Diagram 5 with weight N2 and multiplicity 2 (a crossterm diagram):

¢

Diagram 6 with weight N2 and multiplicity 2 (a crossterm diagram):

¢

Diagram 7 with weight N* and multiplicity 1:
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2 Quantum chaos in diluted weakly coupled field theories

@

Diagram 8 with weight N2 and multiplicity 1:

Jodl

Diagram 9 with weight N2 and multiplicity 2 (a crossterm diagram):

X

Diagram 10 with weight N? and multiplicity 2 (a crossterm diagram).
It equals Diagram 9 mirrored across the horizontal axis:

2

Diagram 11 with weight N* and multiplicity 1:

N
KX

<

i~

42



2.A Diagrammatic expansion of | Ti2_,34|? in the theory of N x N Hermitian matrix scalars

Diagram 12 with weight N2 and multiplicity 1:

5 5
4 4

In total, we thus have three diagrams with weights N4, each with
multiplicity 1. Moreover, we have nine diagrams with weights N2, three
of which have multiplicity 1, and six have multiplicity 2. This gives us a
total relative weight of

weight = 3N* 4 15N2. (2.39)

The transition probability therefore equals

1
T |Ti2534]% = w?(3N? 4 15) . (2.40)

By demanding that this expression reproduces the result for N =1 (the
theory of a single real scalar field), we find w? = g*/18. The total transition
probability is therefore

1 4
T [ Timsaal = £ (N2 +5). (2.41)

which we used in the kinetic theory prediction, i.e. in Eq. (10), to give us
the leading Lyapunov exponent Ay,.
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3 Towards the Quantum
Critical Point

In weakly coupled or large N QFTs, we show the existence of an analytical
relation between the off-shell out-of-time ordered correlation function
(OTOC) and the correlation function which determines hydrodynamic
transport. We explicitly exhibit such relation for a ¢* matrix model and for
systems close to a quantum critical point (QCP), respectively the bosonic
O(N) vector model and the Gross-Neveu model in (2+1) dimensions. This
result opens a new and precise direction to understand how information
is scrambled in QFTs and which imprints this leaves on the physics of
the long-lived excitations governed by hydrodynamics. A Boltzmann-like
interpretation of many-body quantum chaos readily follows from this result,
showing that also in the quantum critical regime many-body chaos can be
understood as the counting of a gross (energy) exchange.

3.1 Introduction

Traditionally the QBE is obtained from the statistical two-point function
[125-127],. The starting point of our results is that it is possible to obtain
the linearized QBE in a very clean way from a 4-point function.

This 4-point function must also be resummed; this resummation is
expressed in terms of a BSE which, in the spatial homogeneous case and
long time limit (w — 0), reads

it fw,p) = 553 — E2) (1 - Rmnsp(p,nf(w,m) RS

where f(w,p) = fq f(w,p,q). Once on-shell, the kernel R¥#P reproduces

exactly the collision operator C. All the information about the relaxation
times, eventual branch cuts and hydrodynamic and non hydrodynamical
modes are intrinsically hidden in R'rasP,
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3 Towards the Quantum Critical Point

The similarity of this equation with the BSE for chaos,

—iw C(w,p) = 6(pg — E3) (1 + /ZROTOC(p,l)C(w,l)) , (3.2)

is not coincidental. We can now summarize the most important results
of this chapter. We show that, for a broad class of theories, ¢* matrix
model, (bosonic) vector model in (2 + 1) dimension and the Gross-Neveu
model in (24 1) dimensions (for fermions), the linearised kinetic operator,
Rtra“p(p, 1), is analytically related to the kernel of the BSE of the OTOC
(3.31), ROTOC(p, 1), as follows

ROTOC(p’ Z) _ sinh(ﬁpo/Q)_l Rtransp(p, l) Slnh(ﬁlo/Q) bosons, (33)

ROTOC(p. 1) = cosh(Bpo/2) " R™P(p, 1) cosh(Bly/2) fermions.
(3.4)

This form in which we wrote (3.3) moreover makes clear that the relation
is nothing but a similarity transformation which naively preserves the
spectrum and other properties, even though the OTOC should have expo-
nentially growing modes while the QBE only relaxing ones. The correct
eigenvalues for either chaos or Boltzmann transport are only obtained
after a projection out of some eigenvectors.

For the QBE, these precisely project out the growing modes whereas
the OTOC contains the complementary spectrum. As our models are
sufficiently generic, we are confident to put forward that this holds for all
perturbative QFTs.

This is the significant finding we wish to present. Naively, the full physics
of scrambling is encoded in ROTOC (p,1) and most of the hydrodynamical
transport physics is encoded in Rtransp (p,1), but in truth they are literally
the same. This relation has a profound meaning and should be considered
as a starting point for any further attempt to find imprints of ergodicity in
the hydrodynamic spectrum. Moreover, as we show in the present chapter,
(3.3) not only holds for the ¢* model, but also for models which describe
the physics above a QCP, where there are no quasiparticle excitations.
Therefore this is a quite general result for weakly coupled systems or
systems studied in the large N limit.

Our presentation of the results (3.3) starts in section 3.2, where we
show some formal similarities between the out-of-time ordered correlation
function and the correlation function which defines transport. Those
similarities can be summarized in two fundamental properties:

1 using the real time formalism, with a doubling of fields, by performing
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the Keldysh rotation of the fields, only one of the 2% correlation
functions contributes to the late time limit;

2 the BSE a priori couples all different 2* Keldysh components of the
correlation function; in the late time limit a single 4-point function
decouples and the BSE can be written in closed form.

For the case of transport, those results were shown in a series of papers
first by Jeon [101], then in real time formalism by Wang and Heinz [113,
114] and later in the imaginary time formalism by Valle Basagoiti [115].
In section 3.2.2 we prove (1) for the OTOC, and in section 3.2.3 (2). In
each case we only do so for N x N matrix scalar ¢* field theory, but the
results clearly extend to the other models.

In section 3.3 we review the derivation of the quantum Boltzmann
equation. We summarize what the complementary solution is and argue
that this other kinetic equation is a kinetic equation for chaos. In the
following sections, we will give the full background for the connection
between scrambling and transport. We show how this works for a bosonic
O(N) vector model in 2 + 1 dimensions and for the Gross-Neveu model in
(2 + 1) dimension, respectively in section 3.4 and 3.5. Moreover we show
that the relations (3.3) hold even in the proximity of the QCP. We do this
by computing in both systems the BSE for transport and comparing the
results with the studies of the OTOC performed in [136, 137].

At the end of sections 3.4 and 3.5 we derive from the BSE the kinetic
theory equations both from chaos and transport. We prove that, in both
cases, they agree with the kinetic equations for quantum chaos agree stated
in section 3.3. Moreover, we show that the OTOC can be obtain from the
transport BSE simply by a different choice of boundary conditions (and
vice versa).

3.2 Hydrodynamic transport at weak
coupling and scrambling: formal
similarities

In this section we show some formal similarities ((1) and (2) in the above

discussion) between the out-of-time-order correlation function and the late

time limit of the density-density correlation functions, which are used to
describe transport.
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3 Towards the Quantum Critical Point

3.2.1 Relevant correlation function for transport in
the hydrodynamic regime

The Wigner transform of the scalar density operator

pla.p) = / a'ye 6 (x+2) o (2 1), (3.5)

corresponds to the quantum field theory analogue of the single particle
distribution function which appears in the Boltzmann equation. Obviously
[ dp p(x,p) = ¢*(x). If we write the Fourier transform of (3.5) with respect
to the coordinate z, we see that

p(k,p) = ¢(p+ k/2)p(—p + k/2). (3.6)

Generally, all currents can be constructed out of this bilocal density
operator. Consider for instance the contribution 0;¢0;¢ that appears in
the spatial components of the stress-energy tensor operator

Fl0i90,)(k) = / d'p (p + ) $(p + k) py(—p); (3.7)

this can be written in terms of the Wigner transform defined above,

Floig0;0)(k) = / d'p (p + k) p; plkyp + /2)
= / d*p (p+k/2); (p— k/2); p(k,p). (3.8)

This shows that, for i # j we can express the stress energy tensor as

T (k) = / d'p (p + K/2)' (p — /2 p(k.p). (3.9)

In QFT, correlation functions can be obtained as variations of the path
integral with respect to external sources. Such variation provides a well
defined time ordering. When studying out-of-equilibrium physics, a conve-
nient technique is given by the Schwinger-Keldysh path integral [173-176],
which doubles the time branch and involves both time-ordered and anti
time-ordered contributions (see Fig. 3.1 for the finite temperature case).
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Im]¢]

@

A

—Zﬂ

Figure 3.1: The Schwinger-Keldysh time contour includes two real time branches that are
respectively labelled as 1 and 2. Correlation functions on this contour are always contour-
ordered as shown by the arrows. Operators inserted in the branch 1 are time-ordered, while
operators inserted in branch 2 are anti time-ordered.

By construction, the retarded Green’s function of the stress energy tensor
Gg’lm(x,y) is
il ” "
Gzl% m(x7y) = Glljl m(x7y) - Glljz m(x’ Y), (3‘10)

where the subscripts 1,2 label the time branch where the stress-energy
tensor is inserted. In Fourier transform, (3.10) is

G (k, —k) = GEy™ (b, =) = G (=) (311)

We can now easily show that the retarded Green’s function of the non-
diagonal component of the stress-energy tensor is related to the retarded
Green’s function of the operator (3.5). By using (3.9), we have

— G (k, —k) = (T (K)TI™ (—k)) — (T5™ (= k)T} (k)) (3.12)
- / dipdiq (p+ k/2)i (0 — k/2); (g — k/2)1 (@ + k/2)m
x ((p1(k, p)p1(=k,q)) — (p2(=Fk,q)p1(k, D)),

with ¢ # j and m # n. We remind the reader that the correlation functions
are always contour-ordered along the Keldysh contour, this explains the
ordering T4 (—k)T}’ (k) in the expectation value. We can recast (3.12) in
the more readable form

G k) = / d'pdq (p+k/2);i (p = k/2); (0 = k/2)1 (4 + K/2)m
X G%p(]ﬂp, q)
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3 Towards the Quantum Critical Point

The Kubo formula for shear viscosity involves the correlation functions of
the shear channel components of the stress-energy tensor. For this reason,
we choose the external momentum in the z direction, k = (ko, 0,0, k),
andi=]l=zand j=m=y

G (k, —k) = / d*pd*q pepya.a, GY (klp. ). (3.13)

By definition (indicating with Tsx the contour ordering)

iGY (klp,q) = (Tsk [91(p + k)p1(—p)p1(—q — k)1 (q)]) (3.14)
—(Tsk [¢1(p + k)p1(=p)p2(—q — k)p2(q)])
= —i(Gunu(p+k,—p,—q¢—k,q) — Grio2(p + k, —p, —q — k, q)).

The previous expression states that the G% (k|p,q) corresponds to the
difference of two 4-point functions. In order to simplify (3.14), we can try
to perform a Keldysh rotation,

01+ P
= 5
to basis where Gr = G, and Ga = Gg,. After such rotation, the right-
hand-side of (3.14) contains the linear combination of 2* = 16 correlation
functions.

However, in the limit of vanishing w = ko and k = (0,0, k,), Wang and
Heinz showed in [113] that, for any bosonic field theory, the following holds

Gllll(p + ka —Db, —q — ka q) - G1122(p + k7 —Db, —q — k7 q) (316)

w—0 1

1 «
=~ Z(Nquk - Nq)Grma(pv qlk) = Z(Np - NPJrk)Gaarr(pvq‘k)'

¢r d)a = d)l - ¢2, (315)

In the long time limit in which we are interested, the retarded 2-point
function of the bilocal density operator, written in terms of fundamental
fields in the Keldysh basis, G% (k|p, ), thus assumes the simple form:

1
G’I)?p(k|p7 Q) = Z(Nq - Nquk)Grraa(pv(I‘k)

1 *
= Z(NPJrk _Np)Gaarr(p7q|k)' (317)

3.2.2 Decoupling of the OTOC in the extended
Schwinger-Keldysh formalism

In this section we show how a similar simplification applies to the OTOC by
using an extended version of the real time formalism of QFT. Considering
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3.2 Hydrodynamic transport and scrambling: formal similarities

an hermitian operator O, we will focus on the following out-of time
correlation function

O(t,x) = (p/2[0(1,%),0(0.0)]p"[0(1.%),00,0))).  (3.18)
Imlt] Tmlt]
0 - Relf] — Relt]
—if —if

a) b)

Figure 3.2: The different time contours. a) is the standard time contour in Schwinger
Keldysh; b) is the extended contour necessary to compute the OTOC.

By expanding the commutators in (3.18), a new type of contribution
appears besides the two-time ordered terms. The two terms are

—(p'?0(t,%)0(0,0))p'/20(t,x)0(0,0))) — [(t,x) < (0,0)].  (3.19)

In order to include these new terms, the contour of the path integral
depicted in Fig. 3.1 has to be modified as shown in Fig. 3.2 b), by adding
another time fold.

To preserve the ordering in the out-of-time correlation function,

C(z,y,w,z) =([0(x), OY)|[O(w), O(2)]) = (O(x)O(y)O(w)O(2))
+(0(y)0(z)0(2)O(w)) = (O(y)O(x)O(w)O(2))
—(0(@)0(y)0(2)O(w)), (3.20)

we need to insert the operators in the correct branch. Labelling the 4
branches of the modified contour as in Fig. 3.3,

then (3.20) can be rewritten as

C(J}7 Yy, w, Z) 204321(1', Yy, w, Z) + 03412(.T, Yy, w, Z) - 03421(‘1:? Yy, w, Z)
— OB (2, y,w, 2). (3.21)
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Figure 3.3: The insertions on the extended Keldysh contour can be labelled with an index
i=1,..,4.

In the last line, we have used the fact that, in the Schwinger-Keldysh
formalism, correlation functions are contour-ordered. This means that the
operator inserted in branch 4 will always appear on the most left side of
the correlator. For example, as shown in fig. 3.4,

C**2(z,y,w, 2) = (Tsk[0s(2)04(y) O1(w) O2(2)])
= (0(y)O(x)0(2)O(w)). (3.22)
Now we can perform the standard Keldysh rotation pairwise in the space

of the operators, namely independently rotating the fields in the first and
second time-fold,

_01+ 0

OT 9 5 Oa = 01 — 02; (323)
On = w, Oa= 05— O (3.24)

Subscripts (a,r) are the Keldysh indices of the first time fold and (A, R)
of the second time-fold. The basis change is implemented by the following
block-diagonal matrix

@ e e

Then, the commutator-squared (3.21) can be expressed as follows

Cla,y,w,2z) = (QQ* — Q** Q") (QVQ" — Q1Q*>)
x CPY (. y,w, 2). (3.26)
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3.2 Hydrodynamic transport and scrambling: formal similarities

. O(w)
I oz

. O
4 O(y) ‘

Figure 3.4: The evaluation of correlation functions is such that the insertions on the ex-
tended Keldysh contour are always contour ordered in the SK path integral.

Clearly, because of the block-diagonal structure of the @ matrix, the only
non vanishing contribution is for («, 8) = {(A, R), (R, A)} and (v,d) =
{(a,r),(r,a)}. So
4C(z,y,w, 2) =CBA™ (2,4 w, 2) + CARY (1,9, w, 2) — CRAY (2,9, w, 2)
_ C«Aﬁ’,ra(a77 Y, w, Z)
= Oz, w,y, 2) + CA (2,0, 2) — CFA (2w, y, 2)
— CcATRa (g w,y, 2). (3.27)
So far we studied the correlator square with arbitrary insertions (z,y, w, 2).
The commutator-squared is defined by the choice w = z and y = z = 0.

For this choice, rotating back to the old basis, it is possible to show that,
for any t, it holds !

CRAAT (3 2,0,0) = CA™E(z, 2,0,0) = 0. (3.28)

The previous results remarkably simplifies the form of the commutator-
squared

4C(z,0,2,0) = CErda(z 2.0,0) + CA*F" (2, 2,0,0). (3.29)

Equation (3.29) makes clear that the OTOC can in general be split into
two channels, according to the sign of the time argument. Indeed it is
possible to show that

CBraa(e x,0,0) = 0(z°)CFr 49z, ,0,0),

CABr (3 2,0,0) = §(—2°)CA " (1, 2,0, 0).

1This result is reminiscent of the fact that the product of the advanced and the
retarded Greens functions with the same time argument is zero
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3 Towards the Quantum Critical Point

If we are interested in the late time regime of the OTOC, with t > 0, we
can simply focus on the C®4¢(z, x,0,0). Consequently we can restrict
our analysis to f(x) = CEr4%(z,2,0,0) and

£ = [ e f@) = [ ercm e m0,0)
= / elkmpimp)eglrday, by ps, pa)(2m)* 64 (p1 + p2 + p3 + pa)
Z,P1,P2,P3,P4
= / CRrAY(p 4k, —p, —q — k. q). (3.30)
Pq

Thus the computation of OTOC reduces to the study of the 4-point
function on a modified SK contour

f(k) = / CRr A9y, gl ), (3.31)

where, for brevity, we indicated (p, ¢|k) = (p+k, —p, —q—k, ¢). Comparing
(3.31) with (3.17), we observe that the commutator square resembles an
analytical continuation of the G% (k|p, q) in the long time limit. Let us
also observe that, by consistently reshuffling the momenta and the SK
indices in the integral, we obtain

f) = [ CFraap gk = / CARr(p g k). (3.32)
prq prq

We will use (3.32) as a consistency check for our results.

In order to compute (3.31), we shall need some further knowledge of
the structure of the Green’s functions in this extended SK path integral.
We first define the correlation functions in this extended SK contour as
follows

Gay.ap (X1, -y Tn) = (_i)n_lwt‘?K[O(xl)m~-~O(xn)an]> (3.33)
where the index a; runs over the time brannches, a; = 1,...,4. After

performing the rotation to the Keldysh basis, the correlation functions
read

Goy..op (X1, xp) = (—z’)"_12"'”_12"3_1 (Tsk[0O(x1)ay--O(xn)a,]),

and n, and ng count respectively the the r and R indices among {a;}.
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3.2 Hydrodynamic transport and scrambling: formal similarities

We now specialize to the bosonic case. It can be shown that

an(k) = GRA(k)y
GRra(k) = Gra(k) =0,
Gar(k) = GAR(k)a
1 g0
Grr(k) = 5" 2N (k) = 1) [Gra(k) = Gar (k)]
1
Grr(k) = 5e (N (K) +1) [Gra(k) = Gar (K]
with N(k°) = 1 + 2np(k°), ng(k®) being the Bose-Einstein distribu-
tion function np(k’) = —4—. Moreover, since e®*"/2(N(k0) — 1) =

esk0 —1

e’BkO/Q(N(kO) + 1), the (rR) and (Rr) components are all same

G’I”R(k) = GRr(k)a
GT‘R(_k) = GRT(]C) = GTR(k)

In this extended Keldysh basis, the set of Green’s functions can be sum-
marized as follows

[ Gap | G1
o-(Glo), -
with
_ Gr'r Gra _ G’I“R 0 _ GRT 0
Gaﬁ(Gar Gaa>’ G < 0 0>’ G2< 0 o)'

(3.35)

Furthermore, many properties in this contour are remnant of the canonical
SK path integral. By using that any n-point function with only « indices
vanishes in standard SK, it is easy to see that any n-point functions with
at least an index A (a), but without a R (r), vanishes. An example of this
statement is the following

GAAa3a4 (I7 Y, w, Z) = C;’AO‘SAOC4 (Ia y,w, Z) = GA&3Q4A(':Ca Yy, w, Z)
(3.36)

= GaSAAa4(l‘7yaw7 Z) = GasAa4A(xa Yy, w, Z) = Ga3o¢4AA(x’y, w, Z) = 0?

if (a3, aq) € {a,r}.
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3 Towards the Quantum Critical Point

3.2.3 Decoupling of the OTOC BSE: ¢* matrix model
example

The framework presented in the previous section is valid for any bosonic
theory and can be easily generalized to the fermionic case. We shall stay
with the bosonic theory, however. We will now show that the BSE that
determines the exact expression for GE4%(p, q|k) (3.31) remains a closed
equation in the late time limit, decoupling from all the other Green’s
functions. We will specialize to the case of N x N Hermitian massive
scalars @45, with a ®* interaction in (3 + 1) dimensions. The Lagrangian
we are considering is

1 1 m? '
B (2( ) 2( ) 2 4! ) (8:37)

We are interested in the the following class of 4-point functions

G1029304 (p, qlk) = 2" N (Tore[@sh (p+ k) ok (—p)giy (—a — k)ohe (a)-
(3.38)

This correlation function satisfies the following Bethe-Salpeter equation

G (p, glk) = G (p+ KGO (p)(2m) 0 (p =) (3.39)

1
— iGalﬁl (p + k)GQQ’Yl (_p) /Kﬂl’hﬁzﬂm (pa l|k)GB4’Y4a3a4 (l7 Q|k)
l

where the indices run on a = {a,r}. (3.39) represents a nested set of
equations which couples all the 2% correlation function. In order to compute
hydrodynamical transport coefficients, as shear viscosity 7, only G""** and
its complex conjugate are needed. In the hydrodynamical limit, k — 0
and k° = w — 0, this coupled system of BSE also considerably simplifies
and the relevant components, G,rqq and Gy, decouple [114, 168]. In
this limit, a crucial role is played by the pinching-poles approximation,
which we discuss in Appendix 3.D. Building on the results for a purely
scalar field [113, 169], for any values of N the BSE reads [44]

G (p, qlk) =G (p + k)G (—p) (3.40)

X |:i(27T)454(p _ L]) _ /]%traunsp(p7 l) Gaarr(l’ q|]€)
l
where the kernel is

9" N2 +5 1+n(l)
26 1+ n(p?)) /ln(so)(1+”<50_10+P0))p(8)p((;?1l1;rp>.

Rtransp (p7 l) —
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3.2 Hydrodynamic transport and scrambling: formal similarities

S d

A

\
A

Figure 3.5: In the computation of the OTOC, each vertex insertion (V) can be inserted in
one of the 4 time branches. The insertions in the same fold is already taken into account
by using the dressed Green’s functions on the rails. The new contribution comes from the
insertions in the different folds.

The factor in front of the kernel is the two-to-two particle scattering
amplitude %|’7’2H2|2 = %N 26"'5, which indeed reduce to the standard
|T2—2|? = g* for the single scalar case (N = 1). If we are interested in
computing the OTOC, the BSE (3.39) does not change form. We simply
take the indices in 2-fold contour o = {a,r, A, R} and we need to evaluate

the expression for the kernel Kg,~,8,~,-

N2 +5
Ka151a454 (p,l‘k) = T)\ala20430¢4>\5152ﬁ3ﬁ4 /Gﬁ2a2 (S)Gﬁyls (S*ler)v
(3.42)
with
1—(—=1)"
>\a1a2a3Q4 = 92 (4 7) . (343)

Each vertex can be inserted in only 2 of the 4 branches (either 1,2 or 3,4).
This means that the indices {a, as, a3, ay} need to be either {A, R} or
{a,r}, as for example shown in fig. 3.5.

Now let’s specialise the BSE to the commutator squared (3.31). The BSE
becomes

G A (p, qlk) = iG™ (p + k)G (—p) (21) 8" (p — q) +

1
= 3G P+ )G (—p) /l Ko proass (0 1)C™ A1 k), (3.44)

57



3 Towards the Quantum Critical Point

which simplifies with the use of the relations (3.36),

. ra 1 o TP1
GIrAa(p, k) = iG" (p+k)G (=p)(2m)'6" (p—a) =5 G" (p+h) G (—

x /(nglm(p, 1|k)CTrAa(1, qk) + Koy yrr(p, 1K) CTHA(1, g|K)) -
l
(3.45)

Focusing on first term in (3.45), the possible choices for the indices are

a1 € {A,R,7} and B; € {a,r, R} since, expanding the product GF*1G™1,

few terms vanish due to the identities G** = G"™ = 0 . Moreover, from
the definition of the kernel (3.42), Ku 80,8, = 0 if a1 and a4 or By
and 4 belong to different time folds. This reduces the combinations to
a1 € {A,R} and 3y € {a,r}. By using Kgrrr = Krarr = Karrr =0, we
can furthermore simplify the first term in (3.45)

G+ )G (=) [ Ko . IRYCT™ (1 ) =

GPA(p 4+ B)G(— / K aarr (p, LK) CE™A9(1glk).  (3.46)

In a similar manner, it is possible to show that the second term in (3.45)
vanishes

G (p+ )G (=p) [ Kaypron(p IYCT ™41 ) =

GP" (p + k)G (— / Kopert(p, 1[K)CRA9(1 glk) = 0. (3.47)
This means that the BSE for the OTOC is the following
G A% (p, qlk) =G" (p+ k)G (—p) <i(27f)454 (p—q) (3.48)
1 RrAa
- 5 KAaRT(pa”k)C (Z7Q|k) .
l

Thus, the kernel of the BSE is simply given by the product of Wightman

o8
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3.3 Kinetic theory of many-body chaos

functions connecting the two time folds

1 4,N?2+5
9 6

KAaRr(p7l|k) = /GRT(S)GRT(Sfl#»p)

N?+5 50
— g g [ns0) (14 (s ~ o+ p)p(s)ols — L+ ).
(3.49)
The BSE of the commutator squared eventually reads
G (p,qlk) = GT (p + k)G (—p) (i(2ﬂ)454 (r—aq) (3.50)

- / ROTOC( 1) FrAa, q|k>>

l

and

2
ROTOC(p, 1) = g4N1;— 5€ﬁ(zﬂ_po)/2 (3.51)

x / n(s0)(1 4+ n(so — o + po))p()p(s — L + p).

Our derivation of the Gr4¢ which is summarized by equations (3.50)
and (3.51), is valid for any N, even N = 1. Similarly to the case of
transport, the BSE for the commutator squared decoupled, even though
a priori the RHS of the BSE couples all the 4% 4-point functions. By
comparing (3.40) and (3.41) with (3.50) and (3.51), we can easily see that

OTOC _ Slnh(ﬂlo/2> rans
ROT (1) = mRt P(p,1). (3.52)

We observe that the term e#(°=?")/2 is remnant of the regularization,
as it comes from e"(lo’po), o being the time width of the extended SK
path integral. For an analysis of the consequences of the regularization
dependence of the OTOC, we refer to chapter 5.

3.3 Kinetic theory of many-body chaos

In the previous section we have shown that, although a priori very different,
once the late time limit is taken the commutator squared and the retarded
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3 Towards the Quantum Critical Point

Green’s function of the bilocal density field have many properties in
common. In this section we make this connection more precise, within the
quantum Boltzmann equation framework.

The BSE for the correlation function of the bilocal density operator
is the QFT analogue of the Boltzmann equation. It was already noted
in the literature that the collision integral entered the form of the BSE
[101, 110, 126] and that it can be used to compute transport coefficients
through Kubo relations. We reviewed this above. We now show that
the BSE not only contains the collisional integral, but by appropriately
retaining the first order in the external frequency, the BSE is nothing but
the Fourier transform of the Boltzmann equation. This result, which is
by itself of interest, acquires more appeal in light of the findings of the
previous sections, namely the connection between the BSE that defines the
OTOC and the BSE of the bilocal density operator. This thus allows us to
derive the kinetic equation for many-body chaos which reproduces exactly
the computation of the OTOC, and thus the Lyapunov spectrum. This
kinetic equation shows that the OTOC, so the scrambling of information
in a system, computes some gross (energy) exchange in contrast to net
number exchange for transport.

In the subsequent sections we shall show that, since the relation holds
also in the quantum critical limit of both bosonic and fermionic states, our
kinetic equation unequivocally implies that, even in this critical regime,
energy dynamics plays a crucial role in the information scrambling.

3.3.1 Quick review of the Boltzmann equation

The Boltzmann equation governs the time evolution of the single-particle
distribution function f(p,r,t). In terms of the change of particle number
density per unit of phase space: én(t,p) = n(t, p) —n(Ep), the distribution
function can be expressed as

on(t,p)

HEP) = A @)n(e)

(3.53)

where n(p) is the equilibrium Bose-Einstein distribution n(p) = 1/(e?F®)—
1) which depends on the energy of the on-shell particle E(p). Here we
restrict the analysis to the spatially homogeneous case and consider all
quantities as space-averaged (e.g. n(t,p) = [dxn(t,x,p)). Moreover we
focus only on the contribution given by the two-to-two scattering to the
dynamics of the phase-space. Higher order contributions require to go
beyond the uncrossed ladder approximation, and we will not consider
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3.3 Kinetic theory of many-body chaos

this case. The linearized Boltzmann equation is a homogeneous evolution
equation for f(t,p) (see e.g. [162-164]):

atf 7p /[’ pa a a (354)
where the kernel of the collision integral

L(p,1) = - [R"(p,1) = R"(p,])] (3.55)

measures the difference between the rates of scattering into the phase-
space cell and scattering out the phase space cell. The term R takes into
account the increases of the local density by scattering with a thermal
excitation and it reads

1

BeD = S T nm))

[ a5(.palpa.pi) (5ps 1) + 3(ps - ).
P2,P3,P4
(3.56)
The factor RY(p,1), instead, involves the loss of the density in the phase
cell occurred by the annihilation into the thermal bath or scattering from
the bath into the same cell

1

B = i nm)

| = e.palpa.p) (30~ )+ 62 - 1).

P2,P3,P4

(3.57)
Here, the infinitesimal cross section is weighted with the phase space
contribution given by the equilibrium distribution function ((ng) for
initial states and (1 + npg) for final states)

d¥(p, p2|ps, P1) = %Iﬁpﬁpgmlz n(p)n(p2) (1 +n(p3))(1 + n(ps))
x (27)* 6% (p 4+ p2 — p3 —pa) (3.58)

and | Tpp,—psps | the two-to-two transition amplitude squared. Some of
the spectral properties of the Boltzmann equation can be studied by
introducing the following inner product

W) = / n(p)(L + ()" (D). (3.59)

2To make the formula easier to read, we indicate with f f (2w)4 and f =

A (277)3 2E(p) for relativistic theories. For a non-relativistic system, f =[4 (277)3'

Similarly, [, = [d*z and [, = [d3=.
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3 Towards the Quantum Critical Point

By using the symmetries of the cross-section

dY(p1, P2|P3, P4) = dX(P2, P1|P3, P4) = dX(P3, P4|P1, P2)
= dX(p1,P2|P4, P3) (3.60)

it is possible to show that the operator £(p,1) is not only Hermitian on
this inner product, but also positive semidefinite. This in turn means
that all its eigenvalues are real and &, > 0 and that the solutions to the
Boltzmann equation are purely relaxational:

f(pt) =Y Ane ' (p). (3.61)

In the previous equation we have formally indicated with ) either a sum
over discrete values or an integral over a continuum (see e.g. [162-165]).
Another remarkable property of the spectrum is that every & = 0 eigenvalue
corresponds to a symmetry and hence an associated conserved quantity (a
collisional invariant). For the bosonic/fermionic field theory, the kinetic
equation thus takes the form

1 (2#)454(p05 1 pg® — 195 — p4os)‘7'|2
1 +ng/r(p) /1,p2,p4 2Ep
x np/p(Ep,)(1 £ np,r(E1)(1 £ np,r(E4))f(1,t)
B 1/2 / (2m)*6* (p™ 4 1°° — pa® — pa®)|T|?
1£n5/r(P) J1.ps.pa 2E,
xnp/r(E1)(1£np/r(Ep,))(1 £ np/r(Ea))f(1,t)
B 1/2 / (2m)*6% (p™ 4 1°° — pa® — ps®)|T |2
L+np/r(P) Ji.psps 2Ep

x np/p(E1)(1£np/r(Ep,))(1 £ np/r(Es))f(p, 1)
(3.62)

atf(th) =+

where we denoted with p® = (Ep, p) the on-shell momenta and
54 (P* 4 p2” — 17 — ps®) =6%(p” + p2* — 1° — p4*)
X 6(Ep + Ep, — E1 — Ep,).
The first line corresponds to the gain term R"(p,1),

1 2 454 os os _]os _ os 2
1:': nB/F(p) P2,P4 4EPE1
X np/r(Epy)(1 £ np r(E1)(1 £np/r(Es)), (3.63)
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3.3 Kinetic theory of many-body chaos

while the second and third line correspond to the loss term RY(p,1)
_ 1/2 (2m)464 (P + 195 — P — pyg®)| T2
~1+ng/r(p) /p%m 4E,Fy
xnp/p(E1)(L£np/r(Ep,))(1 £ np/r(Es))
" 1/2 / (2m)16* (p* + 1°° — pa® — pa®)|T|?
1:|:nB/F(p) P2.p4 4EL,Ey
xnp/r(E1))(1E£npg/p(Ep,))(1 £np/r(Es)). (3.64)

Moreover, we will see that the second term in R is proportional the
imaginary part of the self energy 21'p.

RY(p,1)

3.3.2 From the BSE to the quantum Boltzmann
equation

We now show how the quantum Boltzmann equation (3.62) can be derived
from the BSE. For the sake of clarity, we first focus on the theory of
N x N Hermitian matrix scalars. We then prove this results for the
case of the bosonic O(N) vector model (section 3.4) and the Gross-Neveu
model (section 3.5). We start with the BSE for the 4-point Green’s
function G;,,..(p + k, p) which, up to some thermal factor, coincides with
G (p+ k,p) as stated in (3.17). In the long wavelength and late time
limit, k = (w,0) and w — 0, this correlation function satisfies the following
BSE [44, 113]

G:arr(p + k,p> = GR(p + k)GA(p) |:7'N2 - /Rtransp(p’ Z)G:an(l + k) Z) ’
l
(3.65)

where G'g /o are respectively the retarded/advanced Green’s function and
R'215P i5 the kernel of the BSE. Because of the long time limit, the
product Gr(p + k)G (p) suffers of the pinching-pole singularity, and can
be approximated as follows 3

7w o(p§ — Ep)

Gr(p+k)Galp) = & T o
P P

(3.66)

The BSE has thus the form
m 0(pf — Bp)

G, k,p) =
aam“(p+ JP) Ep 77;&.} + 2Fp

{ZNQ - / RSP (p, )Gy (L4 1) |
l
(3.67)

3For a discussion about the pinching-pole singularity, see Appendix 3.D.
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3 Towards the Quantum Critical Point
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Figure 3.6: Pictorial representation of the linearised Boltzmann equation. The blue halo
indicates the out of equilibrium distribution function, while the red the equilibrium distri-
bution function.

In order to find the solution, we can pose an ansatz. We realize that
the choice can be narrowed down to two different classes. They are

GZarr(p + k7p) = Gl (UJ, p)(s(po - Ep) + G2(w7 P)(S(po + Ep) (368)
Let’s focus on the ansatz with plus,
G:;arr(p + kap) = Gl(wv p)é(po - EP) + GQ(w7 p)(s(po + EP) (369)

We now show that this choice of ansatz for G7,,,.. is correct, since it projects
the solution into the physical subspace of relaxing modes described by the
quantum Boltzmann equation. Substituting (3.69) into the BSE, we arrive

to the following system of equations

B R
(—iw +2I'p)G1(p,w) = 2E2 iN / (27)3 4B, Fy (3:70)
(RtransP (p, Epl|l, E1)G1 (L, w) + Rtranse (p; Epll, —E1)G2(1,w)),
T dl 1
i 4 O = iN?— [ 7l
(—iw + p)GQ(pvw) QEIQ)Z / (2m)3 4EL By (371

(R (p, —Ep |1, B))G1 (1, w) + R™™P(p, — Ep|l, — F1)Ga(1,w)).
By using the symmetries of the kernel,
RSP (p —E |1, By) = R (p, Ep|l, —E)), (3.72)

we can define the variables G*(p,w) = G1(p,w) & Go(p,w) which satisfy
the following equations
dl 1

(—iw + 2T'p)GE(p,w) + / (27m)3 4B )y

(RtranSp(p,Ep“,E]) + RtranSp(p,Ep‘l, —El))Gi(l,UJ) — %ZNZ(l + 1)
P

(3.73)
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3.3 Kinetic theory of many-body chaos

The physical correlation function G%,,, corresponds to the solution G*.

Indeed, as we show in Appendix 3.G for the case of N x N hermitian
matrix field (and in the following sections for the O(NN) vector model and
the GN model), the terms appearing in the on-shell BSE kernel of G* can
be identified with the gain and loss terms of the collision integral of the
Boltzmann equation

1

R(p,1) = FEIRMHSP(REHL Ey), (3.74)
P
1

RY(p,1) = 1E. B, RSP (p, Epl|l, —Ey) 4 2(27)%6°(p — Y. (3.75)
P

Thus, by comparing (3.74) and (3.75) to (3.73), G* can be formally solved
as

1 s
+ I S
G"(p,w) = {—iw#—ﬁ(p,l)] %ZN , (3.76)

the operator L£(p,1) being the collision integral of the Boltzmann equation
(3.55)

‘C(pv 1) = _(RA(pa 1) - RY (p7 1))7 (377)

as depicted in fig. 3.6. This equation, in the strict w = 0 limit, equals the
equation used in [101] to find the shear viscosity. Its spectrum is negative
definite and gives the relaxation times of the theory. This proves our
statement that the quantum Boltzmann equation can be derived from the
BSE of the retarded Green’s function of the bilocal density operator G-
Moreover, from (3.76), we can deduce that the poles/branch cuts of G§’
corresponds to the relaxation times/branch cuts of the theory we can be
easily addressed in this framework.

3.3.3 The Quantum Boltzmann equation for
many-body chaos

In the previous section we have shown that, starting from the BSE for G¢’,
the solution is found by an appropriate choice of ansatz (plus in (3.68))
and it reproduces the quantum Boltzmann equation. We now want to
study the physics of the other solution of the same BSE, corresponding to
the minus in the ansatz (3.68). We show that the latter exactly reproduces
the commutator squared correlation function.

65



3 Towards the Quantum Critical Point
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Figure 3.7: Pictorial representation of kinetic equation for the OTOC. The blue halo indi-
cates the out of equilibrium distribution function, while the red the equilibrium distribution
function.

By choosing a minus in (3.68), we obtain the following system of equation

T dl 1
—i 2r = 5N~ | s '
( w + p)Gl(p,w) QEFQ)Z / (27‘()3 4EpEl (3 78)
(R™P (p, B, F1)Gi1(1,0) — R (p, By|l, ~ )G (1,w)),
} e A1
(—iw + 2I'p) G2 (p,w) = 2E2 iN / (27)3 4B, Fy (3:79)

(=R™"°P(p, —Epl, E1)G1(1,w) + R™P(p, —Epll, —E1) G2 (1, w)).
As before, we can define G4 (p,w) = G1(p,w) = Ga2(p,w) which satisfy

dl 1
( w + 2Fp)G (p7UJ) + / (271')3 4EpEl

x (R™*P(p, E |1, By) — RSP (p, Ep|l, —E))GE(1,w) = %iNQ(l F1).
P

(3.80)

Since the commutator squared has an inhomogeneous term, the physical
out-of-time correlation function f(¢,p) corresponds to the solution G~. Tt
can be formally written as

- 1 T . 9
G~ (p,w) = {M’(p,l)] E—gzN . (3.81)

In order to find the Lyapunov exponent(s), one usually study the poles of
G~ . The operator L'(p,1) is

£'(p,1) :/ (2(;{:)34;})5 (3.82)

(Rtransp(p7 Ep|17 El) _ Rtransp(p’ Ep|17 _El))f(l) —2I'p f(p)
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3.4 Bosonic O(N) vector model at the quantum critical regime

By using the same results of the previous section, (3.74) and (3.75), we can
now give a clear interpretation to the physics captured by the Lyapunov
exponent, which are the eigenvalue of the linearized collision integral L',

£/(pa 1) = *(R/\ (p> 1) + Rv(pa l) - 4(27(')363(p - I)Fp)v (383)

depicted in fig. 3.7. Compared to the previous result for transport (3.77),
here the kernel contains a sign difference which encodes the microscopic
dynamics of scrambling, i.e. the OTOC counts the gross number of collision
compared to the the net energy in the collision tracked by the standard
quantum Boltzmann equation.

In order to understand the generality of our results, in the next sections
we will focus on systems close to a quantum critical point, where the effects
of entanglement and long range interaction becomes more important.

3.4 Bosonic O(N) vector model at the
quantum critical regime

In this section we provide further detailed evidences in support of our
findings. We will show that our results even extend into the quantum
critical regime. We focus on vector models with N components real fields
¢o in (24 1) dimensions. Provided with a O(N) symmetry, these theories
have a quantum phase transition (QPT) at zero temperature [61], between
the disordered phase with vanishing vacuum expectation value , (¢,) = 0,
and the order symmetry breaking phase (¢,) # 0. They capture the
relevant long wavelength degrees of freedom of many physical systems,
such as the superfluid to bosonic Mott insulator transition [177] (realised
for N = 2) and the paramagnet to Heisenberg antiferromagnet (N = 3)
[17, 178, 179]. Although on both sides of the QCP the system is described
by quasiparticle excitations, the finite temperature regime directly above
the QPT diagram, often referred to as quantum critical regime, does not
have such excitations. This observation might lead the reader to think
that the kinetic theory developed in the previous section does not apply,
since the pillar of kinetic theory is indeed the existence of quasiparticles.

This objection is too quick. Firstly, we stress that our results concerns
hydrodynamical correlation functions. The kinetic theory limit can be
considered as providing a microscopic picture of the physics underlying the
curious relation between hydrodynamical transport correlation functions
and out-of-time correlation functions, but this connection needs not to
be limited to this case. Secondly and more concretely, in their seminal
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3 Towards the Quantum Critical Point

paper [124], Damle and Sachdev showed that one can use kinetic theory
approaches in the quantum critical regime, despite the fact that there are
no quasiparticle excitations. If we are interested in the dc conductivities,
w = 0, at the quantum critical point, where by definition T = 0, there are
two opposite limit that could be considered: the T = 0, w — 0 coherent and
collisionless regime, and the w = 0, T' — 0 incoherent, collision-dominated
and hydrodynamic regime. They showed that the coherent regime does not
yield the correct response, since the process considered are not relevant
for the physical properties of the QCP. Instead, it is the hydrodynamic
collision-dominated regime that provides the correct description of the dc
conductivities and of transport. Moreover, such properties can be obtained
by means of the Boltzmann equation, in a regime with quasiparticles and
by continuity must hold in the non quasiparticle regime as well. As it is a
collision-dominated regime, the collision integral plays the major role.
Now we can turn to our findings. In a recent paper [136], Chowdhury
and Swingle studied scrambling in these theories, focusing particularly
on the region of the phase diagram above the QCP. We will now review
some of their findings and explain how they fit in the framework we have
introduced in this chapter and [44]. The Lagrangian of the theory is

1 21)2N2
ﬁfwa2N(%g>, (3.84)

where v > 0 is the self interaction coupling strength and and g > 0. In
the strong coupling limit, corresponding to v — oo, the 2+1 dimensional
theory is a conformal QFT. By introducing an Hubbard-Stratonovich field,
A(t,x), to decouple the quartic term , the action becomes

Lo e AEX) (o NN AGLX)?
£= 5002 + 5o~ (% g)+ o (3.85)

In order to probe the onset of chaos, the authors studied the squared
commutator

C(t7 X) = _% Z Tr [p1/2[¢a(t’ X)7 ¢b][)1/2[¢a <t7 X)a ¢b] . (3'86)
a,b

)

The retarded and Wightman correlation functions involving the ¢ fields
are

GR(t’ X)(sab = 7i0(t)<[¢a(ta X)> ¢b]> = 719(15)’.[‘1‘ (p[d)a(tv X)> (rbb]) ’
il (t3)0 = Tr (p26a(t: 300" 264(0) )
Gw (t,x)0ap = Tr (pa(t, x)P6(0)) -
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3.4 Bosonic O(N) vector model at the quantum critical regime

The spectral function of the ¢ field, as usual related to the imaginary part
of the retarded correlator, in the large N limit is

p(w, k) = —2Im[GR (w, k)] = El((s(w —E) - 0w+ Ey),  (3.87)
k
with Fy)? = k? + p2, u being the thermal mass. The Wightman function
is also intimately related to the spectral function, as follows

__ plwk)
2sinh(Bw/2)’

The Hubbard-Stratonovich field Green’s functions in Euclidean time, which

we will refer to with a A subscript, in momentum space reads

_ 1

C —1/4v — (iw,, k)

and TI(iwy, k) is the one loop ¢; bubble in Euclidean time. The retarded

Green’s function can be obtained by analytic continuation of the Euclidean

one, Gp(w, k) = —Gg \(iw, = w+ i€, k). IIg(w, k) is obtained by the

standard analytic continuation

Gw (w, k) (3.88)

G (iwn, k) (3.89)

g (w, k) = H(iw, — w+i07, k), (3.90)
with )
I (iwy,, k) = 3 I G (iwp, + i) G (iwy). (3.91)
Vi Kk

The Wightman function is

3/2 _ pwk) e gy
GW,)\(ka) = 9sinh(Bw/2) sinh(Bw/2) e W,)\(ka)a (3.92)
where
Gihrw, k) = (14 n(w))pa (@, k). (3.93)

To study the quantum critical regime, we will have to take the strong
coupling limit, v — 0o, in which the expression for the retarded Green’s
function of the Hubbard-Stratonovich field simplifies

1

GR,/\(UJ7 k) = m7

(3.94)

and the spectral density of the Hubbard-Stratonovich field can be approxi-
mated as

(3.95)

PA(w,k)2Im{ ! } 2Im [ITg]

Or(w.k)|  Im[[g)2 + Re [g]>
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—— - -

a) b)

Figure 3.8: The contributions to the kernel of the OTOC. a) corresponds to G, while b)
corresponds to Gesy in (3.96).

The derivation of the Bethe-Salpeter equation for C' (3.86) is given in
[136] and the result is

Cw,p) = Grlk — p)Gr() [1+ Jrrcmncwn|. e

whose kernel is given by the Wightman propagator of the auxiliary field
and by

1
ROTOC(p,1) = N(Gev/,i(l —p) + Gess(l,p), (3.97)

Gups(lp) = /l GI2(W — PG - GAMGHT).  (3.98)

Similarly to the matrix model (3.66), in the low frequency limit k£ = (w, 0)
and w — 0, the product Gr(k — p)Gr(p) can be approximated with [136]

T O(pf — EIQ))
CGrlk = P)OR(P) Mo Ty oy

(3.99)
so the BSE (3.96) reads

&l
(2m)?

By evaluating the delta function, (3.100) becomes

ROTOC(p. HC(I|w). (3.100)

(i 2Mp)C(pke) = 003~ ) /

(—iw + 2T'p)C(w, p) (3.101)
B 1 0TOC OTOC _ - T
7 RO o BIEL) + ROy pl = B D)C.) = 57
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3.4 Bosonic O(N) vector model at the quantum critical regime

3.4.1 Transport in the O(N) vector model with the
2PI formalism

By computing the transport in this model we will show that , also in this
case, there exists a mapping between the kernels of the OTOC and the
kernels of transport,

OTOoC _ Slnh(ﬂlo/2) rans
R0 = GGt @), (3.102)

and that the interpretation of scrambling in terms of the kinetic theory
equation depicted in fig. 3.7 holds also in the region above the quantum
critical point.

Besides the methods we have already mentioned, i.e. the use of the
finite temperature optical theorem by Jeon, and the more compact use of
Schwinger-Keldysh formalism by Heinz and Wang, there is another way to
approach the problem and it is by means of the two-particle irreducible
2P1 effective action. The advantage of using this effective action is that,
at the first non trivial truncation in the large N, or in weak coupling, it
automatically provides the proper resummation of the relevant diagrams
[117, 134, 180]. Moreover it can be proved that, in presence of gauge fields,
the result obtained does not depend on the gauge fixing term and respects
the Ward identities [116, 181]. In the present chapter we will focus only
on a self-interacting spin-0 and spin-1/2 fields, but this formalism allows
quite easily a generalization to gauge theories. We will use this method
here.

In this section we will closely follow [134], though with the Lagrangian
(3.84) in (2 + 1) dimensions. The effective action in the bosonic case can
be parametrized as follows [182]

I[G] = %TrlnG’l + %Tr G5H(G — Go) + 1[G, (3.103)

where the 2PI part I's[G] can be expanded in 1/N. For the model consid-
ered, (3.84), the expansion is [182]

[2[G] = To[G]5C + To[GIVEC + ... (3.104)

where the leading and the next to the leading order terms are depicted in
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3 Towards the Quantum Critical Point

a) b)

Figure 3.9: The contributions to the 2PI effective action in the 1/N expansion. a) is the
leading order contribution in 1/N and b) the next-to-the leading order.

fig. 3.9 and corresponds to the terms

T,[G]20 = f% G (2, ) G (2, ) (3.105)
. . . 2 . 3 .
wio _ dqy | vy (div Nt (NN
Is[G] = 2Tr N I1 (N H) <N H) ] = 2TrlnB.
(3.106)

In (3.106) the bubble diagram II(x,y), depicted in 3.10, is

I(z,y) = %Gab(x, Y)Gab(,y), (3.107)

and we defined the auxiliary bilocal field B(z, y) as follows

B(z,y) = de(z —y) + %” T(z, y). (3.108)

The inverse of B(z,y) has a very intuitive physical meaning: by defining

9
D(a,y) =~ Bla.y)”! (3.109)
and using the identity fy B(z,y)B(y,2)"! = 6c(z — 2), we readily obtain
that the correlator D,which we will now refer to as auxiliary field, satisfies

the following equation, depicted in fig. 3.11,

4iv

Dla,y) = 2 (5(1; ) /Zn(x,z)p(z,y)> . (3.110)

From the effective action (3.104) and the corresponding large N expansion
(3.105), we can obtain the integral equation for the truncated 4-point
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3.4 Bosonic O(N) vector model at the quantum critical regime

Figure 3.10: The bubble diagram II(z, y) contributions to the 2PI effective action in the
1/N expansion.

function
F(4) ol ) = A A
ab;cd(x’y’x ’y) - ab;Cd(xayax 7y)
1 4
T3 / Aab;ef($> Yy, w, Z)Gee/ (wa ’LU/)fo' (Z’ Z/)Fi/}"cd<w/7 Z/; xlv yl>
2 ww’zz’ ’

(3.111)

The previous expression is quite general and can be used both in Imagi-
nary Time Formalism (ITF) and in the Closed Time Path (CTP) formalism,
without any restriction on the number of time folds. So, by properly adding
the indices that parametrize the SK contour, the previous equation gives
the BSE for any time-ordered or out-of-time ordered correlation function in
the large N expansion for a bosonic theory. By imposing the extremization
of the effective action (3.173), we obtain the Schwinger-Dyson equation

G;bl (33, y) - G()_,(llb(xa y) - Zab(xa y)a (3112)
with the free propagator being
Gaib(as, y) = —0ap(0y + 402 /g%)0% (x — y). (3.113)

The self-energies are defined as functional derivatives of the 2PI effective
action (3.104) with respect to the bilocal field Ggp

ol [G]

Ea b == 2‘7,
(@) =25 )

(3.114)

and the kernels of the (3.111) can be obtained by a further functional
derivative with respect to G

62@()('73 y)
Aap 2l y) = = A1
ab,cd(xvyvx Y ) 5ch(1’/»y/) (3 5)
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3 Towards the Quantum Critical Point

____________ x + ——mmm e

Figure 3.11: The diagrammatic recursive expression of the propagator D(z,y) (3.110).

Up to this point, the expressions are still in real time and the BSE
for the amputated 4-point function (3.111) is very lengthy and contains
several terms. Nevertheless, since we are interested in the late time physics,
most of these terms are negligible. This statement is the equivalent to
the pinching pole approximation. In order to use it, it is convenient to
move into momentum space and use the Matsubara formalisms, for which
an analogue of the pinching pole approximation was derived in [115]. In
momentum space, the correlation function is

1

G(iwn, p) = .
(ieon w%+p2+4g—;+2(iwmp)

(3.116)

The self energy contributions are computed using (3.114) and read

YO (iwp, p) = 2v I G (ivm, k) (3.117)
Vm Kk

SNLO (i, p) = — i G (iwn, + iV, p + k) D(ivy, k). (3.118)
Vm ,k

The correlation function D is obtained by inverting the (3.110), choosing
the Matsubara contour and going into momentum space

1
D(iwy,p) = - . (3.119)
_4ﬁ - H(Zw'm p)
Finally, the bubble diagram is
N
M(iw,,p) = ) I G(iwn + i, p + k)G(ivn, k). (3.120)

Vim Kk

From now on we will use the following convention: with capital case
momenta we indicate momenta in imaginary time formalism, P = (iw,, p),
where w,, = 2mnT is the Matsubara frequency. With lower case, instead, we
indicate momenta after the analytic continuation to Lorentzian signature.
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3.4 Bosonic O(N) vector model at the quantum critical regime

The amputated 4-point function is related to 3-point vertex function by
the following identity

Pa(P+Q P) =205+ /1 G(L+QGLITY, (L, P;Q)  (3.121)

By inserting the BSE for the T

cc.qb INEO the previous expression, we obtain
a BSE for the 3-point vertex

Tup(P4+Q, P) = 25ab+% 3 /1 GLAQ)T ) (L4+Q, L)G (L) Auap. (3.122)

Parametrizing the vertex as
Lap(P+Q,P) =20aI'(P + Q, P) (3.123)

we can thus derive the BSE for the diagonal part I'(P + @, P) by simply
substituting the previous expression in (3.122) and contracting with d4p

MP+Q.P) =1+ 55 Y [ G+ QI+ QLG Aol L. PQ)

(3.124)
By means of (3.115), the leading and next-to-leading order contribution
to the kernel of the integral equation are

4u

Aca:an(L, P;Q) = — N5ab5cd + (0acpd + 0qadve)D(L — P)
+ 20450.aD(R)D(R+ Q)G(L — R)G(R — P),
whose diagonal parts, depicted in fig. 3.12, are
ALO (L, P;Q) = —4uN,

cc;aa

ANLO(1, P.Q) = 2ND(L — P) +2N?D(R)D(R + Q)G(L — R)G(R — P).

cc;aa

First, in order to compare with the results of [136], we observe that it is
convenient to take the NV dependence out of D in (3.119) and of the bubble
loop in (3.120), D — D/N and II — NII. The correlation functions
of the auxiliary field D are identical to the correlation functions of the
Hubbard-Stratonovich field A of the Lagrangian (3.85), as can be see by
comparing (3.89) and (3.91) with (3.119) and (3.120)

D(iwn, p) = G (iwn, P). (3.125)
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3 Towards the Quantum Critical Point

—— - -

a) b) c)

Figure 3.12: The contributions to the kernel of the 4-point function in the 2PI formalism.
a) corresponds to ALO (L, P;Q), while b) and ¢) to the two terms in ANLO(L, P;Q). As

ceiaa ceiaa
we will show, a) will be subleading with respect to b) and ¢) after the analytic continuation
to real frequencies.

Moreover, we include the factor of 1/2 in front of the kernels (3.124) and
we have

AO(L,P;Q) = JAEG,. (L, PiQ) =~ 20N,

ANEO(L, P;Q) = SANEQ(L, P Q) =Ga(L ~ P)
+ GA(R)GA(R + Q)G(L — R)G(R — P).

The BSE for the 3-point vertex has thus the form

[(P+Q,P) = 1+% > /IG(L—i—Q)I‘(L—i-Q, L)G(L) [A*© + ANEO(L, P; Q)] .

(3.126)
Now, we multiply the bare vertex I" with the propagators in the loop, as
depicted in fig 3.13, which in Euclidean is

/G’(p +q,p) = i G(ipn + iVn', i) |iv. ) —sgorio+
P

Pn,P
= i G(ipn, + )T (ipn + iy, ipn) G (ipr)

Pn;P

v, —qo+io+-  (3.127)

This function satisfies the following BSE, which can be obtained from
(3.126),

G(P + Q,P) =G(P + Q)G(P) (3.128)

1+ }VZ/IG(LHQ,L) [ARO + ANEO(L, P Q)] | -
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3.4 Bosonic O(N) vector model at the quantum critical regime

P+Q

P

Figure 3.13: Diagrammatic representation of the full correlator G as a function of the
vertex 3-point function I'(P + Q, P).

This integral equation is still expressed in imaginary time and it has to be
analytically continued after performing the Matsubara sum. Following the
techniques developped in [115, 183], and described in Appendix 3.E, we
obtain the following result

G(p+4q,p) =Gr(p+9)Ga(p) (3.129)

L - % /l(”(lo —po) = n(lo))AVC(Lp)G(U +q. 1) |,

where

ANEO(1 p) = pr(1 - p) + / (n(po — s0) — nlo — 50))p(p — 8)p(l — 5)
X GR7)\(S)GA7)\(S)- (3.130)

A closer look to the (3.129) shows that the leading order rung, Ach;Oaa ,
does not contribute to the BSE in real time. This is because the ACLC;OM
does not contain any pinching-pole singularity and it is subleading with
respect to ANLO  As shown in appendix 3.B, massaging the product

cc;aa *

(n(ly — po) — n(lo))ANLO (1, p) gives a kernel

nB(lo)
ng(po)

X |:G§\1(l —p) + /G12(p - S)Ggl(l — S)GR,)\(S)GA,)\(S):| .

(n(lo = po) — n(lo))AN*C (1, p) =

(3.131)

Thus the BSE for transport is

G(p+q,p) = Gr(p+q)Galp) {1 + /lR“a“SP(l,p)é(l +q, l)] . (3.132)
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3 Towards the Quantum Critical Point

with
:i nB(lo)
N np(po)

X |:G§1(l - p) + /Gu(p - S)GQl(l — S)GR)\(S)GA)\(S) .

Rtransp (p’ l) (3133)

Now we want to compare it with the kernel of the OTOC (3.97). By
using (3.92) and

Gﬂ/Q(l —p) = e—ﬁ(b—m)ﬂg%(; —p) = eﬁ(lo—Po)/QG‘l/I%(l —p), (3.134)
we obtain that the kernel R"#%P and the kernel ROTOC(l, p) are related

by the simple relation

OTOC _ M transp
R (I,p) = Sinh(ﬂpom)}z (1,p), (3.135)

which proves our claim. Substituting the previous relation into the on-shell
BSE for chaos, we obtain the following equation

sinh(BE/2) 1

—i or — 1
(Ziw+20p)C(w, p) /1 Sinh(3E,/2) 4B, E, (8-136)
™
< (R, pl 1) — R (B p| = 11, 1)))Cle]) = 5o
P

Similarly to section 3.3.2, we can find the following solution for the BSE
for G(p + ¢, p) (3.132)

. = 1
ans . ~ T
X (Rtrdnhp(EIN p|El7 1) + Rtranbp(Epa p| - E17 1)))G(W, 1) = 2E2°
P

In the next section we explore the kinetic theory limit of both BSEs.

3.4.2 Kinetic theory analysis

In this section we show how the different the sign in (3.136) and (3.137)
corresponds to a different counting in the collision integral of the kinetic
equation, as depicted respectively in fig. 3.7 and fig. 3.6. We write the
kernel (3.130) as follows

AN (1, ) = pa(r=p)+ () =n(sO = +1°)p(Dp(r—p+) |G a1
l (3.138)
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3.4 Bosonic O(N) vector model at the quantum critical regime

The imaginary part of the bosonic self-energy is given by (3.120) after
performing the Matsubara sum and taking the analytical continuation to
obtain the retarded bubble

Imllg(r —p) = —i /L(n(lo) —n(r® —p° +1°)p(p(r —p+1). (3.139)
Since
pA(p) = —2Imllg x(p)|Gr,r(P)|?, (3.140)

by inserting [,, 6°(r + 1 — 1" — p), (3.138) becomes

AV p) = /l () = ()G R =) +1Crmlr ~ )P

+|Gar(r+ D).
(3.141)

We recognize the term inside parenthesis as the (off-shell) scattering
amplitude for the process (r,1) — (p,l'), as depicted in fig. 3.14

1
Tty i = N(|GA,R(7‘—P)|2+|GA,R(7”—ZI)\2+|GA,R(7“+1)|2), (3.142)
and we can rewrite the kernel as

ANEO (1, p) = g/l,w’) = n(I)pOp) Tl (3.143)

Now we express the kernel of the on-shell BSE for chaos (3.136) and
transport (3.137) gain and loss processes. Thus we focus on

1
——— (R™*™P(E,, p|Ey, 1) &+ R™#™P(E, E 3.144
4EPE1( ( pap‘ I ) ( Pap| I ))) ( )

Using the definition of RSP (3.133) we obtain

/11/ 2; (n(Br — Ep) = n(E))(n(Er) — n(Ev))d(Er + Er — Ep — Ey)

%(\GAR(E Ep)|? + |Ga r(Ee — Ev)* + |G r(Er + E1)[?)
+ % /11, %( (Er —|—Ep) — n(Er))(n(El) — TL(—E]!))(S(El + By — Ep — Er)
x (1 (B + Bp)? +1Gnn(Bx — Bv)P? +1Gn,n(Bx — E)?).

(3.145)
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3 Towards the Quantum Critical Point

r p

a) b) c)

Figure 3.14: The contributions to the kernel of the kinetic equation of the creation of a
particle with momentum p, first line in eq. (3.147).

By using the identities satisfied by the Bose-Einstein distribution function
and listed in Appendix 3.B, we can rewrite the previous expression as
follows

1
1+ n(Ep)

1
X N(\GA,R(E} — Ep)|2 + |G r(Er — E1')|2 +|Grr(Er + E1)|2)+

/“/ 2517 n(Ev)(1+ n(Ey))(1+ n(Er))d(Ey + E1 — Ep — Ev)

T - +17{(2Ep) /“/ 2;pn(Er)(1 (B + n(Ev)S(Ey + By — By — Ee)
1

(IGx r(Ex — E1)[* + |G r(Er — Ev)|* 4 |G r(Ex + Ep) ).
(3.146

N

By comparison with (3.62), it is clear that the first two lines of (3.146)
correspond to RI%" while the third and fourth lines of (3.146) are identical
to the second line of (3.62).

1 1
1"'”7(Ep) /r’“, En(Ey)(l +n(Ey)) (1 +n(Er))d(Er + By — Ep — Ev)

Ty

+ - +17~{(2Ep) /Ll,l, 2;13 n(E)(1 + n(E)) (1 + n(Ev))S(Ey + By — Ey — Ey)

I Terpy—s@in|?- (3.147)

In order to complete the analysis of the BSE, we need to understand
the 2T, contribution in (3.136) and (3.137). To do so, since I'p =

80



3.4 Bosonic O(N) vector model at the quantum critical regime

T\/l r

D /\l’ P
a)

Figure 3.15: The contributions to the kernel of the kinetic equation of the annihilation of
a particle with momentum p, last line in eq. (3.147).

—Im¥NEO(E,, p)/Ep, we start by inspecting InXNLO(E,, p)

1

E /R p(R)oa(R — PYn(r®) —n(® — %)), (3.148)

Im SNEO(P) = 5

By means of (3.140), expanding ImIIx with (3.139) and retaining only
the kinematically allowed terms, we arrive to

1
ImEVO (B, p) = 1/ (3.149)
Ll

(n(Er) = n(Ey))(n(Ex) = n(Ex — Byp))|Dr(Ey — Ep,r — p)J?

X 5(Er + E] — Ep — El/)

+ (n(E) — n(=Ev))(n(~Ex) = n(~Ex — Bp))|Dr(Ey + Ep,r + p)|?
X (5(E,- + Ep ) Ell)

+ (n(=Er) = n(=Ev))(n(Ey) = n(Ex = Ep))|Dr(Er — Ep,r — p)/?

xé(Er—&—Ey —Ep—E]) .

We can now use the properties of the Bose-Einstein distribution function
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3 Towards the Quantum Critical Point
listed in Appendix 3.B. Thus,

1
ImxNLO (B, p) = 1 /“/ (3.150)

1

_ HTEp)n(Ey)(l + n(Ex))(1 4 n(E))|Dr(Ey — Ep, v — p)|

X (5(Er + E] — Ep — E]/)
1

Ty ") (4 n(ED) (U + n(E)) | Dr(Be + By, x + p)
x 6(Ey + Ep — Ey — Ey)
1

- HTEP)N(EI)O +n(Ex)) (1 + n(Ey))|Dr(Er — Ep,r — p)|?

X 5(E,-+E1/ —Ep 7E1) .

Finally, by properly relabelling the integration variables, we recognize the
expression

ImXNLO (B, p) = (3.151)

1/4
T 1tn(Ep) /m, n(Ee)(1+n(E))(1+n(Ev)d(By + Ev — By — Ey)

X (|Dr(Er — E1)|? + |Dr(Er — Ev)|? + |Dr(Er + Ep)|?).
The thermal width is

M =gt [ Spen(E) B+ () (3.152)

T 1+ n(Bp) LV 2Epn
§(Ey+ Ev — Ep — Ey) x (|Dr(Ex — E0)|* + |Dr(Er — Ev)[*+
|Dr(E: + Ep)|?).

Thus, also for the bosonic O(N) vector model we have identified the gain
and loss contribution in the kernel of the BSE

1
RpY) = 5 BT (p, ol B, (3.153)
P

RY(p,1) = R™P(p FL |1, —Ey) +2(2m)%6%(p — )  (3.154)

4B, B
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3.4 Bosonic O(N) vector model at the quantum critical regime

We can now rewrite the BSE for transport (3.137) and chaos (3.136) as
kinetic equation with the following collision integrals

—iwG(w,p) = /I(RA (p,1) — RY(p,1)) G(w,1), (3.155)

i Clw,p) = / (R (p,1) + R” (p,1) — 4(27)26%(p — )Tp)Cl(w, 1)
(3.156)

3.4.3 Towards the bosonic Quantum Critical Point

In the previous sections we showed that also in the O(N) model scrambling
and transport are related at the level of Green’s function. From this, it
is possible to derive the kinetic theory interpretation of scrambling as in
equation (3.156). The derivation of these identities merely rely on two
hypothesis: the large N limit and the hydrodynamic limit. Consequently,
our results hold as far as these hypothesis are satisfied. As mentioned in
the introduction, close to the QCP transport can be studied by analytically
continuing the hydrodynamic computation, performed outside the quantum
critical regime, into the quantum critical regime. In the O(N) model, this
regime is obtained in the strong coupling limit (v — 0o) of the Lagrangian
(3.84),

1 v N\?
L=-(0¢.)— = |02 — — 3.157
5007 - 5 (2-3) (3.157)
at the value of the critical coupling g.. This value can be obtained by
imposing that the thermal mass vanishes, and equals to [136]
1 A
—=— (3.158)
ge 4w
A being the physical cutoff. In the quantum critical region, away from
zero temperature, the thermal mass becomes p? =~ 0.9627 [136]. The
only changes in the BSE, both for transport and chaos, are thus the
value of the thermal mass in the on-shell condition, E, = p? + u? and
the expression of the Hubbard-Stratonovich propagator, which enters the
transition amplitude squared:

1 oo 1

D ) n,k = " = ——F.
(iton, k) —1/4v — U(iwy, k) I (iwy,, k)

(3.159)

This completes our proof that, also in the proximity of a bosonic quantum
critical point, scrambling can be microscopically understood in terms of
counting the gross (energy) exchange.
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3 Towards the Quantum Critical Point

3.5 Gross-Neveu model at the quantum
critical point

Having discussed the case of bosonic quantum critical point in the previous
section, we now turn our attention to fermionic quantum critical points.
Although the great successes of the bosonic O(N) vector model to capture
critical phenomena within the Landau-Ginsburg-Wilson paradigm, whose
critical regime can be described entirely in terms of fluctuations of a
bosonic order parameter, it is nowadays clear that this does not cover all
possible scenarios. Over the last years, it became evident that a plethora
of interesting phenomena involve massless fermionic excitations at low
energies coupled to vectorial [184-186], real [187, 188] or complex [189-195]
order parameters. Those systems are described by fermionic quantum
critical points which the bosonic O(N) vector model fails to capture. In
this context, a main role is played by the Gross-Neveu model (GN) [196]
and the Gross-Neveu-Yukawa model (GNY) [197]. Specifically, here we
study the Gross-Neveu model in (2 + 1) dimension with N flavours of
Dirac fermions. The Lagrangian is, in Euclidean time,

Lan =] 4(0r —io - Vaptbis — 1 (0 a0optip)®  (3.160)

where we indicated with Latin letters the flavours indices, with Greek
letters the spin indices and v; is a two-component Dirac spinor. We also
assume the summation over repeated indices. Moreover the Pauli matrices
are defined as usual o = (0, 0¥). This action is symmetric under z — —z
and v; — i0”;. This model has a quantum phase transition separating
the Dirac semimetal phase and the gapped insulator with broken Z,
symmetry. By introducing a Hubbard-Stratonovich field ¢ to decouple the
quartic interaction,

b
VN

the action stays symmetric under x — —x, ¥; — i0%; and ¢ — —¢.
The expectation value of the field ¢ is thus the order parameter of the
spontaneous Zs symmetry breaking. As the Z; symmetry can be related
to the inversion symmetry of a honeycomb lattice, it captures the physics
of graphene, graphene-like materials [198, 199] and cold atoms in optical
lattice [200-202]. A related theory is the Gross-Neveu-Yukawa (GNY)
model, whose matter content is represented by massless Dirac fermions

Lo = 910, —io - V) P+ ;& v Lswlow),  (3.161)
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3.5 Gross-Neveu model at the quantum critical point

and a massive ®* boson, minimally coupled with Lagrangian

1 1 m? A
— ot (6. —io - 16 5(00)? + 5 (VD)? + —- 0% + @'
Lony =¥ia(0r —i0 - V)astis + 5(99)° + 5 (V) + 5-@% + 0@

! o2t (3.162)

VN

The GNY model describes also other symmetry classes, as chiral Heisenberg
and chiral XY universality classes [203, 204]. Assuming small A and as far
as we focus on the long wavelength and low energy (compared to the mass
m) degrees of freedom, we can integrate out the boson in (3.162). The
result is (3.161) with the identification g = v/2u/m. The low-energy, long
wavelength limit of the GNY model thus coincide with the GN model [203]
and the results of this section apply to all classes of systems previously
mentioned.

+

3.5.1 Brief review of many-body chaos in GN

By means of the introduction of a scalar field to decouple the interaction
in (3.161), the Lagrangian can be expressed as (3.161). The properties of
many-body chaos for the GN model in 2+ 1 dimensions, in the Lagrangian
form of (3.161), were investigated in [137]. There, the authors computed
the OTOC in the large N limit,

1
Ji40) ZWZ/CZ% (3.163)
(VP
X Tr [0/ {thia (%), 617 (0,00} {265, 0,0), 6 (£.3). }]
by deriving an integro-differential equation (BSE),

1
faﬁ(y; w, p) :NSR(W + v, p)oz’YSA(wa p)éﬁ

X {53 +// AOTOC(V;w,p,w’,r)i}:f,y‘?'(u;w’,r)} .
o (3.164)
The kernel of the BSE is
ACTOC (1, p)%, = ()7 (0*)5, D (p — 1)
+ /l (0% Sp/ 2 (p — Do) (o Sy (r = o™)3, DR(L+ q)DA(D),
(3.165)
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3 Towards the Quantum Critical Point

where the retarded Greens function of the fermion and the boson are
respectively*

Sr(t,x)501; = —i0(t) (p{tia(t,%), ¥ 1), (3.166)
DR(ta X) = 7Z‘0(t) <p[¢(tv X)v ¢]>, (3167)

and the Wightman functions are computed with insertion separated by
half of the thermal circle

Sw (t,%)3615 = =i (/P Pia(t, %) Vol 7), (3.168)
Dy (t,x) = =i{\/p $(t, X)\/P 0). (3.169)

In momentum space, the Wightman functions can be expressed in terms
of the spectral function

B w
Sw(w, p)adi; = 2;;1((5’,532), (3.170)
Dy (w,p) = m7 (3.171)

which satisfy p(w, p) = —2ImGr(w, p) and pp(w,p) = —2ImDg(w, p).

3.5.2 Hydrodynamic transport in GN model

In this section we use the 2PI formalism to derive the transport equation
for the GN model in 2 + 1 dimensions to compare with the OTOC. The
effective action for the original GN Lagrangian

Loy =¥l a(0r —io - V)apti s — 1o Wla0igtis)®  (3.172)

can be parametrized as follows [115, 182]
[[S] = —iTrinS™! —iTrIn Sy (S — Sp) + ['a[S], (3.173)

Sy being the free propagator in the Euclidean time and S the full dressed
2-point function, satisfying

STt=51 -3 (3.174)

In (3.173), I'5[S] includes the contribution of all the amputated 2-particle
irreducible diagrams (2PI) with exact propagators on the internal lines.
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00 6

a)

Figure 3.16: The contributions to the 2PI effective action in the 1/N expansion. a) is the
leading order contribution I'*© and b) the first terms in the series of next-to-the leading
order INVLO,

In the 2PI formalism, the self energies can be derived as functional
derivative of the 2PI effective action
. Oy[S]
——
5Sji\6a(y75ﬂ)
In the following, unless differently specified, we will use a condensed
notation, using Latin letters both flavour, spin and space-time indices.
This simplifies the previous expression as
o2 [S]
i =—1 .
A T

(3.176)

The 4-point vertex function is defined as the amputated connected
4-point function and satisfies the following functional equation

T = Mg — Nijep ST 59T, L, (3.177)

in which the kernel is by definition the functional derivative of the self
energy with respect to the bilocal field S

5215 [S] 0k
ANiiwi =1 =— . 3.178

I = 55,05 08 (3.178)
Now, following [182], we perform the large N expansion of the effective
action considering the leading and the next-to-leading order, which dia-
grammatically are expressed in fig. 3.16

4For a review on the convention for fermions at finite temperature, see the Appendix
3.A.
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3 Towards the Quantum Critical Point

__________ x + —————-

Figure 3.17: The diagrammatic recursive expression of the propagator D(z,y).

TLO[S] = iN / Tr[o*S(z, 2)0"S(x, z)], (3.179)
IYLO[s] = %Tr In B, (3.180)
and
ig
B(z,y) =dc(z —y) — Wﬂ(m,y), (3.181)
H(ZL’, y) = —TT[S(Z', y)UZS(y, 1,)0_2'] = —S($, y)ab|o¢/3 Ufﬁ S(yv x)ba\’yé Jga.

(3.182)

In the last line we have explicited the indices to stress the structure of the
Hilbert space we are considering and we note that the functional derivative
of the bubble diagram satifies

OI(2',y)

9Ly o o z z
5Slk|ﬁa (y, J)) 25(1’ y)é(y ‘,E)(O—ory S(l’, y)kl|'y5 0—55)' (3183)

Let’s now compute the leading and next-to-the leading order contribution
to the self-energies (for the sake of clarity we will write the indices in the
intermediate steps)

ar3°[s] 9
ZLO Iy — 2 [ 1 z roo z
k;l\'yé(x Y ) Z5Slk\5'y(yl7x/) Z2N6($ Yy )(U S(ﬂ]‘ Y )kl g )’Y(Sa
(3.184)
STYEO[S] —ig (w, z)
ENLO l‘/, N — —i 2 _ 7/ B—l Z,w )
klm( ) 5511«\&/(3/'753/) AN Jo. - ( )5511«\@(3/'755/)

= 3B ) (0" Sy )k o)

= D(xlv yl)(o_z S(.’E,, y/)kl 02)757 (3185)
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3.5 Gross-Neveu model at the quantum critical point
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Figure 3.18: Diagrammatic representation of the kernel ANLO computed in (3.188).

where we have defined D(2/,y") = ;—]‘{[B_l(x',y’) . Inserting (3.181) into
the identity B~1B = 1, we obtain an integral equation for D(x,y), depicted
in fig. 3.17

D(z,y) = % [5c(x )+ / M(z, 2)D(, y)} . (3.186)

This two-point function is an effective description of the polarization
bubble and, as we will see, corresponds to the propagator of an Hubbard-
Stratonovich field introduced to linearise the quadratic interaction in the
action. Now we compute the kernel using (3.178). The leading order
contribution is simply

62LO (:El y/)
o . o kl|vyo ’
Afj;kl\aﬁ;wé(xayaxl7y/) =1 .

6Si1pa(y, )
= Sr0n0ud(a’ —y)3(@ =)oy = 2)(07)1(0%)as.
(3.187)

Similarly to the bosonic O(N) case, this will not affect the final BSE
after the Matsubara sum. Going to the NLO term,

NLO (! o
ANEO oy SERES )
igkllafiys T i 0o Y ) = 05jipa(y, 7)

= Gy0u0(2’ — 9)3(y — 2)(0%)yp(0")as D& y) - / 5w’ — )o(' — x)

w'z!
(D', w)D(',y/) + D(y', ) D(=', &) (0" S(2,y)i; 0°)ap (0 S(a' sy Y1 o)
= 0kj016(z" — y)o(y' — 2)(0%)45(0%)as D(z',y")
—2(0% S(x,y)ij 0%)ap(c” S(@', Y )k 0%)s D(z',y)D(z,y'). (3.188)
We now go to momentum space and we observe that the the 4-point

function I‘S?U (R, P; Q) is related to the 3-point vertex I';;(P + Q, P), as
shown in fig. 3.19.
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3 Towards the Quantum Critical Point

—o =~

Figure 3.19: Representation of the relation among the 3-vertex and the amputated 4-point
connected Green’s function.

Since more convenient, we will focus on the latter

I, (P1Q.P) = r%@)—i S(R+QT)uS(RITY, (R, P;Q) (3.189)
R

where I‘?j (p) is the coupling between the fermionic fields and the external
operator. For instance, in the shear viscosity the operator is the stress
energy and we have I'{;(p) = $(o'p! +o7p' — 6o - p). If we want to focus
on the density operator, defined as (3.6)

ple.p) = / VT (i (a—y/2) D (a+y)2)) = /k NPT (4 (ot /2) B (0~ /2)),

(3.190)
such insertion is just J;;. From now on we will focus on the latter. As
shown in fig. 3.20, this vertex satisfies the following integral equation

Iy(P+Q.P)=T%(p) - gﬁ SR+ QT(R+ Q. R)S(R)As.ii(R, P:Q)
R

(3.191)
The previous equation is written in imaginary time. To obtain the
real time value, a sum over Matsubara frequencies is required, which
corresponds to the proper choice of the analytical continuation. It can be
shown by induction that, because of the form of the BSE, I';;(P+@Q, P) has
branch cuts both in Im(py) = 0 and Im(py + ¢°) = 0. An analysis similar
to the previous section on the O(N) model can be carried out. Also in
this case, in the long time limit corresponding to gg — 0, the pinching pole
approximation selects only one analytic continuation of the vertex in the
imaginary time formalism, which corresponds to i(pg + go) — po + qo + 0
and ipy — pg — 10. Consequently, the shear viscosity which is obtained by
the resummed skeleton diagram we have focused on but with a different
insertion I'(0)%

Grr(Q) = — I Tr(S(P +Q)Ti; (P +Q, P)S(P)L' V% (p)).  (3.192)

P
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3.5 Gross-Neveu model at the quantum critical point

Figure 3.20: BSE for the 3-point vertex function.

In the limit of vanishing external momentum, it is given by

lm Grr(qo,q) =— lim [ Tr(Sgr(p+q)Tij(po+qo0+i0, po—i0)Sa(p)T V¥ (p)),
qo0,9—0 q0,9—0 »
(3.193)
and the shear viscosity is determined by
1. 0
n 1 —ReGrx(qo,0) (3.194)

= — lim
20 q0.a—0 OqY

Now, let’s go back to the evaluation of the density-density correlation
function and define the vertex as

T2(p+q.p) = Sk + a)LT5 (po + go +10,po — i0)Sa(p);.  (3.195)

The BSE for the (3.195), after the analytical continuation we discussed
above is
Fi0+0.0) = Selo+ 0354007 |82+ [ RO+ 0] G196)

r

where the analytically continued kernel reads
A(r,p)2y = (np(r® = p°) + np () [(02)1/(02)2/93(7“ —-p) (3197
+2 [ = 1) = (6° = ))(0* prlp — 1))
% (0 pr(r = )o™)3 DR (1 + q)DAm] .

This result is similar to the kernel of the BSE for the shear viscosity
obtained in [181] for ¢ = 0 for the large Ny QCD. The main difference,
besides the dimensionality, can be reduced to the presence of vector boson
in QCD, while here the boson is simply a scalar. This suggests that the
analysis performed in this section can be extended to the case of QCD in
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3 Towards the Quantum Critical Point

the large Ny limit. After some algebra, and using the identities written in
Appendix 3.B, we arrive to the final expression

T2 (p+a,p) = Sr(p+a)1Sa(p); [5§+ / A(r,p)23T(r+q,7)3 | (3.198)

where the kernel is

A(r,p)2} = (6%) (0%)3 Dw(p — 1)

+ /l(oz Sw(p — l)az)i (o7 Sw(r — l)az)},/ DE(1 4 q)DA(1).

We now proceed by showing the relation between the BSE for transport
and the BSE for scrambling. If we express the Wightman functions Dy,
and Sy in terms of the symmetrized ones, after some simplification we
find

T2(p+q,p) = Sr(p+q)1Sa(p); (3.199)
5 cosh(8p°/2) , oroc 5 5
7A /F ’ )
[67 + /T cosh(B10/2) (r,p)5s L (r +q,7)5
Tlroc.a(®+a.p) = Sr(p+ )2 Sa(p)s (3.200)

5y 6’
|:5fi + /AOTOC (T? p)'yg’ F((s)TOC,'y’(r +4q, T):l

where A9TOC (1 p) is the kernel of the BSE for OTOC in the Gross-Neveu
model (3.165) derived in [137]

AOTOC (1, )% = (0°)2 (0%)3 D2 (p — 1)
zaB/2, z\0 z aB/2¢,. 2\7 R A
+/l(a Swip—1)o )7 (0 Sy " (r =1)o®) s D(1 4 q)D*(1).

This proves our claim that relates the kernel of the BSE of the OTOC to
the kernel of the BSE of the bilocal density operator.

3.5.3 The kernel in the helicity basis

Now, lets’ try to understand the physics behind the factor % for

. 0
the fermionic case. In the bosonic case, the factor % automatically

provided the natural weighting for the ansatz (and the consequent sign
flip in the kernel). The fermion case it is slightly more elaborate, since
this factor is even with respect to the momenta py and Ig.
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3.5 Gross-Neveu model at the quantum critical point

In this section we show which are the proper ansitze that give the
correct solutions respectively for the case of transport and chaos. For this
we need to rewrite the kernel (3.197) in a way that allows us to interpret
the physics

/ ’

A(r,p)3y = (np(r” = p°) +ne ()| (0%)7 (07)5 pB(r = p)

+2/ (np(1%) = np() (0" pp1)o*) (0 pr()o™)} DR (p — 1)I? .-
LI

(3.201)
The fermionic spectral density, which is
a
e ) = [ (007 = o] = 36 + ) = po%.p). (3202
can be written in the helicity basis as follows
) =21 Pa(1)5(1° - all]), (3.203)
where we introduced the projector into the helicity basis
1 -k
Pa(k) = % (3.204)

Substituting this in the second line of the expression of (3.201), with the
additional substitution

(o% pp(l = 2772 o*Pa()o*)26(1° — all]), (3.205)

allows us to rewrite the kernel as

’

A, p)Jy = (np(r® = p°) + e (1)) [(Uz)l ()3 p5(r = p) (3.206)

+2) /“,<"F<l — () (" Py()0*) (" Pu(l)o™)},

(2m)25(1° — alV|)8(1° — b|1)) | DE(p — 1)|21 . (3.207)
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3 Towards the Quantum Critical Point

Similarly as before, the spectral function of the auxiliary field, pp, encodes
the fermionic bubble diagram and can be rewritten as

pp(r —p) = —=2|Dg(r — p)* ImIlx(r — p). (3.208)

In order to find the expression for the imaginary part of the bosonic self
energy ImIIg(p), we can use formula (3.182) in Fourier space and perform
the Matsubara sum, which is done in Appendix 3.C. After analytically
continuing to obtain the retarded contribution, we can take the imaginary
part and the expression reads

1
Wlin(p) = —5 3 [ K01+ p) (or(all) — nr(0l1 + )
2 a,b 1
(2m)3(p° + all] — b1+ p|), (3.209)
where we have defined the following quantity

Kap(p,1) = Tr[o* Po(p)o” Py(1)] = 1_+bﬁ'l (3.210)

and use it to simplify the expression of the ImIIg(r — p) by introducing
the momentum 1" and imposing the energy conservation:

Wlla(r = p) == 5 3 [ Kup(L1+ 5= p) (m(alL]) = np 41+ x = p)
a,b
x (2m)8(r® — p° 4+ all] — b1+ r — p|)
1 ’ /
==3 E;/“ Ka(LY) (np(all]) = npO])(27)?
PN +p—r—1)x 2m)5(r° — p° + all] — b|']). (3.211)

We can now write the kernel (3.207) as

~ ’

Ay =m0 =)+ nx G Y [ (nell®) = (1)
ap JL
< 607 ~ I3 ~ Y28+ L~ p— ) <<aZ>z’<a—Z>§,Kab<L 1)

X |DE(r = p)? + 20" Py ()0)] (0*Pu(l)o™) 3 [ DR (p - l)2> ;
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3.5 Gross-Neveu model at the quantum critical point

which, by relabelling the momenta [ and I’, can be rewritten in terms of
the s,t and u-channels

’

A(r,p)2% = (np(r® = p°) + np(r Z/l np(°) —np(°)  (3.212)
x 610 = )81 — dV|)(2m)383(r+1—p—1')

x <(02)3/ (0%)3 Kea(L1)[ DR (r = p)|? + (07 Pe()0™)5 (0" Pall)o™)},

X [DR(r = 1)? + (0" Pa(V)0")} (" Pe(1)0*)3, | D (r + l)2>~
(3.213)

We have massaged the kernel in a way that it is easy to project into helical
basis. This is a convenient way to analyze both the on-shell BSEs, which
we do in the next section.

3.5.4 The physics behind the analytic continuation

To recapitulate, in the previous section we saw that the off-shell BSE for
transport are, up to a similarity transformation, the same

5§+/w (3.214)

8 _ g 5
LorocaP+4,p) = Sr(p +4)a54(0)s » cosh(Bpo/2)

x A(r, p)w FOTOC’y (r+aq,7)

)

T8(p+ ¢,p) = Sn(p+ @254 ()¢ |8+ / AP LT (0 + 1)

)

with a kernel that can be expressed as (3.212). Now we want to explicitly
take the late time limit, gy — 0, and project both the BSEs (3.214) into
the helical basis. To do so, we observe that the product of retarded and
advanced Green’s function in the pinching pole approximation can be
written as [137]

5(p° — alp))
g In2 A 21
Sr(p+q)2Sa(p WE Pal iy, (3.215)
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3 Towards the Quantum Critical Point

Since the homogeneous equation is defined with momentum p on-shell, an
obvious ansatz is,

% (p +¢,p) Zfa (4%, 20, P)Pa(P)58(p° — ap). (3.216)

This will turn out to be the solution that describes chaos. Substituting
into Equation (3.214), one has

5(p°
5 £ald’ o DIPPS — ap) = 205 Pul)iPa(p)f L P
a a p,a
(3.217)

5 cosh(fry/2) 5o/
X [‘iv + /T 7cosh(6r0/2)A(T’p)"’g'

<Y ful(@® o, v)Pu(r)3,5(r" — br) |

b

We now study the a component of the above BSE and trace over the spin
indices «, 8

5(p° —alpl) | 6(p° —alp|)
—ig® +2Tp,, —ig®+2Tp,

fa(qoap()a p)5(p0 - ap) =27

cosh(fr/2) , y ,
. /r Wpa (p)apa(p)g‘/\(ra p)iglpb(r)i/

> (g% 70,100 —br).  (3.218)
b

We can define the effective kernel as Aqp(r, p) = Po(p)2 Pa(p)FA(r, p)v(;,Pb( ) ’

Aalrp) =m0 =)+ nee") 3 ) = e @) — e
X O(I0 — d|V])(2m)383 (r + 1 — p— 1)

X (Kab(n 1) Kea(1L1)|DF(r = p)* + Kac(p, 1) Kpa(r,1) [ DR (r — 1)

+ Kpe(r, 1) Koq(p, 1) | DR (r + l)|2>. (3.219)
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3.5 Gross-Neveu model at the quantum critical point

n (3.219), momenta p and r are not on shell yet. We can use (3.219) to
rewrite (3.218)

I
—iq"fa(q", ap, p) = 27r+z / ss:h g;//z (3.220)

X <Aab(r, p) — 2Fr7a(27r)252(p — r)dab> fo(q®,br, 1),

having defined Agp(r, p) = Agp(blr], 1, a|p|, p). By means of (3.219), it is
easy to check the following properties of the kernel

A++ (I‘, p) = A,,(I‘, p)a
A7+(I', p) = A+,(I‘,p), (3221)

which are again consequences of the particle-hole symmetry. We observe

that, at this stage, the ratios %

tion, so it can be neglected since it does not affect the spectrum. Because
of this, from now on we will drop this factor.

represents a similarity transforma-

Before we show that (3.220) is the chaos BSE, we now consider an-
other possible ansatz, which we will see is correct one for transport, that
corresponds to (3.216) with the choice

fa(d°,p0, P) = afa(q®, po. P), (3.222)

where the a labels the helicity. This leads to the following BSE (after
multiplying for a and using a? = 1)

_iqofa (qov ap, p) =27a

Z/ (abAab(br, r,ap,p) — 2T o (27)%5(p — r)5ab> fb(qo, br,r).
' (3.223)

In the previous equation, the factor ab plays the analogous role of the factor
sinh(Bro/2)
sinh(Bpo/2)
leads to the Boltzmann equation, while the other reproduces the OTOC.
As before, the difference in the kernel is simply given by a different counting

of the contribution of scattering processes, as shown in the cartoon in fig.

for the bosonic case. We now prove the statement that (3.223)
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3 Towards the Quantum Critical Point

3.6 and 3.7. We start by expanding and using the identities
~iq° f+(¢", p) =2
[ A fi @) + () = 220 (o = (o),
—ig"f-(¢°,p) =2

+ / A (@ 1)+ Ay f (g, 1) — 205 (20)28%(p — 1) (¢, )

The sum f(¢°,p) = f+(¢°,p) + f-(¢°, p) satisfies

—ig°f(¢",p) — / <A++ + A — 2T, (27)%8° (p — r)) f(q°,r) = 4m.

r

(3.224)
The eigenvalue of this integral equation correspond to the Lyapunov
exponent of the theory. To derive the transport relaxation time, instead,
we have

i (D) = / s Fola®r) — Ay F-(¢°.1) — 205 (2082 (p — 1) o (¢ 1),

r

—iq°f_(¢°,p) = / —Ay (@ r) + A f (¢ x) — 2T (27)25° (p — 1) f— (¢, ).
The sum f(¢°,p) = f4(¢° p) + f—(¢°, p) satisfies

—ig"f(¢°,p) = / <A++ — Ay —20,(21)%0%(p — I‘)) f(g°r). (3.225)

r

The eigenvalues of this integral equation corresponds to the relaxation times
of the theory, i.e. the integral operator is nothing but the collision integral
of the Boltzmann equation. We now can continue with the interpretation
of the ansatz (3.216) and (3.222) in terms of kinetic equations.

3.5.5 Kinetic theory analysis

We want to show that, using the notation of the previous sections,

RMp,r) = Ay (p,1),
RY(p,r) = A, _(p,r) + 2T (27m)%6%(p — r). (3.226)
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3.5 Gross-Neveu model at the quantum critical point

The first line is straightforward to verify. Indeed, using the identity (valid
for alp| + d|l| = cl| + blr])

(150l = alpl) + 0 (0l e ell) — mi(al ) =g 20

x np(dl]) (1 —nr(cl])).
Fora=b=+

1

- 3 V' —r—1 — B, — dEy
e ) (2m)°0(p + r —1)§(Ep + cEy — E, — dEv)

cd r,1,ps

np(dBy)(1 = np(Ex)(1 = np(cE)| T ®" 2
(3.227)

Ay =+

In the previous expressions we defined the scattering amplitude, depicted
in Fig. 3.21

"2
70| = Kb (0, 1) KeaL1) [ Di(blr] = alpl, v = B) 2 + Koe(p 1) Kpa(r, 1)
x |Dr(blr] = dV|,x = 1)|* + Koa(p, V') Kpe(r, 1)
x |Dr(blr| + c[l],r +1)|? (3.228)
For a = +, b = —, the kernel provides the contribution to a different

scattering process, depicted in fig. 3.22, when the particle with momentum
p from the thermal bath is annihilated,

1/2
Ay, =4+ —" / 2m)386(p4+r —1—1)6(E, + E. — cEy — dEy
N (o) 2 o )5(Ep | — dEy)
ne(Er)(1 = np(cE))(1 — np(dEy))|[ TP 2, (3.229)

To conclude, we need to rewrite the expression of 2I'p,

oo = g5 2 1] = alpl) + n (s ) (bl = alpl.x )
(3.230)

which satisfies I'p 4+ = I'p —, as a consequence of the particle-hole symmetry.
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3 Towards the Quantum Critical Point

r p

a) b) c)

Figure 3.21: The contributions to the kernel of the kinetic equation of A4 4 in (3.227). The
helicity indices are suppressed and are (r,d), (I,¢c), (', d) and (p, a).

By wsing pp (blr| — alpl,x — p) = —2TmTx(bfr| — alp|,x — p) | D (blr| —
alpl,r — p)|? and (3.211),

1
ImIlg (bfr| - alp|,r —p) = -3 > Kea(L,L') (np(c[L]) — np(d|L]))
cd YL.L/

(2m)a(blr| — alp| + ¢[L| — d[L'[)(27)?6*(L’ + p —x — L),

=~ 3 [ 1n0lx] = alp) + np (r])} o (p. L (ble| ~ alpl. ~ p)
b r

x |Dg(blr| — alp|,r — p)|* =

= % > /", [ng(blr] — alp|) + nr@lr)](nr(c/L]) — nrp(dL']))
bed VT
X Kap(p, 1) Kea(L, L)
(2m)6(b|r| — a|p| + ¢|L| — d\L/D(QW)Q(;z(L/ +p-r—1L)
X |Dr(blr| — alp|,r — p)[*.

By considering the only allowed kinematic contribution, the previous
expression can be written as follows
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3.5 Gross-Neveu model at the quantum critical point

1/2

A, =
P 1 —nF(aEp)

/ (2m)36(cEy + dEy — Ep —bE)J(1+1 —p—r)
bed 7TV

N2
x np(bEy) (1 — np(cE))(1 — np(dEy)) | TEH= S

(3.231)

Tvl r

r l

P Al/ P
a)

c)

Figure 3.22: The contributions to the kernel of the kinetic equation of A4 _ in (3.229). The
helicity indices are suppressed and are (r,d), (I,b), (', c) and (p, a).

This complete the proof of (3.226). Thus,

i (¢, p) = / (R (p.)) — R (p.1)) f(¢°. 1),

P a*p) = (R (D) + B (p.1) — 4208 (b~ DEDS (o),
(3.232)
also for critical fermions. This is a highly non trivial result, that firmly

establish the validity of our microscopic interpretation to scrambling in
terms of a kinetic equation.

3.5.6 Towards the fermionic Quantum Critical Point

As for the bosonic O(N) model, also for the GN model our results rely on
the large N and hydrodynamic limit. The Gross-Neveu model,

b

to? .
\/N¢ (Yo%), (3.233)

1
Lan = 1/J;ra(5r —io - V)i g+ §¢2 +
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3 Towards the Quantum Critical Point

has a phase transition at

1 A
c

where A is the momentum cutoff. The analytical continuation of our
results to the QCP is simply performed by substituting the value of g,
into the Hubbard-Stratonovich Green’s function (3.186),

1
© —2/ge — (iwn, k)’
This completes our proof that the relation between chaos and scrambling.
Such relation holds also for fermionic systems and it extends naturally to

the (fermionic) quantum critical point. Furthermore, this strengthen the
microscopic interpretation of chaos as a gross (energy) exchange.

D(iwn, k)

(3.235)

3.6 Conclusion

We have shown the existence of an analytical relation between the off-
shell BSE that defines the out-of-time order correlation function and the
off-shell BSE that is used to described hydrodynamic transport In weakly
coupled or large N QFTs. The remarkable askect of this relation is that it
can be extended also beyond the regime of the quasiparticle framework
and close to the quantum critical points, as we have proved for the bosonic
O(N) vector model and the Gross-Neveu model in 2 + 1 dimensions. A
straightforward consequence of this result is the microscopic understanding
of scrambling, which is described by a Boltzmann-like equation that takes
into account the gross energy exchange (compared to the standard BE
that consider the net energy exchange). Moreover, since scrambling is
related to the information spreading, we expect that an interpretation of
our results in terms of more standard information theory quantities, as
thermodynamic entropy of Kolmogorov-Sinai entropy, is viable. We refer
these questions to future work.

3.A Notation for fermions

Given a fermion v, with « labelling both spin and vector indices, the finite
temperature correlation function in the Close Time Path (CTP) formalism
are

Srataa(:9) = ~ (@ (y)ba(@)) (3.236)
Satlap(#:9) = (ba(@)Bs(y) (3.237)
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3.B Some identities

By writing the correlation function in terms of their Fourier transform
in momentum space, and allowing a separation in the thermal circle of o
between the two operators, we get

8% () = Sia(x,t +i0) = / d*p e 7P’ G720 () (3.238)
S (x) = Sa1(x,t —io) = /d4p€_ipx€_ap05(271=0(p)~ (3.239)

where the expression of the Green’s function in momentum space are

Sa1(p) = (1 = np(0”))pr(p) (3.240)
S12(p) = —np(p®)pr(p). (3.241)

where pr(p) is the fermionic spectral function and it is related to the
Green’s function

phs(P) = Sa1jas(p) — Sizjas(p). (3.242)

The system of equations (3.238) can be recast in momentum space as

20 o=
S%(p) = €? 75" (p) (3.243)
—op? qo=
S5, (p) = =77 557 (p). (3.244)
It is important to stress that the relation (3.242) holds only with the o =0

Wightman functions.

3.B Some identities

In this section we state some useful identities that we need to prove the
relation among the kernel of the BSE for the OTOC and of the retarded
Green’s function of the bilocal density operator.

Bosonic O(N) vector model

We first focus on the kernel of the bosonic O(N) vector model, which is

AN (L p) = po(1-p}+ | (nlpo—s0)-nllo—s0))p(p~5)o(1-5) Dr(5) Da (o).
’ (3.245)
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3 Towards the Quantum Critical Point

multiplied by the factor (n(lyp — po) — n(lp)). It is easy to see that the
following identities hold:

nB(lo)
ng(po)

nB(p - 30)
np(p® —s°) —np(® - s°) = mu +np(l® — ). (3.247)

Consequently the rung is equal to

np(lo — po) —np(ly) = (1 +np(lo — po)) (3.246)

(n(lo — po) — n(lo)) AN O (1, p) = (3.248)
nB (ZO) o=0 o=0 o=0
75 (po) [D21 (l—p)+ N/G12 (p—98)G3 (1 - S)DR(S)DA(S)} -

rewriting in the Wightman functions in terms of the symmetric ones we
get

_ sinh(Bpo/2)
n(lo = po) = n(lo)) AV (L, p) = m
y [DU 821~ p +N/ G (p— 9GP (1 - S)DR(S)DA(S):| -

Gross-Neveu model

Given the bosonic/fermionic equilibrium distribution function npg/r(po) =
(ePPo £1)71, the following relations hold

np(r?)
nr(p?)

n 70
np(p? — 1) — np(r® — 19) = %(171F(r010)). (3.250)

The kernel of the BSE for the Gross-Neveu model is (3.201)

nB(TO _ pO) + nF(TO) _ (1+ nB(TO — po))7 (3.249)

A(r,p)2% = (0%) (0*)3pp(r — )

’

+ /l<nF<p°—10>—nF<r°—l°>><ozpF< “1)o%)? (0% pir(r — Do),

times (np(r® — p%) + np(r?)). By means of the (3.249), the first term is

np(r’) B0 —p )/2DB/2(

(n(r® —p°) +np()pp(r® —p°) = W - p)

(3.251)

104



3.C Imaginary part of the self energy in the GN model

where with the label 5/2 we have indicated the correlation function with
operator inserted at a distance 8/2 over the thermal circle. They are
defined as

G2 (r — p) = e B0 PN (L 4 np(r® — p°))ps(r — ), (3.252)
S (r=p) = e PPV (1= np(r® = p°))pr(r = p), (3.253)

and they can be rewritten in terms of the Wightman function with operator
insertion almost coincident in the thermal circle

G2 (r — p) = e PP Gy (r — p), (3.254)
SE2(r — p) = e BT ) S (1 — ). (3.255)

The second contribution to the kernel, corresponding to the second and
third diagram in fig. 3.18, is

(np(r® =p°) + np () (np(p® = 1°) = np(® = 1°)pp(r = Dpr(p — 1)

np(r°) np(r’) B(r°—p°)/2 oB/2 B/2
= So1(r—1)Sia(l—p) = ———=LePPI2G0 2 (r 1) SU/2 (1—p).
nF(pO) 21(T ) 12( p) nF(pO)e w (T ) w ( p)
(3.256)
Since the products of thermal factor simplifies as
0 . 0
nF(T )eﬁ(ro—po)/Q — CObh(ﬁp /2) (3257)

np(pY) cosh(Br9/2)’

we can rewrite the kernel of the BSE of the bilocal density operator as

~ / cos 0 ,
(e = 1)+ DAY = SRS [(azn RGP —)

" /l (07 SB2(1 - p)o™)? (0% 832 (r — )o™)L DR(L+ q)DA()

3.C Imaginary part of the self energy in the
GN model

We start with the expression in imaginary time

(iv,,p) = — Z/kTr[G(iwm —ivp, k — )0 Gliwm, k)o?]  (3.258)
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3 Towards the Quantum Critical Point

now we insert the expression of the propagator in the helicity basis
1 1
— vy, — alk — p| iwy, — blK]|
(3.259)

“/nap Z/Kab k- P»k) .

Wm

and perform the Matsubara sum

nr(alk — p[) — nr(bk|)
K. : 2
(ivy, p) / ab(k = p, k)= = ok — p| — blk| (3.260)

To obtain the retarded, we perform the analytic continuation iv, — v + i€
and we can extract the imaginary part by simply use Im [1/(z + i€)] =
Fimd(z) and shifting the integration variable k — p — k

tm ()] =~ | Kunflok+ ) (alkl) = (bl + )

x (2m)0(v + alk| — bk + p|)

3.D Pinching-poles approximation

Quantum field theories at finite temperature possess on-shell thermal
excitations. The lifetime of such excitations is inversely proportional
to the coupling constant and indeed, in a non-interacting theory, these
excitations are stable and can live indefinitely long. This is the reason
behind the appearance of the delta function in the spectral density. Besides
this well-known effect, there is another consequence of the existence of those
excitations and it is divergence of the product of two spectral functions with
opposite-sign momentum, i.e. p(k + p)p(—p), once the zero momentum
(k = 0) and vanishing frequency limit is taken (ko — 0). The poles
of the two spectral functions pinch the real axis in the complex energy
plane both from below and above and cause a divergence. This is called
pinching-pole divergence. Turning a coupling on, the lifetime becomes
finite and regulates such divergence (which is commonly referred to as
nearly-pinching pole divergence). Nevertheless it still provides the leading
contributions in the weak coupling computations and allows to organize
the diagrammatic expansion. In the latter case, the retarded and advanced
Green’s function take the form

1 1
GR(p) - (pO ¥ in)Q — Eg, GA(p) - (pO _ in)2 _ Eg

(3.261)

To understand the analytical structure of the terms Ggr(p + w)Ga(p),
Gr(p+w)Gr(p) and Ga(p+w)Ga(p)?, we study the poles of the retarded
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3.D Pinching-poles approximation

(P1/2) and the advanced (Ps/4) Green’s function. They are respectively
located at

(Pl) Zp():*Epfl‘Fp; (Pg) IpOZEp+’in;

(Ps) :po = Ep —il); (Py) :po = —E, +1il,.
In the previous expressions, a non vanishing w simply shifts the real part

of —w. Since we will take the zero external momentum limit, we want to
find the most divergent piece in w.

Im(po] Im([po] Im[po]

X | X | X

X

Re[po) Re[po] | = Re[po]

a) b) c)

Figure 3.23: The pole structure of the product GrGa (b), G% (c) and G% (a).

If we close the contour from below we get the following residues (times a
—2mi factor)

(Pr, Py) : jEﬂ;,w—i}QEp; po = —w — Ey;

(Pr, Pa) : f;;cu;%u; po = —w — Ep;

(P, Ps) - jg;,w—i—l%ly,; po = —w + Ep;

(P2, Pa) - gé%l_w; po = —w + Ep;
If we close the contour above:
(P1,P3):ngé@; po = Ep; (P, Py) : jg;}w:%%; po = —Ey;
(P2, Ps) : jg;w;%; po=Ey; (P, Py): jbﬁ;ml_w I
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3 Towards the Quantum Critical Point

In the limit of vanishing w, the most singular terms are (Pp, P;) and
(P2, Ps), so that we can approximate

2mi §(po — Ep) +6(po + B,) 7w 8(pf — Ep)

G, k)Gro(—p) ~ =
a(p+ ) ra( p) 4E;l27 w—|—2i1—‘p Ep —iw—|—2l"p
(3.262)
Now let’s study
1 1 1
Gra(p +w)Gra(p) = 4E2 <p0 twt B +il, pPPtw-E,+ ZTp)

1 1
>< —
<p0 +E,+d, p°—E, +in>

The previous expression has 4 poles, respectively at

(Pl):pO:*w*Ep*ZTp; (PS):pOZ*Ep*inﬂ

(Py) :po = —w+ E, —ily; (Py) :po = Ep —il'y;
If we close the contour above, the expression vanishes since there is no pole
in the upper-half plane (this is equivalent to the statement that Gg(t)? = 0

for negative t). If we close the contour from below we get the following
residues (times a —2mi factor)

(P, Ps3) : 0; po = —Ep;
271 1

P,P): ————; =—-F,

( 1 4) 4E12) —w—l—QZFp’ Po D
27 1

Py Py): o~ . py =B,

(P2, Fy) AE2 —wt 2, P07
211, 1

Py Pyt py = 4B,

( 2y 4) 4E§W—2Ep’ Po + D

By taking the complex conjugate of G,q(p + w)Gra(p), we see that also
the term G 4(p + w)G a(p) is subleading with respect to Gr(p + w)Ga(p)
in the limit of vanishing w.

3.E Analytic continuation

Here we present the important steps to derive the analytical continuations
to real time of the BSE. To do this, we closely follow the technique used
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3.E Analytic continuation

in [115, 183]. There, the authors make extensive use of the formula, valid
for a generic function G(iw,, + iV, iwy, ),

TZG iWn, + Wi, G, Z/ d§ DlscG(E + iV, §)

cuts

=) n(&)Res[G(E + ivm, €), &) (3.263)

poles

Because of the recursive BSE (3.128), the analytical structures of G (iw, +
iV, twy, ) 18 represented by two branch cuts at Im[¢+iv,] = 0 and Im[€] = 0.
The BSE resums the full series of correlation function with n rungs,
relating the n 4+ 1 to the n, and taking the n — oo limit. The n = 0
correlation function is simply G(P + Q)G(P), so it has two branch cuts at
Im[¢ + iv,] = 0 and Im[¢] = 0. By induction, it is easy to see that any n
has the same analytical structure, and so for a general BSE of the form
(3.128), the singularities correspond to the singularities of the product
G(P + Q)G(P) [115]. This means that the expression for the Matsubara
sum is

TZG Wy + W, W) Z/ €) Disc G(€ + ivpm, £)  (3.264)

cuts

= _/OO %n(g) [G(€ + ivp,w +i07) = G(& + ivp, € +i07)]

™

_[ %n(ﬁ) [G(€ +140T,€ —iv,) — G(E+i07,& —ivy)]

Plugging (3.127) in the previous equation and using G(w + i0") = Gr(w)
and G(w +1i07) = G4(w), we get

T Z é(iwm + vy, iwm) =
- / % n(&)[G(E4ivm )T (E4iVm, E+i0T)+G (E—ivy, )T (E+i0T, E—iv, ) |G R(E)

+ / L ©G(E i T (E b, €407+ Gt T(EH0 i) Ga(€)

oo 2T
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3 Towards the Quantum Critical Point

We now use the fact that we are interested in the following analytical
continuation in the external frequency: iv, — v +i0". Thus

T Gliwm + v+ 07, iwy,) =

- /OO i? n(&) [G(€+v+i0T)D(E+v+i0T, £+ i0T)

oo 2Tt

+G(E—v+i0)(E+i0T,& —v+i07)] Gr(§)

+/OO ;Tfi”(f) [GE+v+i0T)T(E+v+i0T,6+407)

FG(E— v +i07)D(E+i07,6 —v+i07)] Ga(é) =
— /OO i?n(f) [Gr(E+V)T(E+v+i0T,£+i0™)

oo 2Tt

+GA(E = V)T 4007, — v +i07)] Gr(€)
+/ d—g.n(g) [GrE+V)T(E+v+i0T,E+4i07)

oo 2T
+GA(E = VT(E+i07,& — v +i07)] Ga(€).

In the previous expression, we can shift the integration variable in the
second and last term and we get

T Gliwm + v+ 0T, iwyy,) =
m

_ /OO K () CR(E + )T(E + v +i0%,€ +i07)CR(E)

o 2T

—n(§+v)Ga(T(E+v+i07,£+i07)Ga(§ +v))
- / & (n(€ +v) —n(€)[Ga(§)Gr(E +V)T(E +v+i0F,£+i07)].

oo 2T

As we are interested in the v — 0 limit, we know that the product
G A(§)GRr(€ 4+ v) dominates the sum. This allows us to write

S

TS Glism + v+ 0 twm) = [ 55 (n(€ +) ~n(6))

oo 2m
X GA(6)Gr(E+)T(E+v 4101, € +407).

The previous analysis has to be carried out with all the Matsubara fre-
quency terms in the RHS of the BSE. The full correlation function will
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3.F Consistency of the result for the N x N matrix model

involve the Matsubara sum over the frequencies p,, which satisfies the
BSE

Z/ Gipn + iV, ipn) = Z/ Gipn + ivn )G (ipy) (3.265)

Pn Pn p

1 1 . : LO NLO(:7 o+ .
x |1+ N;/IG(dm—i—wﬂ/,zlm) [A + A (zlm,zpn,wn/)]

A similar treatment was done in [135], where the authors considered a
strict zero external frequency limit. We performed a similar analysis by
retaining the small but still non zero external frequency. In both cases,
the crucial consequences of the Matsubara sum are the following: since the
leading order kernel A“© does not present any singularity, it vanishes in
the Matsubara sum. So we are left with only the ANZ© kernel in the BSE.
Moreover, together with the pinching-pole approximation, the matsubara
sum pick only a particular analytic continuation which can be shown
reproduces the result obtained in real time formalism [115].

3.F Consistency of the result for the N x N
matrix model

As we anticipated earlier, we can verify our result by means of the identity
(3.32). We study the BSE for GA*%"(p, q|k) and then send k — —k:

GAYR (p, qlk) = iGAT (p + k)G (—p)(2m)*6* (p — @)+

— G (p+k)G* (—p) /Koc1[31044,34(p+k7 —p, —l—k, )G 17 (p qk).
l
(3.266)

By expanding the sum over the extended SK indices, we observe that since
GA4 = G = 0, only one combination has a non vanishing contribution

G (p, qlk) =iGAT (p + k)G (—p)(2m)*6* (p — q)
= G4 BG (1) | Ko (0. IR (L)
=iG* (p + k)G (—p)(2m)*6* (p — q)

~GAR(p 4 K)G (—p) /l K i aa(p, 1K) GAYR (1, gl k).
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3 Towards the Quantum Critical Point

By writing the kernel Kg; a4,

_1IN?+5

/ Gro(8)Gro(s — 1 +P) = Knarr (0, 1),

(3.267)
we arrive to the BSE for the GA%F"(p, q|k) Green’s function

G (p, qlk) =G (p + k)G (—p) (i(2ﬂ)454(p —q)

1 .
-3 / KAaRr<p7l|k>GA“R7<z,q|k>). (3.268)
l

By sending £ — —k and using the pinching-pole approximation, we obtain
the identity (3.32).

3.G From the BSE to the kinetic equation
in the ¢* matrix model

In this appendix we explicitly show how the kernel of the BSE for transport
(3.41), once on-shell, reproduces the kinetic equation for transport (3.62).
In the case of the bosonic matrix model, the scattering amplitude is
independent of the momenta and equals, for any N,

4N2+5'

2 __
ITI =g e

(3.269)

In the following we will need some identity for the Bose-Einstein distribu-
tion function

n(p1)n(p2) (1 + n(p3)) (1 + 1(pa))d(p} +p5 — p§ — p4) =
(1+n(p1) (1 + n(p2))n(ps)n(pa)d (0} + p3 — p§ — 1), (3.270)
together with the symmetry property of the Bose-Einstein distribution
function and the spectral density with respect to the s — —s transforma-
tion
(I4+n(=s))=-n(s) & n(—s)=—(1+n(s)), (3.271)

27
free _
prre(s) = 5 E

(6(s° — Bs) — 6(s° + Eg)) = —p™°(=s).  (3.272)
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3.G From the BSE to the kinetic equation in the ¢* matrix model

Now, the kernel of the BSE equals (3.41)

_@ 1+ n(lp)
2 1+ n(po)

51,82

x (2m)%0%(s1 — s + 1 —p). (3.273)

Rtramp(p, )= p(s1)p(s2)(1 4+ n(s1))n(s2)

In the BSE, the structure of the expansion is such that the propagator
occurring in the rungs are taken as free propagators. So we can insert the
free spectral density in the previous equation and we get

]%transp(p7 l) _ *%|T|2(27T)2 11 i:((;(;)) / (1 +47§S$11;)::($2) (27‘{')454(51 — sy +1— p)

51,52

x (8(s] — Bs,) — 8(s7 + Es,))(0(s3 — Es;) — (53 + Es,)).-
We now have to evaluate the delta function, which constraints the dynamics

/ pfree(sl)pree(52>(1 + n(sl))n(82)<2ﬂ')4(54(31 —sy+l—p)=

51,52

= / (27)463 (51 — 89 +1 —p)

S1,S2

(1+?’L(ES2))H(E51 )5(_ES1 +E52 +l_p)+n(ES1 )n(ES2 )6(_ES1 _Esz +l_p)

(1 + n(ES1))n(E52)5(E51 - ESz +1 _p)+

+ (1 + n(Esl))(l + ’II(E52))(5(E51 + ESz +1- p)

= / (2m)*6%(s1 — 52 +1—p) | 2(1 +n(Es, ) )n(Es,)0(Es, — Es, +1—p)+

S1,S2

+n(Es; )n(Es, )0(—Es, — Es, +1—p)+(1+n(Es, ) (14+n(Es, ) )6 (Es, +Es, +1—p)

Thus

1 27
transp _ _ - 2 274
| (3:274)

l=p+s2—s1
[0(Es, — Es, +1—p)2(1 +n(lo))(1 + n(Es,))n(Es,;)
+ 6<_E51 - E52 +1- p)(l + n(lo))n(Esl)n(E52)
+8(Es; + Esy, +1—p)(1+n(lp))(1 + n(Es,)) (1 + n(Fs,))] -
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3 Towards the Quantum Critical Point

In the pinching pole approximation, the product of retarded and advanced
Green’s function gives a delta function which puts the momentum p on-
shell. This in turn places on-shell also the momentum [, since the only
non trivial solution is supported on physical states. Consequently

N 1 2T
R™SP(p, Bp;1, By) = — 5‘; |21+T(po) /
s1,S2
l=p+s2—s1

[5<Esl - Esz + El - p)2(1 + n(El))(l + n<E51>)n(E52)
+ 5(_E51 - ES2 + Er — p)(]. + n(El))n(ES1)n(E52)
+0(Es, + Es, + By —p)(1 + n(EY))(1 + n(Es, ) (1 + n(Es,))] -

We recognize the processes pss — ls; (with a factor 2 for sy < sq;
psas1 — 1 and p — s1s2l). These are all “loss-"rates. The last two terms
cancel, however, as it is kinematically forbidden for a on-shell particle of
mass m to decay to three on-shell particles of the same mass m and vice
versa. The previous term notably simplifies into

rans 1 27T
R"sP(p Fi1 Fy) = — §\T|271 (B / (3.275)
P
l:p:]:’Ssgz*Sl

[0(Es, — Es, + Ex — Ep)2(1 + n(E1)) (1 + n(Es, ))n(Es, )] -

The other “negative”-energy kernel gives — using (1 + n(—s)) = —n(s)

rans 1 27(-
RSP (p, Ep|l, — ) :§|T|21+n7(E) / (3.276)
P
1=PS-'11-:22—51

[6(ES1 - ES2 2 EP)2n(E1)(1 + n(ES1))n(ES2)
+ 0(—Es, — Es, — E1 — Ep)n(Ey)n(Es, )n(Es;)

+6(Es, + Es, — By — Ep)n(E) (1 +n(Es,)) (1 + n(Eg,))] -
(3.277)

We recognize the processes plss — s1, plsise — 0, pl — s1s2. Using total
energy conservation, these should be interpreted as “gains” plss < s1,
pls1sg < 0, pl < s152. Again, the first two processes are kinematically
not allowed. Thus

rans 1 27(-
RSP (p, Ep|l, —Ey) =§|T|271 o) / (3.278)
P
lzps-il-:;—sl

[6(Es, + Es, — By — Ep)n(E1) (1 + n(Es,)) (1 +n(Es,))] -
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3.G From the BSE to the kinetic equation in the ¢* matrix model

The object to prove is that the collision kernel equals

1 ans :
Cp,1)=- [ /1 Wpd(p—1) + 5 (R™(p, Epll, By) + R™™P(p, Ey|l, —Ey)) | .
p
(3.279)

Comparing (3.275) and (3.278) to the Boltzmann equation (3.62) which,
in a more compact form, reads

_ 1 |T1%/2
9 f(p,t) 0 +np) / 2E, (3.280)
1:11)7—5&-15):2—51

x [(2m)0(Es, — Esy + Er = p)2(1 + n(En)) (1 + n(Es, ))n(Es,)
—(2m)3(Es, + Es, — Er — p)n(E))(1 + n(Es,)) (1 + n(Es,))

- /(27T)5(Es1 + Es, — By —p)n(E) (1 + n(E,))(1+ n(EBs,))o(p = 1) f (1, ) |
v

we realize that we are missing the last term. As we are going to show, this
is represented by imaginary part of the self-energy 2I',. We thus wish to
check that

2 2 454 os 1os — os __ os 2
,QFP _ f(p,t)/ ( W) (p + | ] P4 )|T|
Lp2,pa

1+ n(p) 2By
n(E1)(1+n(Ep,))(1+n(Fyg)). (3.281)

)

The imaginary part of the self-energy can be easily expressed in terms of
the kernel as

1 d3l 1
I', =—-— _— Rtransp E . E _Rtransp EoIL —EN).
p 6 / (271')3 4EpE1( (pa p| ) 1) (p, p| s 1))
(3.282)

Now expanding the kernel, we obtain
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3 Towards the Quantum Critical Point

1 d3l 1
—2Ip = 3 / W@(K(P,Ep\lvﬂ) —K(p, Ep|l,-E1)) =

1 |7'|2 1 / (27.(.)464(S10s _ Szos + 1os — pos)
;51,52 2

3 2 1+n(Ep) By
2(1+n(E))(1 + n(Es,))n(Es, )+

— 1|7d21/ (271')454(5105 _ S20S + los _ pos)
32 1+ TL(Ep) 1,s1,s2 2Ep

n(E) (1 +n(Es))(1+n(Es,)). (3.283)

By relabeling so <> £ in the first line (and switching p - —p and s; —
—s1), we note that the two lines add into

Cop |7'|2 1 / (27T)4(54(S10S _ Szos 4108 — pos)
P 2 1+n(Ep) Jis,.s, 2F,

n(E)(1+n(Es,))(1 +n(Es,)) =

B 1/2 / (27r)454(pos + 1os — S:los _ SZOS)‘T|2
1 + n(p) l,s1,s2 2-Ep

n(E1)(14+n(Es,))(1+n(Fsy)). (3.284)

The last equation completes the proof that in the late time limit, the BSE
for the retarded Green’s function of the bilocal density operator precisely
reproduces the Boltzmann equation. Thus we conclude that, in terms of
our earlier notation, (3.74) and (3.75) are satisfied.
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4 Black Hole scrambling from
hydrodynamics

We argue that the gravitational shock wave computation used to extract the
scrambling rate in strongly coupled quantum theories with a holographic
dual is directly related to probing the system’s hydrodynamic sound modes.
The information recovered from the shock wave can be reconstructed in
terms of purely diffusion-like, linearized gravitational waves at the horizon
of a single-sided black hole with specific regularity-enforced imaginary
values of frequency and momentum. In two-derivative bulk theories, this
horizon “diffusion” can be related to late-time momentum diffusion via
a simple relation, which ceases to hold in higher-derivative theories. We
then show that the same values of imaginary frequency and momentum
follow from a dispersion relation of a hydrodynamic sound mode. The
frequency, momentum and group velocity give the holographic Lyapunov
exponent and the butterfly velocity. Moreover, at this special point along
the sound dispersion relation curve, the residue of the retarded longitudinal
stress-energy tensor two-point function vanishes. This establishes a direct
link between a hydrodynamic sound mode at an analytically continued,
imaginary momentum and the holographic butterfly effect. Furthermore,
our results imply that infinitely strongly coupled, large-NN, holographic
theories exhibit properties similar to classical dilute gasses; there, late-time
equilibration and early-time scrambling are also controlled by the same
dynamics.’

4.1 Introduction

The notion that dynamics at widely separated timescales is governed by
independent processes lies at the heart of modern physics. The emergence
of collective phenomena is a clear example. At very short timescales,
the physics is described by microscopic “far-from-equilibrium” dynamics;
at long timescales, it is the universal statistics-dominated processes that

IThe contents of this chapter have been published in S. Grozdanov, K. E. Schalm and
V. Scopelliti, Phys. Rev. Lett. 120 (2018) no.23, 231601.
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4 Black Hole scrambling from hydrodynamics

control the onset of equilibrium. Ironically, the most prevalent textbook
example of collective emergence, the computation by Maxwell of the shear
viscosity of a classical ideal gas, fails this guideline. As is well known, in
dilute gases the shear viscosity and some other transport coefficients are
directly related to the 2-to-2 scattering rates of the microscopic constituents.
In dilute gases, the early-time physics thus also controls the late-time
approach to equilibrium. Our full understanding of kinetic theory explains
why dilute gases violate the canonical notion of separation of scales. The
dilute gas is a special case for which the BBGKY hierarchy that builds
up the long-time behavior from microscopic processes truncates [127, 139
146].

On the other hand, in generic (e.g. dense) many-body systems, the
early-time physics is distinct from late-time evolution. Of course, this does
not imply that the early-time physics is irrelevant to collective behavior,
as indeed, it crucially ensures ergodicity or mixing (scrambling). Neverthe-
less, one generically distinguishes (at least) two timescales: an early-time
ergodic and a late-time collective scale. In classical systems, ergodicity is
driven by chaotic non-linear dynamics, whereas statistics and universality
drive collective behavior. These two different scales have a direct man-
ifestation in classical dynamical systems analysis. Chaotic dynamics is
characterized by Lyapunov exponents encoding the exponential divergence
of trajectories with infinitesimally different initial conditions—the butterfly
effect. A Gibbs ensemble of such initial conditions, however, equilibrates
with a generically distinct characteristic timescale set by Pollicott-Ruelle
resonances [151, 205, 206], again exemplifying the notion that widely
separated timescales are driven by different physics.

Perturbative quantum field theories are usually studied in the dilute
regime and as in the classical gas, both timescales are driven by the same
physics [44, 69, 136, 152—154]. Strongly coupled, dense, quantum theories
on the other hand are expected to have distinct scales. Triggered by studies
[12, 16, 151, 207, 208] on collective dynamics in strongly coupled large-N.,.
quantum systems holographically dual to black holes, Blake observed that
in the simplest such systems, late-time diffusion and early-time ergodic
dynamics do appear to be governed by the same physics [64], similar to the
dilute gas rather than the generic expectation. Follow-up studies extended
the range of systems [33, 65, 67, 209, 210], found counterexamples [211]
and observed that it only applied to thermal diffusivity [66, 212].

In this work, we will show how the holographic computations of quantum
ergodic dynamics—the holographic butterfly effect—and hydrodynamics
are related. In particular, we will show that the characteristic exponential
growth exists on the level of (retarded) two-point functions when the
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4.2 Scrambling and hydrodynamical transport

hydrodynamic sound mode is driven to instability by a choice of a specific
value of momentum. This result indicates an intriguing similarity between
the behavior of infinitely strongly coupled large- N, theories holographically
dual to two-derivative gravity and classical dilute gases in the sense that
chaotic dynamics is entirely describable by the same physics of hydrody-
namic modes, albeit excited outside of the hydrodynamic regime of small
frequency w and momentum k compared to the temperature scale T of
the CFT. In this Letter, we will only focus on charge-neutral systems,
although we expect our findings to be valid also for charged states and
for systems with momentum relaxation in which long-lived longitudinal
modes are controlled by diffusion.

4.2 Scrambling and hydrodynamical
transport

By convention, the early-time onset of ergodicity is characterized by the
scrambling rate A and the butterfly velocity vg, which are defined from the
early-time rate of exponential growth of out-of-time-ordered correlation
function (OTOC) of local (unbounded) operators,

(W (¢,), V(O Wt 2), V(0)))s
1%

2(W (8, 2)W (1, 2))5(V (0)V (0)) 5
Nt /ve) (4.1)

Ct,x) =—

Here, V(t,x) and W(t,x) are generic operators, and expectation values
are taken in the thermal ensemble with temperature T'= 1/8. In systems
with a classical analogue for which such growth persists as ¢t — oo and
for special (unbounded) operators, this indeed computes the Lyapunov
exponent A\;, = A associated with chaotic behavior underpinning classical
ergodicity [148-150].

Not all systems exhibit late-time regime of exponential growth of this
correlator—in fact, most quantum systems do not [155, 156], illustrating
the tension between classical chaos and quantum dynamics. Large-N.
systems with a holographic dual do exhibit such growth. Extrapolating
from the insight that any perturbation carries energy, it has been argued
that this exponential rate can be read off from a gravitational shock
wave propagating along the double-sided (maximally extended) black hole
horizon [12].

The non-linear shock wave calculation implicitly focusses on energy-
momentum dynamics in the dual theory, rather than generic dynamics, as
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4 Black Hole scrambling from hydrodynamics

this is what purely gravitational spacetime dynamics and waves encode.
On the other hand, the collective late-time dynamics of energy-momentum
is also well-understood with its IR dynamics governed by hydrodynamics.
Its behavior can be computed from linearized gravitational perturbations
(see e.g. [100, 120, 213]). The mere fact that the gravitational shock
wave encoding early-time ergodicity describes the dynamics of energy-
momentum, as do hydrodynamic excitations, is far from sufficient for
establishing any relation between them. A more telling fact is that the
exact non-linear shock wave solution is actually also a solution to linearized
gravitational equations. This is what we show now. This results then leads
to our discovery that when perturbed with a special imaginary momentum,
the late-time hydrodynamic sound mode reflects the leading-order early-
time instability of the system with the exponential growth set by Ay and
the butterfly velocity vg.

4.3 Shock waves from linearized
gravitational perturbations

Chaotic properties normally extracted from shock waves can be inferred
directly from a single-sided, linearized analysis of the bulk gravitational
equations. We study five-dimensional, two-derivative, classical gravity
with the action

S /dOZL’V |:R + — + ‘Cmatter s (42)

2K 9.2
which gives rise to the following Einstein’s equations (in units where

L=1):

1
2gu1/R GQW = kg Tmatter . (43)

In the longitudinal sound channel, in the h,, = 0 gauge with momentum
in the z-direction, we write a first-order perturbed metric as

G =R, —

dr?
f(r)

f(rYH dt* — 2Hydtdr +

ds®> = —f(r)dt* +

+b(r) (dz? + dy® + d2?) (4.4)
H3d7“2
f(r)

where H; are functions of ¢, z and r, and f(rp) = 0. We demand that the
perturbation is null in the radial direction at the horizon, set Hy(rp) =0

+ Hy (da:2 + dy2)
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4.3 Shock waves from linearized gravitational perturbations

and write
Hy = Hy = (Co.Wy(t,z,r) + C_W_(t,2,71)), (4.5)
Hy = (CoW4i(t,z,r) —C_W_(t,2,r)). (4.6)

First, consider T,;**" = 0 to focus on the AdS-Schwarzschild black
brane background with b(r) = 72 dual to thermal A/ = 4 supersymmetric
Yang-Mills (SYM) theory. We can write W as

Wa(t,zr) = e @l 7] ) (4.7)

where hy (r) are regular at r = r5,. Using G, = 0, then

. ’_ 2
+9iwr! —120"% 4./

he(r) = el R Trich . (4.8)

Imposing regularity [214, 215] on (4.8) fixes a single relation between w,
k? and rj,. Ensuring the remaining equations of motion (4.3) are solved at
r =1y, gives a second, (advanced and retarded) diffusive condition,

. o1
wy = +iDk? = iz?ﬁT—Tk2. (4.9)

Combined with the horizon-regularity, this fixes the solution in terms of a
specific imaginary momentum mode

k> = —p? = —6m°T?, (4.10)

which gives the Lyapunov exponent and the butterfly velocity, i.e. for
modes with e~ wttikz

wiz$i)\L, )\L:27TT, (411)
vg = “’%‘ - /9. (4.12)

Away from the horizon, the corrections to the present solution can be

consistently constructed in a small \/r — r, expansion, requiring Hy # 0.
For a regular Tﬁ“”” # 0, one can see the horizon diffusion arise more

generally. For a background metric (4.4), the regularity of G, implies

b(rn) = ' (rn) £ (rn) /8. (4.13)

Assuming that Ty, (ry) = 0, it follows immediately from Gy,.(rp) = 0 that
at r =y,

OWy =FD Wy, (4.14)
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4 Black Hole scrambling from hydrodynamics

with the horizon diffusion coefficient, as in [64]:

1 1 f'(rn)

o _2 1 _
3b/(7‘h) 12 b(?”h)

=N

. (4.15)

Assuming that the solution is not supported by T;;’”,jatt” and requiring
regularity in G,.., we again obtain the Lyapunov exponent from Eq. (4.11)
and imaginary momentum

k* = f%b’(rh)f’(rh) = 37TV (rp). (4.16)
Therefore, we have recovered all known shock wave results from a linear
gravitational perturbation of a single-sided black brane. The validity of
this solution requires sufficient decoupling of L,,4¢ter at the horizon, which
is implicitly assumed in the shock wave computation. Generically, this will
not be the case. The sound channel couples all scalar excitations, and one
needs to demand that all their equations of motion are satisfied as well.
Higher-derivative gravity corrections encode (inverse) coupling constant
corrections in the dual field theory [165, 216-223]. An analogous calculation
as in two-derivative theories can now be done e.g. in Gauss-Bonnet theory
(for details regarding the theory see e.g. [223]), where we also recover the
known results of Ref. [15], 2

6272

_ : 2 _
w4 = F2urT, k* = Nz,

2
vy = gNgB : (4.17)

Focusing again on the two-derivative action (5.7) dual to N =4 SYM
at large N, and infinite coupling, and transforming the metric (4.4) to
Kruskal-Szekeres coordinates, one finds

ds* = A(UV)dUdV + B(UV)dx>

2 2
_ AUV e <c+dg _ cdv) .

- (4.18)

Our solution thus takes the form of the exact shock wave solution ds? =
AUV)AUAV +B(UV)dx2—A(UV)3(U)h(z)dU?, but travelling along both
null U = 0 and V = 0. The only difference is that the shock solution has a
Dirac delta function support hyy o §(U), whereas the solution presented
here has support given by a (smeared) hyy o« A(U) = 1/U. At the level

2Ngp is conventionally set to NCQ;B = (1 + V1 - 4)\GB) /2, which ensures that the
boundary speed of light is one.
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4.4 Hydrodynamics and the sound mode

of the linearized Einstein’s equations, the function A(U) = 1/U satisfies
the distributional identities used to construct the shock wave solution:
UdyA(U) = —A(U) and U203 A(U) = 2A(U). Distributional identities of
the type F(U)A2(U) ~ 0, when integrated over U for sufficiently smooth
F(U), are satisfied approximately but not exactly as with 62(U) (see
e.g. [224]). A distinct difference is that the §(U)-shock is supported by
energy-momentum at the horizon. The linearized solution (4.18) with a
less singular support is a leading-order in 1/U approximation of an exact
smooth solution to Einstein’s equation with no source of energy-momentum.
It is a longitudinal (sound) mode, which encodes the correct Lyapunov
exponent and the butterfly velocity.

4.4 Hydrodynamics and the sound mode

Sound is well understood as a hydrodynamical phenomenon. In holography,
it is encoded by the low-energy limit of the sound channel spectrum [120,
225] and is described by a pair of longest-lived modes w? (k). Within the
hydrodynamic approximation (expansion of w} for |k|/T < 1),

Wi(k) m £ Y Vonpr k¥ =i ) Top k™2, (4.19)
n=0 n=0

which is analytically known for A' = 4 SYM to O(k*) at infinite cou-
pling, i.e. to third order in the hydrodynamic expansion [226]. All V),
and T, are real and for N' = 4 SYM at infinite coupling, V; = 1/v/3,
Iy =1/(67T), V3 = (3—21In2)/(24v/37%T?) and Ty = (72 —24+241n2 —
121n” 2)/(86473T3). For real k, Eq. (4.19) describes attenuated propagat-
ing modes. However, for imaginary k, which is required to construct the
above gravitational solution, both w} and k are purely imaginary. To find
wi (k) for imaginary k, we compute the quasinormal mode spectrum (poles
of the retarded sound channel stress-energy tensor two-point function, e.g.
the energy-energy G¥00T00 (w, k)) [120], which can be done analytically in
the hydrodynamic expansion (small |w|/T < 1, |k|/T < 1) or numerically
in the holographic model for any w and k. Our first observation is that for
imaginary k, the system is driven to instability, which results in at least
one of the two sound modes in (4.19) having Im[w] > 0. Our main result,
however, is that the fully numerically computed frequency (dispersion
relation) of the most unstable sound mode w? asymptotically approaches
the Lyapunov exponent growth rate k = i = /6inT":

Wi (ip) =X . (4.20)
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4 Black Hole scrambling from hydrodynamics

Precisely at k = iu, the quasinormal mode solution does not exist, even
though it exists infinitesimally close to this point when approached from
either side along the imaginary k dispersion curve. This allows us to
deduce that at the special point w? (i), cf. Eqs. (4.10) and (4.11), the
retarded longitudinal two-point function of the stress-energy tensor has
a hydrodynamic pole which contains all information about many-body
chaos, Ay, and vg. Furthermore, at the point of chaos, its residue vanishes:

Res GRoo oo (w = w (ip) = idp, k = ip) = 0. (4.21)

The two-point correlator identity (4.21) is sufficient for uniquely specify-
ing the point of chaos in the CFT, eliminating the need for the OTOC
considerations to find pu.

We note that, intriguingly, the dispersion relation around this point
can be reasonably well approximated by w = vgk. This is evident from
the numerical computations and from the third-order hydrodynamic ap-
proximation to w, (k), which reproduces the full dispersion relation of the
dominant mode rather well, giving w? (ip) = 0.990 x iAy. Our results are
presented in Fig. 4.1.

4.5 Discussion

These results show that the holographic butterfly effect and black hole
scrambling can be understood in terms of a hydrodynamic sound mode
at a specific imaginary momentum (exponentially spatially growing fluid
profile), which is fixed by dual Einstein’s equations governing a radially
null sound mode and the condition of regularity (without additional energy-
momentum) at the horizon. At w? (iu), the sound mode dispersion relation
gives the Lyapunov exponent associated with holographic many-body
chaos. Furthermore, even though |k|/T lies at the edge or outside of
the hydrodynamic regime [165, 227], the full dispersion relation is well
described by the hydrodynamic approximation.

What are the physical implications of our observations? Several recent
papers have speculated on relations between late-time diffusion and the
butterfly effect [64-67, 136, 154, 211, 228, 229]. The late-time behavior of
hydrodynamic excitations in a translationally invariant, uncharged CFTs
is controlled by momentum diffusion. In theories holographically dual to
two-derivative gravity, momentum diffusion D is completely determined
by horizon data [119] while charge diffusion is not. Given a (background)
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Figure 4.1: Dispersion relations of the hydrodynamic sound modes, plotted for imaginary
dimensionless v = w/27T and q = k/2x7T. The blue lines depict the third-order hydro-
dynamic result [226] and the red crosses the numerically computed w? (q). Dashed lines
indicate the values of w = ¢\, and k = iu. The dotted line is the linear dispersion relation
v = vpq. The inlay depicts a zoomed-in plot around k = iu.

metric (4.4) and the shock wave diffusivity © (cf. Eq. (4.15)):

D 3V (rn)

— = 4.22

D 8T ( )
In large-N. N' = 4 SYM theory at infinite coupling, this reduces to
D/® = 3/4. However, as we move away from infinite coupling and

consider higher-derivative bulk theories, D is no longer computable in
terms of simple horizon data, which results in deviations of n/s from
1/4m. Since the butterfly velocity and the Lyapunov exponent are by
construction computed only at the horizon, we have a-priori no reason to
expect that there continues to exist a simple relation between D and ©
in holographic duals with more then two derivatives. Indeed, the ratio of
D/® in Gauss-Bonnet has non-trivial coupling dependence [15, 223], and
is thus not universal 3.

3For a discussion regarding the validity of hydrodynamics in the presence of coupling
constant corrections, see [121, 165, 222, 223, 230, 231].
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4 Black Hole scrambling from hydrodynamics

As we emphasized in the Introduction, a relation, such as (4.22), which
depends only on 7, ~ T, between late-time and early-time physics is
rather unexpected. The exception is the classical dilute gas. Its early-time
chaos and late-time diffusion are controlled by the same process (2-to-2
scattering). Our findings show that the situation is similar in an infinitely
strongly coupled, large-N. CFT. As a result, early-time scrambling and
late-time hydrodynamics are qualitatively related and appear to be driven
by the same physics—hydrodynamics.

The reason that an obtuse relation between microscopic ergodicity
from shock waves and late-time diffusion is sought after is that black
holes are special in that their ergodicity rate Ay saturates a conjectured
bound A < 27T [16]. If early-time ergodicity indeed controlled late-time
diffusion, this bound could imply a long-sought fundamental diffusion
bound [229, 232] 4. Such a fundamental bound was re-postulated several
years ago based on early results on collective dynamics in holography by
noting that the shear viscosity in these systems only depends on horizon
data [118, 236]. Expressions such as Eq. (4.22) make it clear, however,
that the Lyapunov exponent bound does not yield a diffusion bound. The
dependence on the temperature through r;, or the presence of additional
scales allows this ratio to take any value. We note that such temperature
dependence is also present in the classical dilute gas of particles with mass
m and density p through the average velocity v. Its shear viscosity n and
the Lyapunov exponent [161] behave as

7~ Y20 AL ~ p(T)/ (2 (T)) sz, (4.23)

02-2

with oo_5 the 2-to-2 scattering rate. As a final comment, we note that the
evolution of the unstable hydrodynamic mode, albeit driven to instability
with a choice of an imaginary momentum, may not only grow with expo-
nential growth faster than Im[w] > Ay = 27T but can also have a local
group velocity larger than vp at various values of imaginary k (cf. Fig. 4.1).
As also found in [160, 229], this indicates that the butterfly velocity may
not in all generality be a bounding velocity. Understanding the relation
between these observations and bounds on Ar, and the speed of propagation
of quantum correlations remains an important open problem, as does a
better understanding of the relation between many-body microscopic chaos
and instability-induced collective hydrodynamic turbulence.

4For two examples of rigorous diffusion bounds in one-dimensional systems, see [233].
In holography, one can derive bounds on conductivities in disordered systems [234,
235] but as of yet, not on diffusion.
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5 Regulator dependence of the
OTOC and kinetic theory at
rescue

We study the contour dependence of the out-of-time-ordered correlation
function (OTOC) both in weakly coupled field theory and in the Sachdev-
Ye-Kitaev (SYK) model. We show that its value, including its Lyapunov
spectrum, depends sensitively on the shape of the complex time contour in
generic weakly coupled field theories. For gapless theories with no thermal
mass, such as SYK, the Lyapunov spectrum turns out to be an exception;
their Lyapunov spectra do not exhibit contour dependence, though the
full OTOCs do. Our result puts into question which of the Lyapunov
exponents computed from the exponential growth of the OTOC reflects
the actual physical dynamics of the system. We argue that, in a weakly
coupled ®* theory, a kinetic theory argument indicates that the symmetric
configuration of the time contour, namely the one for which the bound on
chaos has been proven, has a proper interpretation in terms of dynamical
chaos. Finally, we point out that a relation between these OTOCs and a
quantity which may be measured experimentally — the Loschmidt echo —
also suggests a symmetric contour configuration, with the subtlety that
the inverse periodicity in Euclidean time is half the physical temperature.

In this interpretation the chaos bound reads A < %” = WTphysical.l

5.1 Introduction

It has long been known that chaos, understood as the exponential sensitivity
of the dynamics to initial conditions, does not have an immediate equivalent
in the quantum dynamics governed by the Schrodinger equation. In
quantum systems one needs to define quantum chaos in a more indirect
way. One way to do so, is to measure the correlation between an operator
W (t) and some earlier perturbation V(0) and compare this with the

IThe contents of this chapter have been published in A. Romero-Bermidez, K. E.
Schalm and V. Scopelliti, J. High Energ. Phys. 2019, 107 (2019).
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5 Regulator dependence of the OTOC and kinetic theory at rescue

correlation where the perturbation V(0) is performed after operator W (t)
is inserted:

(Vtinat [W () V(0) [¥initial) — (Vinal |V (0)W (£)|¢initia1) (5.1)
= <wﬁnal|[W(t)7 V(O)]|winitial> . (52)

Choosing W (t) = ¢(t) and V(0) = p(0) this commutator formally equals
[W(t),V(0)] = ihgg—((é)) and in that sense the above measures the sensitivity
to initial conditions. The commutator is evaluated between two wave-
functions, however. For a generic |¢initia1) and [ana1), this is a complex
amplitude that also depends on the details of both. An obvious step is to

sum over final states, which converts this to an expectation value

C(t; Yinitial) = Z (@initiar|[W (£), V(0] [¢hsinar) (Prinat [W (), V(0)][thinitiar)

final
= (Pinisia|[W(2), V(O] [W(£), V(0)] [thinitiar) - (5.3)

To also isolate the dynamics driven by V(0) and W(t) as much from the
details of the initial state, one can average over a suitable ensemble. A
physically natural choice is the thermal one

Ct:8) = e PEWmnd (yy s [W(2), V(O)T W (£), V(0)] [thinitiar)

initial

= Trps[W (1), V(0) W (1), V(0)]. (5.4)

This commutator-squared C(t; 8) or, equivalently, this out-of-time ordered
correlation function (OTOC) has been of much interest as a diagnostic of
chaotic behaviour in many-body systems [16, 237, 238]. Specifically, if this
OTOC has a regime where it exhibits an exponential time dependence,
C(t) ~ e, this behaviour has been proposed to be a signature of chaos,
with A being the quantum Lyapunov exponent.? Moreover, this quantum
Lyapunov exponent has been conjectured to be bounded from above
A < 2mkpT/h [16].

In practice most computations do not compute C(t) as defined above.
Rather one “smears” the thermal distribution between the two commuta-
tors [16, 239]

O(t; B)regulated =Tr (p% [W(t)v V]Tp% [W(t)’ V]) . (55)

2Note that the Lyupanov exponent defined this way is in fact twice the chaos exponent
one would surmise from the choice W (¢) = ¢(t), V(0) = p(0) with g(t) ~ e*chaostq(0),
i.e. A = 2Achaos-
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5.1 Introduction

Mathematically, this has the advantage of being manifestly Hermitian
(see e.g. [239]). The physical intuition is that in a QFT this correlation
function naively suffers from a short-distance divergences caused by the
insertion of two operators at the same time. As chaos is in principle a long-
time characteristic, the claim is that the information about chaos, and in
particular the Lyapunov exponents A, do not depend on this regularization
[16, 239].

We will show that this intuition is incorrect, as was also pointed out
earlier in [240] for the specific case of 2D fermions with quenched disorder.
By explicit computation we will show that in the two-parameter family of
“regularized” OTOCs

C(t; B) (o) = (5.6)
=T [pr e (W@ VT = VW) o WV - Vrw ()]

the Lyapunov exponents are independent of ¢ but do depend on . Our
computation shows that this regularization dependence is an IR-effect and
has nothing to do with short-distance singularities. The more appropriate
comparison for the regularization dependence of the OTOC is the proof
in Schwinger-Keldysh theory that physical correlation functions are inde-
pendent on the choice of contour. In Schwinger-Keldysh theory, there is
a diagrammatic proof that physical Green’s functions involving operator
insertions either on only forward or only backward branches are indepen-
dent of the contour due to energy conservation; this can be found in e.g.
[241, 242]. The OTOC, however, is a correlation on a doubled Schwinger-
Keldysh contour [243] and the two-body Green’s functions involved in
the commutator-squared involve operators inserted on both forward and
backward branches. The arguments of [241, 242] do not generalize to
prove that the correlation functions that appear in C(t; 8)(q,s) must be
independent on the contour. Our explicit computation in Section 5.3 shows
that they indeed are not.

Gapless theories are notoriously more IR sensitive than gapped theories.
Perhaps somewhat counterintuitively, our results show that weakly coupled
gapless theories are in fact less contour-dependent than explicitly gapped
theories, although the thermally generated mass does imbue a suppressed
dependence. The SYK model on the other hand, which has been at the
forefront of many OTOC studies, has no thermally induced mass. In this
model specifically the contour dependence is extremely weak. In fact its
Lyapunov spectrum turns out to be always contour-independent, as we
show in Section 5.4.
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5 Regulator dependence of the OTOC and kinetic theory at rescue

Let us stress that the found contour dependence in generic models is
not a pedantic point. As also pointed out by [240], OTOCs are now being
measured either in numerical or actual physical experiments. Often one
massages the regulator to be the most convenient for the set-up. For
instance, Das et. al. [244] use the canonical thermal OTOC C(t; 8)9,0y in
a numerical study, whereas a cold atom experiment measures a Loschmidt
echo [245], which can be related to C(t; 8)(1 ). As the theoretical predic-
tion for these two correlation functions is different due to the regulator
dependence, these two experimental results cannot be compared to each
other.

Given the regularization dependence that we and [240] observe, the
immediate question arises: which is the proper regularization that measures
quantum chaos. As the previous paragraph shows, to some extent this is in
the eye of the beholder. One can devise experimental set-ups that measure
either. Nevertheless, we will argue that the OTOC that most closely
reflects physical microscopic chaos is the symmetrized one C'(t; ﬂ)( 1.0) used
originally for hermiticity reasons. Our argument rests on the following fact:
in weakly coupled field theories the computation of any of the OTOCs
C(t; B)(a,0) can be cast in the form of a kinetic equation [44]. This kinetic
equation reveals most closely the physical process one is actually computing.
In terms of the kinetic equation, only the symmetrized OTOC with o = 1/2
can be understood as a microscopic unbiased “collision”-counter. Such
unbiased collision counters have long been successfully proposed as tracking
microscopic classical chaos [161, 246]. This is explained in Section 5.3.2.

We conclude by showing the symmetric OTOC C(t; B)(%p) regulated
this way has a natural interpretation as a Loschmidt echo, rather than an
expectation value in a thermal ensemble as in the introductory thought
experiment. This has as subtle physical consequence that the physical
temperature is set by twice the inverse periodicity in Euclidean time. In
this interpretation the MSS bound reads

kB 2m _ WkBTphysical (5 7)

< B0
AS TG h

5.2 A two-parameter family of extended
Schwinger-Keldysh contours

We will assume that W (¢) and V(0) are hermitian from here on.
We formally consider the following regularization of the commutator-
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5.2 A two-parameter family of extended Schwinger-Keldysh contours

squared of Eq. (5.4):
C(t: B)(a,0) = Tr [ATA] >0, (5.8)

A=p" T WO, V(O)e p 7, [ABl,=Ap"B-Bp’A, (5.9)

with o € [0,1/4]. First, we note that for 0 < a <1, C(t; 8)(a,0) is positive
definite and for @ = {0,1}, 0 = 0 we recover the unregulated thermal
commutator-squaredd in the thermal state.

Expanding the terms in C(t; 8)(qa,s) gives Eq. (5.6)

C(t; B)(ao) = —Tr [p' W (t)p" Vp* "W ()p"V + p' ==V p W (t)p* "V p" W (t)]
+Tr [p! =T TW () pTV pt OV pT W (t) + pt =TIV pTW (1) p* T W (1)p7 V]

The last two are conventional Schwinger-Keldysh time-ordered correlation
functions (TOCs), whereas the first two are true out-of-time-ordered
correlators of the type

F(t1,t2)(a,0) = Tr[p' =" TW (12)p7V p* =W (t2)p" V]

(5.10)
=Tr[p" = W(ty —ioB)V p* W(ty —ioB)V]

(5.11
= F(ty —ioB,ty —i0f)(a,0) - (5.12)

Schematically C(t; 3)(a,s) equals

C(t;ﬁ)(a,a):Tocs—F(t—wﬁ,t—wﬁ) —F(t—i(l—a—o')ﬂ,t—z’(a—a)ﬁ) .

(a,0) (e,0)
(5.13)

Each out-of-time ordered correlator F'(t1,2)(a,,) may be seen as a cor-
relation function in the extended Schwinger-Keldysh contour. The usual
choice with & = 1/2, 0 = 1/4 is shown in Fig. 5.1-(a); the more general
F(t1,t2)(a,0) corresponds to a more complicated contour like the one shown
in Fig. 5.1-(b) with different separations in imaginary time between each
of the branches.

It is this OTOC F(t1,%2)(a,r) that controls the regime of exponential
(t1+t2)

growth and the Lyapunov spectrum F(t1,t2)(q,0) ~ 1-A(t —ty)eMeor T2
with A(0) a finite positive number. We will now show that the same expo-
nential time dependence and thus the same Lyapunov exponent is obtained
independent of the value of ¢ if & = 1/2. This follows directly from the
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5 Regulator dependence of the OTOC and kinetic theory at rescue

analyticity property of the function highlighted above: F(t1,t2)(a,0) =
F(ty —ioB,ty —i0f)(a,0) for 0 < o < min{a, 1 —a} [16]. Suppose for the

particular value o = 0 the function F'(t1,%2)(q,0) has the exponential behav-
t

ior F'(t1,t2)(a,0) = Aty —ty)elre 52 with Ao = A(a,0)- Analyticity implies

that F(t1+i€B, ta+iv8) (a.0) = Alti—ta +iB(y—& modl))ei 5 Fhagra 52
Substituting this into Eq. (5.13), we get

C(t; ) (a,0)~TOCs+ [A(O)e_wﬁ’\“-l-A(iﬁ(l—Za modl))e_iﬁga(l_a_‘”a—”) etat
(5.14)

For the specific choice & = 1/2 — the one that is made in almost all
previous studies — the prefactor A(i(1—2a modl))[,=1/2 = A(0) is the
same in both cases and equal to the one computed for the « = 1/2. Thus

A1/2

. 1
C(t;6)(%’0):TOCS—|—2A(O)6_W i cos [(U - 4> 5)\1/2} M2t (5.15)

by the deformation parametrized by ¢ away from (o, o) = (3,0), we do
see that the prefactor of the exponential depends on the o-deformation of
the contour. Therefore, similarly to a Wightman function in Schwinger-
Keldysh theory, the full commutator-squared C(t; ) 1,0y cannot be an
observable measurable in an experiment, even though it may contain
physical information.

Vo. Although the Lyapunov exponent is not affected

,0)?

Im][t] Im[t]
R ), Relt] R &), Reft]
é.. VA ,) ,)
TV
B N W (t2) —i(l—a—o) <
g > s RN A W(t2)
38 ) ; )
1 1% —i(l1—0o)p; T ¢
—iB-- —iB -

(a) (b)

Figure 5.1: (a) Extended Schwinger-Keldysh contour corresponding to
1 1 1 1

Tr(paVpa W (t2)pd VpaW(t1)]. (b) Contour corresponding to a general regularization of

the OTOC Tr[p? Vp™~ 7 W (t2)p° V p' =~ W (t1)], which contributes to Cla,o)(t1,t2).
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5.2 A two-parameter family of extended Schwinger-Keldysh contours

We also point out that the dependence of the prefactor on the contour
seems to be in tension with the recent attempts to associate mazimal
chaos, defined as maximal Lyapunov exponent A = 27/, to destructive
interference of the commutator-squared [247, 248]. The destructive inter-
ference refers to the fact that, if the decoherence factor equals cos(A3/4),
it vanishes for maximal chaos A = 27/8. This implies that for maximal
chaos the exponential time-dependence should be absent in the symmet-
ric commutator-squared. Our derivation shows, however, that this is an
artefact of the analytical continuation. In our case, the decoherence factor
of commutator-squared of Eq. (5.15) is cos((1/4 — o)AB), which does not
vanish for maximal chaos A = 27/, provided 0 < o < 1/4. This casts
doubts on how universal the relation between maximal chaos destructive
interference may be.

Moreover, it has also been suggested that in SYK the prefactor of the
OTOCs Acos(\3/4), where A = 3J/N, is an observable which is finite at
zero temperature [249]. However, as we have shown above this quantity is
contour-dependent and therefore, it is not manifestly a physical observable.

To summarize, since the commutator-squared depends on the contour
it is not clear whether the regularised commutator-squared is actually
an observable. Another possibility may be that not all regularizations
of the commutator-squared are physically allowed and one value of o is
preferred. For the specific deformation parametrized by o, we could not
find an argument for such case.

5.2.1 The a-contour

Starting from « = 1/2, the parameter o affects only the decoherence factor
of the commutator-squared but leaves the Lyapunov spectrum invariant.
There is therefore a possibility that the Lyapunov spectrum as defined
through the OTOC does measure a physical quantity. We set ¢ = 0 from
here on and now explore its dependence on the other contour parameter o
which fixes the distance between the forwards branches, as shown in Fig
5.2:

Ct; B) a0y = Tr [ATA] >0, A=p = [W(),V(0)] p%.  (516)
We have already seen that, for o # %, different choices of ¢ cannot be
related by analytic continuation. Neither can C(t; 8)(q,0) and C(t; 5)(ar,0)

be related to each other by analytic continuation. In other words, the
distance in imaginary time between the forwards branches cannot be
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5 Regulator dependence of the OTOC and kinetic theory at rescue

compensated by analytic continuation of time. This may be seen explicitly
by rewriting the OTOCs in C(t; ) (q,0) as follows

Ha (b1, t2;t3,t4) = Tr [p*V (E3)W (t1)p' =V (t2) W (t2)]
=Tr [V <t3 +z‘6(ai)) piW <t1 + Zﬂ(a;)) i

ga(tl,tg) =Tr [paW(tl)V(t3)p1_aW(t2)V(t4)]

=Tr [W (t1 + Zﬂ<ai>> p%V <t3 + Zﬂ(a;)) p%W <t2 + Zi) p1V(t4)p<11} ,

(5.18)

v (t4 ; f) piw<t2>pi} ,

(5.17)

where we have chosen to compare to the standard contour with p'/*
separation. The differences between the complexified times, ¢1 + i8(a —
%),t27t3 +if(a— i) and t4 +if/4 in Eq. (5.18), no longer vanish in the
analytically continued OTOCs and this prevents relating one Lyapunov
exponent to another. In particular, the imaginary-time separation between
the two operators V' (0) in both G, and H, depends on «. The standard
choice, F(t)(%)%), which is the building block used to derive the bound

on the Lyapunov exponent [16], is computed on a contour where the

separation is 8/2 and o = 1/2. Therefore, G, and H,, cannot be related

to F (t)( 1) by a simple analytic continuation whenever o # 1/2 and we
2’4

have to study the behavior of these OTOCs separately.

Im[t]
— LUASZY Relt]
> 2
4 W
*i,BOt ..... > < ,5\2)
1%

Figure 5.2: Extended Schwinger-Keldysh contour corresponding to
tr[p® W (t1)V p' =W (t2)V] which enters in C(t; B)(a,0) defined in Eq. (5.16).
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5.2 A two-parameter family of extended Schwinger-Keldysh contours

5.2.2 OTOCS and physical observables in SK
formalism

As one may extrapolate from the previous section, the OTOC and its
Lyapunov spectrum will in general depend on the Schwinger-Keldysh
contour on which it is computed. At first, this result may be surprising
because, in standard Schwinger-Keldysh, it is known that physical Green’s
functions are independent of the contour due to energy conservation [241,
242]. Indeed, since the doubling of the contour is an artificial mathematical
convenience, a priori only correlation functions with external insertions on
a single branch should considered physical, e.g.,

(0D (21)0W (@)0D (@3)),  (OD (21)0 ()0 (3) 0P (2)),
(5.19)

where we indicated with (i) the branch where each operator is inserted.
With this definition, the fact that the correlation functions do not depend
on the contour is a simple diagrammatic proof. We restate it here for the
sake of clarity; it can be found in [241, 242].

By inspecting the SK effective action, we know that the interaction
vertices are of the form

Line = L0, — L2, (5.20)

Consequently, in the diagrammatic expansion each vertex is either of type
1 or of type 2. The external legs of the vertices are connected to each
other or to external operator insertions with the propagators

<¢(i)(—/€)¢(j)(k)> _ (C?;Feynman(k) GéVightman(k) > (5.21)

Wightman (k) Ganti—Feyman (k)

Without loss of generality, we focus on the simple lowest order 1PI diagram
with n operators inserted the branch 1 and only one m-point vertex:
(Ogl)(kl)...‘(’)g)(kn»a. Clearly if the vertex is of type 1, there is no
contour dependence in the diagram. When the vertex is of type 2, as in
Fig. 5.3, we need to use a Wightman function. For a general contour

where the forward and backward branches are separated by p® this is one
of the Wightman functions®

G5 (k) = Trpt =M (—k)p® o (k)
Ga2 (k) = Tep' @@ (=k)p* M (k) = PO20R Gl (k) (5.22)

31In the literature the following notation is sometimes used: Gi2(k) = G<(k) and
Ga1(k) = G~ (k).
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R =i Relt]

k k 4
\ ’ —ifa V3
/ \ (1) | 4

of —iB

Figure 5.3: A diagrammatic expansion of the correlator with the external legs on the same
branch of the SK contour. The result does not depend on the width Ba.

By Fourier transforming the time direction, using paO(t)pfa = O(t + i)
and Fourier transforming back, one readily derives that

Gis (k) = % G370 (k),
G5 (k) = e Po*" GI0 (k). (5.23)

At lowest order, there is a single n-point vertex on branch 2. Contracting
each of the legs of the vertex with the external operators on branch 1, and
by using (5.23), this means that the relation between correlation function
on different contours is

(OW (k1)....0W (k) ~ 2 Zim1n B (OD (ky)....OW (k) oo (5.24)

n

1
= (OM (k1)....00 (k) o
Because of energy conservation at the vertex, Zi:l,..,n k; = 0, the overall
factor vanishes and this proves the contour independence of these types of
diagrams.

(’)(2) % Relt]

k k J
\ 2 i P ol
/ \ (1) . 4

ol —iB

Figure 5.4: A diagrammatic expansion of the correlator with all but one external legs on
the same branch of the SK contour. The result does depend on the width Sa
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5.3 Contour dependence of the Lyapunov spectrum in a weakly coupled ®* theory

However, if one of the external legs is in the branch 2, see Fig. 5.4, it is
easy to see that now one of the Green’s function no longer depends on the
separation « at all, so the global factor in the n point function does not
simplify anymore. The simplest example of this is the Wightman function
itself. There is no vertex, but we have already shown that G¢, # GY,
above in Eq. (5.22). Extending to an n-point correlation functions with a
single n-point vertex, one has

(O (k1) ....OD (k) ~ P Zi=2n ¥ (O (Ry)....OD (k) ) ao
# (0P (ky)....00n(kp)) oo (5.25)

but now the exponent in the prefactor °,_,  k? = —k7 # 0.

It is not difficult to see that the simple proof shown above extends to
any diagrams. Indeed, given any diagram of the expansion, it is sufficient
to divide it in subdiagrams and to use the momentum conservation in each
vertex.

Turning our attention back to the OTOC, by construction each insertion
occurs on one of four different branches. This indicates that the OTOC
will be contour dependent, similar to two-branch correlation function in
Schwinger-Keldysh theory as depicted in Fig. 5.4. If so, this does not
immediately mean that the OTOC does not measure a physical quantity
(in part). For example, the (bosonic) Wightman function G75'(k) =
% (1 4+ n(k9))p(k) depends on the contour, but still encodes a physical
quantity, namely the spectral density p(k). Therefore, more care is needed
to understand the relation between the contour-dependent OTOC and
physical properties of the system.

5.3 Contour dependence of the Lyapunov
spectrum in a weakly coupled ®* theory

We now prove by direct computation that the OTOC indeed depends
in detail on the contour chosed. In this section, we compute Lyapunov
spectrum obtained from the commutator-squared C(t; 3)(q,0) in a pertur-
bative matrix field theory, which has been studied in detail for « = 1/2 in
[243]. The advantage of the perturbative field theory calculation is that
the commutator-squared can be related to a kinetic equation encoding the
microscopic dynamics [44]. From this, we will suggests that this micro-
scopic insight argues that one specific contour, the one with a = 1/2 is
the one that computes microscopic chaos.
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5 Regulator dependence of the OTOC and kinetic theory at rescue

We consider a 3+1 dimensional QFT with a Hermitian matrix field ®,
whose Lagrangian is given by

L=Tr (12— 1(V<I>)2 _ e fqﬁ* (5.26)
2 2 2 4! ’ '

with g2 = AN.

The commutator-squared of Eq. (5.16) in this matrix model is

C(t; B)(a,o) = % Z /d3x Tr(pl_a [(I)ab(tyx), (I)a’b’]Pa [q)ab(t7x)ﬂ q’a’b’]T)'

aba’b’

(5.27)
For ¢ > 0, which we shall assume, the lowest order (disconnected) con-
tribution is the product of two retarded Green’s function arising from a
contraction on the top two folds and the bottom folds separately; there
is therefore no contour dependence. The non-trivial contribution at the
next order, that can seed exponential growth, is the contribution with two
Wightman functions connecting the two retarded Green’s functions. For
a = 1/2, this equals [243]:

Y = 53 | s el ~ NGRUIRD ~ ) Gleo — )Gl (5.25)

where the kernel R(p) is determined in terms of Wightman functions with
operators separated by i5/2:

4 2
R(p) = LD

4
| GG e 06 w2 =0, (529

Note that it is only G12(k) and not Go1(k), independent of the deformation
a = 1/2, which appears inside the kernel. This choice is due to the identity
G12(k) = Go1(—k). We will consistently use G2 only; this will not affect
the final result. Defining a function f(w,p),

4
Clyo =3 [ el @) (5.30)

at the next order one of the contributions is

CY = 57 | s el = PGROIRG ~ )V )(5.31

g?,o) = ﬁ Ik (3;1)74 f@(w, p), one can set up a recur-

sive Bethe-Salpeter equation to determine f(w,p) and hence C'(w) 1.0) to

and by rewriting C(w)
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5.3 Contour dependence of Ay, in the weakly coupled ®* theory

all orders. Since we are interested in the late-time exponential growth, we
focus on the homogeneous part of the Bethe-Salpeter equation, which in
the low-frequency, late time limit equals

d*k
(2m)*
Equation (5.32) is only appropriate in the low w limit. In this limit the

product of retarded Green’s functions is dominated by a pinching pole
singularity, which amounts to the following approximation [243]

f@&ﬁszWmGRw—py/ Rik—p)flwk),  (5.32)

= o(pe® — E2)

R R(,, _ o\ _
G (p)GT(w—p) Fy i 2T,

(5.33)
As this concentrates the support of the right hand side of the BSE on the
on-shell delta-function, there is natural ansatz for the solution of f(w,p)
to be proportional to the same delta-function

f(w,p)ansatz = f(w, p)(;(pg - E];2)) (5.34)

The imaginary part of the two-loop (a-independent) self energy I',, also
happens to be determined in terms of (the & = 1/2) R(k) defined in Eq.
(5.29):

I'p =

sinh ( 2Ze 3 _ _ _

2 / d°k R(Ep — Ex,p— k) + R(Ep + Ex,p — k)
24F, (271‘)3 Ej, sinh (5%)

(5.35)

Including both the pinching pole approximation and the self-energy rewrit-

ing in terms of the rung function R(k — p), the low-energy approximation
of the BSE reads
A3k
(2m)?
where KC(p, k) — ZEp=Ekpk) Ry +Bepk)
of the kernel K(p, k) — 2I',0%(p — k), considered as a matrix in k and p,
form the Lyapunov spectrum characterizing the exponential growth at late
times, as we will review below.

Importantly, the Lyapunov spectrum is mnot set by the off-shell rung
function R(p — k) or the off-shell BSE Eq. (5.39) [44]. Specifically, the “on-
shell” delta-function ansatz for f(w,p) = f(w,p)d(p3 — E,), that naturally

—iwf(w,p) = / (K(p, k) — 2Tk (27)%6° (p — k)) f(w, k), (5.36)

. The positive eigenvalues
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5 Regulator dependence of the OTOC and kinetic theory at rescue

follows the pinching pole approximation, acts as a projector on the set
of functions f(w,p). Therefore the set of eigenvalues and eigenvectors of
R(k — p) are not the same as those of the kernel in Eq.(5.36) which sets
the Lyapunov spectrum.

This derivation makes clear that the only a-contour-deformation de-
pendence arises from the Wightman functions in the rung function. It is
then straightforward to derive the contour-dependence of the OTOC. For
a # 1/2, the rung function should be modified as sketched in Fig. 5.5.
Mathematically

Im]t] Im[¢]
> Relt] 0 T Relt]
A
—iaf E — —iaf ¢ ¢
—ip
a) b)

Figure 5.5: A pictorial representation of a general time contour (a) and of the 4-points
function in the ladder approximation (b) . The external legs lay on the first time fold
and the second time fold. On the contrary, the rung joins the two time folds and include
Wightman functions which by definition are contour dependent.

R(p) — PP @2 R(p) . (5.37)
Again, defining
CwiBlao = 37 [ e (o) (5.39)
this will now obey the equation:
Fonp) = =GP G w ) [ e PR = P k) (539

with n = B(a — 1/2). Note that the change in the rung function does
not depend on whether it is constructed from Gia(k) or Ga1(—k). This
can be confirmed by the fact that the commutator-squared should obey
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5.3 Contour dependence of Ay, in the weakly coupled ®* theory

a KMS type symmetry o — 1 — a on the doubled time contour. This
follows by redefining k¥ — w — k and p — w — p. The kernel R(k — p) is
even in k — p as can be readily seen from its definition Eq. (5.29). The
product G (p)GF(w — p) changes into itself, and one obtains an equation
for f(w;w — p°, —p) which identical to the original equation.

To solve the Bethe-Salpeter equation (5.39) after the pinching pole
approximation in the late time limit,

7T5(p02—E;2))/ d*k
B, —iw+2l, | (2n)?

flw,p) = M PIR(k —p) f(w, k),  (5.40)

one then makes the natural ansatz

However, note that the choice of the ansatz is very subtle and might lead
to a different physical solution. By inspecting eq. (5.39), one might be
tempted to argue that, since the 7 dependent term resembles a similarity
transformation, the eigenvalues are unchanged. This conclusion is not
correct. Indeed, as briefly recalled above, we showed in [44] that there are
physical implications in this choice. Most notably, the n = 0 BSE with
the kernel replacement R(k — p) — W%R(k — p) corresponds to the
evaluation of a different analytic continuation of the commutator-squared.
This analytic continuation is the retarded correlation function of the
Wigner transform of the bilocal density operator, namely the correlation
function that appears in the Kubo formula of the shear viscosity. From
Boltzmann’s kinetic theory, the spectrum with this ansatz is manifestly
negative definite (i.e. there are only decaying modes). In other words, the
choice of contour dictates the ansatz to solve the BSE. At the same time,
all the contours that are related through analytic continuation arise from
the same contour-independent off shell BSE Eq. (5.40).

Substituting this appropriate ansatz (5.41) into eq. (5.39), we then
perform the integral over pg. This yields

. d3k
(i 20 f@0) = [ kK p). (542

with

K(k,p,n)=

cosh [n(Ep — Eg)] R(Ep — Ep,p— k:) + cosh [n(Ep + Ek)] R(Ep + Er,p — k)

AELEy
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5 Regulator dependence of the OTOC and kinetic theory at rescue

where we have explicitly used that the rung kernel is even in the en-
ergy argument: R(kg,k) = R(—ko, k). Substituting Eq. (5.35) into Eq.
(5 42), we arrive at the final Bethe-Salpeter equation for C(w)(a,0) =

+/ (2ﬂ)4f w,p) in the frequency domain:

3
i) = [o555 [l R)K () (543)
e )sinh (ﬂg) R(E_,p—k)+R(E.,p—k)
P sinh (ﬂ%) 12Ep By, ,

where Ey = E, £ Ej. In the time domain this is an equation of the type

%f(t)p = Mk fr(t). (5.44)

The solutions are the eigenvectors of My, with an exponential growth/de-
cay in time proportional to the eigenvalue. The positive eigenvalues of
My, are the Lyapunov spectrum. This can be found numerically; the
precise method used to solve this equation may be found in Appendix
5.A. Without computation it is already clear, however, that the result
will depend on the a-deformed contour, as the defining Bethe-Salpeter
equation does so.
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Figure 5.6: Contour dependence of the Lyapunov spectrum in the weakly coupled
®*-matrix model. Two largest Lyapunov exponents of Lyapunov spectrum of the matrix
i theory as a function of the coupling. Each value of 7, defined in Eq. (5.39), corresponds
to a different contour choice: 77 = 0 corresponds to the common symmetric regularization.

2
For brevity, we defined § = £ 51]\241")

The result is presented in Fig. 5.6. We clearly see the dependence of
the two positive Lyapunov exponents on the contour. The spectrum does
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5.3 Contour dependence of Ay, in the weakly coupled ®* theory

become contour-independent in the high-temperature limit. This follows
directly from the fact that the deformation parametrized by n = g(a—1/2)
becomes negligible for small 8 (compared to the mass).

That in these models the Lyapunov spectrum is contour independent
for zero mass, will be crucial to understand the SYK model, which we
study in the next section. There, there are only gapless excitations and
not even a thermal mass, and we can therefore expect the same contour
independence of the Lyapunov spectrum as the fm — 0 limit of weakly
coupled field theories as exhibited in Fig.5.6. Do recall that the full OTOC
always depends on the contour.

For intermediate and small 3, the Lyapunov spectrum sensitively de-
pends on the choice of contour. As also noted already in [243], in the
extreme low temperature limit Sm — oo, the Lyapunov spectrum vanishes
exponentially in Sm. Even though this decreases the relative dependence
on the contour, the contour dependence still persists and is given by
e~ (B+2nhm a5 shown in Fig. 5.7.

101
1072
Q
x 1078
g
=210
——nl/B = 0.00
; Inl/8 = 0.10
1077 | ——p|/B = 0.25
Inl/8 = 0.3
Lo Inl/B = 0.50
2 4 6 8 10

psm

Figure 5.7: Exponential decay of the first Lyapunov exponent for various contours.
Dashed lines correspond to the analytical expression Cef(ﬁJrZ‘"Um, where C is fixed so that
the dashed line passes through the last point available Sm = 10. For brevity, we defined
5 9t (N2+5)

g 1144

Let us make one final comment on the connection between the choice
of ansatz and the contour dependence of the Lyapunov spectrum. One
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5 Regulator dependence of the OTOC and kinetic theory at rescue

readily observes that another possible ansatz to the BSE is

Flw,p) = flw,p)e™ 5(p — E2)

0o_ 0
= f(w,p) (e"EP 5(p2EpEP) e "Ep 5(p2;pEp)) . (5.45)

This n-contour skewed ansatz gives a contour independent Lyapunov
exponent as solution for Eq. (5.40) and coincides with the solution for
7 = 0. One may ask why one ansatz is preferred over the other. As is
clear from fig. 5.6, the natural ansatz (5.41) represents a solution with
a larger eigenvalue of the Lyapunov exponent. We therefore argue that
this solution is what a general computation, i.e. using different techniques
than the BSE, of the leading exponential rate of growth in the OTOC
would capture. In support of this, we also refer to the results of [240].
There, the authors computed the OTOC for a 2 4 1 disordered systems by
means of a Keldysh nonlinear sigma model technique that they developed.
Within this framework, the computation of the largest exponent for the
unregularised 77 = 1/2 case and the regularised n = 0 case gives a different
result. Moreover, the unregularised case has a larger exponetial growth
rate. The explanation is the one we give above.

This is the message to take from these results. When one computes the
OTOC, one is inherently concerned with the late time regime of the corre-
lator and with the largest term in the exponential growth. Mathematically
the Lyapunov exponent of the fastest growing mode is contour dependent.
This gives rise to the physics question of how we can understand the
different contour dependent growing rates. We will answer this question
in sec. 5.3.2.

5.3.1 The contour dependence regulates the IR

The contour dependence of the Lyapunov spectrum explicitly exhibited
above emphasizes an important point regarding the physics behind the
contour deformation. One of the arguments made for deforming contour
symmetrically

Ot B)rogutnsea = Tr (pF WO VI'0F W), V]) . (5.46)

or
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5.3 Contour dependence of Ay, in the weakly coupled ®* theory

is that the smearing of the density matrix regulates a short distance
singularity by separating the local operators in imaginary time. If this
were indeed what the smearing should accomplish, then (1) at any finite
value of regulator n we should expect the low-temperature limit to be
universal, and (2) at any finite temperature 8 in units of the mass m
the answer for the OTOC should diverge as one removes the regulator
|n| — g The result, however, shows the opposite. The high-temperature
limit is universal, indicating that this is the regime that is insensitive
to the regulator, and, though we do not compute the full OTOC, the
Lyapunov spectrum at fixed Sm stays finite for any value of regulator.
This argues strongly that the contour-deformation regulates the IR rather
than the UV. This in fact agrees with Schwinger-Keldysh theory. There,
the “contour-deformation” is the introduction of temperature itself, and
this is a well-known IR regulator.

For results in the literature in perturbative QFTs, this diametrically
opposite interpretation of the contour deformation has little effect. As in
e.g [44, 243, 250, 251] usually the focus is on the universal high temperature
regime. However, for the SYK model, the focus has often been on the
emergent regime at low temperatures. There, this realization that the
contour deformation regulates the IR may imply that the results are in fact
regulator dependent and do not reflect physical information about the true
dynamics. As we will show in Section 5.4, SYK is special in that its gapless
nature and the absence of a thermal mass imply contour independence
of the Lyapunov spectrum even at low temperature, extending from the
BSm — 0 regime of weakly coupled field theories. Before we turn to this,
we first address how to obtain the physical information about the true
chaos/scrambling dynamics at low temperatures.

5.3.2 Kinetic theory interpretation of the a-deformed
oTOC

IR regulators often encode real physical circumstances. The correct ques-
tion to ask therefore is which contour properly reflects physical information
of microscopic chaos. In this section we will argue that this can be decided
by interpreting the result of the previous section in terms of the kinetic
theory for many body chaos derived in [44]. There, the authors showed
that the computation of the « = 1/2,0 = 1/4 OTOC is equivalent to a
Boltzmann-like equation that tracks the time evolution of the gross energy
exchange.

We briefly review this result. The standard Boltzmann equation de-
scribes the time evolution of the single-particle distribution function
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5 Regulator dependence of the OTOC and kinetic theory at rescue

f(t,r,p),* parametrizing the deviation of the single-particle distribution
function from its equilibrium value:

on(t,p)
(14 n(p))n(p)’

and n(p) is the Bose-Einstein distribution. For small deviations from the
equilibrium value, the Boltzmann equation can be linearized and, focusing
on the homogeneous case, it reads

f(t,p) = (5.48)

o f(2, /ﬁp, t,1), (5.49)

where L(p, 1) represents the collision integral. £(p,1) contains two contri-
butions, namely the gain term R”"(p,1), counting increase of the density
of the phase-space cell, and the loss term RY(p,1), which accounts for
scattering out of the phase-space cell. In terms of these two contribution,
the Boltzmann equation is

3, f(t,p) = / [RA(p.1) — RY(p,1)] £(£.1). (5.50)

1

As shown in [44], the Bethe-Salpeter equation of the symmetrised commutator-
squared C'(t; ﬂ)( 1.0) is equivalent to considering a Boltzman-like equation
where the sign of the contribution of the true loss term is changed, so
that we account for a gross exchange rather than a net exchange. More
precisely, the gross exchange is given by

0¥ (t,p) = / Sy B ()R (p.)~A0(p-D] 5 (2.1). (5.5

where E[Ep] = 1/sinh(E,3/2) is an energy-related observable which does
not alter the spectrum of the collision integral, as it enters in the form
of a similarity transformation. The extra factor I'j, the self-energy due
to the thermal environment, is present to avoid over-counting. It can be
understood as follows: RVT(p,1) = RY(p,1)—2I6(p—1) counts the changes
in the particle number f(¢, p) due only to processes with p # 1. Therefore,
changing the sign of RV in Eq. (5.50) would over-count the contribution
from the bath. If one changes only the sign of the true loss term RV7 (p, 1),
the gross exchange is exactly given by R"(p,1) + RY(p,1) — 4Tdé(p — 1)

4Not to be confused with the commutator-squared function defined in Eq. (5.38).
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5.3 Contour dependence of Ay, in the weakly coupled ®* theory

[44]. The eigenvalues of the integral operator (5.51) are equivalent to those
measuring the exponential growth rate of the OTOC, and thus give the
Lyapunov spectrum of the theory.

As the a-deformation only changes the rung function in the Bethe-
Salpeter equation, resulting in result (5.43), it is immediately recognized
that the kinetic equation encoding the late time behavior of these families
of OTOC is modified as follows

5 (1p) = [ Gt {coshlntE, — B0 R 0.

+ cosh [n(Ep + E1)] RY (p,1)

— 2[ cosh [2n(Ep)] + 1]T18(p — l)}fEX(t, 1.
(5.52)

The kinetic equation equivalent of the contour-dependent commutator
square gives us a direct physical interpretation of what is computed, as we
understand each term as loss, gain and self-energy terms in the microscopic
dynamics. The explicit n = B(a — 1/2) dependence in Eq. (5.52) shows
that the different contours in the a-family have a different physical origin.
While for n = 0 (symmetric regularization) both the gain and loss processes
are weighted equally, for other contours 1 # 0, their relative weight is
different. For none of these values does the kinetic equation have an
obvious natural physical interpretation in terms of gross, net or otherwise
simple exchange dynamics.

On the other hand, the gross exchange equation has been put forward
independently already a long time ago as a measure of microscopic classical
chaos [246]. This conclusion from the weakly coupled field theory compu-
tation above therefore strongly suggests that, in order to probe dynamical
many-body chaos in QFT, the correct choice for the out-of-time correlation
function is the symmetrically regularized choice with 7 = 0. Fortuitously,
this is the one that has predominated all the calculations in the literature,
including the derivation of the MSS bound on chaos [16]. It also means
that the naive thermal expectation value of the commutator-squared
Tr[p[W (t),V]?] does mnot measure microscopic quantum chaos. One is
therefore left with the reversed question: how does one justify from first
principles the symmetrically regularized commutator-squared as a measure
of quantum chaos. We will return to this question in the last section.
First, we will consider the same question of contour-dependence of the
commutator-squared and its Lyapunov spectrum for the case of the SYK
model.
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5 Regulator dependence of the OTOC and kinetic theory at rescue

5.4 Contour dependence of the Lyapunov
exponent in the SYK model

One of the research directions where the commutator-squared has had
important impact is in the emergent strongly coupled low energy regime
of the Sachdev-Ye-Kitaev model. The exponential growth of the symmetri-
cally regularized commutator-squared saturates the MSS bound on chaos
Ar < 27T this has given great impetus to the notion that the SYK model
provides a microscopic theory for AdS black holes.

Now that we know that the commutator-squared and its Lyapunov
spectrum depend on the way the contour is regulated, the natural question
on how this affects the insights in the SYK model arises. We shall first show
that, in contrast to the previous weakly coupled massive QF T results, in the
SYK model the Lyapunov spectrum is contour regularization independent.

The SYK Hamiltonian with ¢/2-body interactions is

.9
H =12 Z Jil,iz,...,iq Xi1 Xz« Xig s (5.53)
1<iy <ig<--<ig <N
where x; are Majorana fermions so {x;,X;} = 0;; and the coupling
i1 in,..ig 18 Gaussian-distributed random variable with zero average

— 2
and diagonal (i.e. for each i1 inyeniq independently) variance 277 JA([?;ll)l

[18]. The fermionic two-point function G(7) = —(T x(7)x(0)) satisfies the
following averaged Dyson equation in the large-N limit [18]:

Gt = —iwn — %, B(1) = =J°G(r)**G(-7), (5.54)

with w, = (27/8)(n + 1/2), G,, = G(iw,) and X, = X(iw,). In the
same way as for weakly coupled QFT, the symmetrical contour regularized
commutator-squared C/(t; 6)(%’0) satisfies a Bethe-Salpeter equation. In
the large-N limit, for arbitrary coupling, the homogeneous part of the
BS-equation governs the large time limit and is [18]:

—2
F(thtg) = J2(q — 1) /dt3dt4GR(t13)GR(t24) [GW(t34)]q F(tg,t4) R
(5.55)
where G and G are the retarded and Wightman two-point functions.
There is now a difference with the the perturbative QFT approach.

As recalled in the previous section, there the late time approximation
also involves a pinching pole “on-shell” reduction of the retarded Green’s
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functions. The large N late time limit in SYK, on the other hand, is a
conformal field theory with no on-shell particle-like excitations. There is no
natural simplification of the retarded SYK Green’s functions in this limit.
In contrast to the perturbative QFT solution, the full large N Green’s
functions are obtained by analytically continuing the Dyson equation Eq.
(5.54) to real time and solving these equations numerically with an iterative
procedure [252].> Then one solves the SYK BSE Eq.(5.55) by making the
explicit ansatz F(t1,ts) = e (11H+82)/2 f(#15) and rewriting it as an integral
eigenvalue equation in frequency space:

GF (w’+i/\2L>

gir(w) = /dtei“tGW(t)q_2.

[pan-afw@. 650

f)=(a =17 :

(5.57)

One finally (numerically or analytically) searches for which value of Ap,
the kernel has an eigenvector with eigenvalue 1 [18].

We can now ask how the subtly different SYK computation of its
Lyapunov spectrum depends on the contour. As in the perturbative QFT
of the Sec. 5.3, the only place the contour regularization shows up is in
the Wightman functions.® Instead of parametrizing with respect to the
a = 0 Wightman function, let us parametrize with respect to the o = 1/2
Wightman function:

G"w) = ™G (w). (5.58)
The Bethe-Salpeter equation (5.55) for the commutator square in frequency

space for arbitrary a-deformed contour is then the same as before, but
with a modified kernel g, (w):

A
R ]
G(w—i—zQ)

gir(w) = /dtei“’tG”(t)qﬂ, G"(t) = /dwe*i“tG”(w). (5.60)

f@)=ta - 1) [ -wiw, 6

5 As we are using the symmetric regularization, GV (w) = p(w)% is the Wight-
man function with operators separated by i3/2.

6This can also be seen explicitly by analytically continuing Eq. (5.55) t1 — t1 +
iBla—1), to>tat+il ts > ts+iB(a—3), ta — ta.
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We evaluate the modification in the kernel g, (w), compared to the original
kernel g;,.(w), by using the convolution of the Wightman functions:

Jir(w /dte“*’tG" /dw1 dwg— 3G’7(w1)G”(wQ)

XG"(L«)*Wlf"‘qu_g),

and substituting G"(w) = e“"G" (w) in each term inside the integral:

Gir(w)= / e G <W1) ez G (wz) L eNwmwimmwe—s)
Wi,...,Wg—-3

X G w—wy — - — we—3)

= (2’7‘“/dteithW(1&)‘1_2 =e"g;(w).

Therefore, Eq. (5.59) reduces to

A
R ]
G(w+22)

The crucial difference with weakly coupled QFT is that, because of the
gapless nature of SYK even at finite temperature and the absence of a
pinched pole on-shell condition, the product of retarded Green’s functions
remains a smooth function and not a distribution. This allows one to re-
absorb the contour dependence with the redefinition f(w’) — &' f(w').”
In the late time SYK-BSE, this acts as a similarity transformation on the
kernel, and its eigenvalues equal to its Lyapunov spectrum is therefore
contour independent. Note again that the OTOC is still contour depen-
dent, yet the Lyapunov exponent is independent of the regularization. As
mentioned before, this can be qualitatively understood from the weakly
coupled case, where in the massless case the dependence of the contour on
the Lyapunov exponent vanishes.

dw

fW)=(qg—1)J? 5 L en(’ ) g (W —w) f(w), (5.61)

To check the solution obtained with the BSE, we now consider the two
regimes of the SYK model where some analytical control is possible: the
strong coupling limit 5J > 1 and the large-¢q limit.

“We thank Subir Sachdev and Yingfei Gu for emphasizing that this should be the
case.
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5.4.1 Study of the OTOC in SYK in the strongly
coupled limit: conformal limit analysis

In the strongly-coupled regime 5J > 1 of the SYK model, where conformal
symmetry emerges asymptotically, the OTOC may also be computed
analytically by studying the spectrum of the Casimir operator. More
specifcally, for 5J > 1 the eigenvectors of the Casimir operator, with
eigenvalue h(h — 1), are also eigenvectors of the Euclidean kernel of the
Bethe-Salpeter equation [18]. In this regime, the kernel of the Bethe-
Salpeter equation is:

sgn(713)sgn(724)
E

KC(TI7T2;T3aT4) X AZl/Q?

|T13
(5.62)

where the eigenvalues of K. depend on ¢ and h. Moreover, the allowed
values of h are constrained, because the Bethe-Salpeter equation for the
OTOC selects the eigenvalue unity of K,.. For ¢ = 4, the leading contribu-
tion to the OTOC turns out to be h = 2 and is given by [18]:

F(b1...05)  6ag eny'=y) [sin 22 na] [sin 2
G(012)G(031)  mak AT |nz>:2 n2?(n? —1) | tan § neos tan &
(5.63)
01+ 6 03+ 6
=0 2 =0y y=tf g _Pstl (5.64)

2 2

where 6 is the rescaled Euclidean time § = 7/8. This equation must now
be analytically continued to real time by choosing the operator insertions.
We consider the contour shown in Fig. 5.8, which allows us to consider
both the o- and a-families simultaneously.

More specifically, we choose

27t 27t
0, :z’%+27(a+a), 0o :z‘%+2m, 0 =21,  0,=0.
(5.65)
In terms of x, 2, y,y’, we have:
27t
=12 =27, y:i%+2ﬂ'a+7roz, Yy = ma. (5.66)
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Figure 5.8: Extended Schwinger-Keldysh contour corresponding to the two-parameter
OTOC Tr[p®W (t1 +i0B)Vp =W (ta + icB)V].

In order compute Eq. (5.63) explicitly, we set = a’, sum over n and then
substitute Eq. (5.66) to get:
F(t) 1

Gra)G(2ra) x5 = % {27rcot2(7ra) [(OZ —la+o+ z;} + (4a — 2) cot(mar)

(5.67)
2
+i csc?(ra) sinh (;t - 21'71'0) } )
(5.68)
which for large ¢t behaves as:
F(t) S —%ino 25t
G(2ra)Gora) o —i~- cse (ra)e er . (5.69)

We first note that F(¢) is symmetric over @« — 1 — «, as expected.
Second, the long-time regime is controlled by a growth rate given by 27 /8,
independent of the distance between the forward branches «. This confirms
the contour dependence of the OTOC while the Lyapunov spectrum is
nevertheless independent.

5.4.2 Study of the OTOC in SYK in the limit of large
interaction order

In the SYK model, analytical control is also possible when one increases
the order of the interaction in the Hamiltonian (5.53), which is set by ¢
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5.4 Contour dependence of the Lyapunov exponent in the SYK model

[18]. Here we consider the calculation of the Lyapunov exponent in SYK
in the large-q limit, and show that it is also contour independent.

We start with the two-point function in Euclidean signature in the
large-q expansion [18]:

G(r) =, 5n(r) (1 + ég(T) + O(q‘2)> , (5.70)

where ¢g(7) is obtained by inserting the above ansatz in the saddle point
equation for the two-point function. This gives the equation

959 =2(BJ)%e"? (5.71)

where 0 = 7/3 € [0,1) and J? = q2'79J2, and with boundary conditions
g(0) = g(1) = 0. The solution of Eq. (5.71) is

2
90)(0) — _cosH _ 5.72
‘ wmGo0]] 0 VTwg 0P

with v € [0, 1] parametrising the flow from weak 5.J ~ 0 coupling (v ~ 0),
to strong coupling 3J > 1 (v ~ 1). The analytic continuation to real time
reads
GR(t) = 0(t) [G(T — it +¢) — G(T — it — €)] = 0(t) + O(1/q),
(5.73)
G (t) = G(r — it + af), (5.74)
for a = 1/2, and G(®)(t) gives the Wightman function with operators

separated by /2. Instead of working in frequency space with Eq. (5.61),
we work in the time domain and use the following simplification for large

q:

J*(q— 1)G(r)12 = J2q22 9sgn(7) 1 2e9(1) = 272¢9(7) (5.75)
q

Therefore, using Eqgs. (5.74) and (5.75), the kernel of the Bethe-Salpeter
equation, Eq. (5.55), for large-q is
K@ (ty, .. ty) = J*(q — 1)GF(t13) G (t24) G (t34) 72 (5.76)

~ 6(7513)9(t24)2j2€g(7_>it34+5a)
>1

2 2.2
= 0(t13)0(t24) =Y

32 cosh? (%"(t34 + m))

) 77:6(04_1/2),
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where 0 < v < 1 and we take 0 < o < 1/2. Finally, we use 9;0(t) = (¢)
to simplify the Bethe-Salpeter equation

O, Oy, {F(tl,tz) :/dtgdt4K(a)(t1,...,t4)F(t3,t4) ,
Oy, 04, F(ty, ty) = 272972 HB (1) 15) (5.77)

Making the ansatz F(t,t') = e)‘L%f(t —t'):

. )\2
[Oh, + 272 P f(112) =5 S (12)
2.2 2
8t212 + WBZQ/ 5 2 ; f(t12) :%f(tm)v
cosh (%(tlg + m))
2 B\
;- 1w =-(52) 1.

cosh? (y + z%n)

This is the Schrodinger equation with a complex Poschl-Teller potential,

. t . .
which has a boundstate, f(y) = #%sech(y +i%n), with real
eigenvalue F = —1. The value of the eigenenergy gives the value of the

Lyapunov exponent A\; = 2wv/83, which is independent on the contour
parameter o.

The large ¢ analysis allows us a qualitative insight into the role of
the gapless nature of SYK by taking a closer look to the SYK-BSE Eq.
(5.61). Take the kernel of the Bethe-Salpeter equation in the regime

where conformal symmetry is only weakly broken §J > 1. In this regime,
2/q
the symmetric n = 0 Wightman function is G (t) = b[ ]

3 cosh %t ’

b! = (% - %) tan(m/q)/(J?m) [18]. Consequently, the n = 0 kernel g;,-(w)
is

2-4/q  5l1-4/q
) 2
gir (W —w) z/dte“’tGW(t)q_2 = b2 (;) N
r (2 B 5)

2 B —w)\|?
(i)

q 27

Using the identity [I'(a +1ib)|* = T'(a)? [Th, m, one immediately
sees that this kernel is strongly peaked around the origin f(w’ — w) — 0.
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On the other hand, changing the regularization changes the kernel by
an overall factor e(*~1/2)8(w'=w)  Thus, as the integral in Eq. (5.61) is
dominated by w’ ~ w, the dependence on the contour proportional to
en@'=w) 1 essentially drops out.

In a theory with gapped excitation, on the other hand, one can see for the
case of the matrix model by numerically inspecting the expression of the
on-shell kernel (5.93) and (5.94), that the kernels are peaked around the
value of the gap. This gives a contribution of the order e”®ser. Physically
it may be seen as a consequence of a combination of an on-shell particle
and anti-particle process that dominates the kernel.

5.5 The Lyapunov spectrum and the
Loschmidt echo

In previous sections we have seen how the regularization dependence can
afflict the commutator-squared. This shows that without more detailed
specification one cannot directly relate this quantity to an observable
that can be measured in experiments. We have also shown that the reg-
ularization dependence is dominant in the IR rather than the UV. This
is analogous to Schwinger-Keldysh theory where contour dependence is
related to the temperature, and the latter is a well known IR regulator.
IR regularization issues are usually not solved by counterterms and renor-
malization. Instead they often encode physics on their own. This suggests
that a way to resolve the regulator dependence is to define which member
of family of “regularized” correlation functions computes a proper physical
observable. The weakly coupled QFT result, through the mapping of the
commutator-squared to a kinetic equation, indicates that the symmetrically
regularized commutator-squared is the correct one.

Fortuitously this is the one almost exclusively studied in the literature
and the one for which the MSS bound on chaos is derived. Nevertheless, one
would like to understand from first principles why the symmetrized contour
is an appropriate physical observable. The first attempt construction in
the introduction points to the thermally averaged commutator-squared
instead. In this section we show that the symmetrized commutator-squared
follows directly from an alternative measure of chaos, which is related to
standard measurements of information spreading: the Loschmidt echo.
This quantity contains not only the commutator-squared but also higher-
order out-of time correlation functions. The Loschmidt echo and related
quantities have been used in the context of quantum chaos for a long
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time [253-257]. Therefore, it is not surprising that the OTOCs may be
extracted from echo spectroscopy as proposed in [258-261] and measured
experimentally in [245].

5.5.1 Loschmidt echo

The Loschmidt echo is based on a old thought experiment trying to dis-
prove the irreversibility inherent in Boltzmann’s equations by imaging a
dynamical system where at time ¢ after {5 = 0 one reverses all velocities
and compare the resulting state at time 2t with the original state. Micro-
scopically the answer is of course identical, but supposing one makes a
tiny “erroneous” perturbation at the time when one reverses all velocities,
one immediately sees that in a chaotic non-integrable system the resulting
state will be exponentially different from the original state.

This thought experiment can be directly mapped to a quantum quench
experiment. One evolves a quantum state forward in time for a time ¢,
perturbs it with an instantaneous quench ¢“" | evolves backward for the
same time ¢ and projects onto the original state,

M(t) = (|ette®W e tHE ) | (5.78)

For a generic initial state, the echo will have a universal late time expo-
nential fall off independent of the type of quench W that encodes the lack
of overlap between the initial and final state,

M(t) = <winitial|¢Loschmidt(Qt» ~ e_At~ (579)

The Lyapunov exponent A is then a property of the system characterized
by its Hamiltonian H alone.
The Loschmidt echo is the expectation value of a complex operator. To

avoid phases one often takes the absolute value squared, which is known
as the fidelity [262]

2

! PO e (5.80)

iHt i —i 2
F(t) = | (e HtgioW e Ht|1/)>| ~ ’H—(Se’\t

The intermediate step is a well-known result from Jalabert and Pastawski
[254]. A second practical step with an eye on experiment is to consider
the fidelity for an ensemble of states, rather than a single state. Choosing
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the thermal ensemble one has

2

F(t)

1 X ) )
75 %: e*ﬁE[w} <17[}‘61Ht677,5W671Ht|,¢)>

_ |Tr pethe’i‘SWe’thf

= T pettite=i8W g=iHt s iHt i8W o —iHt 4 () (1 /1)
= Tr pe WV peidW () (5.81)
Defining e ""Htpe’ft = X and e =W et peiflteiW — Y the fidelity F(t)
above is a specific case of the more general operator fidelity F = TrX'Y
applied to density matrices as operators.® Three remarks are in order. (1)
In the intermediate step we used that the leading Lyapunov decay rate in
t is the same when computed via |'_[’1",06*Z“”’V(t)|2 or Trpe= W () peidW (L),
(2) Naively, as the late time Lyapunov exponent of interest is a property
of the system and not of the initial state, the averaging should not matter.
However, it is well known from classical dynamical systems that the
late time behavior of an ensemble of classical trajectories is governed by
Policott-Ruelle decay, rather than the microscopic exponential growth.
Even though these are qualitatively related in weakly coupled theories,
they are not quantitatively the same [44]. (3) Note both the symmetrized
appearance of the density matrix, and the fact that the cumulative power
of the density matrix is 2. Computed through a path-integral this implies
that the periodicity in Euclidean time is twice the inverse temperature
B = 2/ Tonys-

To connect with the commutator-squared, we expand to second order in
)

F(t) = Trp? + Tr p(—=6*W (£)*)p + Tr p(§W (t)) pd W (t)

= Trp? + %Tr [, WD) [p, W) + ... (5.83)

8The operator fidelity is a weaker version of state fidelity encoding the notion of how
close a state is to a maximally entangled one [263] or, if referring to teleportation, it
quantifies the quality of the teleportation that can be achieved with the given state
[264]. The state fidelity between two quantum states given by the density matrices
po and p1 equals [265, 266]:

1/2 1/2
Flpo,p1) = Try/ py/popy/”. (5.82)
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5 Regulator dependence of the OTOC and kinetic theory at rescue

with the difference that the density matrix itself takes the role of the
operator V(0). The second time dependent term, the density-matrix
commutator-squared, is a variant of the Wigner-Yanase-Dyson skew infor-
mation.

Tulp, A) = STl Al A)] 0 < a <1, (5.84)

for the symmetric value o« = 1/2 [267]. Writing out the symmetric case
for hermitian A,

I.(p,A) = (TrpApA — TrpAAp) (5.85)

1
2
and replacing the thermal density matrix p with a pure state density
matrix,

Iy ([9)(w], A) = —((4%) - (4)?), (5.86)

one can recognize that the WYD skew information is an extension of the
variance for pure states to mixed states. If, by the same argument as
above, one may assume that it is dominated by some largest eigenvalue
TrpApA ~ (TrpA)?, it computes something akin to the (largest eigenvalue)
variance for the operator O = pA. In that sense it is again natural that
the density matrix appears with cumulative power 2. Put differently, in
computing the WYD skew information the periodicity in Euclidean time
is twice the inverse temperature 8 = 2/Tppys.

However, this is not yet the commutator-squared we are interested in.
A guess might be the case where the thermal density matrix is rotated by
a small similarity transformation p = e’V pge~*V. This is equivalent to an
instantaneous quench by V' at time ¢ = 1. Then in the limit of small § the
late time fidelity equals

F(t) — Tr pethefi(;Wefthpetheistefth (587)

— Tr poetV (g =i0W (1) g =iV (0) 5 iV (0) (idW (1) =iV (0)

52 _ , , .
= Trpg + - Trlpo, eV OW (t)e=V O [pg, e OW (t)e™ VO] 4 ...
= Trpg + &2 (Trpoeiv(o)W(t)e*iv(o)poew(o)W(t)e*iv(o)

_Trpoeiv(o)W(t)ze—iV(o)p()) .

The first and the last term can never give an OTOC; ignoring those, one
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has in the limit of small V'

F(t) =TOC + 6 (TrpoW (£)poW (t) + 2Tepo W () po [V, W (t)]+
+TepoW () po[V, V. W (1)]] + Tepo [V, W ()] po [V, W (1)] + . ) |
5.88

The two terms of order §2 in the first line are also TOC. The terms on the
second line contain the symmetric commutator-squared and a second term
which is also an OTOC but on a different contour.? As we know by now,
generically the Lyapunov behavior of this other OTOC will be different.
This is not yet the answer.

Tracing the origin of Eq. (5.88), it is easy to see how the fidelity and
the symmetrized commutator-squared are related. Eq. (5.88) follows
from taking the long time limit and then taking V' and §W small in the
fundamental definition of the ensemble averaged fidelity — the first line
of Eq. (5.81). If, however, we take the limit of V and éW small, with
p=e"Vpoe~™, the ensemble averaged fidelity equals

F(t) = ‘TreiV(O)pOefiV(O)efi(ﬁW(t) 2

2

Trpo (1 — W (t) — %W(t)2 =SV, W ()] +.. )

= |Trpo|® — 6TrpoTrpo[V, W (t)] — 6Trpe[V, W (£)] Trpo
8 Tupo [V, WD TepolV, W (1)) (5.89)
We now use the late time approximation, where we assume that po[V, W (t)]
is dominated by an eigenvalue Eig(po[V, W (t)]) ~ ez3+i®)t In that limit,
the middle two terms give a strongly oscillatory contribution, which is
hard to measure. We therefore ignore it. As to the last term in Eq.(5.89),
there the late time limit allows us to make again the approximation
F(t) = ...+ Topo [V, WD) TepolV, W (1))
= ...+ Trpo[V, W ()] po[V, W (t)] + O(1/t). (5.90)

9 Note that, at higher orders in §, the fidelity contains higher-order correlation
functions, which are still represented by a Schwinger-Keldysh contour with only two
folds but with multiple insertions of operators. These correlation functions differ
from higher-point OTOCs in Schwinger-Keldysh contours with more than two folds
[268]. The latter correspond to multiple repetitions of the Loschmidt experiment
and, consequently, the largest growth rate is simply a multiple of the Lyapunov
exponent of the 4-point function OTOC corresponding to a single repetition of the
Loschmidt experiment.
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5 Regulator dependence of the OTOC and kinetic theory at rescue

We recognize precisely the symmetrized commutator-squared with one
already noted difference. The cumulative power of the density matrix is
2. This implies that the connection between the periodicity in Euclidean
time and the physical temperature differs with a factor two compared to
what the naive smearing procedured assumes: 3 = 2/Thys. In particular
this means the proper MSS bound on chaos should read A < 77hys.

The above is a strong argument that the natural observable which
measures the symmetrized commutator-squared is the Loschmidt echo in
the limit of small quenches first and late time subsequent with the sublety
that ﬁ = 2/Tphys-

5.6 Conclusion

In this article we have explored the role of the regularization scheme of
the commutator-squared and of the OTOC. Quantum chaotic systems
may display an exponential growth parametrized by a quantum Lyapunov
exponent which is bounded by above A\ < 27wkgT/hi [16]. The proof of
this bound involves regularising the OTOC by thermally spreading the
operators. Purportedly, this is done to regulate short distance singularities
and any physical property of a system should be independent of the short
distance regularization scheme.

Here, we have shown that for those regularizations consisting on a
contour with a /2 separation between the forward branches, shifting the
backwards branches induces a change in the decoherence factor, defined as
the prefactor of the sum of the OTOCs [247]. Therefore, the decoherence
factor cannot be a physical quantity as previously suggested. On the
other hand, the Lyapunov exponent is the same for all of these contours,
suggesting that indeed it may be measurable.

However, we have then shown that for a different choice of contours,
where the separation between the forward branches is changed, the Lya-
punov spectrum also depends on the contour chosen. While the contour
dependence of the commutator-squared has been mostly overlooked in
the literature, it is not surprising that this is the case. Similarly to the
Wightman function, the commutator-squared involves operators inserted
on forward and backward branches of the Schwinger-Keldysh contour,
and so there is no reason to expect that it should be a physical quantity.
Therefore, it is important to know how to extract physical information
from it, in the same way that the spectral density, a physical quantity,
may be obtained from the Wightman function, even though the Wightman
function itself is not physical. The one notable exception in the literature is

160
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[240]. There, the authors studied many body chaos in a weakly interacting
2D system of fermions with quenched disorder and computed the Lyapunov
exponent both for the unregularized n = 1/2 case and the symmetrically
regularized one, 7 = 0 (in our notation). They indeed found that the two
results disagree, and pointed out the regulator dependence of the OTOC.
The conclusion that they drew is that, in the model considered, the only
special feature of the symmetrically regularized OTOC is a particular
cancellations of divergencies in the computation, but the physical meaning
behind this correlator remained obscure.

Here we have performed a more thorough analysis showing the regulator
dependence of the OTOC for two paradigmatic models, a weakly coupled
#* matrix boson (at any N) and the SYK model. By comparing to
ordinary Schwinger-Keldysh theory, we provide a simple diagrammatic
proof regarding the reason why the choice of the contour affects the OTOC,
although the Lyapunov spectrum becomes contour independent for theories
that stay massless/gapless even at finite temperature. This is particularly
relevant for the SYK model, which has been extensively studied over the
last years. Its largest Lyaponuv exponent, which saturates the MSS bound,
is indeed contour independent.

These detailed studies allow us to recognize that the regulator depen-
dence is an IR issue, and not an alleviation of purported UV singularities.
This means one has to take more care in understanding the role of the
regulator as it may contain physical information. One crucial insight of
this chapter is to recognise the special physical meaning of the symmet-
rically regularised OTOC, by means of kinetic theory [44]. The OTOC
computed on this contour is the one which one can properly claim to
compute chaos or scrambling. That the fact that the bound on chaos holds
for this physically meaningful definition of OTOC is remarkable and open
new directions on possible still unknown dynamical constraints that the
bound can impose.

This does then raise the question which simple observable naturally
gives rise to such a symmetric insertion of a thermal density matrix. We
proposed a simple observable, related to the operator fidelity, which con-
tains information beyond the commutator-squared and can be measured
experimentally using echo spectroscopy. The corollary of using this ob-
servable to define the OTOC is that is based on a double insertion of
density matrices, i.e. the periodicity in Euclidean time is twice the inverse
temperature. From this point of view the bound on chaos should read
A S ﬂkBTphys/h.

Overall, our results pose the question on the usefulness of the commutator-
squared to probe quantum chaos. The contour dependence of the commutator-
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5 Regulator dependence of the OTOC and kinetic theory at rescue

squared and of the Lyapunov spectrum extracted from it casts doubts on
whether the commutator square is physical and how physical information
should be extracted from it. However, even though a natural way to define
chaotic quantum system is that in which the OTOC displays an exponen-
tial growth, this growth regime actually clashes with the other notion of a
quantum chaotic theory that it should display random matrix behaviour.
In the SYK model, even though one has exponential growth at shorter
times similar to classical weakly interacting chaos, spectral properties,
such as the spectral form factor, are similar to that of random matrix
theory for times of order of N log(N) and larger [269-271]. This suggests
that the model becomes truly quantum chaotic after this time-scale. A
gorgeous example of true quantum chaos embodied by random matrix
behaviour has been observed on the kicked Ising spin-1/2 chain for much
shorter timescales [272]. There is no exponential growth in the OTOC
in this model, which challenges the notion of how quantum chaos and
especially maximal chaos should be defined.

5.A Numerical calculation in matrix model

In this appendix we outline the simplifications used to solve numerically
the Bethe-Salpeter equation Eq. (5.43). Following [243], we define

P=lp|, K=|k, y=|k—Dp (5.91)

and express the momentum integral as follows

[e%) K+P
dy
3 =2 / K2dK vy 92
/dk T d s KP (5.92)

Rewriting Eq. (5.43) in the time domain and replacing the momentum
integral, we arrive at the simplified version of the Bethe-Salpeter equation,
which we solve numerically following the strategy described in [243]:

3 sinh ( 2E2
M f () = [ | cosninr) g - L " (*5) 1.(P,K)

[\

0 3 sinh (’BETK)
B DO (Ll WA PR
sinh (ﬁ—)

(5.93)
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where
K+P
I, (P,K) = K / dyyR(E4,y)
|K—P|
K+P
I(PK):$ / dyyR(E_,y)
T r2PAEREx YuriE= ) =
|K—P|

3 4m?
xi:z E_,_iy 1+m

and we defined § = g*(N? +5)/(4 - 144).

35K K+P . +
(2m)3BPEpEx sinh z7
AT o\ ylog ——

sinh(8FE, /2) sinh "
|K—P]|
35K K+P _
@ BPEr Fx dulos 1= 2y
sinh(BE_/2) YR TT e
K—

_ B 4m?2
=—|FE_+£ 1+ —
Ty 4 Yy + y2 — EE )

(5.94)
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Samenvatting

Een van de spannende dingen van onderzoek is dat het nooit zeker is waar
en wanneer de volgende belangrijke ontdekkingen plaats zullen vinden. We
kunnen ons alleen laten leiden door onze nieuwsgierigheid en ons instinct.
Dit proefschrift vat enkele antwoorden op de vele vragen die wij ons de
afgelopen vier jaar hebben gesteld, samen. Sommige vragen kwamen tot
stand met het oog op de technologische vooruitgang van (hopelijk) de
aankomende jaren. Het begrip van hoge-temperatuur supergeleiders en
van de mysteries van sterk-gekoppelde systemen, alsmede van de rol van
kwantuminformatie, zou ons leven ingrijpend kunnen veranderen. Verder
is de motivatie puur theoretisch.

Van een chaotisch systeem is bekend dat een een kleine verandering in
de beginwaarden dramatische gevolgen kan hebben voor de evolutie van
dat systeem (het vlindereffect). Deze gevoeligheid voor de beginwaarden is
een eigenschap van het systeem op korte tijdsschalen en kleine afstanden.
Om de chaos waar te nemen, moeten we daarom inzoomen. Daartegenover
staat dat, als we eigenschappen op grote (tijd)schalen willen bestuderen
(en dus uitzoomen), het systeem hydrodynamisch kunnen beschrijven.
Dat twee eigenschappen die zich op verschillende tijdschalen afspelen aan
elkaar gerelateerd zouden kunnen zijn, is een aantrekkelijk idee, wat een
nieuwe vorm van symmetrie op zou kunnen leveren. Dit is een van de
achterliggende motivaties van dit proefschrift: is het mogelijk dat chaos,
die zich zeer vroeg in de ontwikkeling van een systeem manifesteert, invlioed
heeft op het hydrodynamisch transport in het systeem? Zelfs op klassiek
niveau is dit een interessante vraag. Anderzijds is het begrijpen van chaos
in veel-deeltjes kwantumsystemen nog intrigerender. Desalniettemin is
er de afgelopen jaren op beide thema’s vooruitgang geboekt, veelal door
gebruik te maken van de AdS/CFT dualiteit.

In dit proefschrift hebben wij deze vragen vanuit twee tegenovergestelde
richtingen bestudeerd, zowel vanuit zwakgekoppelde veldentheorieén, waar-
bij een combinatie van veldtheoretische technieken gebruikt is, als vanuit
de AdS/CFT dualiteit. Daarnaast hebben wij een fermionisch en bosonisch
kwantum kritisch punt bestudeerd, dit zijn “exotische” aggregatietoes-
tanden waarin kwantuminformatie een belangrijke rol speelt.

De belangrijkste resultaten van dit proefschrift bestaan uit de formuler-

195



Samenvatting

ing van een Boltzmann-achtige vergelijking voor veel-deeltijes chaos, de
ontdekking van een nieuwe eigenschap van thermische correlatiefuncties
(pole-skipping) en de analyse van wat de juiste en zinvolle observabele is
om experimenteel kwantumchaos te bestuderen. De techniek die hiervoor
gebruikt is, is een specifieke correlatiefunctie, welke uitgebreid bestudeerd
is in dit proefschrift, de ongelijke-tijd correlatiefunctie (out-of-time ordered
correlator, OTOC).

In hoofdstuk twee schrijven we de kinetische vergelijking voor veel-
deeltijes chaos neer. Deze vergelijking, met een structuur a la Boltzmann,
brengt een precies, microscopisch begrip met zich mee van wat kwantum-
chaos in verdunde systemen is, namelijk een bruto uitwisseling van energie.
Kwalitatief kan men zich deze kinetische vergelijking zo voorstellen: denk
aan een netwerk waar elke knoop in- en uitgaande verbindingen heeft. Het
kan een energienetwerk zijn van een land waar de knopen overeenkomen
met de plekken waar energie geproduceerd of verbruikt wordt, of een
sociaal netwerk waar de knopen de gebruikers zijn en de verbindingen
willekeurige, oriénteerbare connecties (tweet/retweet, like/dislike). In dit
beeld telt de traditionele Boltzmann transportvergelijking voor transport
de tijdsevolutie van de netto toename in een knoop (respectievelijk de
energie productie ten opzichte van het verbruik, of het aantal tweets min
het aantal retweets van één enkel account). De kinetische vergelijking voor
kwantumchaos telt daarentegen het totaal van inkomende plus uitgaande
bijdragen. Dit is geen constante, en voor kwantumsystemen is het typerend
dat dit exponentieel groeit, een signaal van kwantumchaos. Er zijn limieten
aan de snelheid van deze exponenti€le groei. Onze interpretatie van kwan-
tumchaos in termen van kinetische theorie geeft aan dat, voor sommige
soorten netwerken, dit optellen een heel specifiek karakter heeft, namelijk
een exponentiéle groei. Hierbij is het de vraag waarom, microscopisch
gezien, deze grootheid begrensd is en of dit soort resultaten uitgebreid
kunnen worden naar generieke netwerken, weg van de kwantumsystemen.

In hoofdstuk drie proberen we de algemeenheid van deze kinetische
theorie voor chaos te begrijpen. We onderzoeken wat er gebeurt in systemen
waar kwantuminformatie en verstrengeling op lange afstanden een rol
beginnen te spelen, wat bijvoorbeeld in de buurt van een kwantumkritisch
punt gebeurt. We laten zien dat, voor twee paradigmatische theorieén, het
bosonische O(N) vector model en het Gross-Neveu model, in de buurt van
het kwantumkritisch punt, chaos nog steeds kan worden beschreven met
onze kinetische theorie. In hoofdstuk vier analyseren we sterk-gekoppelde
systemen met behulp van de holografische dualiteit. We laten zien dat
chaotische eigenschappen van zwarte gaten bestudeerd kunnen worden met
een experiment ver uit evenwicht dat overeenkomt met diffusief gedrag in
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de buurt van de horizon. Voor systemen die duaal zijn aan zwarte gaten,
laat chaos een afdruk achter in de correlatiefuncties laat in de tijd, die het
hydrodynamisch transport bepalen. Dit fenomeen is uitermate verrassend
en heeft de naam pole-skipping gekregen.

In het laatste hoofdstuk stellen we een belangrijke vraag aan de orde
met betrekking tot de OTOC. De afgelopen jaren is er veel belangstelling
geweest om protocollen te bedenken voor experimenten om de OTOC te
meten. De discussie is gebaseerd op de stelling, die vaak in de literatuur
wordt aangehaald, dat de OTOC niet gevoelig is voor de manier waarop
deze geregulariseerd wordt. Wij vechten deze stelling aan en laten zien dat
zowel in sterk- als in zwakgekoppelde theorieén, de OTOC sterk athankelijk
is van diens regularisatie. We geven een indicatie van welke regularisatie
de “fysische” is en interpreteren dit resultaat zowel in het kader van de
kinetische theorie, die in de vorige hoofdstukken afgeleid is, als in het kader
van het Loschmidt echo experiment.

197






Summary

One of the exciting things about research is that we never know in which
topic and when the next important discovery will occur. We can only follow
our curiosity and our instinct, maybe guided by the power of analogies.
This thesis summarizes a few answers to the many questions we have been
puzzled and fascinated by in the course of the last four years. Some of
these questions arose by having in mind the technological development
of the (hopefully) near future. The understanding of high-temperature
superconductors and the mysterious behaviour of strongly coupled physics,
together with the role of quantum information, might potentially have a
big impact on our lives. Another motivation is purely theoretical.

We know that, if a system is chaotic, a small change of the initial
condition can dramatically affect its time evolution (the butterfly effect).
This sensitivity to the initial condition is a property of the early time
and small scale of the system, i.e., we need to zoom in to see it. On
the other side, if we want to study the large scale properties and the
collective behaviour at late times, i.e., zooming out, we can likely apply
a hydrodynamic description. The idea that two phenomena belonging to
different time scales could be related is very charming, and can reveal the
existence of a new symmetry. This is one of the theoretical motivations of
this thesis: is it possible that chaos, which happens at a very early time,
can affect hydrodynamic transport in a system? Even at the classical level,
this question appears enigmatic. On the other side, for quantum systems,
understanding many-body chaos is even more intriguing. Nevertheless,
over the past few years some progress has been made on both topics, often
by means of the AdS/CFT duality.

In this thesis we investigated these questions from two opposite directions,
both from weakly coupled field theories, using a combination of field
theory techniques, and from strongly-coupled field theories, using the
AdS/CFT correspondence. Moreover, we studied a fermionic and bosonic
quantum critical point, which are ’exotic’ states of matter where quantum
information plays an important role.

The main results of this thesis consist of the formulation of a Boltzmann-
like equation for many-body chaos, the discovery of a new property of
thermal correlation functions (pole-skipping), and the analysis of which is
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the correct and meaningful observable to measure experimentally in order
to probe quantum chaos. The tool for this investigation is a particular
correlation function, extensively analysed in this thesis, the out-of-time
ordered correlation function (OTOC).

In chapter two, we write the kinetic equation for many-body chaos.
This equation, with a Boltzmamnn-like structure, gives a precise micro-
scopic understanding of what quantum chaos represents in diluted systems,
namely a gross energy exchange. A qualitative picture of this kinetic
equation is the following: imagine a network where each node has ingoing
and outgoing connections. It can be the power network of a country where
the nodes correspond to the sites where electricity is generated/used or
a social network where the nodes are the users and the links are any
orientable connections (tweet/retweet, like/dislike). In this framework, the
traditional Boltzmann equation for transport counts the time evolution of
the net gain of the node (respectively how much electricity is generated
with respect to the amount used, or the number of tweets minus the
number of retweets of a single account). The kinetic equation for quantum
chaos, on the other side, counts the sum of the ingoing and outgoing
contributions. This quantity is not constant in time, and for quantum
systems typically growths exponentially, a signature of quantum chaos.
The rate of exponential growth can be shown to be bounded [16]. Our
kinetic theory interpretation of quantum chaos indicates that, for some
classes of networks, this counting has a specific behaviour, exponential in
time. This raises several questions of why, microscopically, this quantity is
bounded and whether similar results can be extended to general networks,
beyond quantum systems.

In chapter three we try to understand the generality of this kinetic theory
for chaos. We check what happens for systems where quantum information
and long range entanglement begin to play a role, as for example in the
proximity of a quantum critical point. We show that, for two paradigmatic
theories, the bosonic O(N) vector model and the Gross-Neveu model, close
to the quantum critical point (QCP), chaos is still described by our kinetic
theory.

In chapter four we analyse strongly coupled systems by means of the
holographic duality. We show that the chaotic properties of black holes can
be probed with a highly out-of-equilibrium experiment that corresponds
to diffusive behaviour near the horizon. For systems dual to black holes,
chaos leaves imprints in the late-time correlation functions that determine
hydrodynamic transport. This phenomenon is highly surprising and has
been named pole-skipping [56].

In the last chapter we address an important question regarding the
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out-of-time correlation (OTOC) function. Over the last years there has
been much interest in experimental protocols to measure the OTOC. The
discussion has relied on the statement, often found in literature, that
the OTOC is insensitive to the way it is regularized. We challenge this
statement and show that both in weak and strongly coupled theories
the OTOC strongly depends on the regularization. We indicate which
regularization corresponds to the physical one and we interpret this result
both in terms of the kinetic theory derived in the previous chapters and
the Loschmidt echo experiment.
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