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1 Introduction

The model. The SYK model is a quantum system with many degrees of freedom and
random all-to-all interactions. It is analytically solvable and exhibits interesting properties
at low temperatures. In particular, it has a collective mode that is similar to the Dray-
t’Hooft shock waves at the black hole horizon. The original model of Sachdev and Ye [1]
consists of pairwise coupled SU(M) spins. Kitaev [2, 3] proposed a simpler Hamiltonian
with NV > 1 Majorana sites and four-body interactions:

H=— > JikmXjXkXiXm,  Where XX + XeX; = Ojk- (1.1)
j<k<l<m

The couplings Jjx,, are independent random variables with zero mean and the following

variance:

31.J2

2 _
ikim = N3 (1.2)
They may be regarded as elements of an antisymmetric tensor such that % Zk,l,m J]-lem ~
J? for each j. The number J is the characteristic energy scale. This variant of the model
is also more convenient because disorder effects are weaker than in systems with pairwise

interactions. A slight generalization involves interactions of order ¢:

ja/? —— (g 1)L
H = 7 Z le---jq Xj1 -+ Xig» Jj1“'jq = Na—1 (13)
J1se0q

In the N — oo limit, the model is solved using dynamical mean field theory. In-
deed, each variable y; is driven by the effective fermionic field §; = —i0H/0x;
Zj%__’jq JjyejyXia - - - Xj,- Being a sum of many random terms, &;(7) is Gaussian. Further-
more, Xj,(7),...,X;,(7) are almost uncorrelated. Thus, one can write the self-consistency
(Schwinger-Dyson) equations for the imaginary time correlation functions

G(ri,m) = —(Txj(m)xi(m2)),  B(r1,72) = —(T&(11)&5(m)), (1.4)

in a closed form:

Gil == _67' - 27 2(7—17 7-2) = JQG(7-177-2>(]71_ (15)

The Green function G and self-energy ¥ are antisymmetric functions of 71,7 € [0, 8] with
antiperiodic boundary conditions, where § is the inverse temperature. These equations
can also be obtained from the high temperature diagrammatic expansion. It begins with



the bare Green function Gy, = (—9;)7!, i.e. Gy(r,7) = —2sgn(r — 7/), denoted by a thin
solid line. Neglecting the diagrams that are suppressed by 1/N, the full Green function is:

G

%

(1.6)

The Schwinger-Dyson equations can be solved numerically; an analytic solution exists
for 3,|m — 72| > J~!. Sachdev and Ye [1] originally found the Green function at zero
temperature. When adapted to Hamiltonian (1.3), the solution (in the J|m — 72| — oo
limit) reads:

_9A 1
GB=oo(T1,2) = —bA‘J(ﬁ — 7'2)‘ sgn(m — 72), A= 7 (1.7)
where b is some numerical factor (see table 1 on page 6). Parcollet and Georges extended
this result to finite values of S and argued that the form of the Green function indicates
an emergent conformal symmetry [4]:

om \ 24 - 2T 27Ty . 1
G(11,m) ~ E c 77 7 if |m—m>J, (1.8)
where!
Gelp1,02) = —b%|p12] > sgn gy, P12 = QSinw (1.9)

Note that self-consistency equations similar to (1.5) can be written for any model
with all-to-all interactions. However, their solution may not be physical if some ordering
occurs, such as in spin glasses. For the ¢ = 4 SYK model, the transition to a glassy phase
is expected at extremely low temperature, Tgass ~ J e VN [5], so one may assume that
T >> Tglass for almost all purposes. The mean field solution is accurate if 7" > J/N; at
lower temperatures, quantum fluctuations should be taken into account [6].

Relation to black holes. A connection between this type of models and two-dimensional
gravity was first noted in [7]. Indeed, the Green function (1.8) can be interpreted as a
propagator of a fermion with certain mass and boundary conditions, between two points
on the asymptotic boundary of the hyperbolic plane. Correlation functions in real (rather
than imaginary) time are obtained by replacing the hyperbolic plane with a two-dimensional
anti-de Sitter space. More recently, a holographic correspondence has been found that
involves the dynamics and quantum fluctuations of space-time. To introduce it, let us
review some facts about classical gravity.

The Einstein theory is well-defined if the number of space-time dimensions d is 3 or
greater. For d = 2, an interesting theory can be obtained by replacing Newton’s constant
G with a dynamical field called a dilaton. For example, the static solution of dilaton
gravity with a linear potential is the anti-de Sitter space AdSs, which may be regarded
as an “eternal” black hole. Gravitational waves only exist if d > 4. However, black holes

The subscript ¢ means “conformal” and the tilde “renormalized” (in this case, using a dimension-
less time).
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Figure 1. (1 + 1)-dimensional black hole: a) Structure of space-time and infalling matter (shown
as red dotted lines); b) The gravitational perturbations has turned into a “shock wave”; ¢) The
same geometry in different coordinates.

have another kind of gravitational mode [8]. A “shock wave” at the past horizon can be
caused by any infalling object, as shown in figure 1. Such an object, even a very small
one, produces some perturbation of the metric that evolves in time. The passing of time is
represented by the transformation (u,v) — (e}‘tu, e_”tv) in Kruskal-Szekeres coordinates,
where s is the surface gravity. Thus, the metric perturbation becomes localized at the past
horizon and amplified by the factor e*. The effect of such a “shock wave” on a passing
particle appears as a kink on the particle’s worldline, see figure 1b. However, this apparent
space-time discontinuity can be removed by a coordinate change. In the AdS, case, the
new coordinates can be chosen such that the metric remains the same but the boundary is

shifted as shown in figure lc.

T’Hooft considered a pair of gravitational modes localized on the past and the future
horizons, wrote an effective action, and quantized it [9-11]. In this formalism, the infalling
matter directly interacts with the future horizon mode, which mediates its effect on other
modes. Likewise, any Hawking radiation particle must cross the past horizon, and thus,
interacts with the past horizon mode. This model provides, at least, a partial solution to the
black hole information paradox, showing how infalling objects can influence the outgoing
radiation. However, for a long time it remained controversial whether a shock wave on the
past horizon has any physical effect because it does not change the density matrix of fields
in the physical region. It turns out that, indeed, all naturally ordered (Keldysh) correlators
of physical observables remain the same, but the gravitational modes have a strong effect
on out-of-time-order correlators (OTOCs) of the form (D(t)C(0)B(t)A(0)). The latter
were first discussed by Larkin and Ovchinnikov for a single particle in the semiclassical
approximation [12]; they characterize the sensitive dependence of the particle’s trajectory
on initial conditions. In the black hole context, this effect was studied by Shenker and
Stanford, first with a classical perturbation source [13], and then in the fully quantum
setting [14].

OTOCs provide a basis for comparison between black holes and conventional many-
body systems while not requiring a complete quantum theory of gravity. The black hole
OTOCs at early times (but after all two-point correlators have decayed) have some char-
acteristic properties that reflect the physics near the horizon [15]. One salient feature is



their time dependence:
(D(t)C(0)B(t)A(0)) — (DB){CA) o e, s = 27T, (1.10)

where T is the Hawking temperature. At later times, the exponential growth saturates.
This general behavior, indicating fast scrambling [16], is common in models with all-to-all
interactions, but the Lyapunov exponent s is usually smaller. In fact, Maldacena, Shenker,
and Stanford [17] showed that s < 277 for any quantum system at temperature 7" (under
some natural assumptions). Thus, the condition > = 27T is nontrivial. It is, actually,
rather difficult to satisfy. For example, consider the Heisenberg model with random Gaus-
sian couplings, E = J?/N. If the temperature is high, 7" > J, then » ~ J < T} in
the opposite limit, the system freezes into a spin glass [18]. In general, low temperatures
are more favorable for saturating the Maldacena-Shenker-Stanford bound. However, when
T is small, most systems either develop some ordering or enter the Fermi liquid regime,
where energy relaxation and other nontrivial dynamics are slow. For example, the random
Hubbard model exhibits the first behavior if the on-site repulsion is strong and the second
one if the repulsion is weak.
The SYK model has the maximum Lyapunov exponent,

wn T BT > 1 (1.11)
g

This was reported by Kitaev [2] along with other results [3]: an approximate reparametriza-
tion symmetry, the existence of a soft (pseudo-Goldstone) mode, and its effective action.
Polchinski and Rosenhaus [19] studied the conformal four-point function, which is com-
plementary to the soft mode. Maldacena and Stanford undertook a thorough analysis of
the SYK model [20]. They found the conformal four-point function in an explicit form,
calculated a finite-temperature correction to the Lyapunov exponent, —(8¢)/s ~ (8.J)71,
as well as giving detailed derivations of the previous results, computing various numerical
factors, and studying the ¢ — oo limit. In [21-23] the authors made an explicit connection
between the SYK model and d = 2 dilaton gravity, identifying the soft mode with t’Hooft’s
gravitational modes. However, it remains unknown how to obtain the (3J)~! correction
to s using this picture.

Further properties of the SYK model. Reparametrizations of time and the related
soft mode will play an important role, so let us describe them in some detail. When
BJ > 1, the derivative term —0; in the Schwinger-Dyson equations (1.5) is relatively
small. Without this term, the equations are invariant under arbitrary changes of the time
coordinate:

G(r,m) —  G(f(m), f(r2)) f(1)2f (12)?
S(r, 1) — B(f(r), f(r2)) fr) TR ()R

For example, Gg—o defined by (1.7) can be transformed into the equilibrium Green function

(1.12)

at finite 8 (see (1.8), (1.9)) if we use f(7) = 7.e¢*™7/# where 7, is an arbitrary constant
with dimension of time. (If one is uncomfortable with complex functions, f(7) = 7, tan %T
also works.)



The soft mode manifold consists of all solutions of the approximate Schwinger-Dyson
equations for a given 5. The equilibrium Green function is a solution, as is any function
of the form

G(11,72) = Gp—oo (f(11), f(72)) F/(1)2f(12)®  with  f(r) = const - (")

= Ge(p(m), 0(m2)) (T () (T (7)) 2,

where ¢(7) takes values in the interval [0,27] with the endpoints glued. The above ex-

(1.13)

pression is invariant under certain transformations V' of ¢(7) so that the functions ¢ and

V o ¢ define the same G. These transformations act on the variable z = €(") by lin-

az+b
cz+d*

mal”; they form a group isomorphic to PGL(2,R). Thus, the manifold of distinct G’s is
PGL(2,R)\ Diff(S!) = PSL(2,R)\ Diff *(S1).
When the derivative term is taken into account, only the equilibrium Green function

ear fractional maps preserving the unit circle, z — We call such maps “confor-

(whose actual form is different at short times, |73 — 72| ~ J~!) satisfies the Schwinger-
Dyson equations. The general quasi-solution (1.13) can be characterized by this effective
action [3, 20]

. B ) f/// 3 f// 2
Ig=—NagJ / Sch(e“p(T),T) dr, where Sch(f(x),;r) = 73 <f’) (1.14)
0
To see where the Schwarzian derivative Sch(- - - ) comes from, let f(7) = const-e*(7) and let
us expand G(71,72) = Gp—oo (f(11), f(12)) £/(11)2 f/(12)® in powers of 71 — 5. Using the
fact that Ga—oo(t1,12) o (t1 — t2) 22 and Taylor expanding f and f’ at 7, = (11 + 12)/2,
we find that

G(11,72) = Ga=oo(T1,T2) (1 + ? Sch(f(7+),7+) (11 — 7'2)2 + O((Tl — 72)4)) (1.15)

The physical effect of the second term (proportional to (1] —7) = 24+2

times the Schwarzian)
will be explained later. The coefficient aig in the action (1.14) can be determined numeri-

cally [20], while an analytic expression exists in a special case [20, 24]:

1
= — fi — 2. 1.16
as=g  for g (116)
The action achieves its minimum when ¢(7) = 2;% up to a conformal map.

Much of the SYK physics is reflected in the expansion of the free energy in terms of
the large parameters N and 5J:

B(F —Ey) = N(— 30—27r2a5(ﬁJ)1+7(;2’y(5J)2+- : ) —i—%ln(ﬁJ)—Fconst—i—o(l) (1.17)

Here Ej is the ground state energy, which is proportional to N but subject to 1/N correc-
tions. The number sg, dubbed “zero-temperature entropy”, is the entropy per Majorana
site at very low temperatures (but above Tglas). It was first found [5] in the original
Sachdev-Ye model. For the SYK model, the “zero-temperature entropy” is [3, 20]

1/2
sp = W/A (3 — z) tan(mz) da. (1.18)



Meaning and where it appears

Analytic expression

Scaling dimension of x;(7)

Overall factor in G(1q,72)?

A=1/q

—2) tan(m
= la=2)tenin/s)

T(A+4)T(A+ 158

. h)
Eigenvalue of the conformal kernel and | k.(h)= p(h) p(h)=
’ F1-A+4)T(1-A+15E
its derivative at h = 2 (section 2.2.3) P2) ( +2)I 5
¢ sin(27/q)  2(¢ —1)(¢ —2)

Amplitude of the
conformal perturbation (section 3.1)

leading non-

ap (fitted to numerical data)

Coefficient in the UV correction to the
Green function (section 3.1)

Coeflicient in the Schwarzian action
(section 3.2)

Coefficient in the non-local effective v =

action (section 6.2)

Table 1. Common numerical coefficients and functions.

The next term on the right-hand side of equation (1.17), N(—QWQQS(BJ)_I), is simply
the value of the Schwarzian action (1.14) for ¢(7) = 277/3. The (8J)~2 term (with the
coefficient v given in table 1) was reported in [25, 26]. We will derive it from a correction to
the Schwarzian action that is non-local in time. Note that the omitted terms in parentheses
are expected to contain non-integer powers of 8.J, e.g. (8.J)~27" for ¢ = 4 [25].

The terms that do not scale with N, namely 31In(8J) + const + o(1), are due to
quantum fluctuations [20]. Remarkably, this expression is valid even for fJ 2 N, when
the fluctuations of the soft mode are strong [25, 27, 28]. At such low temperatures, the
(8J)~? and higher-order terms are negligible, and the thermodynamics is more conveniently
described using the density of states [25]:

e Pl =7 = /p(E) e PP AR, p(E) o e*oN sinh(27r\/2NaS(E - EO)/J>. (1.19)

Variants of the SYK model have been studied in [29-35].

1.1 Outline of the paper

Let 5J > 1 and let us consider all quantities in the N — oo limit, or in the leading 1/N
order. We are still interested in subleading terms with respect to the small parameter
(BJ)~!. For the free energy, that means all terms in parentheses in (1.17). Similarly, one
may try to derive a systematic (3.J)~! expansion for all tree-level correlators. The goal of
this paper is more modest. We will construct an effective theory of the soft mode that is



one order more accurate than the Schwarzian action and make a similar improvement on
the gravity side (compared with [21-23]).

We first discuss the RG flow and interaction between UV and IR degrees of freedom
for the SYK model. Given the SJ > 1 condition, it is useful to separate short times (UV),
where all calculations have to be done numerically, from the analytically tractable region,
7> J~1. The latter can be further subdivided into long times (IR) and intermediate time
scales, J7! < 7 < 3 (where 7 is understood as |11 — 72|). The intermediate asymptotics
are particularly simple and insightful. In this regime, the Green function has the form
G = G1r + Guvy, where

A
GIR(Tl,TQ) ~ <1 + ﬁ(%r(Tl — 7'2))2> ngoo(Tl,Tg), (1.20)
Guv(r,72) = —ag |J (11 — TQ)’_IGB:OO(T]JTQ)‘ (1.21)

The UV part results from an irrelevant perturbation, namely, the —0; term in the
Schwinger-Dyson equations. In the UV region, this perturbation is strongly nonlinear.
However, we may replace it with a weak perturbation source that is concentrated on the
lower end of the intermediate region and has the same response (as defined by Gyy) for
longer time intervals. Indeed, this response is characterized by the scaling dimension hg = 2
(related to the exponent —1 in (1.21)) and the overall factor aq. The effective perturba-
tion source and the corresponding response will be described in section 3. In practice, ag
is fitted to the numerically computed Green function [20]. Note that the nonlinear UV
dynamics also sources perturbations with scaling dimensions

hi ~3.77, hy~5.68,...  (for g=4). (1.22)

The h = 2 perturbation source couples to the (71 —72)? term in Gigr, contributing to the
free energy. The same coupling is applicable to the more general Green function deformed
by the soft mode (see (1.13), (1.15)), resulting in the Schwarzian effective action. Thus,
the coefficient a,g in front of the Schwarzian is proportional to the the UV perturbation
amplitude ag, as is ag (see table 1). This leads to a linear relation between ag and ag,
which was originally obtained by a different method [20].

The Schwarzian action can also be written using ¢ = ¢(7) as a time variable:

Docal g2 e? Y _—1 1 dy
- _ - h = — 1.2
N ag/ ( 5 5 +ee” | e dyp, where £(p) =J I (1.23)

J—2Sch(ei,T)

(The derivatives are defined with respect to ¢.) We will find a non-local correction to it:

Inon—local _ _1 |:/ 5(@1)5(@2) (ln( 90%2 > + C) CMCW:| P13 = 2 sin w
5( ﬁn.’

N 2 ¢l p1)e(p2) 21 27 2
(1.24)

where v is given in table 1. The number ¢ in this formula depends on the choice of
perturbation source and, ultimately, on the definition of the function ¢. Indeed, ¢ describes



the IR part of the Green function. In section 5.2, we give a certain prescription to extract
o from G using an integral over time variables. This integral picks up a small contribution
from the region |1 — 72| ~ J~!, which introduces some ambiguity into the definition of ¢.
The subscript “fin.” in (1.24) means excluding the UV divergent part; such a regularization
procedure is, actually, unique.

The non-local term in the effective action may be viewed as an intermedi-
ate step toward computing physical quantities such as the four-point correlator
(T x;j(11)x;(T2)xk(73)Xk(74)). It turns out that for natural time orderings, e.g. 71 > 7 >
T3 > T4, non-local effects mostly cancel: the corrlator depends only on 71 — 79 and 73 — 74,
with some fast-decaying (as functions of 75 — 73) terms due to the fields with higher scaling
dimensions, hi, ho, ... This cancellation was first noted by Maldacena and Stanford [20],
who found the correlator by a different method (first for ¢ — oo, and then extrapolating
to arbitrary ¢). We give a qualitative explanation of this effect, comparing it with Debye
screening, and derive a certain identity for the four-point function. Such deep cancellation
does not occur for out-of-time orderings, e.g. 71 > 73 > 79 > 74.

As a separate problem, we consider a certain variant of Euclidean dilaton theory on
the unit disk. Fixing the boundary conditions that depend on an arbitrary function € and
integrating out the bulk fields, we obtain exactly the same action, [local + Inon-local- I
this case, the parameter ¢ is well-defined, which is due to a more rigorous treatment of
the near-boundary region compared with the UV region for the SYK model. However,
the definition of the “conformal time” ¢ is intrinsically non-local; it is related to geodesic
distance between boundary points and involves the metric on the whole disc. So it is
not surprising that non-locality appears in this context. On the other hand, correlators
between boundary observables as functions of the proper time can only contain contact
terms (such as 0(71 —72)) and global (i.e. time-independent) terms. This is due to Birkhoff’s
theorem in dilaton gravity [36], which says that the solution of the classical equations of
motion depends on one global parameter and is otherwise completely rigid. Thus, the
non-local action may be regarded as an artificial construct, but it is unambigously defined
and provides a more detailed correspondence with the SYK model than has previously
been known.

2 Formalism (part 1)

2.1 Replica-diagonal action

Basic form of the action functional. The Schwinger-Dyson equations (1.5) are exactly
the saddle point conditions for this effective action [3, 29]:

I[2,G] :N(lnpf(aTiH;/dﬁ d72<2(ﬁ,72)c;(n,¢2)']:\G(ﬁ,@)y‘J)). (2.1)

As discussed in appendix A, the functional integral of e /C) over ¥ and G gives the
disorder-averaged partition function Z, whereas the physically relevant quantity is SF =
—InZ. However, the difference between InZ and InZ is O(N?79). Furthermore, the



diagrammatic expansion around the saddle point correctly reproduces all connected 2n-
point functions in the leading order in 1/N. (An explicit calculation for n = 3 was done
in [37].) If greater accuracy is needed, one may use a similar action with M replicas and
do the usual M — 0 trick. The key assumption involved in the derivation of action (2.1)
is the replica-diagonal ansatz. We also note that the saddle point is a maximum in G and
a minimum in ¥ and that I[3, G] is well-defined for any real number ¢ > 2, though the
q = 2 case is degenerate in some respects.

The new formulation of the problem has some subtleties. First, the functional integral
should be taken in the complex domain. The exact definition is unclear, but it is not needed
for the asymptotic 1/N-expansion. The integration measure comes with a normalization
factor such that

N
/DZ DG exp<—2 /dﬁ dro X(11,7T2) G(Tl,72)> =1. (2.2)
Lastly, the Pfaffian should be regularized to eliminate the UV divergence:
. Pf(—0, — %)
Pf(-0, — % 22— 2.3
( ) = V2 5y (2.3)

Tilde notation for IR-normalized quantities. Let us transform the action (2.1) to
a different form so as to have easy access to the IR and intermediate asymptotics. We
regard the conformal saddle point (X, Gc) with Ge(m,72) = (%)2AGC(2”571 , 27;%) as a

zeroth approximation. The operator ¢ = 9, is a perturbation. To simplify its treatment,

we replace the integral kernel o (71, 72) = §'(11 — 72) with some nonsingular function, which
requires a new regularization scheme. So, let us consider the difference I between I[¥, G|
and I[X.,G]. It is finite for any nonsingular o and can be written as

I=1-BEy+ Nso. (2.4)

Furthermore, it is convenient to use a dimensionless time coordinate and correspondingly
renormalized fermionic fields x;. The standard choice is

2 - 2

0 = %, X5,0(0) = x;(7) 5;A, where ¢y = 5—7; (2.5)
But we can also change the frame 6 to ¢(€), where ¢ is an arbitrary diffeomorphism of the
unit circle (represented by the interval [0, 27| with the endpoints glued). In this case,

A 1dy

M), Rele) = (D ep(9) A where eg(p) =g o = T1E (26)

= o(%F
(The frame subscript may be omitted when it is clear from the context.) In addition to
similar transformations of the Green function and self-energy, we combine the latter with
the perturbation source, that is, define ¥ in terms of ¥+ 0. We will usually use the inverse

transformations:
G(r1,72) = Gylip1, 02) £o(01) ™ £ (02) %,
B(r,72) = I (Selor, 02) = Gollon, 02) ) 2pli1) 2 eplion) 2, (2.7)
o(11,72) = J2G (1, 02) €0(p1) 2 p(i02)' 2.



Now, the effective action has exactly the same form in any frame:

8- a3 (-]

reg.
1 ~

- Q/dsol dp2 5 (1, p2) G, p2) (2.8)

where the subscript “reg.” indicates the difference between the expression in brackets and
its value at the conformal point (e, Ge).

The change from one frame to another is described by a diffeomorphism V : S' — S1.
A corresponding operator V}, acts on functions as follows:

—h
Vi = () 1@ o y=vi) (2.9

The choice of h depends on context (the physical meaning of f). Functions of one variable
whose transformation law is characterized by a given h will be called “h-forms”. It is easy
to define a similar action Vj,, 5, on functions of two variables. In this notation,

é\/ocp = VA7A écp, i3Vc><,0 = Vi—A,l—A igm 6V®<p = Vvl—AJ—A 5—90' (210)

Application to correlation functions. We now describe the diagrammatic calculus
for quantum fluctuations around the saddle point (i*, é*) for a fixed &. It can be derived
by expanding the effective action in §Y =% — 3%, and 6G = G — G,. The second-order
expansion is given in the next subsection. In general, the derivation is similar to that
of the high temperature expansion in appendix A. The saddle point expansion can also
be obtained by a resummation of high temperature diagrams. As is usual, the sum of
closed, connected diagrams represents In Z, whereas the expansion of In Z includes only
those diagrams that are connected along fermionic lines. This difference is not important
for our purposes because we work at the tree level. So, let us simply say that we consider
the logarithm of the partition function and correlators of the form

G(e1, @150 ) = (1) D> (TR (01X (#1) - - X (0n)Xjn (25)). (2.11)
j17~-~,jn

The diagrams for these quantities are built from 2n-gons, or “sheets” (arising from the
Taylor expansion of In Pf (—i)) that are connected at the sides without a border by “seams”
(coming from éq), see figure 2. Taking the tubular neighborhood of an embedding of such
a diagram into R?, one obtains a three-dimensional handlebody whose genus g counts the
factors of N in G as G ~ N'79. In fact any closed diagram that is connected along
fermionic lines can be mapped to such a handlebody, see appendix A.

The connected part of correlator (2.11) is 2" times the n-th variational derivative of
In Z with respect to 6. To find it at the tree level, i.e. in the leading order in 1/N, we may
approximate —In Z by the saddle point value of the action, I.. Hence,

N s
G R ! Sy ’ ) ~ —2" 5 )
conn. (91, P+, P ) 55 (p1,9}) - 05 (9ns P)

(2.12)
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i _
Sheets: — N , =N (7 7]\7) (7 <p_(_<p’ = Gi(p,¢")

(oriented clockwise or counterclockwise)

Seams: I 3 2 3-2-1 2 1 5
by :

< <\,
(oriented up or down) I “n  ©Ph

Template for é(@l» ©OL3- 3 Pn, Pp)

Figure 2. Diagrammatic calculus for the expansion of action (2.8) around the saddle point (3., G,)
for ¢ = 4. Degenerate 2-gon sheets representing G, may be attached directly to the template tabs.
When the building blocks are composed into a diagram, each orientation conflict between a sheet
and an adjacent seam or between a sheet and the template gives a factor of —1.

We will need the connected four-point function:

Geomn. (91,92, 93, 01) = G(p1, 92, 03, p1) — G(1,02) G(3, 1) (2.13)
= N F(p1,92; 03, 01) = N (A1, 023 93, 01) — A1, 023 04, 93))

where the notation F has been used in [20] (albeit in the standard 7 variables) and A is a
sum of ladder diagrams:

11 3 1 3 the coefficients of the
A1, 2503, 04) = N7 A A+ A o A 4o .
2 4 2 4 diagrams are not shown
| e 3 1 3 1 3
= R I R Y IR a
2 e 4 2 4 2 4

(2.14)

These diagrams have a repeated element, the ladder kernel K, which is defined by cutting
the ladders along the dotted lines. It is the integral kernel of an operator acting on functions
on St x S'. If an extra rung, split in half, is added on both ends of each ladder, the above
expression takes the form L = K + K? + K+ --- = K(1 — K)~!. Thus,

_ N q—2
L(p1, 203, 04) = (¢ — V)| Gulior, 02)| 7 A(cm,m,sod,m)lG (5007  (2.15)
is the integral kernel of L = K (1 — K)~!, where

~ -2 ~ ~ ~ a—2

K (o1, 023 93,4) = (¢ = D|Gi(p1,02)| = Gulp1,93) Gula, 92) |Gulips, 0a)| = . (2.16)
2.2 Conformal kernel and representations of PSL(2,R)
2.2.1 Conformal kernel

The action (2.8) is suited for the study of the SYK model near the conformal point (ic, éc),
which is a (non-unique) saddle point for & = 0. We would like to calculate the system

— 11 —



response to small perturbations (¢1,¢2). In particular, a generic UV perturbation is
expected to have a similar effect to that of the kinetic term 0, in the original model. We
can also express various correlation functions by probing the system with additional IR
perturbatlons So, let us expand the action near the conformal point. If Y= Z + 6% and
G =G+ (5G then

I 1 - . 1~ -
& ZTr(G 52) /dsmd@z(52(901,902)561(901’@2)—6]2\Gc(somoz)\q 25G(@17s02)2>

1 } - _
—3 /d<P1 dp2 5 (1, 02) (Gelp1, p2) + 0G(p1, ¥2)), (2.17)

where we have neglected terms of order 3 and higher. Let

9(p1,92) = Re(p1,02) Glo1,2), (01, 92) = Relp1,02) '5( 01, 02) (2.18)

where Re(p1,¢2) =q—1 ‘G ©1, P2 ‘ =S \/(]—719012 € (1, 92)” ! (2.19)

and let us also use the temporary notation f(¢1, p2) = Rc(¢1, (pg)*li(cpl, ©2). Thus, (2.17)

becomes
é _ 2 <5f‘[( 6F) + 5fyég> - (5g!5g> <5\gc +49), (2.20)

where the inner product is defined by the integral over S! x S and

ge(p1,02) = =/ (g — )b @1y, (2.21)

Ke(p1,92; 93, 04) = Re(p1, 92) Gelip1, 93) Gelpa, 2) Re(p3, 9a)
= (¢ — 1) blp12[** 13|22 (sgn ¢13) |paz] 22 (sgn az) |wsa*2 !

(2.22)
Taking the saddle point with respect to d f, we obtain this very simple result:
Iy [0g] 1 1 _
) <s}gc+5g>+1<5g‘[(c 1—1‘(5g> (2.23)
If we also try to take the saddle point with respect to dg, we should get
). 1 1 _
B (slae) — (sl Keld ~ K7 |s) = —3(010) — S (alRel), (220

Le
where

Fe(©1, 02503, 01) = Re(p1,02) " (Lep1, 02503, 04) — Le(91, 92; 04, 93)) Re(z, pa) L

(2.25)
The function .7?C is a special case of the connected four-point function F defined
by (2.12), (2.13). However, the operator 1 — K. has a null subspace that is generated
by the soft mode. Therefore, F. is only defined on the orthogonal complement of the null
subspace.
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Since the “conformal kernel” K. is Hermitian with respect to a natural inner product,
it can be diagonalized by constructing a basis of normalizable or d-normalizable eigenfunc-
tions. This has been accomplished in [19, 20]. However, the effect of UV perturbations at
the intermediate and IR scales can also be studied using non-normalizable eigenfunctions.
A helpful analogy is a quantum particle bound to a shallow 1D potential well. Its wave
function has long exponential tails on both sides of the well where the potential vanishes.
Such a tail, (x) o e~ is a non-normalizable eigenfunction of the kinetic energy operator.
(Unlike plane waves, it is not even d-normalizable.) In our case, the “potential well” is the
analytically intractable UV region, situated at the time scale |p; — @a| ~ ¢ = 27/(8J).
The “exponential tail” is the intermediate asymptotics of G or g. Such asymptotics are
indeed exponential in the variable & = In(|p1 — @2l /e).

2.2.2 Normalizable eigenfunctions and decomposition of identity

As mentioned in the introduction, the conformal symmetry is described by the group of

az+b
cz+d

assume that the orientation of the circle is also preserved. The group & of such maps is

preserving the unit circle z = e*. For simplicity, we

linear fractional maps z +—

isomorphic to PSL(2,R). The Green function G(r1,7) is transformed under conformal
and more general diffcomorphisms as a A-form in each variable. (This term is defined
below equation (2.9).) We simply call G a (A, A)-form; similarly, the perturbation source
gisa(l—A1— A)form. However, we have replaced ¢ by s and G by g using the
transformation (2.18). (Note that this transformation commutes with the action of &
because G, is invariant under that action.) Both s and g are (1/2,1/2)-forms that are
antisymmetric and antiperiodic in each variable.

From now on, we use the notation and some results from a companion paper [38] on
the representations of & and its universal cover. In particular, 7§ stands for the space of
M-forms with the twisted periodicity condition f(p + 27) = 2™ f(). For our purposes,
p is either 0 or 1/2, but A can be any complex number. Note that the space .7-"; comes
with a Hermitian inner product when A = l but not in general. Indeed, the expression
[ file ¢) de only makes sense (or more prec1sely, is G-invariant) if the integrand is a
1—form, that is, if ®A = L. It is interesting that F //2 splits into two invariant subspaces

2 1
that consist of positive and negative Fourier harmonics, respectively:

1/2
‘7:1/2 = DIr/2 b D1/2 (2.26)

The conformal kernel K. is a Hermitian operator that acts in the space of (1/2,1/2)-
forms, H = ]_-11 //22 ]:11 //22 , and commutes with the &-action. Therefore, the study of K. can
be simplified by reducing it to the intertwiner space Homg (U, H) for each unitary irrep U.
In a slightly less abstract language, we should split H into isotypic components. Let us

first represent this space as follows:
1/2 /2 - _ _ _
H="TF )y @F ), =(D 1/2®D1/2) (D 1+/2®D1/2) 8 (Dl/Q ®Dfr/2) ® (D1/2 ®D1/2)- (2.27)

The tensor products of SL(2, R) irreps have been fully characterized [39, 40]. In particular,
the first term in the above equation is the sum of discrete series representations D;[ for
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h=1,2,3,.... The second term splits into the principal series representations Cg(l—h) for

h=1+is (s> 0). However, we are actually interested in antisymmetric (1/2,1/2)-forms.

12 @ D] /2
full space of antisymmetric forms is represented as follows:

H™ = A (F 11//22 <@D > ® <@ D2n> ) </ OC§/4+82 ds). (2.28)
n=1 s=

Since each irrep occurs with multiplicity 1, all its elements are eigenfunctions of K.. To

In the decomposition of D into D;f, they correspond to even values of h. The

compute the four-point function, we need to find the corresponding eigenvalues as well as
the decomposition of the identity operator into projectors onto the irreps.

The identity operator acting in the space of antisymmetric forms has the integral kernel
%((5(@1 — 3) (2 — @a) — 6(p1 — ¢4) 8(2 — 3)). To represent it as a sum of projectors,
one can apply the decomposition of identity for Di ® Di (see the last section of [38])
to each term in (2.27). This gives an expression for d(p; — p3) (2 — ¢4) which is then
antisymmetrized; it has the form » >2 | TI§ dlscr + fo ds Hi?gﬂ_ Maldacena and Stanford in
sections 3.2.2, 3.2.4 of their paper [20] did the calculation by a different method. It addition,
they expressed the discrete series projectors as residues of the meromorphic function that
defines the continuous series projectors:

2 (31— 29) 32— 04) 81 — 92 8(ip2 — 23))

- 1/2ic B (2.29)
Z Resp—9, + / ﬂ <hl/2 4 (1, p2; @3, @4))
— : mtan(mwh/2)

- 1
2 1/2—ioc0 2mi

The poles at h = 2n come from the normalization factor rather than the unnormalized

projector IIj, defined below. The projector kernel is expressed in terms of the variables

Ojk = 2sin 2 2% and a G-invariant cross-ratio x:

1 - p1ap34 (21 — 22)(23 — 24) »
11, (01, 02 03, 04) = @15 @31 Yr(X), = = ; zj =€,
(01,0203, 4) = ©13 P34 YalX) X= orsom (= 2)(z2 —21) i
(2.30)

The function W, has different expressions depending on the cyclic order of ¢1, s, 3, ©4;

they are not related to each other by analytic continuation.? Things are slightly simplified
by reducing the six possible cyclic orders down to three cases:

OPE region I: P1 > P2 > Y3 > @4 O P3>3 > P > Py, 0<x<1,
OPE region II: 9 > 1 >3 > P4 OF  P3 > P > P2 > P4, x <0, (2.31)
OTO region: V1 > 3> Y9 > Py Or Y9 > p3 > Y1 > Py, x > 1.

To describe Wy, we will use the scaled hypergeometric function F(a,b,c;z) =
['(c)~! ,F(a,b,c;w) as well as these auxiliary functions:

Ap(u) = (1 —w)"F(h, h,1;u), u <1,

(2.32)
Bp(u) = (1 —w)"F(h,h,2h;1 —u), 0<u<l.

2This is because the decompositions of identity for D1/2 ® D1/27 D;“/Q ®D;/2, etc. have projector kernels
with different analytic properties. When they are combined, no single analytic continuation recipe works.
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Note that Ap(u) = Aj_p(u) is a linear combination of Bp(u) and By_p(u); any analytic
branch of Ap(u~!) = A;_,(u™'), Br(u™'), or By_p(u~!) can also be represented as such
a combination. In this notation,

rcos(lﬂl) (F(h)Q cos? %h Bh(l — X) — 1‘(1 _ h)2 sin2 %h Bl—h(l B X))
for 0 < x <1,
B - 4 sontay (CORe0s? 2 BL((1=20) =T = 1) sin? 3 By (1= 0)7))
for x <0,
Sinzrwh) (Ah(l —x)+ Ah((l - X)_1)> = F(%) F(%) F(%, %7 %7 (x;2)2)
for xy > 1.
(2.33)

The 1 < @9 symmetry takes x to ﬁ, and thus, 1 — y to (1 — )~ L.

2.2.3 General eigenfunctions and the corresponding eigenvalues

Let us now consider general, not necessarily normalizable, eigenfunctions of K.. In this
setting, K. may not be diagonalizable because the inner product is not available. In fact,
rank 2 generalized eivenvectors ¥ (such that (K. — k¢)?>¥ = 0 but (K. — k.)¥ # 0) appear
in some situations. However, each ordinary or generalized eigenspace is ®-invariant. An
effective strategy to search for (generalized) eigenvectors is to consider abstract represen-
tations of & and their realization by (1/2,1/2) forms. Let us focus on the representation
F}_, for an arbitrary h. An intertwiner W}, from this representation to (1/2,1/2)-forms is
given by the following equation:

(W) (e1,02) = (27T)_1/Wh(sm,@z;%)f(%)ds@oa (2.34)

i — Pk

Wi(e1, 025 00) = (sgne12) [12]" o] |20l ™", where ¢j, = 2sin (2.35)

The integral kernel of W}, looks like the conformal three-point function of fields with
scaling dimensions %, %, and h. We may think of (W}, f)(p1, v2) as the response to a pertur-
bation of the form [ f(p)O(p) dp, where the field O has dimension h. This interpretation
provides some intuition but should be used with caution because in the present discussion,
h is arbitrary, whereas the OPE for the SYK model has a discrete dimension spectrum [20].

Now, the function Wj(p1, p2;¢0) with a fixed g is by itself a good candidate for
an eigenfunction of K.. The integral of K.(p1,v2;¢3,04) Wr(ps, pa;¢0) over dps dpy is
evalueted in two steps:

1 —2A 3 1 1—-2A—h
—h 0
2A — 1 280+ h—2) 0 oxX 2A-1 x —
YN _h 2A —h—1
2 4 2 4
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In these diagrams, a line with label a stands for [¢;;|* and an arrow from k to j for sgn ¢jy.
Each step is performed using a star-triangle identity, where the integral is taken over the
middle point:

= —% L(1+a)T(14b)I(1+c) cos(%a) cos(5b) sin(5c) et o

—1—c
for a+b+c=-2.
(2.37)
The result is Wy (1, v2; o) multiplied by the following number (i.e. the eigenvalue of the
conformal kernel) [3]:

u(A -5 u(A - 5)

u(A+3)u(A—-1)

kc(h) = where u(z) =I'(2z) sin(mx). (2.38)

Another form of this expression can be found in table 1 on page 6. All solutions of the

equation kq(h) = 1, i.e. the poles of the function lfjg(ch()h), are real. We denote the positive

solutions by hg, h1, ... in the increasing order; in particular, hg = 2. Since k.(1—h) = kc(h),
there are also negative solutions.

3 The SYK model at low temperatures

We now take a break from the formal style of the previous section and try to describe some
interesting physics in the 1 < 8J < N regime using as crude approximations as reasonable.
The results concerning renormalization can be generalized and/or derived more rigorously
using additional formalism, which will be introduced later.

3.1 Renormalization scheme

The kinetic term —d; in the original effective action I3, G] (see (2.1)) produces various
3

irrelevant perturbations to the conformal solution. Their intermediate asymptotic form is
6G(11,m2) = Guv (T, ) ~ const - [J(11 — )| " Gpono(r1,72) if TP |1 — 1| < B,
(3.1)
where ®h > 1. Many such terms contribute to the Green function, but we focus on a single
one. Being unable to analytically treat very short times, |71 — 7| ~ J~1, we replace 0,
(or equivalently, o(71,72) = 0'(T1 — 72)) with a suitable source & for the modified action
I [i‘,é} In doing so, we aim to reproduce the term in 6G that is characterized by a
particular exponent h.
At first sight, the exponent h seems to be arbitrary. Indeed, 6G is & multiplied by
the sum of ladders; if & is proportional to some power of 71 — 7o, then so is 5G. To be
more precise, let us use the transformation (2.18) from G and & to g and s so that |g) =

3In general, §G denotes the difference between the actual and conformal Green functions, whereas Guv
is its part that increases toward the UV region. Thus, Guyyv does not include soft mode effects, which are
strongest in the IR. The soft mode is absent from the current setting but will be added later.
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—guv,1

> SI >
0 § 0 §

Figure 3. Cartoon of the window function u dressing UV perturbations (left) and the response
dg = guv,1 to a UV perturbation s; (right) as a function of £ = In(|612]/¢).

K.(1 — K.)7!s). Taking the perturbation source s(¢1,p2) o |p1 — 02| " sgn(p1 — @2),
which is the intermediate asymptotics of the unnormalizable eigenfunction Wy_p defined

by (2.35), we obtain the response dg(¢1, p2) of the same form, multiplied by 162(581). This
is equivalent to §G(71,72) o< |1 — o' "G p—no (1, T2). However, the power law source is
not very natural because it directly influences the Green function at intermediate times,
whereas the physical effect is due to RG flow. For a clean setting, we should impose the
condition that the perturmation source is supported by a slightly extended UV region,
where |11 — 73| is bounded from above by J~! times some large constant. With such a

cutoff, the response is also concentrated at short time intervals, but only if 13&)}1) is finite.

We will see that in the case of resonance, i.e. when k.(h) = 1, the response extends to
longer times and, ultimately, contributes to the IR properties of the model.

Let us describe our method in more detail. We work in the physical frame,* § = 27w7/3.
The perturbation strength depends on the parameter ¢ = g = 27 /(/5.J), which also sets
the UV cutoff for #; — 05. We define the renormalization variable to be

£

=In ‘9;2. (3.2)

01—02
2

replaced with #; — 05. To impose gentle UV and IR cutoffs on the perturbation source,

Our present analysis is limited to |0} — 03] < 1, therefore 612 = 2sin may be safely

we introduce a smooth window function u that spans a sufficiently wide interval of £ (see
figure 3) and is normalized as follows:

/Oo deu(e) = 1. (3.3)

—00

The window remains fixed as the maximum value of £, equal to In(8J/7), goes to infinity.
Let h = h; be a positive solution of the equation k.(h) = 1 (for example, hy = 2). The
corresponding perturbation source is

S](@l,gg) = —a[€h1_1‘91 — 92‘_}” Sgn(91 — 92) u(f) (3.4)

4Currently, ¢(8) = 6, but we will later use a nontrivial function ¢ that represents the soft mode.
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where the coefficient a; can be found by matching the analytically computed response

hi=1 s intro-

with the numerical solution of the Schwinger-Dyson equations. The factor ¢
duced for the following reason. Translating s(61,62) to 6(01,602) to o(71,72) according to
equations (2.18), (2.7) should give an expression that does not involve 5. And indeed,

using (3.4), we get

5‘[(91, 92) = —ay \/q—l bl/z_A 6h1_1|91— 92‘2A—1—h1 sgn(«91 — 92) u(ln |(91— 92)/€|), (3.5)

or1(1,72) = —ar/q— 10> A T2 [T (1 — )22 M sgn(ry — m) u(In | I (11 — 1)]). (3.6)

Note that [ —o7(71,72) (11 — 72) dm is also independent of J, and thus, o(71,72) may
be regarded as an approximation to the kinetic term §'(73 — 72) up to a constant factor.
However, this factor need not be 1 because the perturbation by the kinetic term is nonlinear
and because the previously mentioned integral depends on the window function. (The only
exception is when ¢ = 2 and I = 0, in which case the integral reduces to 2ag ffooo u(§) d¢ =
2a9. Hence, ag = 1/2 for ¢ = 2; such linear fitting is implicit in appendix C of [24].)

We will use the fact that for each h, the function f(6y,62) = |61 — 02| " sgn(0; — 62) is
an approximate eigenfunction of the conformal kernel with the eigenvalue k.(h), assuming
that |01 — 03] < 1. Indeed, the equation K.f ~ k.(h)f is made local by interpreting it in
terms of the singularity at 8 — 62 — 0. As a partial justification, if both #3 and 6, are
far away from 61, 6, then the contribution of f(6s,604) to (K.f)(61,62) is nonsingular. We
take it without proof that if only one of the points is far away, then the contribution may
be neglected as well. So, it is sufficient to consider the eigenfunction equation in a small
neighorhood of some point #. In this neighborhood, f(61,6s) ~ 4'="W1_;,(01,02; 0 + ),
where Wy_j, is the eigenfunction defined by (2.35). (As an aside, this argument suggests
that the perturbation source may be attributed to a field of conformal dimension 1 — hy
acting at the point 6 + 7, or even better, at an infinitely distant point.)

Now, we calculate the response guy s to the perturbation s; in the region |6 — 62| < 1.
In the Fourier representation of the window function,

u(@) = [ 5ratme, (37)

w(n) is concentrated at small values of 1 because the window is wide. Plugging the Fourier
expansion into (3.4), we get

_ d - —(hr—i -
s1(61,09) = —ayeh—? / %5 710y — o] "I son (0 — 05) a(n). (3.8)

Thus, the window function serves to smear the power hy over a small imaginary width. For
each given 7, the expression on the right-hand side is an eigenfunction of the conformal
kernel with the eigenvalue k.(h), where h = hy — in. Therefore, the response is obtained
by multiplying the integrand by % Expanding k¢(h) to the first order in h — hy, we

find that
guv.1(01,02) = —are" 1|0y — 09| 7" sgn(6y — 62) v(€), (3.9)
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where

1 dn . L e
_ = et 3.10
o) = =gy | G = € (310)
and there is seen to be an RG equation relating the envelope function v to u:
dv(§) 1
= . 3.11
i~ Ko " 4y

Integrating with boundary condition v(—o0) = 0, we have v(£) = (kL(h;))~* ffoo u(¢) d¢,
and in the intermediate region in which all of u has been integrated over in v,

ary

k,(h)e’”*lwl—92\*hfsgn(01—92) for e < |6 — 62| <1 (3.12)
"k (hr

guv,1(61,02) =

Equivalently,

Guv(r,m) ar

Go=oo(T1,72)  (=ki(h1))y/(q = 1)b
In particular, the coefficient for the leading UV correction, denoted by a¢ in [20] and
in (1.21), is

|J(r — TQ)}lih for Jl < |r —m| < B. (3.13)

— ao
" @) .

3.2 Derivation of the Schwarzian action

Let us consider the Green function (or rather, the dynamical variable G in the action
I[¥,G]) that is deformed by the soft mode. In the introduction, we both expressed it
exactly and found two main terms in the 7 — 75 expansion, see (1.13) and (1.15). Now
we are using slightly different notation, representing the soft mode by a function ¢ of the
variable § = 277/ and denoting the deformed Green function by G (because it does not
include the UV corrections):

Gr(61,02) = Ge((61), 0(62)) ¢ (01)¢'(62) (3.15)

- A ,
~ Gp—no(b1,62) (1 +5 Sch(e®+) 0. (61 — 92)2) for |6 — 6] < 1,

where

_ B 0+ 0
Gpoo(01,02) = —b2|01 — 02| 2 sgn(6) — 62), 6, = — 5 2. (3.16)

The effective action for the soft mode arises due to the coupling between G~ éIR and
a UV perturbation source in the full action I[3%, G] as described by the last term in (2.8).
The leading source 6 = ¢ is given by (3.5) with I = 0, i.e. hy = 2. Integrating it against

égzoo gives some number that is independent of ¢ and proportional to e~! o 3. That is
just a contribution to the ground state energy, which can be subtracted. So, let us integrate
the source with the second term in (3.15):

N B ~ -
hocal = 5 /d91 df2 G0(01,02) (Gir(01,02) — Ga—oo(01,62))
- (3.17)
= —Nage / Sch (e, ) do,
0
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where the coefficient ag is expressed as an integral over 619 ~ 01 — 0s:

1

A [ —
ag = apy/ (q — 1)b 12/ d(912 |¢912\_1u(1n\912/5|) = ag (qﬁq (318)

Together with (3.14), this formula gives a relation between two physically significant

numbers:
ag 127rq2

as  (=ki(2))(a—1)(q - 2)tan(n/q)

(3.19)

3.3 Leading four-point function

The leading contribution to the four-point function is proportional to e~ o< 8.J and comes
from the fluctuating soft mode. The general expression is

FU (1, 602;03,04) = N(5Gir(61,62) 5Gir (03, 604)) (3.20)

local ’

where the expectation value involves the functional integral over ¢ with the Schwarzian
action Ijoca;. We assume that 1 < 8J < N; the second inequality guarantees that the
fluctuations are small so that the Gaussian approximation works. The calculation was
first carried out in [20]. Our method is very similar, except that we eliminate gauge
degrees of freedom at the very beginning. Specifically, we express the Green function
Gir(01,62) = G (¢(61), 0(02)) ¢ (61)2¢' (62)™ in terms of the SL(2, R)-invariant observable

O() = Sch(e? 9). (3.21)

Since the fluctuations are small, it is sufficient to expand O(#) to the first order and
the action to the second order in dp(0) = ¢(0) — 0. This formula serves both purposes:

Sch (e, 0) = 5 + 8¢’ + 06" + 5 (0¢') = (3¢) (") — 5(8¢")* + 0(8¢%).  (3.22)

Let 60(0) = >, (6¢)me™’. The Fourier modes (6¢),, with m = —1,0,1 are SL(2,R)
generators, and therefore, should cancel from physical observables. In particular,

50(6) = 0(0) — % ~ (0 + 03)00(8) = —i 3" m(m? — 1) (5p)me™. (3.23)

An expression for 6@1}{ = CNT’IR — éc (in the linear approximation) will be derived in sec-
tion 5.1.3. It is given by (5.22), which is equivalent to the first line of the equation below;

the second line follows from the fact that 6O does not have m = —1, 0, 1 Fourier harmonics:
SGR (61,0 6100 dé
Gr(01,02) 7T/ 100201 50(,) 2% (3.24)
GC(Hl, 92) q 012 2m
21 (% 010002 dfy
= — 00(6y) — if 0<6;—0,<2m. 3.25
q Jo, b2 (60) 27 ' DR (3.25)
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The last expression will be helpful for the analysis of the four-point function but we will
use (3.24) for now. Combining it with (3.20), we get

(—1) . 2
f (01, 9~27 03,04) _ 7% / dos dZG 015625 PED (05, 06) 036046 7 (3.26)
Ge(01,02) Ge(03,04) 4 (2m) 012 034
where P(—1) is the correlation function of the observable 6@ to the e~ order:
P01, 05) = N(50(61) 60(62)), .0, - (3.27)

(The subleading ~ €° term will be considered in section 6.2.) We find P~V (6, 65) using
the quadratic expansion of the Schwarzian action in d¢:

N2 _ /N2
% %—2770455/(1— (0¢)” = (07) >d0 :—Trass—i—ﬂasazmz(mQ—l)(écp)m(&p)_m.

2 2 21

(3.28)

It implies that

1 Om,—n
N{(60)m(6©)n ) 1pens = dmase m2(m? —1) for m,n #-1,0,1, (3.29)
and hence,
1 A

P(_l) (91,92) = N<(SO(91) 60(92)>10Cal = m Z(mQ _ 1)ezm(91—62) ) (330)

m#0

7271’(5”(91792)+5(91792))+1

To complete the calculation, let us introduce a set of auxiliary variables and functions.
The final expressions will be different in the OPE and OTO regions, with those for OPE
regions I and IT related by the symmetry 6; <> 02 of (3.26). However, for a fixed config-
uration of fermions, (3.26) is invariant under different choices of coordinates (fixing the
period of the circle to be 27), which account for two possible cyclic orderings — shown for
each region in (2.31) — or eight possible linear orderings. Thus we are free to consider two
representative cases:

OPE region: 27 > 601 >0y > 03 >0, >0,

. (3.31)
OTO region: 27w > 01 > 03 > 03 > 04 > 0.
In both cases, the following variables are convenient to use:
01+ 6 03+ 6
0—=0,—0, 0 —05—0, Af,— 1"2”— 3"2”. (3.32)
Now, we consider the function
dby
Q(01,02,05,04) = o 010020630040 (3.33)

9 | (m— 0—0’)(COSA9++2c0sgcos%l)+4sin9+79/+(sin0+sin9’) cos AfL (OPE)

T | (m — 2A64) (cos AB4 + 2 cos % cos %l) + (4 + cos + cos @) sin Af4 (OTO)
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and subtract its m = 0 Fourier harmonic with respect to A6, :
Q(013603,03,04) = Q(61,02,03,04) — =& ((m — 0) cos § + 2sin 2) ((w —0)cos & + 2sin g)

(m+sin®—0 +sin@ —0') cos Ay — 2(2sin § — fcos §)(2 sm— — 6 cos %l) (OPE)

2
= 2 (m—2A04)(cos Af4 + 2cos & 5 cos 2) + (4 + cosf + cos @) sin Afy (OTO)
~2(2sin§ + (7 — ) cos & )(2sm >+ (W—G’)cos%)

(3.34)
Using this notation and representing P(~) as (2#&55)_1(—8i6+ — 1) up to the m =0
harmonic, we finally perform the integral in (3.26):

FOD(01,05:05.00) w ]
= = B1a] L0341 (—82,. — 1)O(6, 6, A0
Go(61,602) Ge(63,04) 2q2a55| 12| 03] (=020, — DQ( +)
9 0 (3.35)
2 (1 - ztng> (1 - M) (OPE)
7rq2a56 _ wsinA6y 7r(7r—2A9+) )
2sin%sin%/ 4tangtan 5 <1 + 2tan > <1 + 2tan 92’) (OTO)

Let us briefly discuss some features of the four-point function. First, the OPE cor-
relator is independent of A#,, which can be explained as follows. If in the derivation of
equation (3.26) we use (3.25) instead of (3.24), we will get

FEU(01,00;05,00) /01 /93 dfs dfs 615052 P (65,0 )9367964
Go(61,02) Go(03,01) 2m)2 612 R
In the OPE case, the intervals [f2, 61] and [04, 03] do not overlap. Therefore, the §-function
terms in P("1) (65, 606) (see (3.30)) may be dropped and only the constant term remains.
A more physical explanation is this [20]: both 0Gir (61,62) and 6Gir(63,0,) in (3.20) are
determined by the total energy of the system, which is subject to thermal fluctuation.

(3.36)

The OTO correlator is most interesting if we analytically continue it to real time,
t=—iT = —12 0. More exactly, let us consider the function

—~ N (01, 09; 05, 04) = (X;(01) Xk (03) X;(02) Xe(02)) + (X;(61)%;(62) ) (X5 (03) X5 (64)),

21 + RO, = RO, = N3 = RO > Rb,,
(3.37)
where 601, 05 are close to i%ﬁt with order of 1 precision, 03, 4 are close to 0, and t is large.
In this limit,

~ ; 4 1/q 1/q
NTLECD (005105, 04) o —— e (010205 =04)/2 (2’)(19;22/‘1‘1> <2bqe;f/ ‘1‘1>.

2cge
(3.38)
This expression is a special case of an ansatz that is discussed in the next section. Thus,
the out-of-time-order correlator is proportional to ’?\}] e, where »x = %r The exponen-

% 627rt/,3

tial growth saturates when ~ 1, at which point the ladder diagrams no longer

dominate and one has to include multiple parallel ladders.
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4 Discussion of out-of-time-order correlators

This section is a bit of a digression. We speculate about OTOCs in general systems
with all-to-all interaction and a single characteristic time. Some of the ideas were part
of the original program [15] that led to the study of the SYK Hamiltonian; other come
from [14, 17, 41]. We add some new interpretations and a convenient ansatz.

The intuition. Maldacena, Shenker, and Stanford [17] proved the upper bound s < %’r

The saturation of this bound, found in the SYK model at low temperatures, is a signature
of quantum coherence. This intuition has been gained from the study of OTOCs in black
holes: the Lyapunov exponent s has the maximum value when the collision of gravitational
shock waves is described by t'Hooft’s effective action [9-11], whereas inelastic scattering
results in a negative correction to s [14]. In the former case, t’'Hooft defined an S-matrix
that describes the gravitational interaction of infalling matter and outgoing radiation;
it has been further discussed in [42, 43]. We will define a similar S-matrix for a fairly
general quantum system at finite temperature. It characterizes the discrepancy between
the full theory (i.e. the SYK or a similar many-body Hamiltonian) and its naive version
that ignores 1/N effects. Such an S-matrix is not unitary, but it is almost unitary if the
Lyapunov exponent is close to the upper bound.

The naive model includes a small fraction of the actual degrees of freedom, e.g.
X1,---5Xn for n < N, while the rest of the system is replaced by an oscillator bath as
originally proposed by Feynman and Vernon [44]. In the SYK case,

n
Hnaive = ZZ ngj + Hbatha (41)
i=1

where §; are some linear combinations of elementary fermionic operators that constitute
the bath. The bath Hamiltonian is quadratic in the elementary fermions but its exact form
is not important; it is sufficient to assume that (T &;(71)&x(72))bath = —2(71,72) 0% and
that the higher-order correlators are given by Wick’s theorem. On the other hand, the bath
may be described as n species of Majorana fermion in AdSe with Dirichlet-like boundary
conditions. Such a model is expected to reproduce equal-time correlation functions of
simple observables, or even the observables that are evolved by the Heisenberg equation
over a short period. It should also work for correlators of the form (X (¢1) -+ Xs(ts)) with
tp < --- <tp,>--->ts. These are exactly the correlators that can be measured without
reversing the arrow of time or calculated using the Keldysh formalism.

Embedding the naive Hilbert space into the full Hilbert space. Since the naive
model is reasonably accurate for many purposes, one may try to map its Hilbert space
Hnaive to the Hilbert space H of the actual system. Let us examine this problem and see
how it is related to out-of-time-order correlators. In fact, there is no genuine embedding
Hnaive — H because the bath has continuous spectral density, and therefore, Hyajve 18
infinite-dimensional. But we may restrict Hpaive to those quantum states that are easy to
produce within some time and energy constraints.
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As is usual, one begins by defining a set of observable and then constructs the Hilbert
space. For a sufficiently short time interval At and an energy bound Fy,.x, we consider
the operators X = [ f(¢') x;(t') dt’, where the function f is concentrated in the interval
[t — At, t + At] and its Fourier transform at energies below FEy.x, with exponentially
decaying tails. Let us include the products of 0,1,2,... such operators, up to a given
number. Fixing the details of this definition, we obtain a finite-dimensional subspace A;
of the operator algebra Apajve.

Now, the Hilbert space Hpaive is defined by the operator algebra and the thermal state
via the Gelfand-Naimark-Segal construction. Specifically, we interpret each operator X as
a state vector | X )pnaive and define the inner product using the thermal expectation value in
the naive model:

<Y‘X>naive = <YTX>naive- (42)

A more constructive description is this: |X)paive = (X ®1)|1)naive, where |I)paive is the ther-
mofield double state. But mathematically, the thermofield double state is simply the vector
associated with the identity operator. (How else can we define it if we begin with local
observables but no vectors or Hamiltonian?) The same construction is applicable to opera-
tors of the full model. It gives the Hilbert space H = Hphysical @ H;hysical. In this case, the
thermofield double state has an independent definition, [I) = Z=Y/23" e FFm/2|m m).

Restricting the space of operators to Ay, we obtain the subspace H; C Hpaive. Each
element X € A; can also be interpreted as an operator acting on the physical system.
Thus, H; is mapped to the full Hilbert space H. This map is not unitary because the inner
product (Y|X) = (YTX) is silghtly different from the previous one. But since the naive
model works well for simple observables, the difference should be negligible. More exactly,
we assume that?

(Y1X) = (Y[ X)naive = ON ™) [V Dnaive|| ||| X )naive]| (4.3)

There are actually two embeddings! The implicit constant in the big-O notation
in (4.3) depends on the dimension of the Hilbert space H;. Surely, as we include more
observables, the naive model becomes less accurate. However, there is a more serious
problem: the accuracy deteriorates dramatically if we allow products of operators x;(t') in
a large time window. Fortunately, there is a way to refine the definition of the embedding
so as to mitigate this effect. In general, we divide the window into small overlapping
intervals centered at t| > to > --- > t; and write the naive operator we want to embed as
X = X1 Xy X, where X; € A;;. Alternatively, we can use the reverse time order, X =
X5+ X2X1. Any operator of the naive theory can be expressed as a linear combination of
operators of the first or the second type using the commutation relations of free fermions.
It turns out that the embedding based on either ordering is reasonably good but the errors
grow exponentially with time if the two orderings are mixed.

®The bound (4.3) imposes a constraint even on those states that are produced with difficulty, i.e. such
that H|X>naiveH is much smaller than the operator norm of X. For example, the annihilation operator of
a particle with energy much higher than the temperature creates an excitation on the other side of the
thermofield double, though with a tiny amplitude.
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To keep things simple, we will not discuss large continuous windows, but rather,
consider the space of operators Ay that act in two disjoint intervals, [~At, At] and
[t — At, t + At]. The elements of Ay, are operators of the form X = X;Xo, where
Xy € Ay and Xy € Ag. We assume that t is sufficiently large so that any connected
two-point function between times 0 and t is very small. In the naive theory, this implies
that X; and Xy almost commute (or anticommute). Furthermore, if X;,Y; € A; and
Xo, Yy € Ap, then

(Yo |XeXo), .. = (Yd¥[ X, Xo) .~ (V] Xo)naive (Y} X ) naive- (4.4)

naive naive

Thus, the Hilbert space Hyg ; is simply the (Zg-graded) tensor product of Ho and H;. The
two embeddings are as follows:

Soutu Sin : H{O,t} — H7 Sout|XtX0>naive = |XtX0>a Sin‘XtX0>naive = :l:|X0Xt> (45)

(In the last equation, the minus sign is chosen if both Xy and X; have odd fermionic parity.)
To see that Syt is indeed an embedding of Hilbert spaces (with reasonable accuracy), we
check that it does not distort the inner product too much:

<)/;f}/()|naive ST Sout‘XtX0>naive = <YE)T)/;TXtXO> ~ <YE)TX0>naive<Y;fTXt>naive- (46)

out

Here, we have used the assumptions that Keldysh correlators are faithfully described by the
naive model and that the connected two-point functions like ((x;(t)x;(0))) are negligible.
(Recall that the naive model obeys Wick’s theorem.) The same argument is applicable to
Sin. However,

(YyY0 | naive Si o Sin| Xt Xo)naive = i<Y0TY}TX0Xt> % (YOTXOHYQTXO- (4.7)

out

because OTOCs are not generally reproduced by the naive model. Therefore, Souy # Sin;
the difference is given by

H(Sout - Sin)’XtXO>naiveH2 - <[Xt7 XO]T[Xta X0]> (48)

S-matrix and quantum coherence. The state Sout|X:X0)naive = (Xi Xo®1)|I) (where
|I) is the thermofield double of the physical system) may be regarded as an outgoing
scattering state. In the bulk picture (if one exists), such a state is described as a pair of
wave packets on a future time slice [14, 45]. Similarly, Sin|X¢X0)naive is an in-state. Thus,
the scattering operator is S = Siut in. Because both Syt and Si, are almost-isometric
embeddings, we have

IS <1+ O(N_l). (4.9)

The relations between the operator S and OTOCs can be summarized as follows:

(Y Yo naive S| X1 Xo0)naive & £(Y] Y, X0 X,) (4.10)
(Yi Yo naive (I — 8)|X: X0 naive = (Yo Xo) (Y X)) T (Y] Y, X0 X)) (4.11)

(YiYo|, (2] = 8 = SH|Xi X0), .. ~ ([Ve, Yol T [ X4, Xo]) (4.12)

naive naive
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Replacing S with ST in (4.10), (4.11) changes the order of times from 00t to t0t0. The
square brackets denote the supercommutator, [A, B] = AB F BA.

Let us focus on the early times when connected OTOCs of the form (4.11) are small.
For the SYK model, they are of the order of A = ﬁ—]\}]e(%/ﬁ)t; more generally, A oc N~te*,
We assume this to be an upper bound for all suitably normalized operators X; Xy € Ao
so that ||I — S|| ~ A < 1. If S is unitary, then 21 — S — ST = (I — S)I(I — S) = O(\?),
implying this property (provided Xy and X; are suitably normalized):

Coherent early-time regime: ([ Xy, Xo]T[X1, Xo]) = O(N?). (4.13)

On the contrary, the typical behavior in most systems is ([ Xy, Xo]T[ X, Xo]) ~ A. We cannot
exclude the possibility of restoring unitarity by adding new states that are generated by
more complex operators of the naive model. However, their connected OTOCs would
have to scale as VA, which is unlikely. Property (4.13) has previously been noticed for
black holes [15] and it holds for the SYK model at low temperatures. Douglas Stanford
and Yingfei Gu independently showed (in private discussions) that it follows from the
condition s = %r We will employ the same idea (based on [17]) together with some

simplifying assumptions that are natural for systems with all-to-all interactions.

Single-mode ansatz for early-time OTOCs. Let us use the variable § = %TT = i%”t,

define the dimensionless Lyapunov exponent

:£%, 0<

A
/N

1, (4.14)
and consider four complex times 61, 65, 03,04 such that
2
91,92 = i%t + O(l), 03,94 = 0(1), 27 + RO, > RO, > RO3 > KOs > RO,. (4.15)

Generalizing (3.38) and similar equations for gravitational shock waves [14], we expect the
connected OTOC to have the following form:

1>NVWV<3 (X1(01) X2(02)) (X3(03) Xa(0a)) F (X1(61) X5(63) X2(02) Xa(04))

270 T r O AT IO 2 YR (01— 02) TR, x, (05 — 64)

(4.16)

with O(A\?) accuracy, where A = C~'e*™*/8.  The diagram on the left conveys the
intuition: the process is mediated by some mode (“scramblon”) with the propagator
C e (m—01—02405+04)/2  whereas TR and T are the vertex functions. Alternatively, one
1 i5m/2

may regard C'~ as the propagator and define

TR, x, (01, 02) = e ZOF0RIRYE o (01-05), TR, x,(0s,04) = eZOHON2TL o (63—04).

(4.17)
For the SYK model, one of the vertex functions satisfies the equation (K® — 1)?57)( =0,
where KR(01,02,03,04) = (q — 1)GR(01,03) GA(04,02) |GV (03,04)|7 % is a retarded kernel
(cf. (2.16)) where retarded, advanced, and Wightman Green functions are defined with re-
spect to the imaginary part of Euclidean time arguments 6;. Likewise, TQX is an eigenvalue
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1 eigenfunction of an analogously defined advanced kernel. This was the first derivation
of the Lyapunov exponent in the zero-temperature limit [2] and one of the methods used
in [20] to compute the (8.J)~! correction.

Applying the arguments of [17] to correlators of the specific form (4.16), one can
show that

TR, x,(0)* = T)R(;XI(O*), TR, x,(0) = T% x, (27 —0) (and similarly, for T*); (4.18)

TR x(0), T x(0) >0 for 0< 6 <2, C > 0. (4.19)
It follows that up to O(A\?) terms,

2 cos(sem/2)

([Xa(0), X1 (0 +i%0)] [X2(%50), Xa(0)] ) = =225

62(27r//8)t TE{(LXQ (9) T)A(3,X4(9)'
(4.20)
For the SYK model, both the decoherence factor cos(s¢mr/2) and the number C' are propor-

tional to (8.J)~!; hence, the OTOC of commutators has a finite limit at zero temperature.

The coherent regime. In the SYK case (see (3.38)), the functions TR and T4 are
obtained by applying the sls generators L_1 and Ly to one of the variables of the conformal
Green function. In Lorentzian time, they generate, respectively, an exponentially growing
and an exponentially decreasing perturbation. By definition, the operator L,, is minus the
Lie derivative along the vector field v(f) = ™. Tts action on 1/g-forms of the variable 0,
is given by Y = feim%(ag]. +im/q). Thus,

~ - 2 1/q ) o
Y8 (61,00) = (L(,I% Ge)(01,02) = bq e~ ibr+62)/2 g2/ a1 (4.21)

This result can be generalized. We conjecture that if the Lyapunov exponent is close
to the upper bound, then

TR, x,(01,02) = i (™, X1(61)] X2(62)), T%, x,(01,02) =i {[p™, Xs(05)] X4(04)) (4.22)
C =i([p™,p™) (4.23)

where pot = pout 4+ pout = and pt o= pit. + pgéher are defined in a suitable effective
theory. For the SYK model, it is the naive theory augmented with the soft mode, such
that pouf = =iL_y, p%.. = iL1, and the operators poit. . p, —act on ¢ € Diff *(S') on
the left (i.e. by changing the value of ¢(6) rather than the time variable §). The complete
picture, including the connection to a 2D black hole, has been worked out in [21-23]. In
the black hole case, the naive description is the low-energy field theory, whereas the other
degrees of freedom are a pair of gravitational shock waves [9-11]. Note that in any case,
out

the main contribution to C' in (4.23) comes from [p, , p2i ]. Further details will be
given elsewhere.
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5 Formalism (part 2)

The purpose of this section is to develop tools that have (among others) the following
applications. By using the conformal three-point function W (01, 602;6p), we will derive
the expression for 5C~JIR in terms of 00 and extend the formula for guv ;(61,62) from
|01 — 02| < 1 to the general case. A four-point conformal function will be employed
in section 6 to find a non-local order £? correction to the Schwarzian action, which is
itself proportional to ¢ = 27/(8J). We will later study the full four-point function. Its
leading ~ BJ term is not conformal and comes from the soft mode, whereas the subleading
~ 1 correction has both conformal and non-conformal pieces. Their calculation is quite
technical, and various identities obtained here will come in useful.

5.1 Properties and some applications of conformal functions

5.1.1 The 2- and 3-point functions and an elementary 4-point function

We consider the 2-point function U of fields with scaling dimension h, the function Wy,
(which defines an intertwiner from (1 — h)-forms to antisymmetric (1/2,1/2)-forms), and
the unnormalized projector kernel 11 discussed in section 2.2.2. Let us put all definitions
in one place:

_ _1]P10®20 | . Pj— Pk
Un(p1,902) = |p12] 2" Wile1, 92i90) = 1o o1 y Pk = ZSHIJT
(5.1)
-1 -1 P12¥34
5 (01, 92; 03, 04) = P13 P34 Yn(x), where x=-—""— (5.2)
P13P24
The function ¥y, defined by (2.33), has a succinct integral representation:
w10920 || 030040 | digo
) =7 [ | dey (53)
P12 V34 2m

(The integral converges if 0 < $th < 1, but the resulting expression extends to a meromor-
phic function of h.) Let us write this identity in an operator form, along with a similar
relation between the 2- and 3-point functions:

cos(mh) T'(2h)

_ T _
Hh = ﬂ'thl_h, Wh =T (3052 Th F(h)2
2

Wi_nUp, (5.4)

Here, WEh is the operator with the integral kernel WEh(@O; ©1,902) = Wi_n(p1,92;90);
it maps antisymmetric (1/2,1/2)-forms to (1— h)-forms. The operator Uy, is an intertwiner
from .7:?_ , to ]-'2 The product of operators in the above equations is defined as an integral
over dpg/(2m).

5.1.2 Fourier representation

Let f.,m be the m-th Fourier harmonic, fp, m(¢0) = e'm¥0 regarded as an element of .7-",?.
Then we can write abstractly:

Unfi-hm = hmfhm, Whifi—hm = Whm. (5.5)
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Because W), is an intertwiner from ]:?7 5 the functions W, ,,, transform as the basis elements
of that space. In particular, the generators L_q, Lo, L1 of sly (i.e. the complexified Lie
algebra of &) act on the functions W, ,,, as follows (cf. equation (15) in [38]):

LoWhm = —mWh m, LiyWhm = —(m=£ (1= h))Whma1. (5.6)

The calculation of the coefficients uy, ,,, is quite straightforward:

2 “oh i AP I'(1—2h)
™= 2i 4 2h me ¥ imm
Up, /0 ( SIHQ) e or e T(1—h+m)T(1—h—m) -
1 T'(h +m) '

= . . . t .
2COS(7Th) F(Qh) 1"(1 —_h+ m) smce m 1S an iteger

Similarly, for the 3-point function,

—h
— im d —1 im
Wh,m(‘ﬁl, 802) = 90121/ P10220 e'meo Ll = 90121 € (p12)/2 wh,m(‘Pl - 902)7 (5'8)
P12 27
where®
1 T(h+m) .

Whm (@) = Chm(e'?), 0 < p<2m, 5.9
hom () Yeos T T(h) h,tm(€¥) @ (5.9)
Chom(u) = A}Tm(u) + A (uh), Apm(u) = u™?(1 — )" F(h, h+m, 1+ m;u).

(5.10)

The superscript “+” in Ai 4 (2) indicates the function is analytically continued to the
domain C — [0,400) from the interval 0 < z < 1, where it is unambiguously defined,
through the upper or lower half-plane for + and —, respectively. The sign in front of
m does not matter because I'(h + m) Ap ,(u) = T'(h — m) A, (u). Another identity,
Apm(u) = Aj_p m(u) implies that

B T I'(h £m)
© 2c0s2 T ()2 T(1 = h+m)

Wh,m (©) wi—p,m (). (5.11)

This relation is just the second equation in (5.4) written in terms of Fourier coefficients.
Let us give another expression for wy, , under the same restriction on the variable,

0 << 2m:
L (T s DO=B)tanZ |
— Bt (etry_ - T 2 iz(1-h) g+ iy )
2 cos(mh) (F(l—h +m) ¢ By (€) L'(h) €’ 1—hm(€7)
(5.12)
Here, B, (u) is the analytic continuation of By, (u) = u™/2(1—u)" F(h, h+m, 2h; 1—u)
from the interval 0 < u < 1 to the domain C — [0, +0c0) through the upper half-plane.

Wh,m ()

6Since Wh,m (1, p2) is antiperiodic in each variable, the function wy, ., satisfies the condition wp, (¢ +
2m) = (—1)™wh,m(p). Therefore, it is sufficient to determine it in the fundamental domain 0 < ¢ < 2.

— 29 —



The following special cases will be used frequently. (In (5.15), we assume that
0<p<2rm.)

sin(|m|p/2
wam(p) = W — |m/| cos(my/2) (5.13)
% w[o] ((,0) ifm= 07
worm(p) = ¢ —xwp(p) if m = %1, (5.14)
2 paatyy i fm| > 2
T—® T 4
wio)(p) = [(%wh,o(@)]hzg = m +1, wp(p) = [ahwh,l(@)}hﬁ = 2sin 2 + cos 5
(5.15)

5.1.3 Linearized IR perturbations

The soft mode generates perturbations 5(~JIR(91, 02) = R.(01,02) 15gir(1,02) to the con-
formal Green function. Note that dgig € D;“ ® D, . Indeed, suppose that G= CNJIR is equal
to the conformal Green function G in some frame © that is very close to the physical frame
0 = 277 /8. In the linear order, the difference between the frames,

50(0) = (6) — 0 (5.16)

is a vector field. Vector fields are —1-forms, i.e. elements of the representation .7-"?_ p, With
h = 2. However, the Fourier harmonics of dp with m = —1,0,1 are symmetry generators;
they do not produce any change in éIR. The quotient of F°; by those null modes splits
into the representations D; and D, , which correspond to m > 2 and m < —2, respectively.

Let us actually calculate 5C~JIR for a given dp. The function éIR transforms as a A-
form (with A = ¢~!) in each variable. Infinitesimal transformations of A-forms involve a
particular type of Lie derivative:

0GTR(01,02) = (L5 + L)) Ge(01,02), L = v(0) g, + Av'(6;) for j=1,2. (5.17)

Evaluating the Lie derivatives at the conformal point, 66(91, 09) x 0122A, we get

SGir(61,65) 1<5¢(&0-—5¢%95
e N tan((6; — 02)/2)

Gc(ely 92)
= —2iqg Y (sgnm) e™mO1+02)/2 ) (0, — 6y) if 0p(0) =e™?,  (5.19)

5g(0)) — w'wg)) (5.18)

where the function wy ,, is given by (5.13); note that wy ,,, = 0 for m = —1,0, 1. Translating
0GR (01, 02) to

SGir (01,0 , —1)b
S (61,02) = —/(q — 1)b 65 O (01,02) _ 5, V(= 1) (sgnm) Wa (61, 65), (5.20)
GC(91,62) q

we see that the vector field dp(f) = "™ produces the perturbation dgig(61,62) that is
proportional to (sgnm) Wa ., (601,602). The map dp — gir is an intertwiner from the space
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FO, to antisymmetric (1/2,1/2)-forms; it differs from the intertwiner Wy by the (sgnm)
factor. For completeness, we also give the normalized antisymmetric (1/2,1/2)-forms that
transform as the basis vectors |m) of Dy (if m > 2) or Dy (if m < —2):

. 3 1 ifm>2
Wnormahzed =~ 7.[.—1 . W2 , Ym = ’ 5.21
zim m TN Tl 1) " ey itme 2 O

Finally, let us express 6Gig (61, 62) in terms of §O(#) = Sch(e®, §) — %. Recall that in
the linear order, §O(6) = (9p+ 93)5p(0). If 5p(0) = €™, then §O(0) = —im(m? —1)e™?.
Using (5.20) and the last case of (5.14), we get:

m/b(q — 1)

p W_160 (5.22)

Sgir = —
Since the result is independent of m, it holds for all functions d¢p.

5.1.4 General form of UV perturbations

As discussed in section 2.2.3, any linear perturbation of the form guyv(01,02) =
(Wrf)(0:1,02) is allowed by conformal symmetry. It may be thought of as coming from
the term [ f(6)O(6)df in a suitable effective theory, where O is some field of dimension
h. On the other hand, the physical perturbations have a discrete dimension spectrum, and
their asymptotic form at |#; — 6] < 1 is given by (3.12). We now combine these results
and derive a more general expression for physical perturbations. The obvious thing to do
is to find W, f for a constant function f, i.e. f o fi_p,0, and match the asymptotics. The
case h = 2 is special and involves [0 W},|p—2 instead of W.

Let Rh > 1/2 and let us also assume that h is not an integer. The relevant asymptotic
expression is obtained from the second term in (5.12):

Whm (@) = L(2h _111)(2?;(7Th/2) el for p—0. (5.23)

(We are using the convention 0 < ¢ < 2m.) Passing to (Wh fi—n,0)(01,602) = Wi 0(61,62) =
015 wh0(01 — 02) and matching the corresponding asymptotics with (3.12), we get:

ar__ _hy-1 L(h)? Who(01,62)
—k¢(hr) L'(2h — 1) tan(mh/2) |,,_,.

guv,1(01,02) ~ for |01a] >e. (5.24)

In the special case of I = 0, both W}, ¢ and tan(mh/2) vanish at h — h; = 2, but the whole
expression has a finite limit. The result below is equivalent to equation (3.121) in [20]:
ao -1
guvo(th,b2)  ———cebwp(bh —02)  for [bha] >¢ (5.25)
(—ke@)m =2

where the function wyg is defined in (5.15).
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Formally, one may also consider perturbations by time-dependent sources. They have
the form gyv ; = W), f for an arbitrary function f, which plays the role of a 7eh1=1 In the
I = 0 case, one may use the explicit source

012 _ 01 + 62

5(01,02) = —age(04) 015 sgn(61 — 62) u(ln 5(9+)>7 0y = 5 (5.26)

Assuming a local relation between () and the singular part of the response, the pertur-

bation to the Green function is given by
ag

(—ke(2))m

The first term is some linear combination of the nonsingular functions Ws ,, and may be

g =Waf© + [0, Wi]peafV, F9) = e(0). (5.27)

understood as an IR perturbation. In the conformal setting, it is completely arbitrary;
its calculation requires minimizing the action of the soft mode. This problem is solved by
passing to a suitable frame such that f(!) is constant and then appying equation (5.25)
(see section 6.1 for more detail). It is interesting to note that [0 W}, mm]n=2 is a generalized
eigenfunction of the conformal kernel because

K. [ahW}%m]h:Q = kc(2) [ahWhﬂn]h:Q + ké(?) Wg’m. (5.28)
(For m = —1,0, 1, the second terms vanishes, so [0, W}, ,]p=2 is an ordinary eigenfunction.)

5.1.5 The functions f* and f|

The conformal four-point function F. of the SYK model is formally defined by equa-
tion (2.25). It involves an antisymmetrized variant of the operator L. = K. (1 — K.)™},
which can be expressed by multiplying each term in the decomposition of identity (2.29)
by 2 15‘}&)’1). As already mentioned, the result is divergent because k.(2) = 1. Excluding

the h = 2 term, we obtain the function

F(p1, 02,03, 01) = Re(p1, 02) 1 (01, 92; 03, 04) Re(p3, 04) 7L, (5.29)

where

rh=

> 1/2+i00 gp, h—1/2  ke(h)
E _ — Iy ). .
oy Resh—on + /I/Q_Z»OO 2772'] (7rtan(7rh/2) 1 —ke(h) h) (5:30)

(For convenience, we put the 15“,&%) factor under the residue sign.) Maldacena and Stan-

ford [20] found alternative expressions for f1 that are useful for extracting physically
relevant asymptotics. In particular, if 0 < xy < 1, then

h—1/2  ke(h)
(

r<h>2th<h,h,2h;x>),

(5.31)
where hg, hy, ... are solutions of the equation k.(h) = 1. This formula is, essentially, an

[o¢]
FHe1, 2308, 04) = 015 034 > Respop,

— mtan(mwh/2) 1 — ke(h)

operator product expansion. At small y, the leading contribution comes from the residue
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at the double pole, hg = 2:

_ 2 ny —=c¢6
Reshﬁ(m};n (;f/j?) : fl(fh()h) T'(h)x"F(h, h, 2h; x)) ~ ’M (5.32)

ke (2)

where c1=1—-k.(2)+ 2%1(2) (5.33)
Thus,
1 P23 o
(01, 02503, 1) = mx ( o + cl) for x — 0. (5.34)
Let us now consider the missing h = 2 term in equation (5.30):
FI = Resj—s (Wtf;n(i{jZ) 1 kcliil()h) Hh> (5.35)

It does not have any obvious physical meaning; in any case, the soft mode should be treated
separately. However, it so happens that f/l appears in the soft mode contribution to the
four-point function (along with terms that lack conformal symmetry, see section 6.3). In the
OPE region 0 < y < 1, the addition of fI almost cancels the double pole term from (5.31).
(This cancellation was noted by Maldacena and Stanford [20] in the ¢ — oo limit, and
they argued that it occurs in general.) Actually, the sum of f I'and the double pole term
is equal to ¢, @3, multiplied by

h—1/2  ke(h) N3 L1
Resh:2(7rtan(7rh/2) 1— ke(h) <\I'h(X) B F(h)ZXhF(h’h’Qh’X)D T TE(2) <X 1 _(52?23')

The strong singularity at x = 0 cancels with some other terms.
In the soft mode calculation, fll comes in three pieces. At this point, we can write
them formally by representing II;, in (5.35) using equations (5.4):
o3
m(—ki(2))

5.2 General treatment of the soft mode

([ahwh] W AW [0,WE],_—67 Wy [(Oh+c1)Un] h:2W_T1> (5.37)

Separation of the soft mode and other degrees of freedom. The dynamical degrees
of freedom of the replica-diagonal action (2.8) spht into the h = 2 part and its orthogonal
complement, G=Gl+Gt (and similarly for Z) This decomposition depends on the
choice of frame. Eventually, we want to write all results in the physical frame, 8 = 277/8.
However, there is another special frame ¢, called the “conformal frame”, such that CNJDO =0.
Some calculations are simpler in that frame because we can use the conformal four-point
function F:-. So, let us represent the set of variables Go by the the diffeomorphism ¢ of
the unit circle and the function Gl, and also replace ig with ip. (This approach was
proposed but not pursued in [24].) Thus, the action depends on the dynamical variables
v, G , ESD, as well as the physical perturbation source gg. The action can be expressed
in any frame; for example, we can use Gp = G and E directly, and transform &y to the
conformal frame. However, in any case, the partltlon functlon Z depends on Gy:

Z[54) = /Dcp DGL DY, exp (—f[iw, GL,o; &9]). (5.38)
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It is interesting to note that the Jacobian

g PGP (5.39)
Dy DG& DY,

is constant if Dy is understood as a right-invariant measure on Diff 7 (S1). To see this, let
©, éé, ip be independent variables and V' some fixed diffeomorphism. Both the numerator
and denominator in the above equation remain the same if we change ¢ to ¢ o V=1 and 6
to V(0) (which means transforming Gy, 3¢ with V). Thus, we may assume without loss
of generality that ¢ is infinitesimally close to the identity, ¢(0) = 6 + dp(0). In this case,
6C~¥g depends on ¢ but not on 5@% or 55@- Therefore, the Jacobian is the product of two
factors, the first being a constant and the second equal to 1:

DG DGE DY
J= [ 9} [ il ~9] = const. (5.40)
Dy | ,—0lDGL DI, ] o
However, the Jacobian is not important for subsequent calculations, which only include the
leading terms in 1/N. Indeed, the Jacobian makes an O(1) contribution to the logarithm

of the integrand in the functional integral, whereas I is proportional to N.

Effective action to quadratic order in 9. To simplify the action, we eliminate iso
and Gf,; as described in section 2.2.1. In particular, we may use (2.24), adapting it to our
present notation and replacing F. with F;:

I]p; 09) 1, ~ . 1, =

— N~ _§<Gc‘0<p> 3 (6] Fe|oy) (5.41)
where

Go(p1,02) = ¢ (01)2 710 (02)2169(61, 02). (5.42)

The first term in (5.41) has already been considered in the physical frame, where it has the
form —1(Gir|y), and found to generate the Schwarzian. In the next section, we will show
that the second term gives rise to the non-local correction (1.24) to the effective action.

Covariance properties of O and €. The observable Oy(6) = Sch(e’#, 1) can be repre-
sented in any frame. Its transformation law is similar to that of the holomorphic energy-
momentum tensor in two-dimensional CFT:

O,(y) = @i{) - ((’)x(:c) — Sch(y, x)). (5.43)

The pair of fields (1,0) forms a representation of Diff(S'). In the conformal frame, O is
constant and equal to % The field e, = %(819)*1 is the source coupling to O,. Indeed,

the Schwarzian effective action can be written in a covariant form in any frame:

(&va)Q

5. D2e, (5.44)

I
lf;\(;al = _aS/(sxOx - px) dzx, Pz =
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We will see that e, and p, represent, respectively, an approximate perturbation source
in frame x and the correction to the soft mode action resulting from that approximation.
This pair of fields transforms as follows:

2= Tewr nw= (L) (e -sagm@).  65)

6 Next order corrections

In this section, we derive the order €2 non-local correction to the Schwarzian action as well
as calculating the order £ term in the four-point function. (As is usual, & = Z‘,—’})

6.1 The calculation scheme and physical considerations

Perturbation source. The required accuracy can still be achieved using the leading
perturbation source &g that corresponds to the hg = 2 pole of the conformal kernel. In the
physical frame, the source is given by ¢ ¢(01,02) = Rc(61,62) s0,6(01,62) with

0 [e.e]
s00(01.02) = —a0cOFsen(tn —02)u©),  where €= [T ugag 1
(6.1)
The function sy transforms to the conformal frame as a (1/2,1/2)-form:
s0.0(p1502) = ¢ (01) 720/ (02) 7% 50,6(01,02)
~ -2 |12
~ —a0y/ep(p1)ep(w2) P13 sgn(p1 — ) u( In (6.2)
go(p1)ep(2)
_ +
R —apey(p+) 1y sgn(p1 — 2) U<1n o1 > pr =22 (6.3)
go(p+) 2

Both approximations are equivalent for our purposes, though the first one has the advantage
of being SL(2,R)-invariant. Note that these expressions lead to an incorrect result if one
plugs them in the first term of (5.41) and follows the derivation of the Schwarzian action
in section 3.2. The error comes from the inaccuracy of the source function as well as from
neglecting the integral of g with G B=o0- The problem and its solution are more evident
if we replace the conformal frame ¢ with an arbitrary frame x. Then the approximation
results in the local action —Nag [,0,dz; the error is accounted for by the field p,
in (5.44).

Correction to the soft mode action. The non-local correction arises from the second
term in (5.41):

1
Lion-local = ~3 /d% dipa dips Ay f-(01, 023 03, 1) 50,6 (91, P2) 50,0(03, 1) (6.4)
In this case, both approximate expressions for sg ., are good enough. (The actual calculation

will be done in a third way, directly in the physical frame.) The relevant contribution to
the integral comes from the region where the pairs (¢1, p2) and (g3, ¢4) are much farther
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1.
ma
see (5.34) for a more accurate expression. We will first integrate over ¢3 and ¢g4; this

apart than the points within each pair.” Therefore, f(¢1,02; @3, 04) gof21g0§4lx2 In

intermediate result may be interpreted as a UV correction to the Green function:

1
Guv,e = Q/dsf)s dioa f5-(1,02: 03, 4) S0,5(103, Pa).- (6.5)

Correction to the four-point function. The four-point function is obtained by taking
a variational derivative with respect to the perturbation source:
~ 4 82 1n Z [

Fo(61,05,03,04) = 8G9(01,02) 559(03,04)

. Zlog) = /DV? exp(—Legli; 59)).-

(6.6)
We proceed by introducing the fluctuating quantity Gy = Gir + Guv,g. More explicitly,

G9=00,0

I 5Tl 5 ~ . i
Goligs 501(61, 0) = —22LP300__ &0 10101, 60) + Govolgs 60l(61,62), (6.7)
50‘9(91,92)

where (omitting the parameters ¢, gy in square brackets)

Grr0(01,02) = Ge(0(01), 9(62)) ¢ (61)2 ¢ (62)2, (6.8)

_ 1 [ ~ )

Guvye(01,62) = 5 /-7:(%(91,92,93,94)09(93,94) dfz dby, (6.9)
Fi (01, 05,05,04) = F-(01, 02, 03, 04) ¢/ (01)2 0 (02)2 ' (03)2 ' (02) 2. (6.10)

Now, the four-point function is expressed in terms of average values over the fluctuating
field ¢:
Fo(01,02,05,04) = (Fg-(01,05,03,04)) + N{Go(61,02) Go(65,04)) (6.11)

The double brackets in the second term denote the connected correlator. The perturbation
source Gy is implicit and may be set to 7. In the first term of (6.11), the average value
of FL may be replaced with its value at ¢ equal to the identity function because the
fluctuation corrections are small:

Fo(01,05,0,04) = F-(01,05,05,0,) + O(N ). (6.12)

Asymptotics of the four-point function in the OPE region. Following the outlined
scheme, we will obtain a quite complicated expression, which hides some interesting physics.
One salient feature, first noted by Maldacena and Stanford [20], is the cancellation of the
x?In(1/]x|) term in the OPE region. We argue that this phenomenon is similar to the
Debye screening of electric charges in plasma. In our case, the x?In(1/|x|) term in the
conformal four-point function plays the role of bare Coulomb interaction. It is screened by
the soft mode, which is analogous to the charge density.

"The other part of the integral is strongly dependent on the window function u, and therefore, cannot
be treated consistently within our renormalization scheme. However, it can be excluded to produce an
unambiguously defined regularized integral.
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To be more concrete, let us examine the asymptotics of

Fo(01,0; 03, 04) 1
g g - 0120341 (01, 02: 63,0 6.13
G(00,02) G0, 00) (g — 1y 120541 (002305, 00) (6.13)

at 0,0 — 0, where 6 = 6, — 03 and ¢’ = 03 — 64. We are looking for a term that is equal to
626" times an arbitrary function of A0y = (61460 —03—04)/2. As it turns out, the leading
(at 0,0" — 0) part of the function (6.13) is proportional to |0|6"2 +[0'|62, but the 6262 term
is more pertinent to the discussion because x?In(1/|x|) &~ 626"*In(A#? /e?) for 0,0" ~ e.
To find this term, we may probe the system with an additional perturbation source day
that has the same dependence on 6; — 6> as G but also depends on 0. = (01 + 62)/2.
Thus, the full source 69 = G + 059 has the form (6.3), but in the physical rather than
conformal frame. The local perturbation strength is given by some function £4(f), and
we have
./?9(91,92;93,(94) 1 (52(]\7_1 IHZ)

= — = 6%6"? 4 other terms, 6.14
Ge(61,09) Ge(3,65)  aila—1)b deq(04) dep(0) |, _. (6149

where 04 = (61 + 62)/2 and 0", = (63 + 64)/2. Up to 1/N corrections and trivial terms
(which correspond to the ground state energy and zero-temperature entropy), —InZ is
equal to I,[5p] = miny, Iegp, 5. It is clear that the minimum (or at least an extremum)
is achieved when €, is a constant function. Thus, the equilibrium with the modified source
is equivalent to the thermal equilibrium at a slightly different temperature,

BJ . [do

5 S0 = | 5% - (6.15)

Furthermore, — In Z[6y| = SF, where F'is the free energy at the indicated temperature. It
follows that for small values of 61 — 65 and 03 — 6y,

Fo(01,02,05,00) 1 <W>432(—N1ﬁF)

G € N 01 — 02)?(03 — 04)? + other terms
Geo(01,05) Ge(65,04)  36¢%ad \ 27 9(8J)2 (01— 02)7(03 — 0a)

(6.16)

6.2 Non-local action and the soft correlator

To extract the leading term at small ¢ in the second term of the effective action (5.41), we
can use the leading UV perturbation 6 = 6g. As an intermediate step, let us first obtain
the Green function response to the perturbation in the conformal frame, for general ¢(6)
(see (6.9)):

1
guv,e (1, 92) = 2/d<ﬂ3ds04 FH (1, 025 03, 04)54( 03, 1)
1
= 2/d93d6’4 @ (03)7%0' (00) V2 FH (01, 023 03(05), 04(04))56(03, 04 )Y6.17)

In the second line we switched to the physical frame to use sy as given in (3.4) with
constant . We are only interested in the portion of the integral where the source sy
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is not too close to 601,02, farther than the cutoff ¢, and also in the leading, order e
contribution to ¢12guv,, ~ éUV’SD/éC. Thus we can use the y — 0 asymptotics of
f* given in (5.34). It is convenient to denote the transform of @15 to the physical
frame di2(01,602) = @' (01) /2! (62)~1/?2sin ((0(h1) — @(#2)/2) with leading UV behavior
d12 ~ 91 — 02, using which

¢ (03)20' (0% (pra03ix® (I |x| ™" +¢1)) |05 — 04] > sgn(fs — 01)u (In|034] /<)

d 2 dy3d 0
~org (S12) (D) ey ) ) 16— 00t (m2) (68
d13dayg d12 €

ape d@o d12 2 d10d20
~_ _ 1 - 6.19
guv o (P1,92) w(—kg(Q))(P / o <d10d20> n| - [+ —c (6.19)

where we have introduced the constant

ARG (6.20)

We can also write the integral (6.19) in the conformal frame in which () is varying,

guv (1, 02) = —a(’gp—l/d‘PO proem |~ (m P10$20
P ’ ﬂ(—ké(Q)) 12 ot D12 g((po)

This form will be used in our calculation of the four-point function.

+c1— C2> E(QD(]) (6.21)

Now we can use the response (6.19) in the second term of (5.41), and from a similar
calculation as in (6.18) easily obtain

1/ |~ B 1
—§<09‘-7:9L[90]’09> = 4/d91d92 sp(01,02)p (91)1/280,(92)1/2%\/¢(903,<P4)
do1 d
~ _2/ 232—1 282-2 5(901 <Il<5 @12 )+C> (622)

2a3
—k.(2)

The integral diverges near @12 ~ 0 and needs to be regulated. Using some PSL(2,R)-

where

c=c1 — 2e, v = (6.23)

invariant cutoff - for example %, > £(¢1)e(p2) — one will obtain the Schwarzian along
with other local terms which have cutoff-dependent coefficients. Thus it seems natural to
view the Schwarzian action as a UV completion of the non-local action, which we may
identify as the order €2 cutoff-independent portion of the integral,®

I 2
Tnoncocal _ 7Y [ doy dw%f@) <1n <9012> n C)] (6.24)
N 2 o 21 ok e(p1)e(p2) fin.

8We can see this finite part of the integral is well-defined, as follows. Two cutoff schemes for the integral

will result in finite parts that differ at most by a local integral that is order £2. The integrand of such an
integral must be a 1-form, and can have at most a singularity going as ¢ > as ¢ — 0 — i.e. take the form
ple,e’,e”,...) /> where p is some polynomial — given that in the original integral the 75 singularity in
the integrand is integrated with a cutoff going as ¢ ~ (ﬁJ)fl. Thus the integrand of the local integral
must be e®e or £”¢’, but both integrands give integrals odd under reflection ¢ — —¢ whereas the original

integral is even.
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However, not having a method to choose one particular cutoff, we have implicitly discarded
all cutoff-dependent local terms arising from (6.22) in fixing the relation between coefficients
of the Schwarzian and non-local action as in (6.23).

Finally, let us expand Ionjocal t0 quadratic order in the soft fluctuation de(p) =

e(p) — &

2
Tnon-local 7<€ +— ds&éa(@)—l[ dcﬁld(p?és(@l)éa(m(l S012—2+c>] )
fin

N 24 12 ) 27 2 2 2m vy g2 .
(6.25)
Here we have used the mtegrals [f 5= (2sin 2)74] o = U20= 0and [f do £ (2sin%)" |2 sin £ \] .
= —1 [Ohunp),_y = —51 (see (5.1), (5.5), and (5.7)). The first term gives a contribution
proportional to v to the free energy at finite temperature,
2 o, T -2
B(F—E()) =N —sp — 21 Oés(BJ) +E7(BJ) + ... )+ ... (626)

The second term is in fact equal to a quadratic contact term up to higher order terms,

[ 52setor~ [ G2 el (6.27)

2

as o (f g%g(¢)—1> =0 (%) = 0 and expanding e(p) = ¢ + de(p),

§ </ gf (o)~ > = / g—fsﬂ (—de +e716e® + O (%)) . (6.28)

Then we can write the kernel of the quadratic action for de(y) in terms of the conformal two-
point function Uy introduced in (5.1), and the contact two-point function ), eim(pr1—¢2) —
26 (1 — ¢2) (for p1 — o considered modulo 27) which we will denote as the identity
1 in operator form. The quadratic action remains the same after transforming to the
physical frame as de(6) ~ de(p) to lowest approximation, and the resulting correction to
the correlator P(6;,62), of order 1, is given by

PO(01,05) = N{3O(01)60(62))nontocal = N ((6O(61)50(02)) — (6O(61)50O(02))10ca)

- / 0304 <5O(91)6E(92)>1"““<m<5€(94>50<62)>1°“1 (6.29)

1842

= @) =1 <[8hUh(91, 02)]j—o + (2Ine 4+ 2 — ¢) Uz (61, 02) + %1(91, 05) — 1) '

where we have used

1 )
_ (61—62)
N>5O(91)65(02)>1oca1 - Iros Z etm\v1—02 (6.30)
m#—1,0,1
derived from (3.29). Note m = —1,0,1 Fourier harmonics cancel between terms in (6.29)

as they are not present in 6O(6).
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6.3 Subleading four-point function

We now calculate the four-point function subleading in 3.J, using (6.11). Recall that
expectation values in (6.11) are taken with respect to the path integral over the soft mode
p, with effective action feff[cp, dp] obtained from integrating out éf,; and f]@ in (5.38). In
the following all quantities are to be understood as written in the physical frame unless
denoted otherwise.

Since we work in the large N limit, the first term in (6.11) is just the conformal four-
point function fé (61, 02,03,04) given in (5.29), of order °. Meanwhile, the second term is
reduced to

N{6G(01,602)56G(05,04)) (6.31)

where 6G = G — G, is the linearized change in the Green function in small dp = (6) — 6.
Here we are using G, to denote the Green function at the saddle-point ¢(f) = 6 with
respect to the physical UV perturbation ¢ = 7.

Now, to subleading accuracy in &, §G = 561}{ + 56UV with

3G = Gir — G, §Guv = Guy — (Ga) v (6.32)

of order €° and !, respectively. As the leading soft two-point function (3.27) is order e~ !,

to evaluate (6.31) to order €, we should i) include the fluctuation of the UV response Gy
in §G and ii) include in the effective action j:eff the non-local action derived in the previous
section, or in other words use the two-point function of the soft mode with the correction
calculated in (6.29). The subleading, order € four-point function can be organized as

FO (8,1, 00;05,04) = FL(01,02;03,04) + N(SGr (61, 02)0G1R (03, 1) non local

> - ” s (6.33)
+ N (0GR (01,02)0Guv (03, 04))10cal + N(6Guv (01, 02)0GIR (03, 04))10ca1-

Let us work with ¢ normalized relative to G asin (2.18). To calculate the expectation
values in (6.33), we may express various terms in dg as three-points functions Wj—_1 2 or
[0 Wh]),_o (defined in (5.1)) acting on dO or de, then use local and non-local parts of
two-point functions (§OJO0) and (0O0d¢e) as appropriate. The variation dgir was already
expressed in the desired form in (5.22),

m/b(g—1)

W0, (6.34)

OgIR = —
Meanwhile, dguy can be divided into two pieces. The first is the variation of the response
in the conformal frame

dguv,e = guv,e — (95) UV, (6.35)

due to the dependence of the perturbation G, on e(p), see (6.21). Expanding e(¢) =
e 4 de(p), we find

ao c1+c

c
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The second is the variation due to the transformation of the response from the conformal to
the physical frame (below we are using Lie derivatives acting on A-forms defined in (5.17)),

SCIN = (L5 +£87) (G.) - (6.37)

Factoring (G*)UV = ((é*)Uv/éc> Ge,

o G.)oo (61.69) ~
3G (g, gy) = ﬁ;;:liﬁiggl——325<;na(91,02)

Gc(61,02)

5G9, ,6,)

1 Gi(b1,02) (6(01), + 50(62)00,) W (6.38)

(Ségi\i/ff’é) (91 ,92)

where we have denoted the Lie derivative of the CNJC factor (5@%1\115’0) and the variation of the
complementary factor 5(?%?\1?’6). We find using (5.22)
(diff,c) i ape
6gUV (9]_, 92) == (_kéww[o] (91 - 02) (W_]_ . (50) (6]_, 92), (639)
and using (g«)uyv which was given in (5.25),
(diff,c) . ago 1 2
5gUV (01, 92) = —W912 W[l](el — ‘92) (891 - 892 + W) (Wfl . 65) (91,92).

(6.40)
Note the total expression for dguy is SL(2,R) invariant, as 6O does not have m = —1,0, 1
modes and de no m = 0 modes, and m = 1 harmonics with respect to (6; + 62)/2 cancel
between dguv,, and 59{(;1\;&,5).

Now using expressions for dgir, dguv e, 5g§?\i,ﬁ’ C), and 59{(;1\1/&,5) we have obtained so far
together with correlators (000O)pon-1ocal and (D) 1pcal given in (6.29) and (6.30), the last
three terms in (6.33) are expressed as forms bilinear in W_; and [0, W}];,_ (recall Wy can
be related to W_; as in (5.4)). In particular, we find that in their sum the h = 2 residue
fll (5.34) that was missing in f* (5.30) appears in the form given in (5.37). The total
subleading four-point function including the first term in (6.33) is given by
F (61,055 05,04)

(0)
1
_ i = 19034 ( (01, 09:05,04) + F1(61,05;05,6
G*(91,02)G*(93,04)] (q—l)b[u 34(f (01,02;03,04) + f1(01,02; 05 4))

6
@) 0 O 2o (65— 64) (6.41)

3|012]71|654] 1 _
— W (1 + wm(el —09) 9121(891 — 392)

+ w[1](93 —0y) 93*41(893 — 894))62(91, 0y; 03, 94)}
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where
Q(61,02; 03, 04) = O12]012(034(034] > W1, (61,02) W1, (03, 62). (6.42)
m##0
was calculated previously in (3.34) in the section on the leading four-point function.
We again give explicit expressions in the cases (3.31) representative of OPE and OTO
regions. In the OPE region with 27 > 61 > 05 > 03 > 64 > 0,

~ (0)
f(01792;93794) _ 1
)

é*(gl,eg)é*(93,04 (q_ 1)b

3 cos%cos%—cosAébr sinf—0 o’ sin@ — ¢’ 0
G nlon? T 2rem2? U 2t | T 2ren? @ \1 2tan @
( c( ) 251112sm2 27 sin 5 2tan2 27 sin 5 2tan2

1 06’ 02 0 02 0
+= -2+ 0 7T 520 1- 7|t oo 2w 1= 6
s 2tan3tan5 2sin 5 2tan5 2sin 5 2tan§

(6.43)

[912034 (#0100, 02) + £1(61, 023 05, 04)

where the marked conformal term cancels (5.36), which is the sum of the double pole term
in the OPE expansion of f+ (see (5.31)) and fIl, multiplied by #12634. The 6,6/ — 0
asymptotics of the full four-point function (including F(~1) given in (3.35)) is as follows:

F(01,00;03,04) 007 +0%0 < pJ 1 >920’2. (6.44)

C~¥*(01, 92)6*(03, 94) -~ 1271-((] - 1)b 144772q2045 - 87‘1’2((] - 1)b(_ké(2))

This is in agreement with equation (6.16).
In the OTO region with 27 > 61 > 03 > 05 > 0, > 0,

~ )
F(01,02;03,04) N
G (01,602)G. (05, 6,) (¢—1)b

3 1 T—60 w—6"\ .
c 5 5 L

012030 (1*(01,02:03,04) + £1(01,0:05,01))

5

where we have only shown the terms that grow exponentially in real time for A6, =
it + O(1). Fitting the large t asymptotics as C 1 (e#(7/2=A0+) _ ilm/2=A01)y ~ _C=1(1 —
72) A, e~ A%+ allows for the extraction of the correction to the Lyapunov exponent, 1 — 3z ~
(8J)~L. In the above the contribution to such large ¢ asymptotics from the term f I'and the
term ~ Af, cos A, cancel. Thus only the conformal four-point function f* contributes
to the subleading exponent. The exponent was extracted in [20]; we do not know of an
intuitive way to obtain this quantity.

7 Dilaton gravity with conformal fields

The goal of this section is to construct a gravity dual of the reparametrization mode in the
SYK model. We will guess the 2D theory from qualitative arguments, study its general
properties, and find the effective action in terms of boundary degrees of freedom.
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7.1 The choice of the model

The authors in [21-23] obtained the Schwarzian action from a two-dimensional dilaton
gravity with suitable boundary conditions. We will use a slightly different model, which
includes the metric tensor g, the dilaton ®, and certain matter fields. The Euclidean
action is

Ig,®,..] :417T/D(—<1>R+U(<1>))¢§d2x—;T/E)Déf(\/g@dwrlmg,...] (7.1)

where D is the unit disk, 0D its boundary, ¢ the angular coordinate, and K the extrinsic
curvature. The boundary term is needed for consistency, see appendix B. The normalization
is such that ® has the meaning of entropy (particularly, when evaluated at a black hole
horizon.)

Note that adding a constant to ® changes the action by a constant; rescaling the metric
is equivalent to rescaling the dilaton potential U. Thus, we may assume without loss of
generality that U has the following expansion near ® = 0:

U(®) = 20 — ad? +--- . (7.2)

Let us also suppose that ® > 1 so that the bulk can be treated classically, yet & is
sufficiently small to allow the use of the above expansion. When comparing with the SYK
model, ® is proportional to N, whereas a ~ N~'. In the most natural setting, the dilaton
diverges at the boundary, but we avoid that by introducing a cutoff, ®|gp = ®,. This
procedure is similar to putting a UV cutoff at 7 ~ J~1. Essentially, ®, is the dilaton value
at which the potential U(®) becomes strongly nonlinear, that is, a®, ~ 1. To make the
problem more tractable, we will sometimes assume that a®, < 1; this should not affect
the general form of the result but only some coefficients.

The previously mentioned papers [21-23] used a linear dilaton potential, U(®) = —2®
and did not include matter fields (for the most part). This special case is known as
the Jackiw-Teitelboim gravity [46, 47] and has been studied in detail (in the Lorentzian
signature) by Almheiri and Polchinski [48]. In the Euclidean case, the classical solution is
the hyperbolic plane with R = —2, and the dilaton satisfies the equation V2® — 2® = 0 as
well as some other equations.

We would like to reproduce the effective action on 0D by integrating out bulk degrees
of freedom. In particular, we are interested in the non-local term, which is related to
the h = 2 pole in the conformal 4-point function. In the gravity dual, this term might
correspond to a massive scalar field. Using the relation between the scaling dimension on
the boundary and mass in the bulk [49, 50], h = 1/2 4+ \/1/4 + m?2, we find that m? = 2.
In fact, the field in question can be the dilaton because the latter has a similar equation
of motion. However, pure dilaton gravity with an arbitrary potential U obeys Birkhoff’s
theorem [36], which says that any classical solution is equivalent to a rotationally symmetric
one up to a coordinate change. In effect, the bulk solutions are rigid, and all dynamics
happen at the boundary. Thus, the desired non-local term is unlikely to appear unless the
problem is modified, e.g. by adding some matter fields.

— 43 —



The type of matter that will be used represents certain geometric observables. In
fact, no new fields are necessary if we give up diffeomorphism covariance. Recall that the
effective action in the SYK model involves the conformal time ¢ as well as the physical
time 7 o [ VIpp dp. The bulk analogue of ¢ is a complex coordinate z with respect to
which the metric is conformal:

d? = e* dz dz, 2| < 1. (7.3)

It is a well-known fact that any Riemannian metric on the unit disk can be represented in

az+b
cz+d*

Now, we can define ¢ in terms of the boundary value of z, i.e. z|sp = €. Thus, ¢(7) is a

this form and that such a representation is unique up to linear fractional maps z

non-local observable that depends on the metric in the whole disk.

The simplest approach is to consider the variational problem in the class of met-
rics (7.3). It has fewer equations of motion and more solutions than the usual, generally
covariant problem with the fields g and ®. Specifically, the energy-momentum tensor of
the dilaton field need not vanish; only its trace has to be zero. This result may seem para-
doxical because any metric is conformal in suitable coordinates, and an arbitrary variation
dg is equivalent to a conformal variation up to an infinitesimal coordinate change. How-
ever, such a coordinate change also acts on the boundary. If the boundary metric is not
constrained, then indeed, the conformal problem is equivalent to the generally covariant
one. But if gop|op as a function of ¢ is fixed, then only a subset of general variations is
allowed in the conformal case, and threfore, more stationary configurations exist.

To restore the diffeomorphism covariance, we define the model not using the conformal
coordinates (z,Zz), but rather, a pair of complex conjugate scalar field (w,w) such that
w = z (and hence w = z) on-shell. The corresponding term Iy is designed to constrain
w, w by means of Lagrange multiplier fields, Q4 (with spin +1) and @_ (with spin —1).
Specifically,

IM[gawau_)aQ+aQ*] = _i/D(QJrvw_'_Qerw)\/ngx? (74)

where V., V_ are proportional to the partial derivatives with respect to z and z, see
below. The equation of motion V_w = 0 implies that w is a holomorphic function of z. If
we also require that w|gp = €, then w = z in the whole disk.

Let us summarize the problem. We consider Euclidean action (7.1) with matter
term (7.4), where (w,w) and (Q+,Q—) are complex conjugate pairs. The boundary condi-
tions are

®|op = s, wlpp = €', (7.5)

whereas g,,|op is set to an arbitrary function of ¢. The goal is to find the effective action,
i.e. the stationary value of I with respect to bulk degrees of freedom.

7.2 The operators V., V_ and other geometric objects

Let (v1(z),v2(x)) be an orthonormal frame (“tetrad”) that smoothly depends on the point

1

z, and let z = 2! +iz? and z = 2! —iz2. We also define the vectors v, v_ that are related
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to v1, v2 as (0;,0z) to (Op1,0,2):

1 , 1 .
vy = 5(1)1 — ivg), Vo = 5(1)1 +iva). (7.6)
The dual frame is denoted by (07,67). Thus,
a,B _ — 00 h T =) L0 ) 7.7
GapVSU) =Taby  Gap = Nap0e0%,  where <n—+ I (7.7)

In particular, if the metric is conformal, i.e. df* = e?/((dz')? + (dz?)?) = €*dz dz, then
the frames (vy,v2) and (vy,v_) can be chosen as follows:

’U1 ’U1 v
(1))

In two Euclidean dimensions, spin corresponds to irreducible representations of SO(2)

+ N 4w

RS

v
v

or its universal cover. Such representations are one-dimensional and characterized by a
number v. By definition, the infinitesimal counterclockwise rotation A acts on the spin
as the multiplication by —iv. A v-spinor on D is represented relative to (vy,v_) by
a complex-valued function . A general gauge transformation, i.e. the counterclockwise
rotatation of the local frame by angle £ = £(x),

(vp,v-) — (ei5v+, e_iév_) (7.9)

takes 1 to e%1). A spin connection is described by the set of coefficients

u u AT, AT i 0
Wy, = wa A%, where (A_i A__) = (0 —i) . (7.10)

The gauge transformation (7.9) changes wy to wy + 0,&. The covariant derivative of a
v-spinor is given by the equation

Do) = (0 — ivwa)1. (7.11)
Finally, we define the operators that increase or decrease the spin by 1:
V. : v-spinors — (v + 1)-spinors, Vi = 08Dy (7.12)

Note that V1 and V_ are gauge-invariant, i.e. they commute with gauge transformations.
The commutator between these operators is given by the curvature:

(VoVo = V_V ) = —ZRw, where 1 is a v-spinor. (7.13)

For convenience, we give some explicit formulas in conformal coordinates:
(wz,wz) = (—iaz/L i&gp), (7.14)
R = —2V?%p = —8¢ %0,0zp, (7.15)

Vitp = TP (e77Py), V_tp = e T1P 9 (e"Py) (¢ is a v-spinor). (7.16)
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The metric and extrinsic curvature on the boundary of the unit disk are given by these
expressions:

Gpp = €%, K = g;;/Q(l +wy) =e " +n"V,p, (7.17)

where n is the unit normal vector.

7.3 Variation of the action

Recall that the Euclidean action I = I[g, ®,w,w, Q4+, Q_] is as follows:

I= 41/ (—@R+U(q>))\/§d2x—i / c1>17<\/g,7,dga—l / (Q+V_w+Q_Viw),/gd°x.
T Jp 2m Jap T Jp
(7.18)
In this subsection, we consider the boundary values of g, ®, and w as arbitrary functions
of ¢, with the technical assumption that w|sp maps the unit circle to the boundary of
some complex domain while preserving orientation. The more specific conditions (7.5) will
be imposed later.
Taking the variational derivative of the action with respect to ®, (w,w), and (Q+,Q-)
gives the following equations of motion:

R=U'(®) (7.19)
V_w=0, Viw =0, (7.20)
V_Q+ =0, ViQ- =0. (7.21)

Equation (7.20) implies that z — w(z) is a conformal map from disk D to the previously
mentioned domain. The last pair of equations is, actually, subsumed by those for the

energy-momentum tensor,
(Te + Tv)w = 0, (7.22)

where T and Ty are the gravitational part (due to the dilaton) and the matter contribu-
tion, respectively.

The energy-momentum tensor for the pure dilaton gravity with U(®) = 0 is given
by (B.10) in appendix B. In two dimensions, the Einstein tensor R.3 — %Rgag vanishes.
Adding the contribution from U(®), we get this result:

1 1
(Te)w = o ((V#VZ, - gWVQ)(b - 2gWU(<I>)>, (7.23)
that is,
1 1
(To)e- = (Ta)+ = {(Ta),  (Ta), = —5 (V2B + U(®)), (7.24)
) 1. 1
(Tc)++ =€ P(1G)z: = 5= 0:(e0.0) = —V, VO,
o o (7.25)
_ =2 A (s 20H -
(Tg)-— = e “P(1G)z= o 0z(e POz D) 27TV,V,<I>.
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The energy-momentum tensor of matter has two nonzero components, (Ty)yq =
—%Q+(V+w) and (Ty)—— = —% _(V_w). Thus, the condition Tg + Ty = 0 can
be written as follows:

Vi +U(®) =0 (7.26)
Qy =2m(Viw) (Ta)ss, Q- =2m(V_w) ' (Te)——. (7.27)

Note that equations (7.25), (7.26) and (7.19) (where R = —2V?p) imply that

V_(Tg)4 4 = e 20:(Tq).. = 0, Vo (Tg)- - = e 0.(Tg)z= = 0, (7.28)

hence (1¢).. and (1)zz are holomorphic function of z and Z, respectively. It is now easy
to see that (7.21) follows from the other equations of motion.

Let us also calculate the total variation of the action when that the bulk equations are
satisfied but the boundary values of g, ®, and (w,w) change:

oI = /8 i (E(ap) - %(5@) Ty (Sw) — le(éu‘))> N T (7.29)

where

1
E=—3 nV,® (7.30)

may be called the “surface energy” and
TJ_w = nV(Ver)_l(Tg)%L, TJ_@ = nV(V_u_J)_l(T(;)W_ (731)

are components of the gravitational energy-momentum tensor just near the boundary. The
latter are linear combinations of

T =e*(Ta)4s +e 2 (Te)——, Ty =i (Tg)44 —ie > (Ta)——,  (7.32)

which generate normal deformations and diffeomorphisms of the circle, respectively. These
are explicit formulas for 7', and T' |:

1 1, K
TJ_J_ = KE_E U((I))—% 8g (I), TJ_H = —agE—g ag(I), where df = vV Yo ng. (733)

Note that Tz in the whole disk can be expressed in terms of 7'/ on its boundary.
For a motivating idea, we recall that any variation of the bulk metric is equivalent to a
conformal variation up to a coordinate change. Let us consider an infinitesimal coordinate
transformation that is conformal except at point z:

o =a ) el @3) = I G Zf_’f”) C (739)

2 —z 1-—z7 1—27 Z -z

where € and € are infinitely small parameters and a = %(1 — 22)73. These equations are
obtained from the condition that 95/ (02’) and 9,/(0Z") are proportional to the delta-function
at point z and that the vertor field (02’,0Z’) is tangent to the unit circle. On the one hand,
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the variation of the action under this transformation is equal to €T,,(z) + €T5:(Z). But
it can also be expressed in terms of the vector field on the boundary, which should be
integrated against 7', ||. From these considerations, we find that

1 (1 — ze¥)3
T = — T, d 7.35
(Tq):=(2) Smi(l = 22)? /{m e (e — 2) G L) dep, (7.35)
and similarly for (7)zz(Z). This equation can be verified by using the fact that g,, 7' | is
equal to ie%¥(Tg),. — ie” 2 (Tq)sz, where (Tg).. is holomorphic and (Tg)zs is antiholo-
morphic.

7.4 Static solutions and thermodynamics

This section is largely based on the work by other authors. Static solutions (in the
Lorentzian signature) were studied in [36], and the connection to thermodynamics was
made in unpublished notes by Maldacena [51].

We now use the boundary condition ®|s5p = ., whereas the fields w, 0, Q4+, Q— will
not play any role. There is no constraint on the metric, except that the total boundary
length is fixed:

/ e = / VIosdo = L. (7.36)
oD oD

This setting corresponds to thermal equilibrium, where L is the inverse temperature. The
corresponding solutions will be called “static”. Since the first variation of the action is zero
whenever [, (0p)\/9pp dp = 0, the surface energy F is constant. It follows that 7', and
Tq are zero.

The vanishing of T has two important consequences. First, £# = e#”V,® is a Killing
vector [52]. Second, the following quantity is constant [36]:

C=—-g"(V,2)(V,®)+ W(®), (7.37)
where
D
W) =~ [ v (7.39)
Both statements are verified by direct calculation:
Le®=0,  (Leg)ap = 21" (T)avgpu + (1) pvan), (7.39)
VuC = =47 ((Ta)pa — 9pa(Ta)?5) 927 (V 50), (7.40)

where we have used (7.23).
When written in conformal coordinates (z, z), the Killing vector £ represents an in-
finitesimal conformal map, i.e. £7 is a holomorphic function of z. Furthermore, £ is tangent

to the unit circle because ®|yp is constant. Hence, &% = —i(c_1 + coz + c122), where

*

Cm

= ¢_p. There are four cases: (1) the quadratic function £* has one zero inside and the
other outside the unit circle; (2) both zeros lie on the unit circle; (3) there is one double

zero on the unit circle; (4) £ is identically zero. In the last case, ® = ®, in the whole disk,
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which is only possible if U(®,) = 0. Cases 2 and 3 are excluded because such ¢ cannot

preserve a nonsingular metric on the circle. Hence, £ is nontrivial but vanishes at some

az+b
cz+d’

point zg inside the unit disk. By applying a linear fractional map z we can arrange
that zg = 0. Thus, ¢ is an infinitesimal rotation about the origin.
We will now work in the polar coordinates (r,¢) such that z = re’. Due to the

rotational symmetry, ® and p depend only on r. Thus,
£ =0, £9 = —e 29,0 = —cr, (7.41)
C = —e2(0,®)° + W (®) = W(P), (7.42)
where ¢ is some constant and &y = ®|,—g. The value of ¢ can be determined from the

condition that ® is smooth at the center of the disk, or more exacly, that ® — ®; ~ 2 for
small r. In this way, we obtain the following equations:
D) — P D) — P -U(d
ar(b: W( ) W( 0)7 62p: W( ) W( 0)’ where ¢ = (Jéo) (743)

cr c2r?

Note that the dilaton equation of motion R = U’(®) (where R = —2e¢2°(0? + r~109,)p)
follows automatically.

Now, let us express some quantities that are relevant to thermodynamics, namely, the
boundary length, energy, extrinsic curvature, and total action:

VW (®.) — W (D)

L= 2w}y = dr VT, (7.44)
B = (0,0 o = — 5@~ W (), (7.45)
K=(e?(1+70,p)]_, = 2\/W(_(I)U*)(qi*;/(%), (7.46)
I= ;/(—<I>U’(<I>) +U(®))e*rdr — %Q*K = Q(W@(’})((;O‘;/(q)o» —®y.  (7.47)

The minimum dilaton value ® is interpreted as entropy, L as the inverse temperature, and
we may write I = LF, where F' is the free energy. As expected, these relations hold:

I =LE — &, MzEaL—LTK(S@*. (7.48)
T

The last equation is a special case of (7.29).
It is desirable to eliminate the dependence on the cutoff @, as much as possible and to
compare the results with the SYK model. For these purposes let us define the renormalized

quantities
B=b'L, E=b(E+b), I=1I+bL, (7.49)
where
W (o,
by =4 /W(®,), by = 275) (7.50)
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We have fixed the normalization of by by requiring that bs L subtracts the leading diver-
gence as ®, — oo in I. The normalization of by is not significant and has been chosen
arbitrarily. Then

o 1 LCH

_ W(®) .
U(®o) W (®,)’ =2W(2.) (1 —\/1- ) , I=pBE -y (7.51)

W (@, )

The interesting limit is when W (®,) > W (®(), which is roughly the same as ®, > ®y. In

this case,

- 1 _ -
B E =W (®g), I~

@ — 0 g, (7.52)

To summarize, the energy is a function of entropy, E = W (®g). The other equations follow
from that and thermodynamic identities.

We are primarily interested in the case U(®) = —2® —a®?, W(®) = &%+ $®3, where
o is small and @, is large. In the crudest approximation, 8 ~ 1/(2®). These numbers
will be used as small parameters:

a/f ~ady < 1, (BD,) " ~ B/, < 1, B~1/dg < 1. (7.53)

The first two of them quantify nonlinearity at the center of the disk due to the —a®?
term in the dilaton potential and the proximity of the cutoff. (Note that their ratio a®, is
arbitrary.) The last condition is needed to make sure that quantum fluctuations are small.
In terms of the SYK model, the parameters a/B and J are analogous to (8J)~ ! and 3J/N,
respectively. Under the stated assumptions, we obtain the following expression:

~ o~ 1 a ~ ~ _
5 =1 (1- &+ 0((a/B + (0. ) (7.54)
7.5 Effective boundary action

We now find the effective boundary action resulting from evaluating on-shell the bulk
action (7.1) with the matter term (7.4). After integrating out the Lagrange multiplier
fields @+, the action can be regarded as a functional of g and ®, where the metric g is
conformal in coordinates (z,z) such that z|gp = €. Thus

1

I =—
47TD

1
(~®R+U(®))y/gd*x — 5 / DK \/Gpp dip, (7.55)
oD
where U(®) = —2® — a®? and boundary conditions are

Jop = 5(90)_2’ (I)|8D = P,. (7'56)

Note that £(¢) is not the same as in the SYK model. The comparison should be in terms
of renormalized quantities, which we define by analogy with equation (7.49):

2(p) = AW (@) ely), T=1I+ L. (7.57)
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Thus 3 = J £~ ldyp while L = J e ldyp. We will derive the following expression for the
effective action, assuming a®, < 1:

o diy dpa E(p1)e(p2) G - —2-3 7o)
- 82 [ 2 2 o, <ln<a25(¢1)5(¢2)> +C>Ln_ ro(e)
where 15 = 2sin((p1 — ¢2)/2), the subscript fin. was defined in (6.24), and
- 2
€= 3. +2In(4rad,) — 3 (7.59)

The first integral in the expression for the action and the first term in ¢ are found by solving
the a = 0 problem. (Note that the a contained in the second term of ¢ cancels with that
in the logarithm.) The non-local action and the other terms in & follow from the a®? term
in the dilaton potential U.

When the value of « is nonzero but small, we use perturbation theory. It would be
more natural to assume that a®, ~ 1 or even take the limit &, — oco. In this regime,

strong nonlinearity at ® > a1

is expected to provide an effective cutoff, whereas .,
would become irrelevant. Thus, the error bound should be O(a?&%) and & replaced with
a constant. However, we have no means of calculating it. Up to this unknown constant,
the matching of the action (7.58) in this non-linear regime with the SYK action in (1.23)
and (1.24) is self-evident, with N7 ~ agesyk and Na ~ fy/a%. In the language of
AdS/CFT, the dilaton ® is dual to the Schwarzian operator O (3.21): the on-shell solution
for ® takes the form of the source egyk integrated against the bulk-boundary propagator
for a bulk scalar field with mass m? = 2 (see (7.77), (7.81)), and esyk sources O in the
Schwarzian action (5.44).

Before proceeding with the derivation of (7.58), let us check it in the static case

where ¢ = 27T/B does not depend on . The first term gives —;- (5) —4%,

4m \2
and the second —%(25%(—% where the coefficient —i corresponds to

[f g—f (2sin %)_4 |2 sin %@ . see below (6.25). This result is in agreement with (7.54).

) = mm

7.5.1 The oo =0 case

If & = 0, the equations of motion and the on-shell action become

P,
R=-2 qu) =29, Ion-shell, a=0 = T 5 K dt, (760)

21 Jop
where df = | /g, dp is the boundary length element. The equation R = —2 implies the
hyperbolic plane geometry; thus, this action describes the deformation energy of a curve
(“1D membrane”) in the hyperbolic plane.” The metric is given by the Poincare disk model

9By the Gauss-Bonnet theorem, J Kdl equals the encolsed area plus 2m. Maximazing the area over
curves of a given length is equivalent to minimizing the length while keeping the area fixed. The latter
setting may be described as a “droplet” with a surface tension.
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E2 |w

Figure 4. Map of the physical space (disk D) to the region D’ of the Poincare disk.

in suitable coordinates:1?

4
A = ——  dwdw < 1. 7.61
Tl (7.61)
The physical space (represented by the unit disk D) is mapped to a subregion D’ of the

Poincare disk by some conformal map v, see figure 4. We will use modified polar coordinates
(y,) such that

w= \/gew, w = \/ﬂe*“’l, de* = (1—y)2 (yfldy2 + 4y d192). (7.62)

The boundary of D’ is described by the equation y = . () with some function y,. We
also define analogously to e(¢) = dy/dl on D (cf. (7.56))

@

o(V) = ¥

(7.63)

so that [ Kdl = [ 1Kdy. In this notation,

2./Yx 1+y. d 1 dy.
51:1\_/2\/14—72, 51K:1i§j —|—%arctan’y, where fy:—Qy d?j?' (7.64)

We assume that the boundary is close to the unit circle, and therefore, 6 < 1, ¥ =~ . So
both 7, and K can be expressed in powers of § and its derivatives with respect to 9:

52 5/2
Yo = 1-204+2624+0 (6%), 6 'K =0" (1 +t5 -5t @) (54)> +full derivative. (7.65)
Integrating 6 'K against di gives
D, dv 52 67
Ion—shell, a=0 — _2711 - o, / o 5_1 < - — + 55”) + O((I)*ég) (766)
s 27 2 2

The expression in parentheses is equal to Sch(ew7 ¢), which is in agreement with the result
in [21-23].

The coordinates (w, @) should not be confused with the matter fields that were denoted by the same
letters but are currently equal to (z, Z).
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However, the action needs to be represented in terms of ¢ rather than . These
variables are related by a conformal map ¢, which is uniquely defined if we require that
¥ (0) = 0 and ¢’(0) is real. Under these conditions,

Y(z) = 2ef?), f(z) = chzk, co € R, (7.67)
k=0
ye = [p(e?)]? = ), u(p) = Rf ("), (7.68)
)= SInp(e®) = p+o(e),  vlp) = (). (7.69)
For our purposes, it is sufficient to know that
drem—u(p), J-p=uv(p), (7.70)

where the approximate equality holds in the leading order in ¢ and the functions u, v are
related by the Hilbert transform:

v(p) = p.v. % cot<¢ _2@1) u(p1). (7.71)

Now, we use the transformation law of the Schwarzian
dr\?
Sch(p, s) = Sch(p, ) e + Sch(r, s) (7.72)

to find the difference between Sch(e®, /) = % — & + 66" and the analogous function
Sch(e’#, £) in terms of :

. 1/do de dy ?
) P l — —_
Sch(e',¢) — Sch(e'?,¢) = 2<d€> <d€> +Sch(19,<p)<d£>

7.73)
—4 2 (
~ (V'(p) +v"( d% 2sin( £ PL (1) de :
2 dl
fin.
Thus,
P, dp 4 e € "
on-shell, a= =— —L—-9, P - — =
Lon-shell,a=0 = = 5 o © <2 g TeE
(7.74)

dp1 dipa e(1)e(p2)

— 120, 1
2 27 P19

Ln + O(®,e%).

Applying the renormalization é = 47®,e, I = I + ®,L/(27), we obtain the first term in
equation (7.58) and the first term in (7.59).

7.5.2 Terms proportional to «

The variation of the on-shell action with respect to « with fixed boundary data satisfies
the equation 0/yn_ghell = (g—i) da. Hence, in the linear order in «, we have

(7.75)

(6%
Ion—shell - Ion—shell, a=0 ~ _E </ d2$\/§¢2>
D/

a=0

— 53 —



To calculate the integral, we will use the Poincare metric in the (w,w) or (y, 1) coordinates
and solve the equation of motion for the dilaton, V2® = 2®. The general solution can be
written in terms of Fourier modes,

Oy, 0) = > faba®)e™,  buly) =y"PA—y) (A +y+Inl(1-y)), (7.76)

where the coefficients f,, are arbitrary, or using the boundary-to-bulk propagator:

didy (1 — ww)?
21 (1 — we=™1)2(1 — wetdh)

®(w,w) = d, / 5 f(91), where f(0) =) fae™. (7.77)

The main technical difficulty is that the integral of ®2 diverges near the boundary of the
unit disk, and thus has to be restricted to the region D’. To isolate the divergent terms
and to locate the boundary of D’ (i.e. the line where ®(y, ) = ®,), we expand ® in powers
of 1 —y. This is the expansion of the n-th Fourier mode:

2 1 2 —2)(2 1
i) = 1 (1= =) = -y MEDERED G ) )
Summing over n yields this expression:
2 (e F e e (Mg
w0 = 2o (- da-p e Ga-wpe (forg)a-wie ), @

where

h(d) = [/ ‘i—il (2 sin<19 ;191))_4]0(191)] N = Zn: ’n’(nlz_l) fne™. (7.80)

Let us outline the subsequent strategy. In the first approximation,

f) = 1_3*(79) ~ 6(0) ~ e(yp), ¥ = p; (7.81)

the necessary corrections will be determined later. We focus on two types of terms in the
effective action: all leading terms defined with O(g?) precision and the non-local terms

2. The former arise from the divergent part of the integral of ®2 over

proportional to e
the unit disk that is truncated at y = (). Such terms are expressed as boundary
integrals of some local quantities. They will cancel upon the renormalization, leaving only
the local term from the o = 0 action, but we want to get them correctly as a consistency
check. Nonlocal contributions to the integral generally come from the central part of the
disk. There is also a mixed contribution, wherein the non-local correction to the relelation
between f(9) and y. () due to the function h in (7.79) slightly changes the magnitude of
the most significant local term. All calculations are done up to local order O(g?) terms.
However, the non-local contribution coming from the central part of the disk will turn out
to have the same form as the non-local action we found in (6.24), and there can be no
local terms of order €2 coming from the UV completion of such an action, as we argued in

footnote 8 on page 38. Thus the final expression we obtain will be O(¢?) accurate.
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Local terms. These are obtained by writing Al = Iy shell — Lon-shell, a—0 @s an integral
in the (y,?¥) coordinates and expanding the integrand in powers of 1 — y,. We keep all
negative powers up to and including (1 — y,)~2, which can be obtained from the first three
terms in (7.79). Thus,

y*
:‘“/ / )2
~ P2 dv f2 1 — s - f2 1 —y. - f2+ff// 1 —y. - (
Na*/27r 6(2) 2<2> L <2> ’

where y, satisfies the equation ®(y,(¢),9) = ®,.. On the other hand, y, can be expressed in

7.82)

terms of 6 = di}/dl using the Poincare metric. (Such an expression was previously obtained
in (7.65) but here we need more accuracy.) We proceed with the calculation:

N +5(0°+67) + 7.83
! 2y 5 5+ 182167 10w
f=94 <1 — %(52 — 0% +60") + 0(53)) : (7.84)
ad? [ dv 52 62 ad,
(Al)local = - 6 % 0~ ! < ? - ? + 255” + 0(53)> = T Ion—shell, a=0- (785)

(The coefficient 2 in front of 66" is not important because this expression is multiplied by
5! and becomes a full derivative.)

Nonlocal contribution to the integral. Let us express ®(w,w) using the boundary-
to-bulk propagator from (7.77) and perform the integral over the region D’:

Al = —% d%\[qﬂ = —a<1>2/ iy /‘w2 ker(91,95) f(01) f(92), (7.86)
where
1 ~ 1 —ww 2
her(d, ba) = 7 /D,(dw)(d%w) ((1 —we= ) (1 — we?)(1 — we—2)(1 — wez’%)) '
(7.87)

We only consider the contributions from pairs of point v, 15 that are sufficiently far apart.
In this case, the integral diverges logarithmically as w approaches et or €2, with the
cutoff determined by y. (1) or y.(12), respectively. The integral can be evaluated using a
conformal map W from the upper half-plane {¢ : ¢ > 0} to the unit disk {w : |w| < 1}
such that W (0) = ¢t and W (oco) = €2, see figure 5. Specifically,

ei02/2¢ _ ¢i01/2

w=W(C) = e~ 0220 _ —i01/2

(7.88)

This leads to

. e 2 Yimax
ker(91,197) = %19;24 /W_I(D/)(dm)(dsg) (2“ — Q) ~ 207, y-lay, (7.89)

Ymin
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Ymax

Ymin

v
791 2 XZRGC

Figure 5. To evaluate the non-local part of the action, we identify the domain of the Poincare disk
with the upper half-plane and approximate D’ as shown on the right-hand-side.

where
. 01— 1 — (V1) 2|V
Y19 = 2sin , Y =S¢, Ymin=—7-—""", Ynax=-—""—-—. (7.90
12 2 C 2|’l912‘ ].*y*('l92) ( )
Thus, we find that the on-shell action contains the non-local term
d¥q de 0(91)d(02) V2,
AD)pon. :2a¢3[ bt S In . 7.91
( ) on-local 27_[_ 27_(_ 194112 5(%01)5(@2) - ( )

Mixed contribution. Let us revisit the 1 — y expansion of ® near the boundary,
see (7.79). This time we are interested in the effect of the non-local term containing
h, which was previously ignored. If the boundary y = y.(1) is fixed, then the addition of
the h term changes the value of f by

h

ﬁ:—gﬂ—%fz—Mﬁ. (7.92)
Replacing f by f + fp in (7.82) modifies the result by this amount:
Ot‘l)Q dd _ 4 d’l91 d’L92 6(191)5(192)
ADmixed = ——* [ SLof 078 = —ao? | [ TLE2 RUVRT2) Y .
(At = =25 [ 52201157 = a2 [ e )

Putting everything together. First, we add the local term (7.85) to the expres-
sion (7.66) or (7.74) for the av = 0 effective action. Then we take into account the non-local
and mixed contributions. Because they are higher order, it is safe to replace in them §
with € and 9 with ¢. The result is as follows:

ad, dp g2 g?
Ion-shellz_ <1+ 6 )(I)*< %5 ! <1+2—2+€€”>
dpy d
+m‘/9”4%deWﬂ
2 27w P12 fin.

ot | [ 252 S0 (i) -3, + oo a0

Here we assume that a®, < 1 so that any term proportional to a®2e? is within the
error bound. As already mentioned, local terms of O(a®2e?), which would be part of
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the UV completion of the non-local integral above, are forbidden. The renormalization
E = dn\/W(®,)e, I = I+ /W(®,)L/(21) where /W (®,) ~ (1+ ag’*)q)* yields the
expression (7.58).

8 Open questions

1. We have divided the degrees of freedom of the SYK model, described by the function
é, into the soft mode ¢ and h # 2 discrete and continuous series representations of
PSL(2,R) (see section 5.2). While the soft mode is responsible for the leading four-
point function, the next order terms are mixed. Is there a better way to separate
the variables? The more specific problem is that the definition of ¢ or the related
physical observable O(f) = Sch(e’?, #) is non-local. Perhaps one could define O(6)
as the coefficient in front of the (6; — #2)? term in the expansion of G(6y,6s), but we
found it difficult to implement this idea.

2. Is it possible to understand the correction to the Lyapunov exponent as some sort
of friction coefficient in an effective model? What does it correspond to in the bulk
picture?

3. As Witten noticed [32], “the average of a quantum system over quenched disorder is
not really a quantum system”. However, the replica-diagonal effective action works
pretty well. When does it start producing nonsensical results such as violation of
a unitarity bound? (We do not mean the non-unitarity of the S-matrix discussed
in section 4, which is a failure of a much cruder model.) How bad are the resulting
problems? If they are mild, should we consider violation of unitarity in the real world?

4. Assuming that the replica-diagonal action is consistent under given circumstances,
how do we construct an effective Hilbert space not using quenched disorder?
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A Derivation of the effective action I[%, G]

Let us consider the ¢ = 4 case of the SYK Hamiltonian:

N 1 o 3172
H==5 > JikmXXeXixm: Tieim = N7 (A1)
joedm
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The exact form of probability distribution is not very important when NV is large, but we
will assume that it is Gaussian. The averaging of an arbitrary function f over J = (Jjkim)
can be performed as follows:

:/DBf( ?’]’VfB), (A.2)

dBrim
7['

j<k<l<m j<k<l<m

The average value of the free energy is given by the formula

(A4)

The standard prescription is to find ZM for integer M in an analytic form and then take
M to 0. For each realization J of the disorder, Z(J )M is equal to the partition function
of M replicas of the model. Thus, we consider an extended set of variables:

x=0K:7=1...,N, a=1,...,M). (A.5)

In the functional integral formalism, one should actually use the Grassmann variables x§ (1)
parametrized by 7 € [0, 8] with the antiperiodic boundary conditions, x§(3) = —x5(0).
We proceed with the calculation.

7= [oB [px e 3 [ dT(—Zx] o+ Y R B i )

j<k<li<m
1 2
= / Dxexp -5 > / dr X5 0§ + 5 N3 <Z / drx§(r (T)X%(T))
o,j j<k<l<m
1 oa o NJ? 1 N !
= /Dxexp<— 2Z/dej x5 + = Z//deT/ <NZXj (T)X]@(T/)> >
a,j o, J

Eag(1,7)
(A.6)

Here, we are presented with the problem of decoupling the nonlinear term =4, where
E=Eu(n,T) =% > X;’(T)X?(T’). It can be solved using this identity:

+00 +o00 +o0 . =
FE) = / do f(z) 6(x — ) :% /_ da /_ dy f(z) e (A7)

—00

The last expression may be interpreted as an integral over a particular real plane in the
two-dimensional complex space. The integration surface can be rotated to ensure fast
decay at infinity. For example, one may use the substitution x = u + iv, y = i(u — v),
where (u,v) runs over R%2. This improves the convergence as the leading term in the
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exponent, iNyx = —N(u? + v?) is strongly negative. Applying this method to functions
like f(E) = ¢=" is still risky, but we will proceed anyway. The integral (A.7) should be
incorporated into the larger expression (A.6) and evaluated in the large N limit using the
saddle point approximation.

There is, actually, a separate instance of = for each degree of freedom, i.e. a combination
of a, B, and 7 > 7. (The case 7 < 7’ is redundant because Z,5(7,7’) = —E4(7/,7).)
The corresponding instances of x and y will be denoted by —Gap(7,7") and —iX,s(7, 77),

respectively. We now apply (A.7) to f(2) = exp(NTﬂE4):

2
exp(Nj Z /deT/Eaﬂ(T,T/)4> (A.8)

o.f T>T7/
/ J2 N4 / !/ — /
= [ DX DG exp NZ dr dr ZGQ@(T,T ) — (T, T )(Gag(T,T )+ ZEap(T, T )) ,
o.p T>1!

where the integration measure D3 DG includes the factor iN/(27) for each degree of free-
dom, so that

N
/DZ DG exp(—QZ /deT/ Yap(T, 7)) Gap(T, T')) =1 (A.9)
a?ﬁ

It remains to combine (A.6) and (A.8), and substitute + i XG (T)XJB-(T’) for Zq5(7, 7).
In the resulting expression, the integral over x factors into N identical integrals, each
corresponding to a particular value of j. Thus, the result can be written in terms of a
smaller set of Grassmann variables, x = (x*: a=1,..., M):

ZM:/DE DG </ Dy exp (; Z /dT x* 0 x® — % Z /dT dr’ Yap(T, ') XQ(T)XB(T,)
o a,f

N
2
+53 [drar (% Gaslr.t)! = Bas(ri ) Gustr T')>>> |
a,B

The integral over the Grassmann variables x*(7) is equal to the Pfaffian of the operator
—0; — 2. It is, strictly speaking, UV-divergent, but we may use this regularization:

Pf(—0, — %) = 2M/2 Pf(-0, — %)/ Pf(-0,), (A.10)
where the ratio of the two Pfaffians is defined unambigously. In the large N limit, the outer
integrals D3 DG can be performed by finding a saddle point. The result is as follows:

—InzZM = — ln</ DY DG exp(—IM[x, G])) ~ min mgxI(M) 2,6, (A.11)

where

2

M) [X,G]=N (— In Pf(—@T—f])—l—% Z/dT dr’ (Eag(T, ) Gap(T, T')—JZGQB(T, 7'/)4>>
a7/5
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The maximum is attained at the G that satisfies the equation (7, 7') = J2G(7,7')3, and
the minimization over X yields the equation (=8, — £)~' = G. Thus, the saddle point
values of G and ¥ are exactly the Green function and the self-energy in the mean field
approximation.

Note that the functional integral in (A.11) gives all perturbative 1/N corrections to the
saddle point. However, it might not capture nonperturbative effects because its derivation
involved manipulation of formally divergent integrals. Perhaps one can get the correct
result by carefully choosing the integration surface; this question requires additional study.

The most natural solution for the minimum over ¥ is diagonal in replicas:
Yos(1, ) = B(1,7') dup. (A.13)

With this ansatz, taking the M — 0 limit is trivial, and (A.11), (A.12) are simplified as
follows:

~InZ~-InZ=-In (/ DY. DG exp(—I[%, G})) ~ mXiJn mgXI[E, G, (A.14)

I3,G) = N(— InPf(—d, — %) + ;/dT dr’ <E(7’, ™YG(r,7') — {fG(T, 7")4>). (A.15)

In the mean field approximation, the action (A.15) is equivalent to the full action I(*)
(with M — 0 replicas), provided T > Tyjags.

Let us briefly discuss the use of the replica-diagonal approximation beyond mean field.
The functional integral in (A.14) gives the disorder-averaged partition function Z. The high
temperature expansion of —1In Z includes all connected diagrams, whereas the expansion
of BF = —InZ consists of those diagrams that are connected along fermionic lines. The
leading diagram that belongs to the first but not the second class is this one:

- P o N2, (A.16)

It is, actually, an infinite sum of diagrams because each thick solid line represents G,
(denoted by G in (1.6)). Thus, the replica-diagonal approximation gives the free energy
with O(N~2) accuracy.

It is interesting to derive the high temperature expansion of —In Z from action (A.15)
rather than the original Hamiltonian. This way, one gets the same set of diagrams, but
with a different interpretation. Instead of carrying site indices j, k, etc., the fermionic
lines are grouped (essentially, by that index) and organized into 2n-gons. We begin with
breaking the exponent —I[3, G] in the functional integral into the main part,

- h[2,G] = —];[/dT dr’' X(r,7") G(1, 1) (A.17)

and two perturbation terms, containing the Pfaffian and G*. The expectation value of any
polynomial in ¥ and G with weight exp(—1Iy[X, G]) is easily calculated. For example,

<Z(T1,T2> G<T3,T4>>O =N"! ((5(7‘1 — 7'3) 5(7’2 — T4) — (5(7‘1 — 7'4) (5(7’2 — 7'3)). (A.18)
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Now, let us Taylor-expand the perturbation terms, in particular,

—0, -3 . A A
Nlnw = —N(; Tr(GpY) J& Tr((jEZ)Z +é Tr(GpY)° + - ) (A.19)
7
< | 8

In these diagrams, the solid lines represent Gy, = (—0-)~!, and a copy of 3 is attached
to each open end (i.e. a side without a solid line). As is usual, the number of symmetries
(2,4,6,...) appears in the denominator. The elementary diagrams in the above expression
(without the ¥’s or the symmetry coefficients) will be called “sheets”. The factor of —N
is still included. Such sheets can be connected at the open ends by four-fold “seams”,
depicted as dotted lines. The seams arise from the perturbation term N(J?/4)G*. For the
use in the diagrammatic calculus, the coefficient in that expression should be multiplied
by the combinatorial factor 4! and also by N—%; the last factor comes from (A.18). Thus,
each seam carries the weight 3!J2 /N3, of which we associate J? with the dotted line itself
and keep 3!/N?3 separate.

A closed, connected diagram represents a contribution to In Z. A diagram with n open
ends corresponds to the correlation function

G(T1, Ty, Tny o) = (=1)" Z (T x5, (7)) x5 (T1) - - - X (Tn) X (1) )- (A.20)

Jiyeensdn

The overall sign of a diagram is obtained using the following recipe:
1. Orient all sides of each sheet clockwise or counterclockwise; orient each seam.
2. A solid line from [ to k represents Gy, (7x, 7).

3. Each open end should be oriented from 7} to 75, or else a minus sign is introduced.
Each orientation conflict between a sheet and an adjacent seam gives a minus sign.

To illustrate these rules, we apply them to one diagram that contributes to G(r,7’) =
NG(7,7'):

(A.21)

Finally, let us describe the mapping of Feynman diagrams to three-dimensional
handlebodies whose genus counts the powers of N in the diagram. We can work
with diagrams with respect to the full disorder-averaged partition function, i.e. which
are connected along fermionic lines. For diagrams with external fermions we count
the powers of N as in (A.20). Then the power of N in a diagram is given
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Figure 6. Left: a Feynman diagram in the free energy of the disorder-averaged ¢ = 4 SYK model,
given by —3'InZ = —B~limy; o M1 ZM with ZM as in (A.6). Site indices for fermions have
been distinguished with color. Right: corresponding three-dimensional handlebody.

by (1 — ¢)(number of disorder-averaged interactions) + (number of fermion indices). An
Euler-like interpretation of this counting is

(# of interactions) — (# of times a fermion threads an interaction)

V/2 =q(# of interactions)=FE/2

+ (# of fermion indices) = (# of factors of N).

F/2 1—g

(A.22)

That V and E are not independent implies we do not have the most general tiling of
surfaces. In fact, each diagram naturally maps to a three-dimensional handlebody with
corresponding genus ¢ as follows: we map each disorder-averaged interaction and fermion
site index to a 3-ball. If a fermion line threads an interaction, we connect corresponding
3-balls with a 1-handle; see figure 6. For the two-dimensional diagrams constructed above
with sheets and seams, a handlebody corresponding to a diagram can be visualized as the
tubular neighborhood of an embedding of it in R>.

B Energy-momentum tensor for pure dilaton gravity

The pure dilaton gravity on a manifold X of arbitrary dimensionality is described by this
Euclidean action:

1 1
[=— PR dr — — PK\/gdx. B.1
47T/X Vg dx o /ax Vg dz (B.1)

The extrinsic curvature is defined as K = Vyn”, where n is the unit normal vector and
the bar indicates boundary variables. The second term in (B.1) is necessary to set up
the variational problem with the Dirichlet boundary conditions. For this problem to be
well-defined, it is necessary that the variation of the action with fixed ®|gx and gnslax be
an integral over the bulk without any boundary term.

We will use the tetrad formalism. Let v(z) be an orthonormal local frame at point
x and O(x) the dual frame, so that gog = 7ap 939%, where 7 is the unit matrix. The
covariant derivative acts on Greek (tangent space) indices but not Latin (fixed frame)
indices. That is, one should distinguish between V,u® = 0,u® and (V,u) = auuc+wucbub,
but V,u” = (Vyu)” = v(V,u)c.
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Let us consider a variation of v%(x) that vanishes at the boundary. The spin connection
coeffitients w %, are initially regarded as independent variables, and then expressed in terms
of the metric:

3(0 o8 — Copy +Cay0),  where C,p' = 0,05 — 0p0),. (B.2)

Wyap = 5 &y

In general, this procedure gives the following result:
T c v 1 va
51 = /X A CAN T / TY (5w, )G da (B.3)
= /XT“V 07, (0er)\/g dx, (B.4)

where T is the canonical energy-momentum tensor, J the spin current, and 7T the full
(Belinfante-Rosenfeld) energy-momentum tensor:

" 1
T = T8 — ng(J“ﬁ” — Jhre 4 gred), (B.5)

We now carry out the calculations for the concrete action (B.1). These are the expres-
sions for the variation of local quantities:

OR,, "y = (Vu(0wn)% = (Vi (0wp)) %, OR = 2Ry (0v}) + 2V, (vhv} (0w, ™)), (B.6)
55 = (68, (B.7)
OK = v" (6w, )n’ (if dvy lox = 0). (B.8)

When calculating the variation of action, the boundary term that comes from the integra-
tion of @V, (vh v (dw,?)) by parts cancels the one from the extrinsic curvature. The result
has the form (B.3), where

- 1 1 1
Top = _QW‘I’(Raﬁ - 2Rgaﬁ>a Japy = I ((Vvq))gozb’ - (Vﬁ@)gm). (B.9)

Thus,
1

TOLB:%

1
<—<I)<Raﬁ — 2Rga5> + (VaVﬁ — ga5V2)<I>> (B.l())

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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