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1. Introduction

The Sachdev-Ye-Kitaev (SYK) model is a quantum field theoretical model that
describes N fermions in 0 + 1 spacetime dimensions interacting through quartic
interactions with randomised couplings drawn from a Gaussian ensemble. The SYK
model is a variant of the Sachdev-Ye (SY) model, a random quantum spin system
originally introduced to describe a Heisenberg magnet with random infinite-range
interactions [1]. The SYK variant of the model was first introduced by Kitaev, who
also proposed the model as a holographic dual to a black hole in the anti-de Sitter
(AdS) spacetime [2].

The original SY model [1] is given by the Hamiltonian

1 N
H > JikS; - Sk, (1.0.1)

VM 4, k=1

where the couplings J; ; independent random variables drawn from a Gaussian dis-
tribution, each with the same variance and a mean of zero. The spins S; are in
some representation of SU(M) [3]. The model becomes solvable in the limit where

N — oo and M — oo.

The SY model was first discussed in connection with holographic correspondence in
[4], where Sachdev shows a close correspondence between holographic metals and
the fractionalised Fermi liquid phase of the lattice Anderson model using the SY

model to describe the fractionalized Fermi liquid.

Kitaev has proposed a variant of the SY model, called SYK model, with Majorana

fermions in 0 + 1 dimensional spacetime interacting through quartic interactions

1
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whose couplings are again independent Gaussian random variables. The model has

the following Hamiltonian:

H = l, ZN: Jij kXXX RX- (1.0.2)

"k l=1
The SYK model becomes solvable in the N — oo limit, where the Feynman diagrams
consist of so-called iterated melonic diagrams for the vacuum and the two-point
diagrams and of so-called ladder diagrams for the four-point diagrams. This makes

is possible to derive relatively simple expressions for the Schwinger-Dyson equations

of the two-point and the four-point functions.

At low energies, the two-point functions are analytically solvable from the Schwinger-
Dyson equations and exhibit conformal symmetry, which, however, is broken at
higher energies. The conformal symmetry and its breaking at higher energies is also

seen with the four-point functions.

By considering an out-of-time-order four-point function, we can calculate the Lya-
punov exponent for the SYK model quantifying its chaotic behaviour. Doing this,
we find that the SYK model at a finite temperature 7" has a Lyapunov exponent of
Ap = 27T. Tt can be shown that this is the maximal allowed Lyapunov exponent
for a large number of quantum systems, such as the large N systems of which the
SYK model is an example [5]. The same bound is saturated by a black hole in Ein-
stein gravity [6]. The maximally chaotic behaviour is particularly interesting when
combined with the exact solvability since for classical systems the two properties

are mutually exclusive [3].

Based on these properties and the similarities between the two- and four-point func-
tions of a 1 + 1 dimensional Schwarzschild black hole! and those of the SYK model,
Kitaev has proposed this model as a holographic dual of a Schwarzschild black hole
in 1+ 1 dimensional spacetime that is asymptotically AdS [2].

Tn 1 + 1 dimensions there is not really Einstein theory of gravity. Here we say that quantities

are calculated from a Schwarzshild black hole when we mean quantities calculated from a metric

ds2 = fr(;;“) dt? + T(f_za) with R and a constant.



The proposed duality between the SYK model and black holes is an example of
a more general AdS/CFT correspondence, a conjectured duality between strongly
coupled gauge theories and gravitational theories on the AdS spacetime. The conjec-
ture was introduced in the influential paper "The Large N Limit of Superconformal
field theories and supergravity' by Maldacena [7]. The AdS/CFT correspondence
claims that the generating functionals of the strongly coupled gauge theories and
gravitational theories on the AdS spacetime are equal [8]. Although the AdS/CFT
correspondence has not been proven rigorously, it has passed many tests and no coun-
terexamples have been found. The correspondence allows the studying of strongly
coupled gauge theories by considering weakly-coupled gravitational theories on the
AdS spacetime and vice versa. This is useful because the perturbative methods do
not work with strongly-coupled systems due to the lack of a small expansion param-

eter.

As a tool of investigating black holes, the SYK model has a few problems. One of
the problems is that real quantum systems do not have random interactions that
are then averaged over a probability distribution unlike the SYK model. Therefore
it is not immediately clear if the SYK model can be used to investigate subtler
properties of black holes [9]. More recently, Witten [9], building on the work of
Gurau and collaborators [10, 11, 12], has proposed a new SYK-like tensor model
which has many of the important properties of the SYK model, such as the same
two and four-point functions in the large N limit. Unlike the SYK model, the tensor

model does not have a drawback of random interactions.

In this Master’s thesis, we first study the SYK model and its properties. We prove
the important property that in the N — oo limit the only diagrams that contribute
to the two- or four-point functions are iterated melonic or ladder diagrams, respec-
tively. Using this knowledge, we derive the Schwinger-Dyson equations for the two-
and four-point functions and use them to find the functions in the infrared, or low-

energy, limit, where the model has a conformal symmetry. Then we briefly consider
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a natural generalization of the SYK model where, instead of quartic interactions,
the fermions interact through g¢-fold interactions with arbitrary q. We find that in
the limit ¢ — oo we get remarkably simple expressions for both two- and four-point
functions. In the case of the two-point function, we also calculate the leading-order

correction in the ¢ — oo limit.

After studying the SYK model, we turn to the tensor model proposed by Witten.
For simplicity, we will restrict ourselves to a specific special case of the general type
of the model Witten proposed, but the generalization to the general case should
be obvious. We show that, as was the case with the SYK model, in the N — oo
limit the only diagrams that contribute to the two- and four-point functions are the
iterated melonic and ladder diagrams, respectively. Then we show that this leads to
essentially the same two- and four-point functions as for the SYK model. This shows

that the models share the same important properties we have described above.

Finally, we investigate the chaotic behaviour of the SYK model. We begin by briefly
describing how the chaotic behaviour can be quantified in quantum systems and then
show that the SYK model has a maximal Lyapunov exponent A\; = 27T, which is a

yet another property it shares with a black holes.



2. SYK Model

2.1 Introduction

The Sachdev-Ye-Kitaev model (SYK model) [1, 2] is a quantum field theoretical
model with random quartic interaction between fermions in 0 + 1 dimensions. The

Hamiltonian of the SYK model for N fermions with 4-fold interactions is [2]

1 N
H:*' Z Ji gk IXiXiXeX1 = Z Ji ik XXXk X1 (2.1.1)

"k l=1 i<j<k<l
which arises from the action:

d 1 &
S = /dt (Zl: XigaXi + > Ji,j,k,lXinXle) ; (2.1.2)

) i7j7kvl:1

where y,, are Majorana fermions so that {x», Xm} = dmn- The coupling constants
Jijkg with different 4, j, £, [ are independent Gaussian random variables, each with
the same average and variance. The only exception is that in order to account
correctly for the anticommutation relations of the fermions, we must take J; ;.
to be antisymmetric for indices differing from each other, so that J; jr; = —Jjixs
when i # 7, Ji jri = —Jikji when j #k, J; j 1 = —Jk i, when ¢ # k and so forth.
Please note that this does not imply that J; ;x; is fully antisymmetric, since the
antisymmetry is not required with respect to the exchange of two indices if both
have the same value (see for example 2.1.4). We choose the Gaussian distribution

so that the probability distribution of the coefficients J; j ; is given by:

N3J2.
P(Jijry) = Cexp <_akl> ’

oY (2.1.3)
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where J is the same constant, which is related to the variance of the ensemble, for
every J; jr; and C'is the normalization constant. Notice that the probability distri-
bution is chosen so that it depends on the number of interacting fermions, N. This
is necessary to get simple expressions for Feynman diagrams in the large N limit.
For this probability distribution we have the following moments for the products of
the couplings J; ;x;, when we have used the antisymmetry of the couplings to set
that i > j7>k>land m>n>o0 > p:

- 37 S
Ji,j,k,l(]m,n,o,p = Wdiméjnékoélp; Ji,j,k,l = 0. (214)

When calculating explicit expressions for Feynman diagrams or correlation functions,
taking the average over the Gaussian distribution (2.1.3) is always implied. This is

also occasionally referred to as taking the average over the disorder.

2.2 Feynman Diagrams for the SYK Model

Feynman diagrams for the SYK theory consist of quadratic vertices with every
vertex giving a factor of J; ;5. Since these couplings are drawn from a probability
distribution, we must average over the probability distribution. Therefore the value
of a vertex in a Feynman diagram depends on the couplings J; ;. For example,

averaging over Jg oo and J3oo0J7 00,0 gives different results:

- 3172\ _— 3172\
‘]6170,0,0 =3 <N3> , J§,0,0,0J12,0,070 = <N3> . (2.2.1)

To represent different combinations of coupling constants in Feynman diagrams, we
can "break up" each vertex into four pieces and represent each different index with
different colour. For example, denoting index ¢ with colour blue j with red, k with
green and [ with yellow we get that the following vertex corresponds to the coupling

constant J; j

In the following we shall call the coloured dots endpoints and the coloured lines
representing propagators lines. We can express the identities (2.1.4) in graphical

form using coloured vertices as shown in the figures 2.2 and 2.3 (overline indicates
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= 'T :ﬂ =i

Figure 2.1: Vertex giving a factor of J; j 1 presented in three equivalent ways.

here the average over the Gaussian probability distribution):

_ 72 _ 312
- - =Jijkl =N

P

Figure 2.2: A pair of vertices giving a factor of 3]{,‘]32 when averaged over the probability distribu-
tion.
—e —e o =J 9341235 =0

Pt

Figure 2.3: Puair of vertices giving a factor of 0 when averaged over the probability distribution
due to the two vertices having different indices (colours). Here blue represents index 1, yellow 2,

green 3, red 4, and purple 5.

Note that due to the antisymmetry properties of the coupling coefficients, a pair of
vertices gives a nonzero contribution if the colours in one vertex can be permuted

to match those of another vertex (see figure 2.4).

Since the contraction {x;,x;} gives a factor of d;;, we see that the lines of one
colour must always be connected to another line of the same colour. In addition,
it follows from previous rules that there must be an even amount of vertices with
the same colours in order for the coloured diagram to give a nonzero contribution.

As an example, let us consider the figure 2.5, which shows a two-point diagram
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l

_.T T — Ji’j)kaljjaiakal - -

Figure 2.4: Despite the vertices having different colours in corresponding endpoints, this pair

31J2
W

of wvertices gives a nonzero contribution when averaged over the probability distribution since the
colours in the second vertex can be permuted to match those in the first one. The minus sign is

due to the odd parity of the permutation.

— o« = J

Dy
T 1

Ji g ki mon,o.p (S (s] XiXiXkXIXmXnXoXp |S | )

Figure 2.5: a) This so called melon diagram equals J?. Note that the two vertices can be brought
into the same form by an odd permutation. The minus sign resulting from this cancels the one

coming from "untangling" the contractions of the fermionic fields.

corresponding to (x1x1) appearing at the second order in the perturbative expansion.

In the figure 2.5 the yellow colour represents the fixed index 1 and the other colours
represent the free indices. When the free indices are summed over from 1 to N, we
get a factor of N3 cancelling that from averaging the contributions of the vertices
over the Gaussian ensemble. As another example, in the diagram of the figure 2.6,
we can only choose the vertices so that there are two free indices (coloured green
and red in the figure) or otherwise we end up with odd amount of vertices with the
same colours and the contribution of the diagram vanishes when averaged over the
probability distribution. Therefore we get a contribution of order 1/N* from the

non-melonic diagram of the figure 2.6.

Thus in the limit N — oo, the contribution of the diagram of figure 2.6 vanishes,
but that of figure 2.5 does not. This is an example of a more general fact: only the

iterated melonic diagrams contribute to the two-point function in the large N limit.
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_ topologically 1
a @ - _.Q¥/QF +( equivalent diagrams | ~ N¥

b —e

,\_/,‘ =J19340202009030914=0

Figure 2.6: a) A non-melonic diagram giving a contribution of order 1/N*.

b) Even though it might seem at first that we could choose more colours to the diagram a, this is
not the case. If we for example try to replace one green line with a yellow line, we find that we get
an odd amount of every type of verter, which leads to a zero contribution when averaged over the
Gaussian distribution. It is easy to see that if we try to replace more green lines with yellow ones,
we will get a non-zero contribution only once we have replaced every green line with a yellow one.

Therefore the mazimal number of free indices (colours) is indeed 2.

2.3 Melonic Dominance in the Large N Limit

By an iterated melonic diagram we mean a diagram which can be generated by the

following iterative procedure:

1. Begin with a melon diagram (see figure 2.7a).

2. Replace a line between two vertices or vertex and an endpoint with a melonic

diagram of the figure 2.7a (see figure 2.7b).

3. Continue replacing lines with melonic diagrams until the diagram is ready.

Any diagram created this way is called an iterated melonic diagram. We also include
the free propagator, diagrammatically denoted as a single line among the iterated
melonic diagrams. Occasionally iterated melonic diagrams are also referred to as
simple melonic diagrams or melon diagrams. It should be clear from the context

which kind of a diagram this refers to. Diagrams that cannot be constructed using
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this iterative procedure are called non-melonic diagrams.

2
v
22

a b C

Figure 2.7: Generating an iterated melonic diagram.

To prove that the in the N — oo limit only the iterated melonic diagrams contribute,
we need to prove that the melonic diagrams give a finite contribution i.e. they give
a term of order N° and the non-melonic diagrams give a term of order N~¢ for some

a > 0.

Theorem 2.3.1. [terated melonic diagrams give a finite nonzero contribution in the

limit N — oo.

Proof. We prove this by considering the iterative process by which every iterated
melonic diagram can be constructed and show that any diagram generated by this

process gives a finite nonzero contribution.

First, based on the previous discussion (see figure 2.5), we know that a melonic
diagram of step 1. gives a nonzero contribution. Let us now consider the step where
a line is replaced with a melon. As discussed earlier, to get a nonzero contribution,
both vertices must be connected to an endpoint with the same colour as the original
line (see figure 2.8). This leaves three yet uncoloured endpoints in both vertices. To
create an iterated melonic diagram, we must now connect the vertices to each other.
Therefore we are free to choose three new colours and connect each endpoint in the

first new vertex to the endpoint with the same colour in the other vertex.

The two new vertices give a contribution of order 1/N3 when averaging over the
disorder. We must also sum over the three new colours, so we get a contribution of

N3 from the sums. These contributions cancel each other, so we get a contribution



2.3. MELONIC DOMINANCE IN THE LARGE N LIMIT 11

of order N°. Therefore, if the contribution of the original diagram was finite and

nonzero, the new diagram will also give a finite nonzero contribution.

Thus we have proven the theorem by induction. O]

— —% o — —o — ~ N
$ONT D

Figure 2.8: Choosing colours for an iterated melonic diagram.

Theorem 2.3.2. Non-melonic diagrams give a zero contribution in the limit N —

0.

Proof. We can prove the theorem by considering constructing an arbitrary diagram
with n vertices and proving that every diagram that gives a nonzero contribution of
order NY is necessarily an iterated melonic diagram. To do this, let us consider a
collection of n uncoloured vertices. We can, without loss of generality, assume that
n is even, since an odd amount of vertices always gives a zero contribution when
averaged over the probability distribution. We can then denote n = 2m. When
averaging over the Gaussian probability distribution, each pair of vertices gives a
contribution of order 1/N3. Each free index (each new colour) gives a contribution

of order NV when summed over. There are no other contributions to the powers of

N.

Let us first prove that the maximum order of N for any two-point function is N°.
If this was not the case, the diagram with 2m vertices would need to have over
3m different colours, since the vertices give a contribution of 1/N3™. On the other
hand, we know that the coloured vertices must come in pairs in order to not to give
a factor of zero. Therefore with 2m vertices we can choose colours for m vertices.
In order to have over 3m different colours, at least one pair of vertices would then

need to have 4 colours that are not present in any other vertex. But then those
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two vertices can be only connected to each other, and the resulting diagram would
not be fully connected and thus would not contribute to the two-point function [13].

This proves the claim.

Let us then consider a diagram with an arbitrary number of vertices such that it
gives a contribution of order N°. It is clear that such diagram must be of the form
displayed in the figure 2.9a. Let us now prove that such diagram must in fact be an

iterated melonic diagrams.

To do this, we can prove that any diagram, where there are two vertices connected
to each other with two lines, gives a subleading contribution. Any diagram with
two vertices which are connected to each other with two lines can be written in the
form seen in the figure 2.9b. We can choose 2 new colours for the lines that connect

the two vertices in the middle (green and blue in the figure 2.9b).

Clearly, to get a contribution of the maximal order in N, we need to choose the two
vertices connected to each other with two lines to be each other’s "pairs" (i.e. to have
the endpoints with same colours). This is due to the fact that the pair of vertices
connected to each other with two lines must have at least two colours in common.
If they were not each other’s pairs, we would need to have two more vertices that
share the two colours that the two vertices connected to each other with two lines
have in common. This would clearly lead to less different colours than in the case
where the two vertices connected with two lines are each other’s pairs and we do
not need to have any additional vertices having endpoints with the colours of the

lines that the two vertices are connected to each other with.

We can choose 2 more colours (red and yellow in the figure 2.9b) for the lines
connecting these vertices to the black box, representing an arbitrary diagram. Then,
as a whole the vertices and lines give a contribution of order N. Then the black box
contains still 2m vertices. The vertices represented by the box must be all connected
to each other. In addition, the vertices must again come in pairs having the same

colours. As discussed previously, this leaves us with 3m yet uncoloured endpoints
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( b c d

Figure 2.9: a) Leading-order contributions to the two-point function must be of this form. The

black box represents an arbitrary diagram.

b)Given an arbitrary diagram with two vertices connected to each other, we can choose two colours,
green and blue, for the lines connecting the two vertices. Then we can choose two more colours,

red and yellow for the lines connecting this pair of vertices to the rest of the diagram.

¢ and d) The two possible elements that a leading-order diagram can be made of. Any diagram

constructed from these elements is clearly an iterated melonic diagram.

that can be coloured with different colours. If we were to colour all these endpoints
with different colours, we would get a contribution of order N° from the vertices
represented by the box. However, connecting the black box to the pair of vertices
connected with two lines, we need to use two of these uncoloured endpoints. Then
the black box can give at most a contribution of order 1/N?. Therefore the total

contribution is at most 1/N, which is subleading.

We have now shown that two vertices can be connected to each other only with
three lines or a single line if the resulting diagram is give a contribution of order N°.
Therefore two vertices in leading-order diagrams can be connected to each other
only by two ways, with a single line or three lines (figure 2.9c and d). All lines must
be connected to another vertex (possibly passing by more vertices) since a vertex
that has a line going to itself will clearly result in a subleading diagram. It now easy
to see that only diagrams that can be constructed from the elements of the figures

2.9¢ and 2.9d are melonic. This concludes the proof.
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2.4 Two-point Function

The free two-point function for the SYK model, Gy(t1,t2), is defined by [3, 14]:
1
Go(tl, tg)éij = _<TXz<t1)X](t2)> = —isgn(tl — tg)éw (241)

The sign is due to the fermionic statistics. Note that Gy(t,0) is a Green’s function of

the differential operator —0;. This can be seen with a straightforward computation:

_0,Go(t,0) = 8, (;sgn(t)> — 0, (9(15) - ;) —5(t). (2.4.2)

In the large N limit also the full two-point function G(t1,t2) and the self-energy (the
sum of amputated 1-point irreducible diagrams) (1, t2) are easy to calculate, since
only the iterated melonic diagrams contribute to the expressions for these functions.
We now present several different ways of calculating the two-point function in the

infrared limit, following [3] and [14].

Due to the existence of an iterative procedure which can be used to generate the
contributing diagrams, we can easily express the self-energy in terms of the full

two-point function as (see figure 2.10b):
E(tl, t2) = J2G<t1, tz)g. (243)

We can also derive a recursion relation (Schwinger-Dyson equation) for the two-point

function G(ty,t2) (figure 2.10c):

G(ty,ta) = Go(t1,ts) + J2/dtadtbGo(tl,ta)G(ta,tb)?’G(tmh)
1 1
= —isgn(tl —ty) — J2/dtadtb§sgn(t1 —ta)G(ta, 15)° Gty t). (2.4.4)

This equation can be solved analytically in the infrared limit (i.e. the low energy
limit, where w — 0) or equivalently in the strong coupling limit, where the time
separation ¢ and the constant related to the coupling strength J satisfy J|t| — oo.
It is then self-consistent, as we will show, to assume that the full two-point function
G/(t1,t2) should be negligible compared to the other terms in (2.4.4), so we get an

equation

sgn(t; —ty) = —J? /dtadtbsgn(tl —1a)G(ta, 1) G(ty, t2). (2.4.5)



2.4. TWO-POINT FUNCTION 15

a G(tl,fg): O = + 4o

+ oo

b Dt k)= = JG(ty,ty)?

C G(h,fg) - O — +
= Gyt 1) +.J° / dtodtyGolt1,1,)G ta 1y ) Glty, 1)

Figure 2.10: o) The full two-point function G(t1,ta), denoted diagrammatically as a grey circle,

consists of the sum of all iterated melonic diagrams.

b) The self-energy corresponds to the sum of all amputated 1-point irreducible diagrams. This
means that we only sum over diagrams such that they cannot be split into two distinct diagrams
by removing one propagator (line), and that does not have external legs corresponding to the free
two-point functions Go(t1,t2). The self-energy can be expressed with the help of the full two-point
functions. Here again the grey circles formally denote the sum over all melonic diagrams. The
resulting expression for the self-energy is to be read as a sum of all diagrams where the grey circles

have been replaced with any iterated melonic diagram (this diagram can be different for every circle).

¢) The recursion relation (Schwinger-Dyson equation) for the two-point function. The second
diagram on the right-hand side of the equation represents the sum of all diagrams where the grey
circles have been replaced by an arbitrary iterated melonic diagram (it can be a different one for
every circle). It is rather straightforward to check that this sum gives all the iterated melonic
diagrams with the exception of the free two-point function denoted by a simple line. Therefore the
sum of all iterated melonic diagrams, which, by definition, is the two-point function G(t1,t2), is

equal to the two terms on the right-hand side.
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This integral equation can be solved for example by trial and error but there is also
another, less tedious, way to derive the solution which lends itself much more readily
to generalizations, which we shall investigate briefly in the section 3. We can first
write the Fourier transformation of the two-point function G(iw) in terms of the
self-energy. Here the Fourier transformation is done with respect to t;, keeping t,

fixed.
G(iw) ™ = —iw — B(iw). (2.4.6)

Where we used

Goliw) = — (2.4.7)

iw
In the infrared limit (w — 0), we can drop iw to get

—1 = G(iw)S(iw) = J*G(iw) F[G(t1, t2)?] (iw), (2.4.8)

where F [G(t1,15)?%] (iw) denotes the Fourier transformation of G(¢;, t2)® with respect
to tl.

Since G(t,t2) is time translation invariant (and therefore so is X(t1,t2)), it can
only depend on the difference t; — to so, we can write G(t1,t2) = G(t; — t2) and
Y(t1,te) = 3(t; — t3). By redefining t; appropriately, we can take to = 0 without

loss of generality to simplify the calculations.

Taking the inverse Fourier transformation of (2.4.8) with respect to t, we get
—5(t) = / drS(z, 0)G (t—1,0) = / drS(z—0)G(t—z) = / dzG(t, z)S(z,0). (2.4.9)

We can also reintroduce to by setting ¢ = ¢; — t5. Doing this and shifting the

integration variable x — x + to, we get
SOt — 1) = / drG(ty, 2)S(x, ts). (2.4.10)

Substitutig the self-energy X(¢,t5) in terms of the two-point function from (2.4.3)

gives an integral equation:

Sty —ty) = —JQ/dtG(tl,t)G(t,t2)3. (2.4.11)
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From this form, we can show that the two-point function G(t1,t5) is conformally in-
variant: If G(¢,t") is a solution to (2.4.11), under an arbitrary time reparametrization

ti = f(s;), we get a new solution if we let

df (s) df (s)
ds() dS()

1/4 1/4

G(f(s), f(s)). (2.4.12)

6(s.5) =

This can be seen with a following simple calculation. Let us assume that G(t;, 1)
satifies (2.4.11). Let us then reparametrize time by setting t; = f(s;), where f(s) is

a monotonically increasing function. Now (2.4.11) becomes:

8(f(51) = fls2)) = = [ AtG(f (1) )G, f(s2)" (2.4.13)

Now we can use the delta-function identity:

5(81 — 82)

5(f<51> - f(32)) - df (51>| . (2.4.14)
Since the delta-function sets s; = s9, we can express this as:
5(81 — 82)
0(f(s1) — f(s2)) = . 2.4.15
o) = 1) = e AT s A1)

Using this and dt = %(s)ds = ﬁ( )ds = ds( s)|ds, where the last equality follows

because f(s) is monotonically increasing, we get that

wsﬁgﬁgﬁfrd/dj&)ﬂﬂmJ@WU@J@WwMﬂ»
Rearranging, we find that
oo = s2) = —1* [ ds |2 ﬁ@) G(f(s1), £(5))

1/4 1/4

df

df
=5 (5)

£(32) G(f(s), f(52))) : (2.4.17)

s

Now using the definition (2.4.12), we find that we can express this simply as

0(s1 — s2) = —J2/d8G (s51,5)G(s,52)". (2.4.18)

This is exactly the same as (2.4.11), which, with definition (2.4.12), proves the

invariance under the reparametrizations.
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We will need the fact that the two-point function is conformally invariant later when
investigating the four-point function. Now the two-point function can be calculated
by using either equation (2.4.8) or (2.4.11). Let us do this by using the former. The
form of the equation (2.4.8) suggests a power-law two-point function as a good trial
function. It turns out, however, that a correct solution is not, in fact, a power law

but "almost a power law". Let us try a function of the form:

G(t1,ta) = C|t1 — to|"sgn(ty — ta). (2.4.19)
Without loss of generality, we can set t; =t and ¢, = 0 to get

G(t,0) = C|t|*sgn(t). (2.4.20)
Calculating the Fourier transform of the trial function G(t,0), we find that

G(iw) = /dtemC|t|xsgn(t) = 2iC sgn(w) cos <7T2“T> N(1—x)|w*". (2.4.21)
Similarly for the self-energy:

S(iw) = J2 [ dte ! Cfif*sen(t) = 20.7°C* sm(w) cos (T) T(1 = 32) |wf*

(2.4.22)
Substituting these to the equation (2.4.8), we get that
3 _
—1=—4J2C" cos (7;1,) cos (?) I(1 - 2)0(1 — 32) |w|* 2, (2.4.23)

where we have noted that the sign-functions cancel each other. To get a correct

functional dependence on w, we must have z = 1/2. Then the equation above reads:
—1=—4J%C*r. (2.4.24)

Solving for C' now gives

1 \1/4
C=— <4w2) , (2.4.25)
where we have chosen the negative root. Therefore the two-point function G(t1,t2)
is given by:
1\ 1
Gt ts) = — (4M2) — t2|sgn(t1 1), (2.4.26)
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The late time decay of the full two-point function (2.4.26) shows that the approxi-
mation where G(0,t) was dropped from the left-hand side of the Schwinger-Dyson

equation (2.4.4), or equivalently dropping iw from (2.4.6), was self-consistent.

It is easy to check that this solution also satisfies (2.4.11) and (2.4.5). To do the

latter, we would need to calculate the integral:

—J2/dtadtbsgn(tl—ta)G(ta,tb)3G(tb,t2 /dtldtgsgn( —t )W
a — U
sgn(ty, — ta)
o A 2.4.27
‘tb . t2‘1/2 ( )

This integral is actually divergent but it can be analytically continued and then

shown to satisfy the equation (2.4.27), using methods similar to those from section

2.5.2.

2.5 Four-point Function

The most general four-point function of SYK model is defined as:

(i (t)xa(t2)x; (E3)x; (ta)) (2.5.1)

We will, however, consider a slightly more convenient correlator, following [14],

where the different choices of indices 7 and j are averaged over, given by

1 1
N2 Z Oxi(t)xa(t2)x;(ta)x;(ta))) = G(tlytz)G(t&t4)+Nr(t1,t2,t3,t4)+0(ﬁ)-

7,7=1

(2.5.2)

Here we have chosen the prefactor of I'(¢y, to, t3,t4) so that we will have T'(¢1, t, t3,t4) =
O(N"). This means that T'(¢,s,¢3,t,) consists of all contributions of order O(N)
divided by N. We will consider the leading-order correction I'(t1,ts,t3,t4) to the
four-point function. The leading-order diagrams in the large N limit contributing to

[(t1, o, t3,t4) consist of so-called ladder diagrams (figure 2.11) that can be created
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with the following iterative process:
1. Begin with a diagram of the figure 2.11a or 2.11b.
2. Add a vertex to both lines.
3. Connect new vertices to each other with two lines.

4. Add two-point propagators to all lines that do not yet have them. This results
in a diagram in the figure 2.11c or 2.11d.

5. Repeat from step 2 until ready.

As a special case we also include so called "zero-rung ladders', i.e. the diagrams
of the figure 2.11a and 2.11b, among ladder diagrams. It can be proven that all
the ladder diagrams give a contribution of order 1/N and all other diagrams give a
contribution of order 1/N? or lower. The proof is similar to the one presented for
the iterated melonic diagrams in the case of the two-point function. As an example,
let us consider two diagrams contributing to the four-point function - one ladder
diagram and the other not (see figure 2.12). In the case of the zero-rung ladders
the contribution of order O(N~!) is due to the propagators setting i = j and thus

giving one free index less than a product of two propagators would usually give.

2.5.1 Recursion Relation for the Ladder Diagrams

It is again easy to derive a recursion relation (Schwinger-Dyson equation) for these
diagrams. Let us denote the sum of all ladder diagrams (including the ladder
diagram with no rungs, which is just a product of two two-point functions) by
[(t1,to,t3,t4). This is just the sum over the ladder diagrams with a different num-
ber of rungs:

D(t1,to,t3,t0) = > Dplty, to, ts, ta). (2.5.3)

n=1

Clearly a ladder diagrams with n+1 rungs can be expressed as a ladder diagram with

one rung times a ladder diagram with n rungs if integrate over all times connecting



2.5. FOUR-POINT FUNCTION 21
~ / <>
. O
—0 O
g _
—0O O

Figure 2.11: a-f) Generating ladder diagrams iteratively. The grey circle represents again the
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two-point function. The vertical double lines from one vertex to another are called rungs and the
horizontal lines from one endpoint to another are called rails. A sum of the two possible ladder
diagrams with n rungs is denoted also by NT,(t1,te,ts,t4) (the N is due to our convention of
defining T, (t1,t2,t3,t4) so that it is of the order O(N°)). For example, the sum of the ladder
diagram (c) and (d), which both have one rung, is equal to NT'1(t1,ta,t3,t4) and the sum of the
diagrams (e) and (f), which have two rungs, equal NTs(t1,ts,ts3,t4). Diagrams (c¢) and (d) have
two rails and (e) and (f) three.

g) We only need to include the ladder diagrams that have crossing propagators between the last
rung and the endpoints, such as diagrams (d) and (f), or no crossing propagators at all, such as
(b) and (e). This is due to the fact that all other types of diagrams are equivalent to either of
these types. To see this, we need just to note that by "twisting" nth rung, we can bring crossing
propagators between n— 1th and nth rung to between nth and n+ 1th rung. This allows us to bring
the crosses to after the last rung. Let us also note that if we bring two crosses to after the last rung,
they will cancel each other. Therefore it follows that the diagrams with an odd number of crosses
are all equivalent to a diagram with crossing propagators between the last rung and endpoints. The
diagrams with an even number of crosses are equivalent to diagrams with no crossing propagators

at all.

the two diagrams. The two ladder diagrams also contribute two pairs of propagators
between two ladder diagrams, so we have to omit the other pair (see figure 2.13b).
We have also to note that there are two ladder diagrams with n rungs (see figure
2.13b) so we have to multiply the both diagrams with a new part with one new rung

if we want to generate all the ladder diagrams with n + 1 rungs. Therefore we find
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~ = ~ L
N

a b

Figure 2.12: a) A ladder diagram gives a contribution of order 1/N.
b) A non-ladder diagram giving a contribution of 1/N2.

that
Doyi(ty, to, t3,t4) = —/dtadtb3J2G(t1,ta)G(t2,tb)G(ta,tb)QFn(ta,tb,t3,t4). (2.5.4)
This equation can be written as:
Loty to, ts, ts) = /dtadtbK(tl,tg,ta,tb)I‘n(ta,tb,tg,t4), (2.5.5)
where we introduced the kernel K (t1,s,t3,t4) defined by:
K(ty,ty, t3,t4) = —3J2G(t1,13)G (ta, t4)G(t3, t4)2. (2.5.6)

Therefore we can generate all the ladder diagrams by multiplying the sum of the two
types of ladder diagrams with no rungs, I'g(t1, te, t3,t4), by the kernel K (t1,ts,t3,t4).
The sum of ladder diagrams T'o(t1, to, t3,t4) is just an antisymmetrized product of

propagators:
Co(ty, ta, ts,ts) = G(t1,t4)G(ta, t3) — G(t1,t3)G(ta, ty). (2.5.7)

To find out the leading-order correction to the four-point function, we need to find an
explicit expression for the sum of the ladder diagrams, I'(t1,ts, t3,t4). This is easier
if we first diagonalize the kernel (2.5.6). In order to do this, we can first compute
its eigenvalues and eigenfunctions. We do this by showing that the eigenfunctions
of the SL(2) Casimir operator acting on ¢; and ¢, are also the eigenfunctions of the
kernel. Then we proceed to find the eigenfunctions of the Casimir operator. It turns
out that the eigenfunctions can be expressed as a superposition of rather simple
solutions. For this reason it is useful to analyze first a simple set of eigenvectors

which turn out to have the form of the components of the superposition.
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Figure 2.13: a) The sum of all the ladder diagrams, T'(t1,ta,t3,t4), includes all the ladder

diagrams with an arbitrary amount of rungs and their antisymmetrized versions.

b) The recursion relation for the ladder diagrams. We can generate a ladder with n + 1 rungs by

multiplying both n-rung ladders with the kernel.

2.5.2 A Particular Set of Eigenfunctions

The eigenfunctions v, (ta, tp) of K(t3,t4,t,,t,) must satisfy:

g(@)valts,te) = [ dladty K (11, b, ta, 1) (fa, 1)

sgn(t; —t,) sgn(te —tp) 1
dt,dt, o(tarty). 2.5.8
/ ‘tl —ta |1/2 ‘ng tb‘1/2 ’ta _ tb’U ( b) ( )

for some g(«), which can depend on t; and t,.

We see that this integral has some similarities with an earlier integral equation
(2.4.27) for which the solution was given by (2.4.26). We can try a similar trial
function in this case. We will next show that a particular set of solutions is given

by

Va(ta, ty) = sgn(t, — tp), (2.5.9)

|t _ tb|1/2 2a

where the exponent has been chosen to have this form in order to make the connec-

tion to the general eigenfunctions, which we will find later, more explicit. To prove
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that (2.5.9) are really eigenvectors of the kernel, (2.5.6), we need to show that:

sgn(ty — t,) sgn(ta —tp) sgn(t, — tp)

|t1 —t, |1/2 |t2 _ tb|1/2 |t _ tb’3/2 2a”
(2.5.10)

1
g(@)msgn(tl = —7/dt dtb

This integral is, like (2.4.27), divergent, but we can analytically continue it. To do

this, it is useful to remember the following identities for the beta-function:

/—boo dt(a —1 t)* (b —1 t)y - (a — b1)x+y—1ﬁ<1 —y.x+y—1), (2.5.11)
/aoo dt(t —1a)$ (t _1b)y - (a — bl>m+y—1ﬁ<1 —z,z+y—1), (2.5.12)

b 1 1 1
I e e e

Let us now consider a general integral of the form

’ \tl—t |z [ta = tol*  |ta — o] -

B(1—x,1—vy). (2.5.13)

so that we recover the special case (2.5.10) by substituting x = 1/2 and y = 3/2—2a.

We can now split the integration interval into separate parts - one for every combi-
nation of the values of sgn-functions. For example, in the case t; > t5 we split the

integrals as follows:

00 00 to ty t1 00
/ dt. / dty — / dt, ( / dt,+ [ dt, + dta)
—00 —00 —00 —00 ty t1

t1 th t1 [es) 00 t1 tp 00
[, ( / dt,+ [ dt, + dta>+ dt, ( / dt, + / dt, + dta).
to —00 tp t1 t1 —00 t1 ty

(2.5.15)

Let us calculate one term explicitly in case t; > to:

/ dt, /tl dt, sgn(ti —ta) sgn(ts — ) sgn(ts — to)
b —ta]* [to —to®  [ta — tol¥

1 1 1
= dta dtb
f o (ta— 1) (to — 12)" (fa — b)Y
= dt, 1—xz,1—
w M 0 e — e P )
1
- (tl _ t2>2:p+y72ﬁ(1 -, 2z + Y- 2)6(1 -, 1- y) (2516)
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Calculating contributions from all the intervals in a similar fashion and summing

them all up gives a result, in case t; > t:

sgn(ty — t,) sgn(ty — tp) sgn(t, — tp) 3 1
/dt dtb _ _ T _ Y . _ 2x+y—2
|t1 t |z |ta — [ta — ] AT |t3 — t4

X (6(1—:1@,1—y)5(1—x,2x—|—y—2)—6(1—3:,3:4—3/—1)6(1—x,2x+y—2)

—f(l—2z,1-y)f2—2—y,224+y—2)+5(1—z,2+y—1)B(2—2—y,20+y—2)

+(1—y,z+y—1)(1l—z,2—x—y)—[(1—=x, 1—y)6(2—x—y,2x+y—2)>.

(2.5.17)
Substituting z = 1/2 and y = 3/2 — 2« gives then:
sgn(ty — t,) sgn(ta — tp) sgn(t, — tp)
~ 2 / dtdty
|t1 —t, |1/2 |t2 _ tb|1/2 |t _tb|3/2 2c
A 3
= t - — . 2.5.18
47T ’tg—t4‘1/2720‘405—1co <7T (4 a>) ( )
We can now substitute this equation into (2.5.10) and simplify:
1 1 3 1
= t ——1]. 2.5.19
9O) T~ — g g =1 <7T (a 4)) (2:5.19)

Therefore the eigenvalues corresponding to v, (ts,t4) are:

g(a) = 4&3— 1 tan <7T (a - i)) . (2.5.20)

Similar calculation in the case t4 > t3 gives the same result, so the eigenvalues for

eigenfunctions v, (t4, tp) are indeed given by (2.5.20).

2.5.3 A Complete Set of Eigenfunctions

To find a complete set of eigenvectors of the kernel K (t,ts,13,t4), we can use its
SL(2) invariance. To see the nature of this invariance, let us define the following
generators of the SL(2) algebra:

1 1
Di=~tid,~4.  Pi=0, K=t +. (2.5.21)
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It easy to see that they satisfy the following commutation relations:
[D;, Pj]| = P,0yj, (D;, K| = —K;0,, |P;, Kj] = —2D;6;;. (2.5.22)

It can be checked [14] that these generators commute with the kernel K (1, s, t3,t4)

in the sense that, up to total derivatives, we have the following three relations:

(Dl + DQ)K(tl, tg, tg, t4) — K(tl, t2, t3, t4)(D3 —|— D4) (2523)
(Pl + PQ)K(tl,tQ,tg,t4) == K(tl,tg, tg,t4)(P3 + P4) (2524)
(Kl + KQ)K(tl, tg, t3, t4) == K(tl, tQ, tg, t4)(K3 + K4) (2525)

This symmetry implies three things: First, since the kernel K (t,to,3,t4) is SL(2)
invariant, we can represent it as a function of SL(2) invariant cross ratio x, which
is defined by:

(t1 — t2)(ts — t4)

X = G it ) (2.5.26)

Secondly, it is easy to see from the expression (2.5.7) for I'g(t1, ta, t3, t4) that To(¢y, to, t3,t4)
transforms like a conformal four-point function. Since the ladder diagrams with n
rungs, [, (t1,12,t3,t4), are generated by acting on Tg(ty,ts,t3,t4) by a SL(2) in-
variant kernel, the I, (¢, 2, t3,t4) must also transform like a conformal four-point

function. In other words, we can write
Fn(tla tg, tg, t4) = G(tl, tQ)G(tg,, t4)rn(X), (2527)

where I',,(x) is as yet undetermined function that only depends on the cross ratio .

We will later solve this function (see (2.5.68) for an explicit calculation of I'g(x)).

Finally, from the "commutation relations" (2.5.23)-(2.5.25) immediately follows a

similar "commutation relation" for the Casimir operator Cy,»:

C1+2K<t1a t27 t37 t4) - K(th t27 t37 t4)C3+4, (2528)
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where the Casimir operator C;; is defined by

1 1
Ciyj = (Di+ D;)? — o (Bi+ By)(Ki + Kj) — o (Ki + Kj)(Pi+ Fy)

8
= —5 +2DiD; — PK; — K:P;. (2.5.29)

The relation (2.5.28) in turn implies the eigenfunctions of the Casimir operator C;;
must be also the eigenfunctions of the kernel. This follows straightforwardly from
the following observation: Assuming that v, (t1,%2) is an eigenvector of the Casimir

operator Cy4o with eigenvalue c¢(«), we get:

d@/mmmm@%mm%m:/mmmm@%mgwwmg

—Ciys / dtodty K (11, b, ta, ) 0a(tas ). (2.5.30)

From this, it follows that if the spectrum of the kernel K(ty,ts,t3,t4) is nonde-
genarate, so that [ dt,dt,K(t1,ta,te,ty)0a(ta,ts) ~ va(t1,t2), then v, (t,t2) is an
eigenfunction of C;s. We shall show the nondegeracy of the spectrum explicitly

later.

2.5.4 Eigenfunctions of the Casimir Operator

As discussed previously, we can write the ladder diagrams in the terms of a function
I, (x) that only depends on the cross ratio by defining
1 t1 —to)(t3 — ¢

p, ({0

Vi =1y "\ (t1 — t3)(t2 — t4)
(2.5.31)

Fn(tla t27 t37 t4) - G<t17 tQ)G(t37 t4)rn(X> ~

where ~ denotes the proportionality to the terms that depend on t; or ¢5. A straight-

forward computation shows that the Casimir operator C;,5 acts on this as

1 (tl - tQ)(tg — t4)> 1
’ b - Cen(X), 2.5.32
142 |t1 — ta| ((h —t3)(ty — t4) Ity — to () ( )

where the operator C, is defined by

Cy = (x* = X102 — x*0y. (2.5.33)
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To make the evaluation of the sum of all the ladder diagrams easy, we want to find a
basis of functions that diagonalises the kernel i.e.are its eigenfunctions and expand
[, (x) in that basis. Since we have shown that the eigenfunctions of the Casimir
operator Cy,o are also eigenfunctions of the kernel, we can try to find a suitable
basis of the eigenfunctions of the Casimir operator. We denote the eigenvalues of C,
by 2a(2a — 1) and the eigenfunction corresponding to this eigenvalue by F,(x). To

solve the eigenfunctions of C;,5 we can then solve the following eigenvalue equation:
20(2a — 1)F(x) = C Fu(x). (2.5.34)

In addition we require that F)(2) = 0 and that the function F,(x) must be normal-
izable with respect to the following inner product (f,g):

2AX Lo
(f.9) = / — 00790, (2.5.35)
0 X
It can be shown [14] that the functions F,(x) with these properties form a complete
orthogonal basis (we will show orthogonality later), so we can expand ['y(y) in terms

of them.

To see how the condition F)(2) = 0 (and the integration limits in the inner product
above) come about, let us consider the function I',(x). Directly from the definition

of I',,(x) (2.5.27) we see that

LX) = (T Oa(t)xa(t2) x5 () x5 (1)) (2.5.36)

Note that the cross ratio y is invariant under the Mobius transformations of the

form

at +b
_>
ct+d

(2.5.37)

with ad — bec # 0. We can use these transformations to set t; = 0, t5 > 0 t3 = 1,
ty — oo so that y = t; > 0. Then we have that

P () ~ (x;(e0)x;(Dxi(x)x:(0)) 0<x<1 | (25,39

—(x(00)xi (X)X (1)xi(0)) 1< x <oo
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From this form, we can show that we have a symmetry x — x/(x — 1) when y > 1.

To see this, let us consider the following mapping

t—2 0

This mapping takes 0 — —7m, 1 — —7/2, 00 — 7/2 and x = ty = 6 for some

—7m < 0 < 7. Then we have that

Ln(X) ~ (Tx;(m/2)x:(0)x; (=7 /2)xi(=7)). (2.5.40)

From this form, it is immediately clear that § — —6 is a symmetry of T',,(x). The

mapping ¢ — —6 corresponds the mapping

to — 2 2—1
2 _ 2

2.5.41

tz tz ( )
Or equivalently
X

— —=—. 2.5.42

X (25.42)

Since the transformation y — x/(x — 1) maps the interval 1 < y < 2 to 2 < ¥,
the full function I',(x) can be determined from I';,(x) on the interval 0 < x < 2.
In addition, we must have I} (x = 2) = 0 since x = 2 is the fixed point of the
transformation. Since we have I} (x = 2) = 0, it is natural to require this also of

the basis functions F, ().

The eigenvalue equation (2.5.34) can be transformed into a hypergeometric differen-
tial equation whose solution can be given in terms of the hypergeometric functions.

The general solution to the eigenequation (2.5.34) is given by
F.(x) = AX**2F1(2a, 20, 4o, x) + B 29 Fy (1 —2a, 1 — 20, 2 — 4a, ), (2.5.43)

where the functions o F(a, b, ¢, z) are ordinary hypergeometric functions. The con-
stants A, B and « can be determined from three conditions we set for the eigen-
functions F,(x) above. The overall constant is determined by the normalization of

the eigenfunctions.
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Let us now find the constants A, B and a so that the general solution to the
eigenequation given by F,(x) in (2.5.43) satisfies the three conditions described
above. Let us start with the condition F’(2) = 0. Taking the first derivative of
(2.5.43), we find that

F/(2) = Aa2**,F) (20, 20+ 1,20, 2) — B(2a—1)272% F (1 — 20, 2 — 20, 2 — 4, 2).
(2.5.44)

Solving for A (or B) and substituting to (2.5.43), we find that for 1 < x < 2,
we have, up to normalization, which we have chosen here so that the expansion of

(2.5.45) near xy = 1 has a convenient form, that
r (1 — a) IN() 1 1 (2—x)?
Fo(y) = —2 F: ——a, . 2.5.45
(X) \/E 142 (OJ, 9 «, 9’ X2 > ( )

We notice that this solution has an obvious symmetry x — x/(x—1), so we conclude

that it is indeed a correct solution for all values 1 < x.

The solution (2.5.45) diverges logarithmically at x = 1. Then, to ensure a proper
normalization, we need to find a solution (2.5.43) so that the divergent and the con-
stant terms agree as Y — 17 and y — 17. Then we can interpret the inner product
(2.5.35) as a principal value integral so that the contributions of the divergences

cancel each other when xy — 1.

We have the following expansion for the hypergeometric function o Fi(a,b,a + b, z)

near z = 1:
oFi(a,b,a+ b, z) = a+b Z Jn (—ln(l—z)—i—Zw(n—l—l)
—¢la+n) — b+ n))(1 — )" (2.5.46)

Therefore near x = 1 the solution F'(x) for x > 1, (2.5.45), is given by
I'(3—a)l() 11 (2—y)?
Fa(X>: \/E 1F2 <a72_a727x2>
2 — )2 1 2 — )2

X
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Now we can use the following properties of the digamma function ¢ (z):

U(=2) = ¥(2) + wcot(rz) + i (2.5.48)
(z) =v(z+1) - i (2.5.49)
vz + o (243 ) = 2022) — In(4), (2.5.50)
¥(1) = -7, (2.5.51)

to show that
2¢0(1) — () — (; — a> = —27 — 2¢(2a0) + 7w tan(mwa) + In(4). (2.5.52)

Using the familiar properties of the natural logarithm, it is easy to show that

In <(2 —x)° - 1) =In(xy — 1) —In(z) —In (1> + In(4). (2.5.53)

X2 x
Substituting these two relations, (2.5.52) and (2.5.53), into the expansion (2.5.47),
we find that in the limit y — 17, we have that

Fo.(x) =—In(x — 1) + 2y — 2¢(2«) + 7 tan(mar), x > 1. (2.5.54)

Expanding the general solution to the eigenvalue equation, (2.5.43), similarly, we

find that in the y — 17 limit:

Fol0) = Ap s (=1 = 1) =27 = 20(20)
+ Bm (—In(1 — x) — 27y — 2¢(2a0) — 27 cot(2mar)), x <1 (2.5.55)

It is now easy to see that if we have

~ I'Q2w)?
A= 2T (40 (14 sec(2mar)), (2.5.56)

(1 - 2a)?

= —m tan(27a) tan(ra), (2.5.57)
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then in the limit y — 1~ we have the desired expression for F,,(x) when y < 1
Fo(x) = —In(1 — x) + 2y — 2¢(2«) + 7 tan(ra), x < 1. (2.5.58)

Putting all together, we see that we have a following solution for the function F'():

LCO? (1 4 gec(2ma)) 22 F1 (24, 20, dav, )

2T (4av)
Fo(x) = { — L0207 tan(2ma) tan(ma)x 2% F1 (1 — 20,1 — 20,2 — da, ) 0<x <1
o r(2—4a) X 241 ’ ' ' X X
I(i—a)l(« )2
(2.5.59)

up to the normalization which we will work out below. We still need to ensure
that the solution (2.5.59) is normalizable with respect to the inner product (2.5.35).
As we will see below, this requires that the function F'(y) vanishes at least as
F(x) = x"/? = 0 as x — 0. This happens in two cases: One is that o = 1/4 + is,
s € R so that both terms in the x < 1 solution (2.5.59) are proportional to x'/2.
The other possibility is that &« = n, n € N so that the second term in the x < 1
solution (2.5.59) vanishes. These two sets of eigenfunctions form a complete basis
of normalizable eigenfunctions of the Casimir operator C; o and consequently of the

kernel K(tl, tQ, t3, t4>

In the case a = 1/4 + is, we have an integral representation for the solution F'(x),

which is valid on the whole interval 0 < y < oo:

1 oo |x
Fal) =5 [ dy .
2o 7y|?x — y>|1 — x|12

‘2&

(2.5.60)

Clearly the integral is divergent in the case & = n, but F,(x) is its analytical

continuation via (2.5.59).

2.5.5 Normalization and the Inner Products for the Eigen-

functions

We still need to work out the normalization of the functions F,(x). We have to

analyse the cases « = 1/4+is and o = n separately. Let us begin with o = 1/4+is:
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Let us consider the inner product (2.5.35) of two functions F,(x) and F,/(x) with
a=1/4+1is and o = 1/4 4+ is’. Then we expect that the inner product of these

two functions is proportional to d(s — §'):
(Fa(X), For (X)) ~ 0(s = &). (2.5.61)

Based on this expectation, we can consider the integral in the inner product around
the point y = 0, where we can approximate o F}(a,b, ¢, x) = 1 (this relation is exact

in the limit x — 0). Then the integral around x = 0 is

['(2a)? (1 - 2a)? CAX | ilses) . ils_s
_ 1 o)) Y (9ra)t /7 i(s—s') | —ils—s")
2F(4a)( +sec( 7ra))2r(2_4a) an(2ra) tan(ra) ) (x +x )
7 tan(2ra) /6 AX | i(s—s) L —i(s—s)
= D[ 2 ils s i(s=s)y, 2.5.62
a2 Jo X T (2.5.62)

Making a change of variables y = In(y), we get

mtan(2mra) (o) o o
_ nreent) d iy(s—s') iy(s—s') ) 25
FY— /_OO y(e +e ) (2.5.63)

Taking the limit ¢ — 1 and rearranging, we get

fan(2 * tan (2
_ mtan(2ra) Wa/ e :m(s(s_sf), (2.5.64)

8o — 2 da—1
We might expect that taking the limit ¢ — 1 might add some finite terms, since
we can no longer approximate o F}(a,b, ¢, x) = 1, and that we would get some finite
contributions also from the interval 1 < y < 2. This cannot, however, be the case
since we know that the functions F,(x) and F,/(x) must be orthogonal for o # o/
(s # s'). We cannot get any other contributions proportional to §(s — '), since we
do not have strong enough divergences at any point but y = 0. Therefore we deduce
that

72 tan(27ra)

-] d(s — ). (2.5.65)

(Fa(x), Far (X)) =

Note that the derivation depended on the fact that in the limit x — 0 the functions

F,(x) vanished at least as x'/2. Had this not been the case, we would have had
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divergence in the limit y — 0 even in the case s # §'.

The normalization in the case a = n is somewhat similar. It can be shown [14] that
in this case we have

p-mefan (221 2508

where @, is the Legendre () function. Substituting this to the inner product (2.5.35)
and making a change of variables y = (2 — x)/x, we get

71.2

(Fal0): Fur(00) =2 [ Re [Qu(®)] e [Qur(y)] = o500 (25.67)

We still need to calculate the inner product (I'g(x), Fo(x)), since we need this to
expand Iy in terms of the eigenfunctions of the kernel. To do this, we can use the
definition of I'y given in (2.5.7) and express this in terms of the cross ratio x.
To(x) = Lo(ty o ts,ta) Gir,t3)G(ta, ta) | Gt ta)G(ta, t3)
’ G(t1,t2)G(ts, ta)  G(t1,12)G(ts,ta) Gt t2)G(ts,t4)
t1 —to)(ts — t4) t1 —t9)(l3 —1
:_SgnGl 2)(ts — 1) Mu 2)(ts — 1)

ty —t3)(te — t4 (t1 —t3)(t2 — ta)

(t1 — t2)(t3 — ta)
sen ((t1 —t4)(t2 — 753)) J ‘
- sgn(x)\/w—l— sgn <1 ié X>

= VX 0<x<l1

/T~ VX 1<x <

t1 — ta
t1 —ta

(tz — ta)
(ta —t3)

( )
( )

(2.5.68)

We have already earlier shown that the function F,(x) has a symmetry
Fulx) = Fa [ X (2.5.69)
L—x
We can then extend F,(x) to the whole real axis by demanding that this symmetry
applies for all Yy € R. We immediately see that this extension is given by the
integral representation (2.5.60) and its analytical continuation in the case o = n.

Using this continuation, let us note the following identity, which follows from a
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change of variables x — x/(1 — x) and the symmetry (2.5.69):

/01 iXF( sgn(l_ )F / sen(0vV X, (2.5.70)

and a similar identity, which follows from a change of variables y — x/(x — 1):

/12 iXF(X sgn( X 1) \/i / Vsen(0)y/1x]. (2.5.71)

Using these identities and the expression (2.5.68) for I'g(x), we can express the inner

product (F,(x), o) as:

(Fal0):To) = [ 3 Fal)"Tal

= [~ S Etosento I (2.5.72)

Finally, using the representation (2.5.60) for F,,(x) we find that we can express this

as the following double integral:

sgn(x)
Fu(x),T :/dxdy . (2.5.73
=00, ol P20 12]x — y[22 1 — g2y )

This is similar to the integrals we encountered in section 2.5.2 and we can use the

same methods to compute this integral. Doing this, we find that

(Fa(x),To) = 2;; tan (ﬁ (i - 04)) . (2.5.74)

2.5.6 Eigenvalues of the Kernel

We have thus far shown that the functions F, (x) given by (2.5.59) are the eigenvalues
of the differential operator C, = (x* — x*)07 — x*0, with eigenvalues 2a(2c — 1).
We have also shown that the Casimir operator 1o defined in (2.5.29) acts on the
combination 1/(|t; — t2|)/2F(x) as follows:

L R = ——C R, (2.5.75)

Cro———=F.(x) =
VIt — ta [t — ta]
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From this, we immediately see that G(t1,%2)G(t3,t4)F(x) is an eigenfunction of
the Casimir operator Cy o with eigenvalue 2a/(2a — 1) because using the previously

proven relations we have that

1 >1/2 sgn(ty —tp) sgn(ts — t4)

—= ] G
A J? \/|t1 — | \/|t3—t4|
(L) ettt
— Fy

ArJ? VIt —ta] \/lts — ]

= 20[(206 - 1)G(t1,t2)G(t3,t4)Fa<X> (2576)

CraGlts, )G, 1) F ) = Fa(x)

As discussed before, since the kernel K (t1, to, t3,t4) commutes with Cy, 5 in the sense
of (2.5.28) the eigenfunctions G(t1,t2)G(t3,t4) F,(x) must also be eigenfunctions of
the kernel. We need still, however, to find the eigenvalues of G(t1,t2)G(t3,t4)Fa(x)
when operated on by the kernel instead of the Casimir operator, since these obviously

need not be the same. To this end, let us note that using the integral expression

(2.5.60) for F,(x), we can write

Gty £2)C (s, t4) Fa(X) ~ sgn(t; — to) sgn(ts — t4)Fa(X)

VIt —ta] \/lts — 1]

B 1/dt sgn(t; — to)
2 0|t1 —t0|2a|t2—t0|20‘|t1 _t2|1/272a
X sen(fs — f) . (2.5.77)

|t3 _ t0‘172a’t4 _ t0|172a‘t3 _ t4’2a71/2
This is a superposition of functions of the form

sgn(t; — to)
‘tl _ tOPO“tQ _ tO‘Qa’tl _ t2‘1/2 20"

fo(testa) = (2.5.78)

Since G(t1,t2)G(t3,t4)Fu(x) is an eigenfunction of Cy4o regardless of the functional
form of G(t3,t4), we might expect that every function of the form (2.5.78) is sepa-
rately an eigenfunction of Ci,,, regardless of the values of a and ¢y. This is indeed
true, which is easy to check directly. Furthermore, we deduce that the eigenvalue
corresponding to fy, (t1,%2) is independent of ¢y since when operating on it by the
kernel K (ty,ts,t3,t4), we can use the SL(2) symmetry to change the value of ty

without affecting the eigenvalue. We can exploit this and take {; — oo to get an
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eigenfunction of the form

sgn(t; — to)
’tl _ t2|1/272a'

foo(ts,t2) = (2.5.79)

This eigenfunction will have the same eigenvalue as G(t1,t2)G(t3,t4)Fu(x). We
also notice that this is exactly the same eigenfunction which we guessed based on
the form of the kernel in the section 2.5.2. Therefore we can immediately use the
result from that section that the eigenvalues corresponding to fu(t1,t2) and thus to

G(t1,t2)G(ts, t4) Fo(x) when operated on by the kernel are

gla) = 4@3_ N tan (7r (i - a>) . (2.5.80)

In particular, in the case o = 1/4 + is, the eigenvalues are given by

g(a) = ZMS@ (2.5.81)

Since tanh(x)/x <1 for all s € R, the eigenvalues g(a) < 1 for all @« = 1/4 4 is. In

the case a =n € N

g(a) = 4n3— ] tan <7T (i - n)> . (2.5.82)

Now we see that g(a) = 1 for n = 1. This will cause problems when inverting the

kernel and we will find that we have to treat the case a = 1 using perturbation
theory. For n > 1 we have that g(a) < 1, so the other values of o will not cause

any problems.

2.5.7 Sum of the Ladder Diagrams

To calculate the sum of the ladder diagrams, we wanted to diagonalise the kernel.
We have now found the eigenfunctions G(ty,t2)G(ts, t4) of the kernel K (tq,to,t3,14).
We have shown that all the ladder diagrams with n + 1 rungs can be generated
operating on the n-rung ladder diagram by the kernel (see (2.5.5)):

Coia(ty, to, ts,ty) = /dtadtbK(tl,tg,ta,tb)Fn(ta,tb,tg,t4). (2.5.83)
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Let us formally write this in a more compact form as
Coia(ty, to, ts,ts) = K(t1, ta, ta, to)Dnta, to, t3,t4). (2.5.84)
Using the same notation, we have that
Lt to, ta, ty) = K(ty,ta, ta, tp)" " To(ta, te, t3, ts). (2.5.85)
Therefore the sum of all the ladder diagrams, I'(¢y, t5, t3,t4) is given by
D(t, to, t3,ta) = Y Tty to, t5,ta) = Y K(t1,ta, t3,t4)"To(t1, ta, ts, ta). (2.5.86)

Now we can expand [y(ty, to, t3,t4) using a complete set of the eigenfunctions of the

kernel G(t1,t2)G(ts,t4)F(x), so that we get

K(t1,ta,t3,t4)"To(t1, 22, t3, ts) = K (11,10, t3,t4)"G(t1,t2)G(ts, t4)Lo(x)

M da n (To(x), Fa(x))
—/d K, t2,t5,00)" b1, )Gt ) Fa ) 75 0
(To(x), Falx))
—/d@g t17t2)G(t3at4)F (X)< (X), a( )) (2587)

where we have recalled that we defined earlier To(x) = G(t1,12) G (t3,t4) ' To(ty, ta, t3,14)
n (2.5.27). The integral over o denotes formally the integral over the continuous set

of solutions F,(x) with a = 1/4 4 is and the sum over the discrete solutions with

a = n. Substituting this to the sum of all ladder diagrams (2.5.86), we find that

[ (t1,t2,t3,t4) /daZg tl,tg)G(tg,u)F(X)W. (2.5.88)

When |g(a)] < 1, we can use the formula for the geometric series. In the previ-
ous section we showed that the eigenvalues |g(a)| < 1 except for the case v = 1.

Therefore we have that

_ > s 1 <F0(X)aFa(X)>
Pttt = | oy g Ol )G R0 (9
1 (Co(x), FalXx))
ﬁ;1—g<1/4+z‘s)G(tl’tz)G(tS’t4)F( JE0, Fal)
(To(x)s Fal0)
+Zg G(t1,t2)G(t3, ta) Falx) ) ) (2.5.89)
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The last term corresponding to the case o = 1 appears to diverge, but this is due to
the low-energy approximation we made earlier. Without it the o = 1 contribution
would not diverge. The @ = 1 contribution can, however, be treated perturbatively
so that it gives a finite contribution. We will take a look at this later. For now we just
denote this term by 6I". Substituting in the expressions for g(«), (Fi(x)), To(x) and
(Fo(x), Fu(x)) that we have calculated in the previous sections, we get a following

result:

tanh(27s)
4s coth(ms) — 3
(1 — 4n)? cot(27mn)
(7r2 (4n — 3cot (7r (n + i)

8 [e'e)
Dty o, by, 1) = ~Glt1,12) Gt 1) /0 ds Fiyaeis(X)

+G(t, )G (ts, ta) Y

2
2 ) - 1) — 3) F,(x)+dT,

(2.5.90)

where 61" denotes the contribution from the o = 1 term.

The calculation of dI' is a rather lengthy process and therefore the full calculation
is outside the scope of this text, but this calculation has been done in detail in [14].
The basic idea is to study a perturbation of the kernel, d K, on the thermal circle
i.e. using the coordinates 6; given by the transformation below. The kernel on the

thermal circle is given by doing a transformation

t; = tan (%) : (2.5.91)

which results in a kernel on the thermal circle given by K (01, 6s,05,0,). The small
expansion parameter in the perturbative expansions can be taken to be 1/(8J),

which was approximated to be zero in the infrared limit.

Then it is possible again find the SL(2) generators that commute with the kernel on
the thermal circle and use the Casimir operator corresponding to these generators
to find the eigenfunctions of the kernel corresponding to the case @« = 1. Doing
this, it can be shown that the eigenfunctions with eigenvalue 1 of the kernel on the
thermal circle are given by

c01+602 . 601—05
exp (—in%31%2) [sin (nB%2 0, — 0
Fy,(01,02) = 5 < 2 ) ( ( 2 ) — N COS (n ! 2)) ,

2l = 1) sin (%5%)  \ tan (55%) 2
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(2.5.92)

for [n| > 1, n € Z. Using these eigenfunctions and the first-order perturbation of the
kernel, 0 K, we can calculate the corrections to the eigenvalues ¢g(1,7n) corresponding

to the functions F} ,(x) defined above. This results in the following expansion:

o(ln) =1 4g() In| + <(51J)2>~ (2.5.93)

where k is a constant approximatively equal to k ~ 0.1872. This leads to the

following leading-order contribution to the four-point function:

3\/§ 6in/2(91+92+93+94)
0T'(01,04,03,04) = G(01,05)G(03,04) ——— BJ
( 1,Y2,V3, 4) ( 1, 2) ( 3 4) 27T—|—37T2 /6 ‘nIZQ nQ(n2_ 1)
X M_ncos <n91_02> Sin( 93;94) — 1,COS ("03_Q4>
tan (—91;92) 2 tan (93 94) 2 .
(2.5.94)

To be consistent, we would also have to include the corrections of order 1/(/5J)
from the perturbations dG of the two-point functions and the contributions of order
1 from the eigenvalue term 1/(1 — g(1,n)). Including both of these would require
computing the second-order corrections to the eigenvalues g(1,n), which is very

difficult. In [14] it is conjectured that these corrections are given by

57 In|16g"(2) 57 +0 ah ) (2.5.95)

Assuming that this is true, we then get the following corrections from the a = 1

g(lan) =1-

term:

0T (01,09,05,0,) = G(x)G(2") (\}EBJ -2y —y —7)2)0y—y + 2(x — )0,

+2(2' — W)ax’> > 7222(;:3/2 0 (S;;ln(zg)) — N, COS <n§)>

In>2

sin (n%) !
X (‘wn(g) — n.Cos <n2> , (2.5.96)

where we have denoted that

6, — 0 65 — 6
z =0, — 0y, 2 =05 — 0y, y=—72 y = 32 2. (2.5.97)




3. Generalizations of the SYK
Model

In addition to the SYK model with quartic interactions, defined by (2.1.1) or (2.1.2),
considered in the previous section, we can also consider a more general case with

g-fold couplings [14]. The action for this model is

iq/2 N

i d
S:/dt - i 5 X4 — Jilig i i1 Xig - X1 5 301
(z;xdtx LD g Xir X Xq) (3.0.1)

To1,02,..,0¢=1
which leads to a Hamiltonian:
Z’q/? N

H=— Z Ji1i2...ini1Xi2"'Xiq' (302)

|
q: 11,12,..,0g=1

We had to insert a factor of 1%/ in order to keep the Hamiltonian Hermitian for all
q. The coupling constants are again independent Gaussian random variables with
the exception that the coupling constants are antisymmetric for unequal indices so

that for example J; = —Jiyiy..i, When i1 # iy. This time it is most convenient

192...0q

to choose the Gaussian distribution so that the couplings have the following disorder

averages:

J*(q —1)!
JiviaewiTjigaiy = ~prgmr OinirOaga-Oigsy Jirig...ig = 0 (3.0.3)

3.1 Two-point Function

The two-point function is again given by melonic diagrams in the large N limit

N — o00. The only difference compared to the special case ¢ = 4 is that the vertices

41
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o & —

q=38 = q=2

Figure 3.1: Three examples of melonic diagrams for generalised SYK model. The diagram on

the left is for case ¢ = 8, the one in the middle for ¢ = 6 and the one on the right for ¢ = 2.

are now connected to each other by either 1 or ¢ — 1 vertices (see figure 3.1). The
proof of this fact is completely similar to the proof we presented for the ¢ = 4 special

case.

The derivation for the analytical expression of the two-point function in the infrared
limit is again very similar to the previous: We can either derive the Schwinger-
Dyson equation and solve it or alternatively use the Fourier transform of 2PI to get

a following equation

G(iw) ™! = —iw — S(iw). (3.1.1)
This is exactly the same equation as (2.4.6) except that now

N(ty,to) = J2G(ty, )7 . (3.1.2)

We can use the same trial function, (2.4.19), as before. Doing this, we find that the

correct solution to (3.1.1) is

11 1/q
G(t1,t2) = (2 L tan <7T>) ¥sgn(t1 — ta). (3.1.3)

J%r

3.1.1 Large q Limit

An interesting feature of the SYK model with ¢-fold interactions is that the ex-
pressions for the two-point function G(t1,t) and the self-energy ¥(t1,t) simplify

considerably in the large ¢ limit, where we take first N — oo and then ¢ — oo.
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Taking the N — oo limit gives the results (3.1.2) and (3.1.3). Due to the time
translation symmetry of the system, we can without loss of generality take ¢, = 0
and t; = t. Then we can expand G(t) = G(t,0) and X(t) = 3(¢,0) as a series in

powers of 1/q as

G(t) = ;sgn(t) (1 + ;g(t) +0 (;)) : (3.1.4)

() = J2G(t) 1 = 21797 %sgn(t)ed?) <1 +0 (;)) : (3.1.5)

where ¢(t) is as yet undetermined function, which will be determined by requiring
that the expressions (3.1.4) and (3.1.5) are consistent with the relation (3.1.1), or
equivalently with (3.1.2). To do this, we can calculate the Fourier transformation

of G(t) up to order 1/¢:

Gliw) = —iw21q]-“ (g(t)sen(t)] (iw) + O (;) | (3.1.6)

Therefore we have, to the first non-trivial order:

1 1

: 2 N 1, _
G i) = —zw+2—qw Flg(t)sgn(t)] (iw) = —iw—F [2(]@ (g(t)sgn(t))] (iw), (3.1.7)

where in the last equality we used the properties of the Fourier transform to replace
w with the partial derivative inside the Fourier transformation. Substituting this

and (3.1.5) to the equation (3.1.1), we get, to the order 1/¢:
1 : 1—q 72 ®] (;
F 2—q(9t (9(t)sen(t))| (iw) = F [2 9 Jsgn(t)e? } (iw). (3.1.8)
From this it immediately follows that:
9% (g(t)sgn(t)) = 2% 9¢.J%sgn(t)es ™. (3.1.9)

This equation is well-defined in the large ¢ limit if we take the limit ¢ — oo so
that 2279¢.J? remains constant. Since the combination ¢J? is dimensionful, we have
always values of ¢ for which the equation (3.1.9) is not well-defined and conversely

values for which it is. We are expecting to get such a result that at small time
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separations ¢ — 0 the particles behave like free fermions so that G(t) — Gy(t) as
t — 0. We therefore set as a boundary condition that g(0) = 0. To completely
determine the solution, we also need another boundary condition, which we choose

to be of the form g(a) = 0.

It is not hard to show that the general solution for (3.1.9) is given by:
211
g(t) =In <C2CSC(C(|t| + to))2> : (3.1.10)
q

where C' is the constant of integration. Imposing the boundary conditions g(0) = 0

and g(a) = 0 gives now that [14]

g(t) = In (cos(::((f—)t))) . (3.1.11)

where the constant x can be solved from the equation

X
™
COS(2>

One interesting special case is the limit where a — co. Then clearly x — 1. Setting

= /2117 2. (3.1.12)
N

x =1, using (3.1.12) and Taylor expanding the cosine function in the limit a — oo,

we get that:

g(t) = —2In <\/21QqJ]t| + 1) . (3.1.13)

There is also a another, perhaps more intuitive way of arriving at the ¢ — oo
result for the two-point function [15]. It is based on the observation that due to the
symmetry factors the Feynman diagrams that are of the leading non-trivial order in
q are those that, if cut vertically in two halves in the middle, would form two tree-
level diagram (see figure 3.2a). These diagrams can be more exactly be described

as diagrams that can be generated through the following iterative process:
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/@\/@\
—O— 50

0 b

Figure 3.2: a) Diagram that can be cut into two tree-level diagrams with a single vertical cut.

This diagram gives a leading-order contribution in the large q limit. b) Diagram that cannot be cut
into two tree-level diagrams with a single vertical cut. This diagram gives a subleading contribution

in the large q limit.

1. Begin with a melonic diagram (figure 3.3a). We call the pair of vertices ap-

pearing in a melon each other’s pairs.

2. Add a melonic diagram to any line going directly from a vertex to its pair.

(figure 3.3b)

3. Repeat from step 2 until the diagram is ripe.

Thus the leading coefficient can be calculated as a sum of all diagrams that can be
generate through this iterative process. For the purpose of the following proof we
will call such diagrams simple melonic diagrams. We will call the original melon a
zeroth-order melon, any melon placed on a line going from one of its vertices to its
pair a first-order melon, any melon placed on a line going from a vertex of a second

order melon to its pair a second-order melon and so on.

We can also form a correspondence between iterated melonic diagrams and tree
diagrams illustrated in the figure 3.3. We denote every vertex pair forming a melon
by a black node. Then we denote every line going from a vertex to its pair by a
white node that is connected to the black node representing the pair of vertices.
Every melon that is placed on a line between the vertices is denoted by a new
black node that is connected to a white node representing the line. We call nodes
corresponding to a zeroth-order melon (both black and white nodes) zeroth-order

nodes and similarly for higher orders.
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W a=a NP a=a
g

\_/ ’ '\—/
Figure 3.3: Iterative procedure for creating simple iterated melonic diagrams that can be cut

~

Q b

into two tree-level diagrams with a single vertical cut. Below each diagram is its tree diagram
representation that we shall use in following proofs. Each pair of vertices corresponds to a single
black node and every line between the two vertices is represented as a white node originating from
that black node. An iterated melonic diagram is simple if and only if from every white node

originates at most one black node.

Let us now prove that simple melonic diagrams give a contribution that is finite
when the limit ¢ — oo is taken so that the product ¢J? is kept constant and that

no other diagrams give contribution in this limit.

Theorem 3.1.1. Simple melonic diagrams give a contribution of order 1/q in the

limit ¢ — 0o so that qJ? is kept constant.

Proof. Let us first work out the ¢ dependence of a melon diagram with two vertices.
Clearly the two vertices can be connected to each other and two external lines in
q! X g ways. When averaging over the probability distribution the two vertices, due
to the way the Gaussian ensemble was defined, give a contribution of

J*(qg—1)!

N (3.1.14)

The prefactors from the interaction Hamiltonian gives a factor of 1/¢!?. The factor
of 1/2! from the exponential of the Hamiltonian cancels exactly with the factor of 2

that comes from exchanging the two vertices with each other. Finally, summing over

the ¢ — 1 free indices gives a contribution of N1, Therefore a melon diagram gives
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a contribution of J2. This result clearly holds if the melonic diagram is connected
to other vertices instead of external lines. We need only a slight modification to the
argument: now the factor from expanding the exponential of the ineraction Hamil-
tonian, giving the vertices, cancels the multiplicity factor coming from exchanging

any vertices of the full diagram with each other.

We can now show that any simple melonic diagram created by the iterative procedure
detailed above has a finite limit when ¢ — oo so that ¢J? is kept constant. To do
this, we can consider a simple melonic diagram with n; first-order melons, ny second
order melons and so on. Let us denote > ;2 ni + 1 = n. We can then show that we

get a contribution of

1
LR~ S (3.1.15)

q

q

First, let us note that since we are taking the ¢ — oo limit, we can without loss
of generality take ¢ — 1 > n. Then we see that we can place the n; first-order
melons to the ¢ — 1 lines between the two vertices of the zeroth-order melon in
(¢g—1)(¢g—2)...(¢q —n1 — 1) ways. (We distinguish different melons and there
cannot be more than one melon per line since the diagram is simple. The condition
q — 1 > n guarantees that there are more lines than melons, so we do not have to
worry about choosing which melons go on the same line.) As shown above, every
melon itself gives a contribution of J2, the diagram where we have placed the first-

order melons gives a contribution of
(q—1)(g—2)...(q —ny — 1)J*m+D), (3.1.16)

In the limit ¢ — oo, we can disregard every term apart from the leading term, so

we get a leading-order contribution of
g gAML, (3.1.17)

Next, we can place the second-order melons. The exact number of different ways
they can be placed depends on how many melons must be placed on lines between

the two vertices of each first-order melon. Let us therefore suppose that there are kg
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first-order melons with zero second-order melons placed in between the vertices, k;
first order melons with one melon placed between the vertices and so on. We must

clearly have that:
ka =n,; and ka:m = ngy. (3.1.18)

Then we can choose how many melons we put between each pair of vertices in []; k;
ways. The number of possible combinations gives just a finite constant. Then we
can place the k; melons in (¢ — 1)* ways on the lines in the first-order melons,
since we can choose any of the ¢ — 1 vertices between the two vertices for every
melon, because every second-order melon is placed to a separate first-order melon.
Similarly, the 2k, melons can be placed in (¢ — 1)*2(q — 2)*? ways the 3k3 melons in
(q—1)ks(q —2)ks(q — 3)*s. Every melon also gives a contribution of J? as before. In
general the mk,, second-order melons give a contribution of

00 km

];[ (%) J2Hm. (3.1.19)
ways. Then clearly this clearly gives a leading-order contribution proportional to
g™ . Multiplying all terms discussed previously, we find that placing the second-

order melons gives a new factor of
g2k 22k [T ey = Cq2J"2, (3.1.20)

where C' is a finite constant.

It is now easy to see that a completely similar proof applies to any higher order
melons as well. The only difference is in the prefactor, but it is always finite, so it
does not affect the powers of ¢ we are interested in. Formally, we could prove by

induction that mth-order melons give a factor of
Cq"m J*m. (3.1.21)

Combining the contributions of melons of every order, we then find that our simple

iterated melonic diagram gives a leading-order contribution of

CJ2 H qnmJQTLm — quf::l HMJ2Z:,LO:1 nmt2 _ anfl,]2n’ (3122)

m=1
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where the first factor of J? is due to the zeroth-order melon and C' is again a finite
constant. Now we can finally note that in the limit where ¢ — oo so that ¢J? is

kept constant, we have

1
Cq" I = (¢J*)" I ~ " (3.1.23)

This finishes the proof. O

After the previous proof it is not hard to prove the following theorem:

Theorem 3.1.2. Diagrams other than the simple melonic diagrams give a subleading

contribution in the large q limit.

Proof. Let us now consider the representation of the melonic diagrams in terms of
tree diagrams as in the figure 3.3. Clearly, an iterated melonic diagram is simple if
and only if from every white node originates at most one black node. Thus we need
to only prove that any diagram where there are two or more black nodes originating

from a single white node gives a subleading contribution.

Let us now consider a diagram with n melons and a white node such that there
are at least two black nodes originating from it. Let us assume that the two black
nodes originate from an m:th level node. We can then calculate in how many ways
the subdiagram whose root is the second black node can be placed in the tree
diagram so that it will still correspond to the same diagram if different nodes are
not distinguished. It is easy to see that the second black node can only be added to
a white node that has a similar subdiagram originating from it as the node to which
the black node was originally connected. Since the white node to the black node was
originally connected has at least two black nodes connected to it and every black
node correspond to a melon, there can be at most n of similar vertices. Then the
black node can be connected to the tree diagram only in less than n ways, so it gives
a contribution of order zero. This proves that every black node that is connected to

the same white node with another black node will give a contribution of order zero.
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In previous proof it was shown that if a black node is connected to a white node
with no other black nodes, it will give a contribution of order ¢ and the zeroth-
order melon (black node) will also give a contribution of order zero. Therefore we
can immediately deduce that a diagram with n melons and m black nodes that are

connected to a node with at least one other black node can give a contribution of

at most
1
anflfm/2J2n — C(qt]2>nflfm/2{]2+m ~ (3124>
qm
This is clearly subleading for m # 0. This proves the theorem. m

The two proofs above establish that only the simple melonic diagrams contribute in
the large ¢ limit. We can form a simple recursion relation for the sum of all melonic
diagrams (figure 3.4). The quantity A(ty,t2), the sum of all simple melonic diagrams,
defined in figure 3.4, has a simple relation to the self-energy in the large ¢ limit.
A(tq,t9) clearly contains every diagram contributing to I'(¢q,¢2), but contains also
an additional free propagator Gg(t1,t2). Therefore we can express the self-energy

as:

St ta) = Aty ta) — Goltr, ta) (3.1.25)

Alty,ts) =—A +

Figure 3.4: Recursion relation for generating all simple melonic diagrams. The diagrams gener-
ated by this recursion are clearly the diagrams contributing to the self-energy X(t1,t2) plus the free

propagator Go(t1,ts).

For the sum of all simple melonic diagrams, we have the following recursion relation:

A(ty,ts) = Go(ty, ) + J? (Golt1, )AL, T)Go(t 1)) (3.1.26)
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Expressing the second term on the right-hand side in terms of the Fourier transfor-

mations (setting ¢, = ¢ and t5 = 0 as before), we get that

A(t) = Go(t) + J? (/ ;ZwemGo(m)%(m))q_ : (3.1.27)

™

Substituting the expression (2.4.7) for the Fourier transformation of the free 2-point

function, Gy(iw), and rearranging, we find that

1 1 1/(¢=1) dw . 1
—3(t) — —= =— [ —e“" = Aiw). 1.2
(5550 - 5Go) e — Aiw) (3..28)

Taking the Fourier transformation of this and solving for X(iw), we get a following

solution:

— [ drette? (;A(t) - }2@0@)1/(” — Aliw). (3.1.29)

Using the properties of the Fourier transformation, we can change the factors of w to

derivatives with respect to t. Then taking the inverse Fourier transformation gives:

, (1 1 1/(¢=1)
o (JQA(t) _ Go(t)) — A(D). (3.1.30)
Now, defining, as in (3.1.5), g(t) so that

S(t) = A(t) — Go(t) = 249 sgn(t)ed ™, (3.1.31)

and substituting this to (3.1.30), we get the following differential equation for the
self-enegry X(t) = 3(¢,0):

07 (21_qusgn(t)eg(t))1/(q_1) = 2179 1%5gn(t)edY) + Go(2). (3.1.32)

Simplifying, and keeping only the terms that contribute in the ¢ — oo limit, where

22-9¢.J? is kept fixed, we find the following equation
97 (g(t)sgn(t)) = 2*9q.*sgn(t)e’, (3.1.33)

which is exactly the equation (3.1.9) derived before.
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S s,

Figure 3.5: Two examples of ladder diagrams in the case of ¢ = 6 theory.

3.1.2 q=2

Besides the limiting case of ¢ — oo, there is another exactly solvable case, which is
g = 2. In this case the self-energy Y(t) is, apart from a constant prefactor, just the

two-point function (see figure 3.1):
N(t) = JPG@)T = JAG(t). (3.1.34)

Substituting this to (3.1.1) gives a quadratic equation:

1
G(iw)

= —iw — J*G(iw), (3.1.35)

from which we can immediately solve for G(iw):

, w+sgn(w)v4J? +w
G(iw) = —i 5 72 :

(3.1.36)

3.2 Four-point Function

The leading contribution to the four-point function in the generalised SYK model
consists again of ladder diagrams, as is easy to prove using the same ideas as in the
proofs of theorems (2.3.2) and (2.3.1). The only difference to the ¢ = 4 case is that
the rungs of ladder diagrams have ¢ — 2 propagators instead of four (see figure 3.5).

Following the logic of section 2.5, we see that the kernel for arbitrary ¢ is given by:

Ktz ta,ta, ty) = —3J2G(ta, t3)G (ty, t4)G (3, 14)7 2. (3.2.1)

In this case, we can consider the generators of the SL(2) algebra of the form:

1 2
Di = _tzatz ) PZ = 8tia K= t?atz + - (322)
q q
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We again find that these satisfy the "commutation relations" (2.5.23)-(2.5.25) with
the kernel K(t1,ts,t3,t4). Therefore we can again deduce that the following "com-

mutation relation" is true

where C;4; is defined analogously to the ¢ = 4 case, which gives that

1 1

Apart from the form of the two-point functions, the eigenfunction of this Casimir

operator is the same as in the ¢ = 4 case, so the eigenfunctions are
G(t17t2)G(t37t4)Fa(X)7 (325)

where

LCO2 (1 4 gec(2ma)) v 22 F1 (20, 20, dav, )

2T (4av)
Fo(x) = { —L0=22)° 1-2a _ _ _
alX Ty AR (27ma) tan(ma)x e (1 — 20,1 = 20,2 — 4o, x) 0 <x <
I(i-a)l(« —x)?
(2\/%)()1F2(0z,%—04,%,(2><§)> 1<X
(3.2.6)

The complete set of eigenvectors is again given by two cases of values of a. FEi-
ther « = 1/4 4+ is or « = n. The continuum eigenfunctions have (up to constant

prefactors) the following integral representation

sgn(ty — to) sgn(ts — t4)F o0

G(t17t2)G(t3,t4)Fa(X) ~ |t1 _ t2|2/q |t3 _ t4|2/q al\X

1 sgn(ty — to)
- */dto
2 |ty — o[ [ty — tol>*[ty — to]?/a—2e
Sgn(t3 — t4)
X : 3.2.7
‘ng — t0|1—2a|t4 _ t0|1_2a|t3 _ t4|2a+2/q—1 ( )
It is easy to verify that the functions of the form
sgn(t; —t
fio(t1t2) = gnlts — ) (3.2.8)

o ‘tl _ t0|20‘|t2 _ to‘%"tl _ t2|2/q—2cx'

are eigenfunctions of the Casimir operator C;,5 with any value of ¢y, and thus those

of the kernel as well. As before, the eigenvalues are independent of #y. The integral
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for calculating the eigenvalues is completely similar to that from the section 2.5.2.

Doing the integrals we find the following eigenvalues

PO drGoarieioo) o
JERHON e

From this form it is trivial to show that also in the general ¢ case we have that

gla)=—(¢g—1)

a = 1 gives an eigenvalue of g(1) = 1 and therefore we have to treat the o = 1

contribution perturbatively also in the general case.

The four-point function is given by very similar expression as in the ¢ = 4 case. The

only difference is in the eigenvalues g(«) and the inner product (F(x),o(x)):

4o — 1
272 tan(2mav)

2mq

D(ty, ta, 13, ta) = (¢ —1)(q — 2) tan(q/m)

G(tl,tQ)G(t37t4) /0 dS

g(1/4 + is) ' 2mq
T (1 g i) b0+ Gl )G ) r e oy
x %:2 40;; 1 1 3(:;()”) Fa(x) + oI (3.2.10)

The leading-order contribution to the four-point function is given by:

3 x 2(5fq)/2\/§
Tk(q)9'(2)(2 — 3q + ¢*) tan(w/q)

ein/2(91+92+03+94) sin (n@) 91 — ‘92
X Z — N COS (n )

n|>2 n*(n? —1) tan (—91;92) 2

; 03—04
" (Sln(7‘2)_ncos <n93_64>), (3.2.11)

tan (932;94) 2

5F(01a 027 937 04) = G(Qh 92)G(93, 04)

where k(q) is a ¢ dependent constant that behaves as 2/q for large ¢ [14].

In the ¢ — oo case it can be shown that the eigenvalue g(1) gets a following correc-

tions up to the second order, unlike previously where this form was only conjectured:

2(q+1)/2gf(2) q"(2) (2(q+1)/2
VaBJ 2 VasJ

The four-point function for the ¢ — oo model is then given, up to order 1/(5.J)°

g(lan) =1-

n| +

) +O(1/(BJ)%). (3.2.12)
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and 1/¢°, by

F(@h 92, 93, 04) = G(I)G(I/) (2((1_\/?)/2ﬁ(] - 2(y - y, — 7T/2)ay—y’ + 2(1‘ — W)(Sx

) en(y—y') sin (n%) T
+2(2" — 7r)5x/> > (1) ( — ncos <n2)

Inl>2 tan ()

x (S;(g)) — n.cos <n$2/>> , (3.2.13)

where again

0, — 0, , b5—46,
= = . (3.2.14
5 Y 9 ( )

x =0, — 0o, z' =603 — 0y, Y



4. An SYK-like Model Without

Disorder

4.1 Introduction

The SYK model and its generalizations introduced in previous sections 2.1 and 3
have many interesting properties: They are exactly solvable in the large N limit,
have conformal symmetry at large energies, have maximally chaotic behaviour and
exhibit behaviour expected of dual to an emergent 1 + 1 dimensional spacetime.
Many of these properties depend on the form of the leading-order Feynman diagrams
in the large N expansion. For the SYK model, these were either iterated melonic
diagrams in the case of the two-point function or ladder diagrams in the case of the

four-point function.

In section 2.3 we presented a proof for the fact that the leading-order diagrams in the
large N expansion are indeed melonic diagrams and every melonic diagram is of the
leading order. The crucial property of the SYK model which allowed this proof was

the fact that the coupling constants J;, ;. are independent (up to antisymmetry

q

properties) random variables drawn from a Gaussian distribution. This leads to the

following expression for the disorder averages:

J*(qg —1)!

Jivia.wiqgjnjojy = W@m

57/2]25Zq]q’ Jll’bglq - O (4]_]_)

In terms of the Feynman diagrams, this means that every vertex with free indices

(colours) iy, .., %, must have a corresponding pair with the same free indices (colours)

56
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in order for the diagram to make a non-vanishing contribution. Therefore the ran-
dom nature of the interactions is essential for the SYK model to have the interesting
properties discussed in previous sections. True quantum systems, however, do not
have random interactions that are then averaged over disorder. Therefore it is not
immediately clear if the SYK model can be used to investigate subtler properties of

black holes [9].

This immediately raises the question whether most, if not all, of the properties
mentioned before could be exhibited by a more traditional model without disorder.
One suggested approach is to replace coupling constants .J;, _; with fields with
extremely slow dynamics [2, 14]. This method would have, however, undesirable

consequences: the thermodynamic entropy of the field replacing the couplings J;, . ;,

would then be much greater than the entropy of the original fermionic fields x; [9].

More recently, Witten [9], building on the work of Gurau and collaborators [10, 11,
12], has proposed a tensor model whose leading-order diagrams for the two-point
and four-point functions are the iterated melonic and ladder diagrams, respectively
[9, 16]. As a consequence, the two-point function and the four-point function for
Witten’s tensor model have the same form as their counterparts in the case of SYK

model [16].

The model proposed by Witten consists of ¢ = D+1 real fermion fields v;, each with
n? components, so that the total number of real fermionic fields is N = (D + 1)n”.
Every fermion field 1; will then have D indices, taking values 0, ..., n, each of which
will be contracted with other D fields. Now for every unordered pair of fields 1,
and 1, (or equivalently for every unordered pair of indices from the set {0, 1, ..., D},

we define a group G, as a copy of O(n) that acts on the indices that ¢, and 1,

are contracted by. For example the contraction 1F" 1% transforms under G&¥ (the
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upper indices here are exceptionally the matrix indices) as

’ij 'le wljkGésl ilm Ozpijkas slm _ (OT)p'Lz/)p]kas slm
w:ﬂ]k(OOT)pswslm wg]képswslm_ p]k¢plm_ ijk ilm) (4.1‘2)

where O € O(n). Therefore the symmetry group of the model is, up to a discrete
quotient group

Go =[] Gy = O(n)PPHD2, (4.1.3)

a<b

where the product is taken over only pairs with a < b since we do not distinguish the
group G, from Gy,. The discrete quontient group that acts trivially on all fields 1);

can be found by considering the centre of O(n), which is Zy. Therefore the center of

D(D+1)/2.

the group Gy must be Z, The subgroup of Gy acting trivially on all 1; is a

subgroup of ZQD(DH)/ ?. more specifically ZgDJ)(DH)/ ®. Therefore the full faithfully

acting symmetry group of the theory is
G = GO/Z(D72)(D+1)/2 ~ O<n)D(D+1)/2/Z(DfQ)(D+1)/2. (4.1.4)
We can now define an action with this symmetry:
S = /dt ( w]l JD 'l/JJl]D Zq/QJQ/JaIGQ apwaﬂ)g bD ,lp bp— 1aD> (4 1 5)
i D+ » (=L

where the upper indices of the second expression are contracted to form a G-invariant

expression as described before. This action follows from a Hamiltonian:
H— Zq/QJI/JC”@ aD¢albz b ¢DbD 1ap. (4.1.6)

In the following discussion we concentrate on the special case given by the following

Hamiltonian for clarity:
H = J¢a1a2a3¢a1b2b3¢01a263¢01b2a3' (4.1.7)

The generalization to other cases is rather straightforward.

We will next discuss the Feynman diagrams for this theory and present proof that the
1/N expansion for this model is dominated by iterated melonic diagrams, following

closely [16] and [17].
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4.2 Feynman Diagrams

As was the case with the SYK model, it is again useful to use colours to repre-
sent different indices. This time we denote different tensor indices with different

colours. Thus for example, we get the following expression for the free propagator

(abeqpeld) = §ee§bi 59 (figure 4.1).

<¢gbc¢§fﬂ> _ - _ 5@65bf(5cg

Figure 4.1: The free propagator of the tensor model represented by two equivalent diagrams. The

coloured lines in the second diagram represent the three indices of the tensor fields.

Looking at the form of the Hamiltonian (4.1.7), we see that every vertex has four
incoming lines which can be separated into three lines of different colours. Thus we

can express a vertex in four equivalent ways (figure 4.2).

Figure 4.2: Four equivalent ways of representing a vertex in the tensor theory. The first vertex
1s just the traditional way of representing a vertex. In the next three vertices we have represented
different indices by different colours. Here the blue colour represents the first index, red the second
and green the third. All three choices of colours for the middle line are equivalent and the choice
does not need to be the same for every vertexr in a diagram but every line must be connected to

another line of the same colour in order to get a nonzero contribution from the diagram.

Note that unlike in the case of SYK Feynman rules for coloured diagrams, here the colours do not
denote the different free indices but the positions of the index. Below 4.3 we show also a colouring

which corresponds to that of the SYK model i.e. every colour corresponds to one free index.

In figures 4.1 and 4.2 different colours correspond to the different placements of the

indices. Another way of representing the vertices uses defferent colour for every
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Figure 4.3: Another way of representing a vertex. Here every colour represents a different free

index. In the following we use both representations. It is clear from context which one we are

N ) @)
— U )=\ ) =\

using.

Figure 4.4: Melonic vacuum graph. Here we are using the representation (4.2) for the vertices
and lines. As with vertices, there are three equivalent ways of representing this graph with coloured
lines, which shows the index structure explicitly. Note that the coloured graphs on the right are still

the same as the uncoloured graph even though they have been deformed for illustrative purposes.

index (see figure 4.3). This is similar to the colouring convention we used for the

SYK model.

In figure 4.2, we can also leave the middle lines out so that we get a vertex similar to
those of the standard matrix models [16]. The Feynman diagrams with double-line
vertices of this kind are called the fat subgraphs of the original three-line graph
(figures 4.4 and 4.5).

4.3 Melonic Dominance in the Large N Limit

Let us now concentrate on the vacuum diagrams and prove that the iterated melonic
diagrams dominate the large N expansion for the tensor model. To make the con-

nection to the SYK model more explicit, let the indices now take values 0, ..., N.
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[ N\ G W\
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a b C d

Figure 4.5: Full melonic vacuum graph (a) and all its fat subgraphs (b,c,d), which can be created

by repressing the lines of one colour.

N

)/ —

a b

Figure 4.6: a) Melonic diagram using the colouring convention of figure 4.8 showing every free

index in different colour.

b) Fat subgraph corresponding to the one in the figure 4.5b showing every free index in different

colour.
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The definition of an iterated melonic diagrams is essentially unchanged from the
case of two-point functions discussed earlier. The only difference is that we start
the iterative process with a vacuum diagram in figure 4.4 instead of a two-point

diagram in figure 2.7a.

Like in the SYK model, the contributions of N come from sums over free indices.
When using the colouring convention of figure 4.3, every different colour gives a
contribution of /V since every colour corresponds to a free index. We note that from
the graphical representation of the propagator shown in figure 4.1 it is clear that
every line in a loop must have the same colour and we are free to choose this colour
to be different for every loop. This means that a Feynman diagram with n index

loops is proportional to N™.

We can define a topological invariant, called Euler characteristic y, for every graph
in terms of the number of vertices v, edges (lines) e, and faces (areas enclosed
within loops, including the exterior area outside the diagram) f. Then the Euler

characteristic is defined as:
xX=v—e+f. (4.3.1)

The (black and white) graphs of this model have four lines (edges) coming out of
every vertex. Because every line must be connected to two vertices, we can clearly
express the number of edges is terms of the number of loops as e = 2v. Substituting
this into the formula for the Euler characteristic and solving for the number of faces,

we find that
f=x+wv. (4.3.2)

Let us now consider, as an example, the diagram of figure 4.4 and the fat subdiagram
formed by removing the blue lines (figure 4.5b). By considering the double line
formed by red and green lines as edges of a ribbon, we can form a ribbon diagram

(see figure 4.7).



4.3. MELONIC DOMINANCE IN THE LARGE N LIMIT 63

Sal

Figure 4.7: By considering the red and green lines as edges of a ribbon, we can form a ribbon

diagram.

The Euler characteristic for the ribbon (a two-dimensional surface) can be analo-
gously to the diagram case by setting x = v —e+ f. Clearly for the ribbon diagram
the previous conclusion that f = x + v still holds. It is also easy to note that the
number of faces of the ribbon diagram is exactly the number of loops in the red
and green fat subdiagram i.e n = f. These conclusions are evidently general, so the

number of index loops of the red and green fat subdiagram can be expressed as
Ni12 = X12 + V12, (433)

where nio denotes the number of loops in a fat diagram with the green lines left
out, x12 the Euler characteristic of the corresponding ribbon diagram, and vy, the
number of vertices of the fat diagram. On the other hand, we know that the loops
in that fat subdiagram consist of all blue and red loops so that niy = f; + fo, where
ny, and ny denote the number of blue and red loops respectively. A similar result
holds for the two other fat subdiagrams. Adding these all up and noting that the
number of vertices is the same for all subdiagrams and equals that of the original

diagram v, we get
1 1
n=mny+ny+ng= §(n01 + nig + ng2) = §(X01 + X12 + Xoz + 3v). (4.3.4)

This can be expressed in terms of genus, g = 1 — 3,

3
n = 57} +3— (901 -+ gi12 + 902)- (435)

It can be proven that the genus defined so is always (for the type of graph we are

considering) a nonnegative, 0 < g [16]. Therefore we have the following inequality
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for the number of index loops:

3
n< vt (4.3.6)

Let us now show that the equality applies only for the iterated melonic diagrams.
This will then establish the melonic dominance. Clearly this amounts to showing

that go1 = g12 = go2 = 0 only for the fat subgraphs of iterated melonic diagrams.

Let us inspect the number of vertices each loop passes through. Denoting by F,, the
number of loops that pass through m vertices. Since there are no tadpole diagrams,

so that F; = 0, we can express the total number of index loops as
3 (o]
n=gv+3= > Fon (4.3.7)
m=2

On the other hand, we know that since there are two incoming and two outgoing
lines of each colour in each vertex, every vertex must be passed 6 times. Therefore

we get a following expression for v:

6v = > mF,. (4.3.8)

m=2

Substituting (4.3.8) to earlier result (4.3.7) and rearranging, we find that

2F+ F3 =12+ ) (m—4)F,. (4.3.9)

m=>5

Let us now show that a graph with ¢ = 0 must necessarily have F3 = 0. It is easiest
to use the result from graph theory that a genus of a graph is 0 if and only if it
is a planar graph [18]. Therefore we need only to show that graph that has a loop
passing three vertices cannot be planar. The index loop passing three vertices is of
the form shown in the figure 4.8a, up to the choice of the colour of the line, which
does not matter, since the three different ways of representing vertices (figure 4.2)
are equivalent, so using a different colour amounts to choosing a different way of

representing the vertex.

To complete the diagram, we must add the lines of the two remaining colours so

that each vertex is of the form (4.2)a. Without loss of generality we may choose
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Figure 4.8: All the possible colourings of an index loop with three vertices. Note that we have

not explicitly drawn the rest of the diagram as a black box as usual, but this is assumed implicitly.

Starting from the general type of an index loop with three vertices (a), we can, without loss of
generality, first colour one vertex to get the diagram (b). To keep the graph planar, we can move
either one vertex clockwise (d) or anti-clockwise (c¢) and colour that vertex so that the resulting
diagram is planar. In both cases, we notice that the only possible colourings for the final vertex in

cases (e,f,g,h) will result in a non-planar graph.
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SueGre)

a

Figure 4.9: Index loop with two vertices. The figure (a) shows the most general index loop passing

through two vertices. In (b) we have left the blue lines out, getting a diagram of familiar type from
matriz models. We can then uncolour the lines (¢) so that we can connect red and green lines

without the risk of confusion. Then we can divide the diagram into two separate genus zero parts

(d).

one vertex and add green and red lines. Then we get a diagram in figure 4.8b up
to exchanging green and red colours with each other. Then if we want to keep the
diagram planar, we must add the coloured lines to the next vertex either in the
way shown in the figure 4.8c or 4.8d. In either case, we have two more choices for
colouring the last vertex. As can be seen from the figure 4.8¢,f,g h, all of them lead
to a non-planar diagram, which in turn implies g # 0. Therefore we deduce that for
diagrams with g = 0, we must have F3 = 0. As a side note, it is easy to see that

similar argument shows that any diagram with F,, = 0 for odd m is non-planar.

Since for graphs of genus 0 F3 = 0, and all the terms on the right-hand side of the
relation (4.3.9) are positive, we must have F» > 0 for graphs with ¢ = 0. Let us
now show that any graph with /; > 0 and g = 0 is necessarily an iterated melonic
diagram. The only index loop passing two vertices is (up to the choice of colours)

shown in the figure 4.9a.

The fat subgraph without blue lines is shown in (4.9)b. Let us now modify this
graph by first uncolouring the lines (so that we may attach a red line to a green
line). Then we can cut the graph in the middle off the index loop passing through
two vertices as shown in the figure 4.9c. Then we can attach the external lines of

the inner graph to each other and do the same for the two new external lines of the
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index loop (see figure 4.9). These operations do not change the amount of vertices
or loops but remove two edges, S0 frew = foid, Enew = €ota — 2 and Uy, = Vg By
assumption g = 0 for the original diagram, so y.q = 2 — 29 = 2. By the definition

of the Euler characteristic

Xnew = fnew — €new T Unew = fold — €old + Vold + 2= Xold +2=4 (4310)

On the other hand the Euler characteristic of two distinct diagrams is the sum of

the Euler characteristics of the two diagrams:
4= Xnew = X1 + X2 = 4 — 2(91 + 92) (4311)

But we know that g1, g2 > 0, so we must have that g; = go = 0. We now have two
possibilities: either the black boxes represent trivial diagrams so that the diagram
of figure 4.9 is itself a melonic diagram or then one or more of the black boxes are
non-trivial. However, since both diagrams have g = 0, the argument above applies
for them, and we can cut them into two genus zero parts. We can then continue this
process until we arrive to point where all black boxes represent trivial diagrams, and
we have divided the diagram into melons. Then we deduce that the diagram must

be an iterated melonic diagram. This finishes the proof.

4.4 Two-point Function

We have shown that in the case of vacuum diagrams only the melonic diagrams
contribute in the leading order. The proof is completely similar in the case of the
two-point functions, since we can "cut" one line in the vacuum diagram to get a
diagram for the two-point function. It is clear that this does not affect the proof

presented in the previous section.

Because only melonic diagrams contribute to the two-point function, we again get
(apart from the constant prefactors) the same Schwinger-Dyson equation (2.4.4) as

for the original SYK model (see figure 2.10c):

G(0,1) = —;Sgn(t) oy dtldtQ;sgn(tl)G(tl,t2)3G(t2,t). (4.4.1)
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In the infrared limit this has the same solution as before, apart from the prefactors.

1/4
1 ) sgn(t — to) (4.4.2)

Arg?N? N

4.5 Four-point Function

Gty ty) = — (

For the SYK-like model discussed in this section, the four-point function is given by

the following product

e e O e O V)] (4:5.1)

Note that unlike when calculating the four-point function for the SYK model, here

we do not have to average over different field configurations.

With obvious modifications to the proof in the section 4.3, it is easy to show that
the leading-order corrections are again given by the iterated ladder diagrams (see

figure 2.13). In particular we have that

(19293 (11 ) 10208 (12 )p 1920 (t3) 1223 (14)) = NOG (b1, 12) G (ts, ta) + T (t1, ta, t3, ta)

(4.5.2)
with the n-rung ladder diagrams satisfying again the recursion relation:
Pust = [ dtadtyK (2, ta, )Tl o, s, 1) (4.5.3)
The only differences are the definition of I'y:
Do(ty, Lo, ts, ty) = N*(=G(ty,t3)G(ta, ty) + G(t1,t4)G(ta, t3)), (4.5.4)

which differs by the prefactor of N3/2 from the SYK result (remember that the two-
point functions G(t,t') are proportional to N~%/%). The other difference is in the

definition of the kernel:

K(t1,ty,t3,t4) = —3J°N>G(t1,13)G (ta, t4)G(t3,t4)*. (4.5.5)
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Here the powers of N cancel so we see that the kernel is actually exactly the same

as for the SYK model.

Due to the kernel (and the two-point functions) having exactly the same functional
form as those of the SYK model, we immediately deduce that the eigenfunctions of

the kernel are given by (2.5.59):

F@a? (1 4 sec(2ma))x 2% F (20, 2av, dav, X )

2T (4av)
Fo(x) = § =020 (30 (27rq) tan(ra) ' 2% F1 (1 — 20,1 — 20,2 — 4a,x) 0 <y < 1
@ 2T (2—4a) X T2 Q, Q, a, X X
I(i-a)l(a )2
%1&(0"%_0"%’(23) ) <y
(4.5.6)

and have eigenvalues given by (2.5.80).

g(a) = 4&3— 1 tan <7r (i - a>) : (4.5.7)

where o = 1/4 +is with s € R or & = n with n € N.

Also the diagonalisation of the kernel proceeds in the same way as before, giving us

the following result for the four-point function:

8N3 o0 tanh(27s)
F(t17t27t37 t4) - TG(tlatQ)G(t37t4)/0 d848 COth(TI’S) — 3F1/4+is(X)
(1 — 4n)? cot(2mn) 2
+N3G(t,t2)G (15, t — | E,(x)+dT,
(t1,t2)G(t3 4),%:2(7?2(4n—300t(7r<n+}1))—1) 3 (x)

(4.5.8)
where 0" again denotes the contribution of the divergent term with eigenvalue g(1) =
1. In the perturbative theory, the leading-order correction is given by

3\/§ 6in/2(91 +92+93+94)
2 BJ Z 2(m2
2 + 37 n?(n? —1)

(B0 s (w5} (OZE) o (85%)
tan (@) 2 tan (@) 2 ’

5F<817 027 Q37 94) - N3G(017 QQ)G(037 94)
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where this expression is again understood to be evaluated on the thermal circle,
which corresponds to a transformation

t; = tan (%) : (4.5.10)

If the conjecture in [14] is correct and the change in eigenvalues to the second order

in 1/(5J) is given by

4g§§)k|n|8g//(2) (W) + O(l/(ﬁ])g’), (4.5.1”

we find that the tensor model has a four-point function, up to order 1/(3J)° given

by:

g(l,n)=1-—

(5F<91, ‘92, 93, 94) = N3G<ZL’)G(1’/> <1BJ - 2(y — y/ - W/Q)ayfy’ + 2(13 - W)(Sx

V2
in(y—y') sin (n%
+2(a" — 7T)5x’> |n|2>2 7r27(;(n2 Y ( tan<(§>) — n.COoS (nﬁ))
X (S;ln(zg?/)) — n.cos (n?)) : (4.5.12)
where
T =0; — 6o, 7 =0y — 0, y = 0 — 02 y = O3 — 0. (4.5.13)

2 ?



5. Chaotic Behaviour

5.1 Chaotic Behaviour in Quantum Systems

Thus far, we have mostly inspected the SYK model in the zero temperature, or in
the  — oo limit. It is, however, useful to inspect the properties of the model also
in finite temperatures. One property that we can then investigate is the chaotic
behaviour of the system. We have to bear in mind, however, that many of the
properties of the two- and four-point functions we derived in the previous chapters
depend on the conformal symmetry of the two-point function, which is exact only

in the low-energy limit.

The chaotic behaviour of a general quantum system can be characterised using a
time-separated commutator [W(t), V(0)] between two Hermitian operators W (¢) and
V' (t). Roughly speaking, this commutator measures the effect of a perturbation by
V(0) on the measurements of W (t) at a later time ¢ and vice versa. One possible

measure of the chaotic behaviour of the system is then [5]:
C(t) = (W(1), V(0)?) = 2 Tr [e P W (t), V(0)] (5.1.1)

where 3 = T~! and Z = Tr[e #H] as usual. We say that the system exhibits chaotic

behaviour if
C(t) ~ 2(W ()W (t))(V(0)V(0)) (5.1.2)

for large values of C(t), regardless of specific forms of operators W (t) and V' (t). The

only restriction is that they are both Hermitian operators that can be described as

71
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a sum of terms that have only O(1) degrees of freedom and that the operators have

zero thermal one-point functions. [5]

To see that the squared commutator C'(¢) indeed has a connection to the chaotic
behaviour, we can consider the case W (t) = ¢(t) V(t) = p(t), for simplicity in one
spatial dimension, in the semiclassical limit [19, 20, 5]. In this limit, the commutator

[W(t),V(0)] becomes a Poisson bracket, so we have that

(W (t),V(0)] — ih{q(t),p(0)} = ih%. (5.1.3)

Therefore we see that the commutator describes how the position of the system
depends on its original position or how the nearby trajectories of the system diverge.
Classically such divergence is quantified by the Lyapunov exponent Ay, which can

be defined through the relation
[da(t)] = e*'|6q(0)] (5.1.4)

in the linear approximation, where dq(t) denotes the change of the position of the
system at time ¢. Going to one spatial dimension and taking limit |0q(0)| — 0, we

get that

im =
6a(0)l-0 [0q(0)]  sa(0)—0 6q(0)  Dq(0)
Combining expressions (5.1.3) and (5.1.5) we see that the commutator [V (¢),V (0)]

a() _ . 0a(t) _ 9a(t) _ e (5.1.5)

has indeed a direct connection with chaotic behaviour, at least in the semi-classical

limit.

While (5.1.1) is a perfectly valid measure of chaotic behaviour for example for lattice
systems, it usually diverges in the thermal field theories, so it needs to be regularized.
One option is to study instead the following function, which corresponds to moving

the other commutator halfway around the thermal circle:
C(t) = =Tr [y W (1), VO)l* W (1), V(0)]] , (5.1.6)

where y is defined by

1 B
-2H
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To "separate the chaotic behaviour", it is useful to define the following quantity F(t),
which intuitively corresponds to a situation where the operators W (t) and V(0) are

placed alternatingly on the thermal circle with equal intervals:
F(t) = Te[yV(0)yW ()yV (0)yW (t)]. (5.1.8)

We can then use complex time argument for F(t) to get another form for this

function.

F(t+1p/4) = Te[yV(0)yW (¢ +iB/4)yV (0)yW (t + 15/4)]
::Ty{;ﬁiHvxoyziﬂvva-+¢5¢@evaxoyzfﬂvV(t+iﬁ/4)
::TT{634 V(0)e T 0D W (1) (5) =51 (0)e
= T [V W @V OW ()]

= Tr [V ()W (£)y*V(O)W (t)] . (5.1.9)
Then using (5.1.9) and similar result for F/(t —i3/4), we get a following expression

Ct) =—-Tr [yz[W(t), V(0)]y*[W (1), V(O)ﬂ = Te[y*W(H)V (0)y*V (0)W (t)]
+ Tr[y?V (0O)W () y*W (#)V(0)] — F(t —iB/4) — F(t +iB/4). (5.1.10)

To show that the first two terms are of order one regardless of the time ¢, we can
represent them as inner products of thermal field double states. Let us define the

thermal field double state |TDF) as
1 8
TFD) = 1z 3 e 35 ), n). (5.1.11)

Let us, furthermore, denote the operators I & W (t) = Wg(t), W(t)® I = W(t) and

similarly for the other operators. Then we can write the first term on the right-hand
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side of (5.1.10) as

Tr[y*W (£)V(0)y*V (0)W (t)]
= Te[yW (t)V (0)y*V (0)W ()y]

= (n|yWgr(t)Va(0)y*Wr(t)Vr(0)y|n)
— 5" (mn), (mle” 25y Wa(t)Va(0)y*Wa(t)Va(0)y e 25 |n)

= (TFDly "Wr(t)Va(0)y*Wr(t)Ve(0)y | TFD)
= |yVa(0)Wg(t)y " [TFD)|*. (5.1.12)

We have a similar expansion for the second term on the right-hand side of (5.1.10).
Therefore the first two terms are of the order one for arbitrary time ¢. The same
argument cannot be used for the last two terms F'(t+¢3/4) since the operators V' (0)
and W(t) are in an alternating order in these terms. We could, however, express

them in terms of a perturbed state |¥):

W) = iz 2 e FPETEW () [m) 1) (5.1.13)
Then we would have
F(t£iB/4) = (U(t £ iB/4)| VL Va|T(t £i8/4)). (5.1.14)

This, however, is not a norm, so there is no requirement for this to be of order one.
Indeed, we see that in order to have C(t) ~ 2(W (¢t)W (t))(V(0)V(0)), which was our
previous definition of chaotic behaviour, we need the functions F'(t +i3/4) become
small in order for C(t) grow. Thus we can define a chaotic system as one where

F(t) > 0ast— oc.

Using (5.1.13) and (5.1.14), we can also interpret F'(t) as a correlation function in
terms of a |¥(¢)), which can be viewed as |TF D) perturbed by W (t). [5] For small
values of ¢, the assumption of simpleness of W (¢) guarantees that the perturbation
does not have a significant effect, so the correlation function F'(¢) remains large. For
large values of ¢, W (t) has a sizeable effect, which disrupts the thermal field double

state and the correlation becomes small [6].
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5.2 Lyapunov Exponent for the SYK Model

To find the maximal Lyapunov exponent for the SYK model, we need to consider it
in finite nonzero temperature instead of zero temperature (f — oo) limit we have
been considering so far. To do this, we can go back to the low-energy solution

(2.4.26):

Gt ts) = — (

1o\ 1
) | sgn(ti — ta). (5.2.1)

47 J? tl—t2|

We can without loss of generality again set t; = t t5 = 0 by the time translation

invariance. Recalling the reparametrization invariance (2.4.12):

G(s, o)) = \dfdf) @ [

1/4 1/4

G(f(s), (s))- (5.2.2)

we can the set f(t) = tan (%), which maps the value f — oo to a finite value and

gives us the finite temperature two-point function:
1 1/4 T
G(t,0) = — ( )

yys )‘sgn(t). (5.2.3)

I54 ‘sin (%t
We can compute the two-point function also in the Lorentzian time by analytically
continuing this solution to t = 47, where 7 is the Lorentzian time opposed to the
Euclidean time ¢ we have been using so far. Since the two-point function (5.2.3)
has a divergence at ¢ = 0, we can continue the function either in the t > 0 or t < 0
regime. Analytic continuation to Lorentzian time in the ¢ > 0 case gives

™

A sin (’%)

1 )1/4 T < 1 )1/4 in)a T
— = (—) e — T (524
(47rJ2 i3 sinh (27 ) A J? Bsinh (1) 24

where we have denoted the analytical continuation in the ¢t > 0 regime by G (e+1i7).

(x(7)x(0)) = Gr(e + 1) = — <47T1J2)1/4

Similarly, the analytic continuation in the ¢ < 0 case gives:

T e
5
- (47T1J2)1/4 O ey (5.2.5)

ifsinh (77)
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We can then define the retarded propagator as

Gr(T) = (X(T)x(0) + x(0)x(7))0(7) = (GL(e +iT) + GL(—€ +i7))0(7)
T\ 4 1
= (ﬂ> ——t(r). (5.2.6)
[ sinh (%)
As discussed previously, to probe the chaotic behaviour of the SYK model we can

calculate the following function:

F(1,1) = Tr[yXi(Tl)ij(O)yXi(TQ)ij(0)]- (5.2.7)

It can be shown [14] that the solution is given again by ladder diagrams, but which
this time are on the time contour that covers the thermal circle and has two real-
time folds that correspond to times 7; and 75. To find the growth exponent or the
Lyapunov exponent, it is sufficient to consider the asymptotic growth of F'(7, 7).
The asymptotic leading-order correction depends only on the value of F(7y,72) on
the real-time part of the contour [14]. It is useful to define the retarder kernel for

the ladder diagrams by
KR(Tla 7_277_377—4) = 3J2GR(7'1 — 7'3)GR(T2 — 7'4)Gl7~(7'3 — 7'4)2, (528)

where Gy, (7) denotes the Wightman correlator, where the two fields are separated

by a quarter of the thermal circle in addition to the real time separation:

(5.2.9)

T )1/4 1

The asymptotic growth of F/(71,73) is determined by a condition that adding another

Gur(7) = {x(ir + 73/2)x(0) = (

rung to the ladder F'(7y, ) will not affect the value of the ladder. In other words
F(73,74) must be an eigenvector of the retarder kernel Kg(7i,72,73,74) with an

eigenvalue of 1, so it must satisfy the following integral equation:
F(Tl, 7‘2) = /d73d7'4KR(T1, T2, T3, 7'4)F(7'3, 7'4). (5210)

On the basis of previous discussion, we expect that the four-point function F(y, )

should be proportional to e*:(T1+72)/2 g0 that setting 7 = 7o = 7 gives that

F(r,7) = Trlyxi(T)yx; (0)yxi (Myx; (0)] ~ e, (5.2.11)
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as it should be by the previous discussion. Therefore we can use a trial function of

the form
F(Tg, 7.4) _ e)\L(7'3+7'4)/2f(7—3 _ 7-4)_ (5.2.12)

Substituting this to the integral equation (5.2.10), using the definition of the re-
tarded kernel (5.2.8) and the definitions of the retarded propagator (5.2.6) and the
Wightman propagator (5.2.9), we get a following integral equation:

1 1 1
F(r, :3J2/d7d7 i
( ! 2) ’ 4\/5(]252 \/sinh (7’!’(7‘16*7'3)) \/Sinh (ﬂ(fzﬂfm)) cosh (7#(7'36*7'4))
% e)\L(TS+T4)/2f<7—3 _ 7-4>. (5.2.13)

Relatively straightforward integration, similar to those performed earlier, shows that
a function f(73 — 74) satisfying this equation is given by [14]:
1

f(r3 — 1) = 373" (5.2.14)
cosh (%(7‘3 — 7'4)) /

This is enough to show that the growth rate of F'(7,7) is proportional to 27/f, so

we can identify the Lyapunov exponent as

_27r

o= (5.2.15)

It can be shown [5] that for a large class of quantum theories, including large N
theories, this is the maximal allowed Lyapunov exponent. Interestingly, it can be
shown that a black hole in Einstein gravity also has the same Lyapunov exponent
[6]. This is one piece of evidence that lead Kitaev to propose the SYK model as a
holographic dual for a Schwarzschild black hole in 1+ 1 dimensional, asymptotically
AdS, spacetime [2].
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