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diagram picture, and we present results for the various observables also at a given fixed
charge sector. In addition to matching to the spectral asymmetry, we consider an analo-
gous asymmetry measure of the 2-point function obeying a non-trivial dependence on the
operator’s dimension. We also provide the chord diagram structure for an SYK-like model
that has a U(M) global symmetry at any disorder realization. We then show how to ex-
actly compute the effect of inserting very heavy operators, with formally infinite conformal
dimension. The latter separate the gravitational spacetime into several parts connected
by an interface, whose properties are exactly computable at all scales. In particular, light
enough states can still go between the spaces. This behavior has a simple description in
the chord diagram picture.
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1 Introduction

The Sachdev-Ye-Kitaev (SYK) model [1-5] is a quantum mechanical model (0 + 1 dimen-
sions) of N fermions with random all-to-all interactions, which can nevertheless be studied
analytically in the large N limit. The SYK model exhibits various interesting properties.
In particular, it is a highly chaotic model, with a maximal quantum Lyapunov exponent

at low temperatures [6]. Letting x; be N Majorana fermions, ¢ = 1,---, N, such that
{xi, x;} = 26;j, the Hamiltonian of the SYK model is given by
H = ip/Q Z Ji1~--ipXi1 "'Xip' (11)

1<i1 < <ip<N

p is a parameter in the model which sets the length of the all-to-all interactions in the
Hamiltonian, and the J;,...;, are the random couplings.

The model can be analyzed using Feynman diagrams. At large N, the dominant
diagrams are the so-called melonic diagrams. The sum of all those diagrams is described
by a set of Schwinger-Dyson (SD) equations [1-5], and at low energies the model has a
conformal regime in which the Schwinger-Dyson equations can be solved. At low energies,
the equations are invariant under a symmetry of time reparametrizations, which is broken
spontaneously (and also explicitly in the full theory). Beyond the strictly conformal regime,
the modes which describe this reparametrization symmetry are lifted by the Schwarzian
action (see also [7—14]). Various correlation functions in the Schwarzian theory have been
found in [7-9, 11].

From the holographic point of view, the Schwarzian action is equivalent to Jackiw-
Teitelboim gravity in the bulk [11, 12, 15, 16]. Recently, it was shown that the partition
function of Jackiw-Teitelboim gravity (on surfaces of any genus) is described by a particular
double-scaled random matrix model [17], and relations of random matrix theory and chaos
to the SYK model were discussed in [18, 19].

SYK-like models in higher dimensions have been studied in [20-25] (in such theories
there are in general interesting disorder effects related to renormalization [26, 27]). Higher
point correlation functions were obtained in [28, 29], and results beyond the leading order
in N were obtained in [30-32].

The techniques above are applicable when the value of p is taken to be a constant
independent of N, such as p = 4, or in the large p limit (as long as N — oo first). However,
an interesting scaling was recently studied, known as double-scaled SYK [18, 33—-35], where
p is taken to scale as v/N. In this limit the model can be solved exactly at all energy
scales using combinatorial tools, and it is rigidly controlled by a quantum group symmetry
which replaces the conformal symmetry at all energy scales. The relevant quantum group
is U, (su(1,1)), see [35] for more details.



In solving double-scaled SYK, the combinatorial description of the partition function,
as well as of correlation functions, is given in terms of chord diagrams (which are reviewed
in section 3). The summation of those chord diagrams can be performed analytically.
In particular, the 4-point function, which encodes the quantum Lyapunov exponent, was
found exactly [35]. At low energies and in the limit p?/N — 0, it indeed agrees with the
result [9] found from the Schwarzian theory.

The double scaled limit is in a sense also much more universal as many different
microscopic models reduce to similar chord diagrams prescription; for example, one can
replace the Majorana fermions by Pauli matrices (which commute between different sites)
and obtain the same set of chord diagrams, or consider the SUSY model [36] which results
in modified rules, still within the chord diagrams framework. It also suppresses spin glass
phases in the theory [37]. Moreover, at low energies and when p?/N — 0, the model is
still described by the Schwarzian theory, which means that it is still equivalent to Jackiw-
Teitelboim gravity living in two-dimensional AdS space.

In this paper, we study the version of the SYK model, where the fermions are complex
rather than real such that there is a global symmetry, in the double-scaling limit. This is
a variant of the original Sachdev-Ye model [1], which can be written in terms of complex
fermions, with four-fermion interactions.

1.1 Outline and summary of new results

We start in section 2 where we review the definition of the complex SYK model and mention
some known results about it. In particular, the model was studied in the literature in the
large p limit (N taken to infinity first and then p is taken to be large), and we will make
contact with these results. Indeed, this large p limit is obtained as a limit of double-
scaled SYK as p?/N — 0. As the combinatoric approach to double-scaled SYK reduces
the calculation of various observables to a description in terms of a summation over chord
diagrams, we derive the value assigned to each chord diagram in generic double-scaled SYK
theories with complex fermions in section 3. The result is simply given in terms of rules
assigning to every chord and pairs of chords a particular value. Then we use these rules to
evaluate observables in the theory at all energies. In section 4 we calculate the canonical
and the grand canonical partition functions of the theory, where in the latter a chemical
potential for the global U(1) symmetry is turned on. In addition, we find in section 5 the
exact partition function in every sector of a particular fixed charge, providing a refined
information related to the charge. We verify that in the limit p?/N — 0 these results
reduce to the large p results from the literature. In section 6 we consider another SYK
model with a global symmetry, namely a U(M) symmetry, and use similar tools to get the
partition function with chemical potential for the various Cartan generators.

We then go on to study correlation functions. In section 7 we find the full two-point
function (in a fixed chemical potential and in a fixed charge sector). We go to the limit
exhibiting a conformal behavior, as well as get small corrections to it. As a check, we match
to the spectral asymmetry factor in the theory. We also consider an analogous measure of
asymmetry defined by the two-point function with these corrections, exhibiting a slightly
different behavior; in particular, it is not simply determined by the charge of the operator,



but depends also on its dimension. In section 8 we calculate the four-point function. In
particular, this gives the Lyapunov exponent in the limit of small p?/N and we match
this with the literature. In section 9 we discuss the effect of very heavy operators. These
are operators that in the low energy limit do not go to operators of a finite conformal
dimension, but rather formally have an infinite dimension. They have a significant effect
of separating spacetime into two spaces, as in [38], and the chord diagram picture provides
a simple way to see this. We also discuss how very light states can still go between these
separated spaces. We finish with several appendices containing further details to which we
refer from the main text.

2 Review of the complex Sachdev-Ye-Kitaev model

In this section we briefly review the complex SYK model. In subsection 2.1 we discuss the
definition of the model and in subsection 2.2 we review some key results about it that we
will make contact with, following [39].

2.1 Definition of the model

The complex Sachdev-Ye-Kitaev model [40] is a quantum mechanical model of N complex

fermions ¢ and ¢; (where i = 1,2,...,N) with random all-to-all interactions.® The
fermions satisfy
and the model is specified by the Hamiltonian
H= Y L iy = 3 I g (2:2)

1<i1 < <ip<N I

1<j1 < <jp<N
In the last term above, I and I’ denote an index set I = {iq,42,--- ,ip} consisting of p
distinct indices 41 < ip < --- < ip. Fermions with capital indices stand for the following

product of the components
Yl =iyt g,
Yy =Yy, YiyYip

Note that we have reversed the ordering in ;. This notation will turn out to be convenient

(2.3)

later. The couplings J are Gaussian complex random variables satisfying (Jzil'"i.p )=

) ] JiJp
Jf;;:fpp , ensuring the Hermiticity of the Hamiltonian. Their variance is
—2
il"'ip ]1]17 2 N
(Jiregidiyil o= ) (no sum), (2.4)

where J is a normalization constant for the disorder.2

'In the usual large N scaling, this random model is described by Schwinger-Dyson equations, and has a
tensor [41, 42] and a matrix [43, 44] quantum mechanical counterpart models.

2Qur notations are related to those of [39] as follows: p = ¢/2 , ¥ = V2fi, (J;;:::;Z)};ere =

%(Jil,m,m,iq)there , and for N > p, Jhere = VQQPN Jihere- Note that by J3.. we mean the one in eq.

(C14) of [39] (that is the one used in the quoted results) which appears to us to differ from the one in eq.
(1.2) there (the former being half the latter).




The model possesses a U(1) global symmetry that acts on the fermions as follows
W ple Ty e (2.5)
The associated conserved charge is the fermion number defined as
1M, o
Q=72 (D' —vih). (2.6)
i=1

We will also use the specific charge defined by

1
Q= NQ, (2.7)

which takes values in the range —1/2 < Q < 1/2. This will be useful when comparing to
existing results in the literature.
This model admits a non-trivial double scaling limit in which

2
A= % fixed, N — oo . (2.8)

In this paper we explore the complex SYK model in this limit. But first we present a short
summary of known results in the usual, fixed p, large N complex SYK model.

2.2 Summary of known results
2.2.1 Thermodynamics

In the limit where N is taken to infinity first, at fixed p, followed by a zero temperature
limit 7" — 0, the canonical free energy, F', of this model has the following low temperature
expansion [39]*

F(Q,T) = Ey(Q) ~ TS(Q) + - . (2.9)

In the above expression, Ey(Q) is a non-universal ground state energy and S(Q) is the
universal zero-temperature entropy (universal in the sense that it is independent of the
‘UV’ details of the theory; for example adding higher order fermion interaction terms to
the Hamiltonian does not change the result). For generic p the analytic form of the ground
state energy is not known. However, it can be computed analytically in a large p expansion
and has been found to be

Eo(Q) ~ —J?Nu — 407" + O(1/p?) . (2.10)

The universal zero-temperature entropy S(Q) is a symmetric function of the U(1)
charge Q and has been computed analytically for any p > 2. In a large p expansion, the
expression for §(Q) takes the following form

1-29\ «? o 1 3
1+2Q> - S-S oY) . @)

8
3In [39] the free energy is per site (divided by N) while here we write the full free energy.
“In the results quoted here, there is in fact a problem taking the zero temperature limit [45]. However,

1 4
S(Q)/N = ilog <1_492) + Qlog (

we obtain results for a chemical potential (or charge) scaling with N, which is actually consistent with the
careful analysis of [45]. This eliminates the problem just mentioned.



Because of the non-universality of Ey(Q), the thermodynamic grand potential, Q =
—Tlog Z(1,T), has both universal and non-universal pieces. The universal part of {2 has
been computed in [39] for generic p from the G, X action. In the large p limit, the analytic
expression for € has been found to be®

T N I, mv] 1
Q(p, T) = —-TNlog(2cosh ) — ——— |t === +001/p. 2.12
(1, T) og(2cosh p) 2 (cosh )2 {an< 2) : ] e (1/p°) (2.12)

In the above expression v is the solution of the equation
0, J ~ 2cosh . [p?
™ _J S Bttt 2.13
cos(mv/2) T where  J (coshp)P | N (2.13)
2.2.2 Two-point function

A quantity that plays an important role in the complex Sachdev-Ye-Kitaev model is the so
called ‘spectral asymmetry’ factor whose thermodynamic definition is given by the charge
derivative of the entropy®

_1.dSs

T 27 dQ

_11 1-20 ﬂ—Q O/ (2.14)
_%Og<1+29>+2p2 TOo/r) -

This factor reflects an asymmetry in the spectral function A(w) which is defined as
1
Alw) = ——Im G(w + i¢) , (2.15)
™

where G(w) is the Green’s function of a single fermion, which in terms of the Euclidean
time 7 is defined as follows (note there is no summation over 7 in the following equation)

G(1) = —(T" (1)4:(0))
1 — T 1, —T7K 7,
:_Z(M,B)Tr [e BET. (e Kyie sz)} .

In the above expression T specifies the 7 ordering, Z(u, 3) is the grand canonical partition

(2.16)

function and K is the sum of the Hamiltonian and the fermion number operator

N
K=H+2-5 (b —v'ty) . (2.17)
20 =
As shown in [39], assuming conformal invariance in the IR, the Green’s function G(w)
in the frequency domain (also in the presence of a chemical potential) at zero temperature

takes a scaling form
o—i(mA+6)

G(z)=C J1—2A

Im (z) > 0 (2.18)

"We used the convention for the chemical potential used here, which is related to [39] by pthere =
—2T lihere, and the grand potential here is the total grand potential (rather than per site).

SThere is a universal relation in the usual large N complex SYK model between the spectral asymmetry
and the charge [39, 46].



which can then be plugged in the Schwinger-Dyson equations, fixing the dimension A =
1/(2p) and C. In the above, z is the complexified frequency. In the 7 domain, one obtains
the following ratio
G(
G(

7> 0) sin(rA + 0) o€
= — = —e° . 2.1
T <0)  sin(rA—9)  © (2.19)

When the net-charge is zero (Q = 0), £ vanishes, and otherwise £ acquires a non-zero value
which in the large p limit is given by (2.14).

In this paper, we calculate these various quantities in the double-scaled complex SYK
model. We will find that at the leading order in large p, our results match with those in [39].

In the large-N double scaled SYK model, the natural operators to consider are those
that are made out of a string of fundamental fermions whose length is of the order of v/N.
For such operators that carry a U(1) charge o, the ratio of the Green’s functions (2.19)
gets modified so that we have o times the spectral asymmetry. In fact, in our analysis we
will be able to calculate subleading in N corrections to the ratio of the coefficients (of the
time dependence) in the 2-point functions, finding a different behavior where there is also
a dependence on the dimension of the operator. However, it should be stressed that the
relation to the spectral asymmetry only holds in the conformal regime, which is what we
indeed get at leading order in N. The subleading corrections go beyond the scaling regime,
and enter in a slightly different measure of asymmetry that we consider.

3 Computation using chord diagrams

Using chord diagrams, we now present a method for solving the complex Sachdev-Ye-Kitaev
model in the double scaling limit

2
N o0, A= % held fixed . (3.1)

The method boils down to the calculation of the traces of generic products of complex
fermions, and then taking into account the Gaussian structure of the couplings. We begin
in subsection 3.1 by briefly reviewing the chord diagram method for solving the SYK model
with Majorana fermions. The generalization to the complex SYK will then be clearer. In
subsection 3.2 we work out the formulas for traces of fermions relevant for the complex SYK,
and in subsection 3.3 we work out their simplified large N limit. The main result of this
section is given in (3.11) or (3.12). The large N rules are summarized in figure 4. In the next
sections we use these rules to compute the partition functions and correlation functions.

3.1 Chord diagrams and the real SYK model

The real SYK model is a quantum mechanical model of interacting Majorana fermions
whose Hamiltonian is given by (1.1). If we write the Hamiltonian in a short-hand nota-
tion as

H=23" Ty, I={i, iy}, (3.2)
I
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Figure 1. An example of a typical chord diagram.

then the moments of the Hamiltonian are given by

my = <tI'Hk>J = kp/2 Z (trdrxr - - I X)) - (3.3)
Iy I

The average over the Gaussian random coefficients Jj; is given by Wick’s theorem, instruct-
ing us to sum over all pairings of the k index sets I;. This is represented combinatorially
by chord diagrams: we draw a circle, on which we mark %k nodes, corresponding to the
Hamiltonian insertions. The nodes are connected in pairs by chords, representing the
Wick contractions. An example of a particular chord diagram is shown in figure 1.

For every chord diagram, we are left with a trace over the fermions tr(x7, X1, - X1, - )s
where each index set I; appears twice. This trace is then evaluated simply by commuting
the different x’s, so that eventually contracted x’s are next to each other, in which case
we can use X7 = 1 and the trace becomes trivial. In the chord diagrams, this amounts to
disentangling the intersections, so that each intersection, as a consequence of the fermion
anti-commutation relations, gives (—1)'11 Nyl where T j, 1 are the index sets corresponding
to the intersecting chords, and |I; NI is the size of their (set) intersection. The size of the
intersection |I; N I;| is a random variable (since we sum over the I;’s), which in the large
N double scaled limit (3.1) follows a Poisson distribution with mean p?/N [33]. Weighting
by the Poisson probability distribution, one finds that each chord intersection contributes

k
3 (—1)kwé!me_p2/N:exp (—2p*/N) . (3.4)

|Ijﬂfj/‘=k

Triple intersections, i.e., configurations in which there are 3 chords with Iy N Io N I35 # ()
are negligible in the large N limit. Therefore, the combinatorial problem that one gets is
to sum over all chord diagrams, with a weight that depends on the number of pairwise
crossings of chords, i.e.,

mg = Z exp (—2p2 . cr(ﬂ')/N) (3.5)

m€ Chord Diagrams

where 7 denotes a chord diagram, and cr(m) is the number of pairwise crossings in the
diagram. These combinatorial sums can be evaluated using a transfer matrix technique,



which captures all energy scales in the model, and gives rise to a ¢-deformation of the
Schwarzian action [34, 35]. In a similar manner, one can extend this construction to
correlation functions.

3.2 Chord diagrams and the complex SYK model

The generalization to the charged SYK model is as follows. First of all, we note that
after carrying out the average over the (Gaussian distributed) couplings in the random
Hamiltonian (as will be done in section 4), we get a sum over traces of the form

tr(Pp, Y hp, 2 Pt (3.6)

In this trace, the indices of a pair of consecutive 1)1 are contracted with those of another
Yp pair (as in - -apppl - bl ). However, in the remainder of this section we will
allow for a more general arrangement as shown in (3.9) since it will be useful for calculating
correlation functions of generic operators which we eventually do in section 7.

As a starting point we will represent the complex fermions using N-dimensional gamma
matrices. We will use the following conventions for the Pauli matrices

a+=\/§<8(1]>, 02\5(28), 03:<é_01>, (3.7)

and write the complex fermions v; as the following tensor product

P'=0, 0030 @03
V=100, ®03® - @03
PP =101,00, 03 --- @03 (3.8)

PN =10 - 1@ 04

For 1; we simply replace o, — o_ in the above formulas. Using this representation we
can now work out the trace of a product of complex fermions.

Fermions with capital indices, 1! and v, stand for the appropriate product of com-
ponents as indicated in (2.3). Let p; denote the length of the index set I;. Here we have
taken the length to be generic, because this generalization is needed when we compute
correlation functions. As mentioned, the quantity that we would like to evaluate in this
section is a slight generalization of (3.6)

tr (w14hr, -+ 0, ) (39)

where now at each point any ) or v is allowed (not necessarily alternating), with a total
of 2k insertions, such that each of the k indices I; appears in one ¢ and one 1. The trace
is defined to be normalized” as tr 1 = 1. This object is represented by a chord diagram: as
reviewed above, this is a circle or a line (which is equivalent, by cutting open the circle at

"In the representation (3.8), the trace in each tensor product factor is normalized in this way.



( Yr, e Yr, or,

Figure 2. Chord diagram representation of the generic trace (3.9). The chords are oriented to go
from a v insertion to a v insertion having the same index set I.

a point), on which 2k nodes are marked, such that pairs of nodes are connected by chords.
Since we have here two kinds of insertions (¢» and 15), the chords are oriented, so that each
chord has a direction; let us choose a convention where the arrow goes from a 1 insertion
to a 1 insertion (see figure 2).

The basic idea to evaluate (3.9) is the following. We will consider each component i
of the tensor product structure in the representation (3.8). The contribution of 1’ to this
component is simply o, each /<! contributes o3, while each 17>* gives no contribution;
for v it is the same, with o, — o_.% All the o3 commute among themselves and give only
a sign, so the first step is to determine the sign and by this eliminate all the o3’s. Then
the remaining strings of oy is straightforward to evaluate, giving either a vanishing result,
or a power of two.

More explicitly, let us consider two indices 1 < j < k < N. For simplicity let us
discuss first the case where each of them appears in a distinct single chord only — this is
actually the case for most of the indices appearing in chords. The case where these two
chords intersect is shown in figure 3(a). Consider the k’th component of the tensor product
representation. The chord containing the k’th index gives one o, and one o_, while the
other chord containing the j’th index gives two o3 as shown in the figure (note that we can
consider each i < k independently because they all give o3 factors that commute). That
is, we have something of the form tr[---o4---03---0_---03---]. Using the algebra of the
o matrices, we can get rid of the o3 insertions, resulting in a factor of (—1). If the chords
were not intersecting, then using o3 = 1 we would get no sign.

More generally, consider two indices j < k such that each of them can appear in
any number of chords. As before, since the o3’s commute, we can consider each chord
containing j in turn. As shown in figure 3(b), when we consider the k’th tensor product
factor, by inserting 02 = 1 in intermediate steps, and using the fact that 0304103 = —0x,
each intersection of a chord containing j with a chord containing k gives a (—1).

Now we would like to combine all the signs from all the tensor product factors. Take
a pair of chords J, K that intersect. For any j € J and k € K, if j < k we saw that when
looking at the k’th tensor product factor, we get a (—1), and similarly for j > k we get a

8Here the convention for the definition of ¢! and ¢; in (2.3) is useful, since the evaluation becomes
easier using the identities 0§04+ = o4 and o_0§ = o_ (for any integer power a).
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Figure 3. Determining the sign of a diagram. Only in this figure the chords are shown in different
colors. The chords to which j belongs are shown in orange, while the ones to which k belongs are
in blue. In figure 3(b) we draw specific orientations for concreteness, but the argument in the text
is independent of the orientations of the chords.

(—1) from considering the j’th tensor product factor; but if j = k there are no o3’s and no
(—1). As a result, by eliminating all the o3’s, we find a sign which is

(_1)ZChords i, j intersect (pipj 7102‘]‘) (310)

where p; = |I;| is the length of the index set I}, and p;; = |I; N ;.

After this step, we are left only with factors of o.. If we have two consecutive o4 or o_
then this just gives zero since 02 = 0. This just corresponds to the fact that if we have two
consecutive 1’s or ¥'s with common indices, we immediately get zero. Otherwise, consider
again a particular index ¢ with the corresponding tensor product factor. If it appears in no
chord, then the trace in this tensor product factor is simply tr 15 = 1 (recall that the trace
is normalized to one). If it appears in a single chord, then we have tr (o o_) =tr(39) =1
(or tr(o_o4) which is the same here and below). If the index i appears in m number of
chords, then we get tr ((oy0_)™) =2m~ L
As a result, a general oriented chord diagram with fixed indices I;, that is expres-

sion (3.9), equals
tr (Tﬂhl;b plighy - )
_ (_1)ch,ords i, intersect (pipj *Pij)22;.::2(m71)-(# of indices 1 <4 < N appearing in m chords) ’
(3.11)

unless when restricted to any particular i the ¢ and 1 do not appear in an alternating
form, in which case the value of the trace is just 0.

Let us also introduce the notation s;jx... which denotes the number of sites that appear
in I;, I;, I, and so on, but in no other set. Note the difference between the two symbols
pij and ;... They are related by p;; = sij + > p Sijk + ---. In terms of s;;... we can
write (3.11) as

tr (wf% coepliny, - )

oo
— (— ZChords i, intersect(pipj _pij) Zm:Q(m_l).Zﬁ <ig<-<im Siyig-im
1 j 2 2 .

(3.12)

This result holds for any value of N and p;.

~10 -



3.3 Large NN simplification

A simplification occurs in the large N double scaling limit. Consider the same trace
object as above, associated to a particular oriented chord diagram, but now summing
over the indices

BN\ _ _
(H( > ) > tr(whwb---wwh---). (3.13)
I, I

j=1 pj

The combinatorial prefactor turns counting of events in the sum into probabilities of those
events. As was shown in [33], in the large N limit, the intersections are independently

Poisson distributed p;; = |I; N I;| ~ Pois (%), and there are no triple (or higher) inter-
sections with probability that goes to 1 in the large N limit. Therefore, in (3.12), the sum
over m is now restricted only to m = 2.

Thus, we should consider independently pairs of chords I;, I;. First, we need to make
sure that we do not get a vanishing result. For an index ¢ appearing only in a single chord,
it appears in one 1! and one 1; and therefore it does not vanish. Any index i appearing
in two chords (a higher number of chords can be neglected in the large N limit as was just
mentioned) will necessarily give a vanishing result if the two chords are intersecting (just
because one chord gives a 04 and a o_, and there is one end of the other chord between
these two, such that no matter whether it is a o4 or a o we would have 03 = 0). By
this logic, a non-zero p;; is allowed only in the first four possibilities appearing in figure 4.
For each such pair of chords (that are not intersecting and therefore get no (—1) factors)
we need to sum over the number of elements p;; with the Poisson probability distribution;
their contribution from (3.11) is

(0.0 id
Z (plp]/]:[)pg e*pipj/szij — epipj/N' (314)
pij=0 Pij:
For all the other combinations of pairs of chords, we must have p;; = 0 and therefore
they contribute simply

e Pipi/N (3.15)

from the Poisson distribution. In addition, if they intersect, they also give a factor of
(—1)PiPi from (3.11) (for which as mentioned, p;; = 0 necessarily in the large N limit).

Let us emphasize that while (3.11) is exact, in this subsection the large N approxi-
mation is used in two arguments. The first is that for 1 < p < N the intersections p;;
are independently Poisson distributed with a finite parameter in the double-scaled large N
limit (3.1). Secondly, it is important that under the same approximation, we could assume
there are no intersections of three or more I; sets, simplifying (3.11) significantly.

These rules are summarized conveniently in figure 4. Using these rules we can now
calculate physical observables in the double-scaled complex SYK model. In the ensuing
sections we calculate the partition function and correlation functions of generic operators.
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Chord configuration Value Value in the presence of
a chemical potential p

(a)
f\\ exp (%) exp (%(26_“ cosh(p) — 1))
) f‘\\ exp () exp (" (2e" cosh(p) — 1))

(c) m m exp (%@) exp (%(26’“ cosh(p) — 1))
(d) /\ /‘\ exp (%) exp (%(26” cosh(p) — 1))

All other of the form

LN

(e) " .
ﬁ exp (~14) exp (~14)

O /NN o) oo ()

(g ) /\ 1 ( cosil( m) > "

(h)

(i)  For every diagram 1 cosh ()N

Figure 4. Rules for evaluating oriented chord diagrams (when an orientation is not shown, it
means that it does not matter). The values when we have a chemical potential, to be used later
(which are derived in section 4), are also shown.

4 Partition function
In this section we obtain the canonical and grand canonical partition functions.

4.1 Canonical partition function

For simplicity, we first apply the rules that we already found in order to calculate the
ensemble averaged partition function (without a chemical potential)

Z(B) = (tr e PHY, . (4.1)
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AN

Figure 5. An oriented chord diagram contributing to (trH®); and the corresponding unoriented

A L)

Figure 6. Two possibilities for non-intersecting H-chords.

The calculation proceeds by expanding out the above quantity in moments

—k
my = (tr Hk>J:JkZ<];7> > otr @Iliﬁb“'d}lﬂﬁh“') 7 (4.2)

CcD I-Ip,

then evaluating each moment using the result from the previous section, and then resum-
ming the moments. In the last equality, we carried out the ensemble average to obtain a
sum over oriented chord diagrams (abbreviated as CD). This is the result for even k. For
odd k the moments vanish due to the ensemble average.

Note the simplification here in comparison to (3.13), in that the v1) are contracted in
pairs. Pictorially, the corresponding oriented chord diagrams consist of adjacent pairs of
chords of opposite orientation, so that each such pair can be replaced by a single unoriented
chord; we will refer to such an unoriented chord as an H-chord (since each end of it
corresponds to a single Hamiltonian insertion). This is demonstrated in figure 5.

The goal is to calculate the contribution of every chord diagram in (4.2), by applying
the rules of figure 4. To begin with, since there is an even number of intersections of
oriented chords, and all p; = p, the sign of every diagram is positive. The remaining task
is just to find the number of pairs of oriented chords of the form of the first four pairs
appearing in figure 4 (as they are assigned the same value). Every H-chord is of this form,
so that we already have k/2 such pairs. Every other pair of oriented chords belongs to
a pair of H-chords. Any intersecting pair of H-chords manifestly does not give anything
of the form of figure 4a, 4b, 4c or 4d, while every non-intersecting pair of H-chords (see
figure 6) gives exactly two pairs of oriented chords of the form of figure 4a, 4b, 4c or 4d.”

Denote the number of intersections of H-chords by kp; then the number of pairs of
H-chords that do not intersect is kg = (%2) — kg. The total number of pairs of oriented
chords of the form of figures 4a-4d is then g + 2Ky (and the number of pairs not of this

Tf two H-chords are not intersecting, then either they are disjoint, or one of them is embedded in the
other one. In the first case, the two pairs of chords of the same orientation belong to figures 4a—4d, while
in the latter case, these are the two pairs of chords of opposite orientation.
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form is just (g) — (% + 2RH)). Thus we arrive at

= 1w |5 {5 2w = () - (5 20|

)y (%) 3
unoriented C'D
S Y ()

unoriented C'D

where A = p?/N is what we keep fixed as N — oo. This is just as in the real SYK where

—2p*/N , whereas in the complex SYK model this

for every intersection one gets a factor of e
factor gets modified to e~%°/N Tn the next subsection we give an analytic expression for
the partition function (evaluating the sum over chord diagrams) in the more general case

when having a chemical potential.

4.2 Grand canonical partition function

We now move on to calculate the ensemble averaged grand canonical partition function of
the complex SYK model which is given by

Z(B,u) = (tr e”PH=24Q) (4.4)

where @ is defined in (2.6). As before we will use the moment method and compute (at
this stage, without any restriction on )

my(p) = (tr He 219) 5, (4.5)

note that we are not expanding the charge term. We will see, however, that resummation
is difficult for finite p # 0 that is independent of IV, since the sum over k diverges. We
note that the divergence originates from very large values of k, where the computation is
not reliable. To remedy this we can either (i) scale p appropriately with NV, or (ii) go to
the fixed charge basis. We will do each of those below.

Computing the individual moments uses techniques similar to the ones used before.
The moments now read

_k N
mi(p) = J* Y <N> >otr [@Iﬂ/’b b exp <—M > (i’ — W&i))]
cp \P Lody 24

(4.6)

In the representation (3.8), the chemical potential term is represented by

N o
exp (_g Z(&W _ wz&») _ He—%wiwuwwi)
= ‘ (4.7)

(7)o (e
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Similarly to section 3.3, let us provide the rules for computing oriented chord diagrams
(that will also be valid beyond the partition function) in the large N limit, where now we
allow the presence of a chemical potential.

Earlier, the first step was to apply the o3’s resulting in a sign. This clearly remains
the same (we do not use the trace here, so this is unaffected by the presence of a chemical
potential). Non-zero p;; of intersecting chords give vanishing contribution to the trace
and therefore the only signs we get are (—1)PiPs for intersecting chords. In the partition
function and the correlation functions that we consider here, all intersections are in pairs,
so overall the sign is plus.

Then, for every site i, if it does not appear in any chord, we simply have tr ( et e,u) =
cosh(p). If it appears in at least one chord, then if the first appearance is in a 1) (that is, the
et e,u) = e/ times 2 to the
power of the number of chords it appears in minus one; if the first appearance is in a v (the
first chord goes to the left), we would get instead of e#, a factor of tr (9) (e” e,u> =e M

In the large N limit there are no triple intersections of the index sets I;, and therefore

first chord in which ¢ appears goes to the right) we get tr (3 ) (

the only options we have are summarized by
o Each index ¢ appearing in no chord gives cosh(pu),
e FEach index 7 appearing in 1 chord going to the right gives e*,
e Each index i appearing in 1 chord going to the left gives e ™#,
e Each index 7 appearing in 2 chords going to the right gives 2e*,
e FEach index 7 appearing in 2 chords going to the left gives 2e™# .

For simplicity, let us start first with the case that all the indices in the various I; are
distinct. We can first assign a value of cosh(,u)N which would be the case if there were no
chords. An index in a chord, if it goes to the right, should be assigned e* instead of cosh(u)
so that a chord going to the right gets (e#/cosh(p))?* (and p — —pu if it goes to the left).
For the partition function, there are the same number of chords of each orientation, the
e* factors cancel, and altogether we simply get an extra factor of (cosh(u))Y ™ in my (1)
relative to the case without the insertion of a chemical potential.

Now let us see how this counting changes for the general case, where the I; are not
necessarily distinct. Recall that in the large N limit, the different intersections are in-
dependent and they do not overlap, so we can consider each p;; separately. The allowed
non-zero p;; were given in figures 4a, 4b, 4c and 4d. Let us start with figure 4a. In order
to allow an intersection of the corresponding two index sets, we need to take two indices,
one from each of those two chords, and turn them into one index which is common to the
two chords, and one which does not appear in any chord. In the counting of the previous
paragraph, the two indices were together assigned the value of one (since they are of oppo-
site orientation). However, now they should be assigned a value of 2e™# cosh(u) (where the
cosh(p) corresponds to the additional index not appearing in any chord). Therefore, the
additional rule with respect to the previous paragraph, is to assign each index of this type
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the value of 2e # cosh(u). Similarly, each index in the second, third, and fourth pair of
figure 4 should be assigned a value of 2e# cosh(u), 2e™# cosh(u), 2e# cosh(p) respectively.

All that is left is to weight those possibilities by the Poisson distribution. For example,
for the case of figure 4a we have

0 o Pij - e
E 7(])21)]/ ' )P e~ PiPi/Ngpij (e cosh(u))p” = exp (prJ (2¢7* cosh(u) — 1)) , (4.8
— Dij! N

ng—o

and similarly for the rest. For the pairs of chords that must have p;; = 0 we simply get
exp [—pipj/N]. These rules for evaluating a chord diagram in the presence of a chemi-
cal potential are summarized in figure 4, and can be used in the calculation of various
observables.!”

We shall now specialize to the partition function, and recast this into the language
of (the unoriented) H-chords. We have already enumerated the possibilities for allowed
pij > 0, corresponding to figures 4a, 4b, 4c, and 4d, in terms of H-chords. First, for every
one of the H-chords (and there are k/2 of those), we get the pair of figure 4a. Therefore
for every such pair of chords we have (setting p; = p; = p in (4.8))

P2
exp (N(Qe“ cosh(u) — 1)> : (4.9)

For intersecting H-chords there are no p;; > 0 allowed. There are Ky non-intersecting
pairs, of the forms shown in figure 6. For each of those, there are two pairs corresponding
2
to two of figures 4a—4d as mentioned before, one giving again exp (%(26_‘“ cosh(p) — 1))
while the other (in which y — —pu) gives exp (%(26“ cosh(p) — 1))
Putting everything together one obtains

_ 2 k k
mi(p) = J* cosh(p) N~ > exp{?\[[— <<2> - (2+2RH>>
unoriented C'D

+ g (2 #cosh(p) — 1) + fg (267 cosh(u) — 1) + Ky (2€* cosh(p) — 1)] }

. k L2 k2
— 1—sinh(2p) sinh®(y) _ 9 KH
— Jk COSh(ﬂ)N kp <€>\ ) ) <6>\ 5 ) Z (6 4\ cosh (y,))

unoriented CD
(4.10)

(where recall that rp is the number of intersections of H-chords, and kg is the number of
pairs of H-chords that do not intersect). The ensemble averaged grand canonical partition
function is obtained formally by resumming my ()

00 ok
2.0 =S ) (1)
k=0 ’

10 As mentioned, these rules are general (valid for any arrangement of complex fermions in the trace) and
in particular hold for the A/ = 2 supersymmetric SYK model analyzed in [36]. The large N analysis there
corresponds to a scaling y ~ 1/+/N which is mentioned below in subsection 4.3.1. In this case, the chemical
potential enters only in the values assigned to the entire diagram and single chords (rules in figures 4g—4i),
with no contribution of the chemical potential coming from pairs of chords.
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There are two new features of this result when compared to the case yu = 0. The first
is that for each intersection of the H chords we get the factor

g(p) = e~ Mheosh® (0 (4.12)

which explicitly depends upon the chemical potential. A second feature is that for every

pair of H chords that do not intersect we got a factor of e sinh®(W) - Dye to this factor
sinh?(p) | 2
a term like (e*™ 2 - )k

appears in the expression of the moments. This term changes
the game in two ways. The first is that the presence of a term of the form ** makes
it difficult to rewrite my(u) as [dEp(E)E*. The second is that this term blows up as
k — oo, preventing us from resumming the series in a straightforward way. In the next
section we consider fixed charge sectors where this problem does not occur, but for now we
will proceed with a fixed chemical potential.

Otherwise, apart from these new ingredients, the sum over chord diagrams has the
same form as in the double-scaled SYK model with Majorana fermions. Therefore, the
analytic evaluation of this sum over the (unoriented) chord diagrams appearing in the
moments (4.10) can be done exactly in the same manner (for a review see section 2.3
of [35]). This leads to the following result

N—kp )\l—sinh(Q,u) k )\sinh2(u) k?
(1) = cosh ()N kv (AZFEL) T (gt

k
T =2 g (M) (1.13)

where the g-Pochhammer symbol is defined by

n—1
(a;9)n = [[ (1 — ag’) (4.14)
§=0
and (a1, ag, - ;q)n stands for the product [];(a;; q)n (similarly the & notation means the

product of the corresponding terms with each sign).
In the A — 0 limit, we expect this result for the partition function to agree with that
in [39]. This is indeed verified in appendix A.

4.3 Partition function at different scalings of the chemical potential

In general, one should specify how u scales with N. We saw that for 0 # 1 € R independent
of N, the sum over k in the partition function naively diverges. In this subsection we
consider various scalings of u of the form

i

= <a (4.15)

0

with @ > 0 and i fixed. In this case the effect of the k? term is subleading and can
be ignored, and therefore there is no problem in evaluating the sum (up to subleading
corrections in N). In the following we consider several possibilities for .
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431 a=1/2

For @« = 1/2 we find that (in the expression below we have kept terms only up to or-

der O(N?))

_ o ™ df ; 28J cos 6
ZB.7) = e /2/ 49 (4. 220, ox [_e/\/Q
510 0 27 (s 1), vVi—q (4.16)

=" 2Z(, 1= 0)

where ¢ = e=** and Z(B, u = 0) is the partition function of the complex SYK model with
zero chemical potential.

432 a=1/4

There is another interesting scaling for the chemical potential in which v = 1/4. In this
case we find that the partition function takes the following form (again keeping terms only
up to order O(N?))

Z(B, 1) = exp (;;ﬂx/ﬁ - 112u4>

T df £2i0. 283J cos 0 A1,
></0 %<q,e ,q)ooexp [—f_q exp (2—2 \F/\)]

The main change is that the range of energies has changed, as can be seen from the

(4.17)

coefficient of 5 in the exponent (the extremal values of the energy are given at cos(f) = £1).
Note that for o > 1/4 the change in the range of the energies is subleading in N. The non-
trivial & dependent finite (N independent) change in the energies happens only for @ = 1/4.
Indeed, for a < 1/4 the energies are suppressed exponentially ~ exp (—# NPositive power),
The overall factor in front counts the effective number of states and will also appear in
correlation functions. It can therefore be normalized away.

5 Canonical partition function at fixed charges

In the previous section, we coupled the chemical potential to the U(1) charge operator (2.6).
The state |0), satisfying 1;|0) = 0 (note that it is not the ground state) has U(1) charge
—N/2. Then the states of charge n are v, - - -@in+N/2|0>, and the full range of charges of
states in the Hilbert space goes from —N/2 to N/2 with spacings of a unit charge. For
simplicity we take N to be even.
In this section we extract the canonical partition function in the fixed charge ensemble
by defining
2= e =X (5.1)

and projecting on the fixed charge sector

ook T ]
23 = 5 b 2 = X S [ [T ave o] 62
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where v is a closed contour encircling the origin. To be precise, in the convention used
here, the charge (corresponding to Q) is (—n).

Note that for an imaginary chemical potential, the sum over k converges. This is
because in the expression of the moments, the sign in front of the k2 term in the exponent
is now negative. With this issue solved, we can use the moment method to compute a finite
fixed charge partition function.

In the ensuing subsection we estimate the y-integral of the moments my(x) by a large
N saddle point.

5.1 Large NN evaluation

We will assume that the charges n scale as N¢ for some o > 0. Then, we can approximate
the x-integral of the moments my () using a saddle point

/ dX e—inxmk(x) :Jk/ dX e—inx-{—(N—kp) logcos(x/2)g(x)lc2

k
x/o %(Q(x),eﬂ“’;Q(x))oo (W) (5.3)

where we have defined the following functions

g(x) = exp (—;)\ sin <)2<>2> , f(x) =exp <;\e—i><> exp ()\ sin (§>2> ,

) (5.4)
X
q(x) = exp (—4)\ cos <2> ) .
The saddle point, for large n and N, is encoded in the term
Ck = exp {—inx + (N — kp) log cos ﬂ . (5.5)

We have kept the n dependence since we allow for n to increase with N as well (the most
we can have is n o< N).!! The saddle point is then given by

2in
= 2tan~ ! . :
X tan (N — kp) (5.6)

Plugging this back into (5.5), keeping k, A fixed, and p = VAN — oo, we obtain

2 N 4n? ANk 4n?
Cr = exp {— 2n tanh ! (;) 5 log (1 — ]\T7L2> + \/? log (1 — ]\7;2>

20> Ak +0(1”
N2 — 4n? VN1~
In addition, in (5.3) we have an explicit factor of

W 20 _ 20K < 1 >
g(x)" =exp [ (N —pE| Xp |~ N2 +0 ) (5.8)

1YWhen n is fixed, the pre-exponential terms are as important as exp(—iny), but then the saddle point

(5.7)

is trivially at x = 0.
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which was evaluated at the saddle point. We notice that the bothersome k? terms in

the last two expressions cancel exactly. At the saddle point, the function f(n) and the

parameter ¢(n), which are now functions of the charge, are

q(n) = exp <_4>‘\m2) ., f(n)=exp [; <1 - N;u_\fznz) )\] . (5.9)

Putting everything together, we have the following result for the integral in (5.3)

” : s 1 2n N An?
—iny I _ il T =
[ﬂ dx e mi(x) \/N T dnZ/N? exp l 2n arctanh (N) 5 log (1 e ) ]
™ df +2i0,
X /0 5 (a(n), = q(m)) _

2J cos(0) VAN 4n? A 4Nn g
X { T—qn) exp[ 5 log <1_N2) +2(1_N2—4n2>1} .
(5.10)

Since n is an integer going from —N/2 to N/2, we have that 4n?/N? < 1 which implies

that the log is well defined. More importantly, the expression for the integral is of the form

my = /d@p(@;n)E(G;n)k

from which we can read the range of energies and the full density of states of the model,

for each charge sector n separately.

A few comments are in order

1. The main observation is that the model has the g-Gaussian density of states as in
the Majorana SYK model, for each charge sector, but with a rescaled energy F, and
— more interestingly — a renormalized intersection weight ¢(n) that depends on the
charge density. We expect this to carry over to the computation of any correlation
function, as we will verify in sections 7 and 8. In particular, when n/N — +1/2
then g(n) — 0. This means that the model becomes more and more strongly coupled
and, at least in terms of the macroscopic density of states and correlation functions,
becomes more and more like the standard unitary or orthogonal RMT ensembles
(i.e., anything that can be computed using a single trace in the Hilbert space at time
scales that do not scale like N, or correspondingly, at the level of the analogue of free
probability theory).

In the gravity dual this should probably be interpreted as stronger and stronger
coupling in the bulk. This is to be expected since when the charge is large, the
electric flux backreacts more strongly on spacetime. Here we also see that when
chords intersect in the bulk the suppression factor (proportional to ¢(n) nominally)
becomes larger, until in the large charge limit ¢(n) — 0 and particles are not allowed
to cross.
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2. A second comment has to do with the range of energies in the charge n sector, which is

2J VAN An? A 4Nn
Fl<—— —1 11— — —(1— ——— 11
1Bl < 1—q(n)exp[ 2 0g< N2>+2( N2—4n2)1 (5-11)

which for n o« N shrinks exponentially fast with e~CVN_ The results here apply for
any scaling of the charges n ~ N® with 0 < o < 1. The case of a = 3/4 is special
because in this case the range of energies is finite. Defining a fixed r as

n

W =T, (512)

the range of the energies in the charge n ~ N3/* sector is

A2
B < 2277 oxp (~2r2VA) (5.13)

where g = e=*\.

3. Finally, the prefactor in (5.10) is easy to understand. Using the fact that

o %(q, et2i0, q)oo = 1, the total number of states in the charge n sector is (in the

N — oo limit) given by!?

2 1
" V2rN /1-4n2/N?

2 N 4n?
X exp [N log(2)—2n arctanh (;) 5 log (1 - A?g)] :

(5.14)

oN .
20 e gt
-

We know that the exact number of states of charge n (that is v, ---&in+N/2|O)) is

N, (5.15)
n+N/2) "’ '
using Stirling’s formula for N! and (N/2 4+ n)! in the large N limit, this binomial

given by

coefficient becomes the same as (5.14).

From eq. (5.10) (after inserting the factor of 2V that comes from restoring the nor-
malization of the trace) and eq. (5.2), we find that the partition function in the canonical
ensemble reads

Z2(8,9) = 2 ! exp lNQlog<1_29>+];flog< 4 )1

© V2N V1 — 402 1+20Q 1—-40?
™ d ,
X /0 o (q(Q),eﬂw;q(Q))oo (5.16)
2BJcosO 9 2\P/2 200
Xexp{‘l_q@e/ (1-127) p<1_4g)}

12 Assuming no particular degeneracy of states at £ = 0. Also, we have restored the total number of
states 2%V which was implicit because of our normalization tr 1 = 1.
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where (using the definition (2.7))
n 4N
Q=-. Q) =exp (—1_492) : (5.17)

The range of charges —N/2 < n < N/2 translates to —1/2 < Q < 1/2, which is the
convention of [39].

5.2 Fixed charge canonical ensemble in the limit A — 0

Our interest in this section is the limit A — 0 at a fixed Q of (5.16). This limit was
computed in [34] (see eq. (4.13) there) where we should substitute instead of A\ there the

value \ = %. We find that the free energy F'(T, Q) = —T log Z(T, Q) has the following
low temperature expansion in the A — 0 limit

F(T,Q) = \Jﬂ (1-40%)%"

1-20\ 1 4 w2 5 )
(5.18)

We can compare this result with the findings of [39]. The canonical free energy of the
complex SYK model has a low temperature expansion (2.9). We find from (5.18) that

Eo(Q) = —\% (1- 4Q2)% : (5.19)
S(Q)zN[Qlog(iI_;g)—i—;log (1—44Q2ﬂ —;%\(1—4Q2) . (5.20)

These agree with (2.10) and (2.11). Thus, the large p limit of the model (appendix C
of [39]) is indeed reproduced by A — 0.

6 U(M) symmetric SYK model

In this section we consider a generalization of the U(1) model discussed in the previous
sections to a model with U(M) global symmetry. We will find that the basic machinery
developed for solving the U(1) model generally carries over to this case as well, with some
differences pointed out below. In this section we outline the calculation of the partition
function of the U(M) SYK model in the double scaling regime and relegate the details to
appendix B.

Consider complex fermions with two kinds of indices o ,¥". The index i ranges
from 1 to N, and the index « is a U(M) flavor index that ranges from 1 to M. These
fermions transform in the (anti) fundamental representation of U(M), and satisfy the anti-
commutation relation

{ia, w77} = 20]87. (6.1)
Here we consider an SYK-like Hamiltonian which is invariant under a global U(M)
Symmetry

Z JJZII;Z 1/_]2';004;7 e qzzilalelal T qupap’ (62)
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where an unconstrained summation over all upper and lower indices is to be understood.
This model appears also in, e.g., [47, 48]. For Hermiticity of the Hamiltonian we demand
that (J;ll:::;p )* = J/'777 The Hamiltonian is, therefore, just a product of SU(N) currents
P 1p
with random coefficients.
Depending on symmetry properties of the tensor J, the model has many variants. A-

priori, the only symmetry property of the tensor J;llji

is invariance under exchange of
pairs (im, jm) <> (in,Jn), so that exchanging separately say i,, <> i, does not produce the
same interaction term. However, for simplicity, we will consider a single coupling for every
set of sites i1 < --- <4y and j; < --- < jp. Other variants can be treated using a similar

set of tools, and the results slightly differ. Concretely, the Hamiltonian that we consider is

o i1ty T n o inCe
H = Z le"'jp wipozp e ¢i1a1¢h b '¢Jp Py (63)
1<i1 < <ip<N
1<j1<<jp<N
where an unconstrained summation over the upper and lower flavor index « is to be un-
derstood. Correspondingly, we assume that the variance of the random coupling J is:

-2
i1-ip pi1ed o (N
(T diin = JPM P(p) . (6.4)

Our goal in this section is to calculate the ensemble averaged partition function
M
Z(B,p) = (trexp (—BH -y an“>>J (6.5)
a=1

in the limit of large N but finite M and finite A = p?/N. In the above equation, Q%,

defined as
1M, o
Q" = 53 ($iat™ — ¥ %) | (6.6)
i=1
are generators of the Cartan subalgebra in U(M).
As in the U(1) model, we calculate (6.5) by expanding out in moments

my () = (tr H*e™ 2a Ha Q% o (6.7)

Note that as before, we are not expanding the chemical potential terms. Averaging over
the disorder pairs up the Hamiltonians, thereby giving rise to a sum over unoriented chord
diagrams (such as the one in figure 1). Each unoriented chord (which we refer to as an
H-chord) represents a contraction of the site indices across a pair of Hamiltonians. Since
the structure of the site indices of the U(M) Hamiltonian (6.3) is the same as the U(1)
Hamiltonian (2.2), it follows from section 3.2 that each H-chord can be decomposed into
two oriented chords. Now here comes the first point of departure with respect to the
U(1) model. Consider an oriented chord and the associated chord of opposite orientation,
which together constitute the unoriented H chord. Each oriented chord is associated with
a multi-site index; however, there are two different flavor indices on its ends, because
the flavor indices are contracted separately between the two oriented chords at each end
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(associated to an Hamiltonian insertion). This implies that we cannot consider oriented
chords separately, but rather we have to simultaneously consider the pairs of oriented
chords, that is the unoriented chords, as the basic objects. Therefore, the chord diagram
rules are not given in terms of a value assigned to every oriented chord and pairs of oriented
chords, as was done in figure 4, but rather in terms of unoriented chords and pairs of those
(see for example figure 13). As before, it is enough to consider at most pairs of chords in
the large N limit.

The rules obtained for unoriented chords of the U(M) model in the presence of a
chemical potential are as follows (they are worked out in appendix B)

1. For every H-chord there is a factor of

N M e 2a
exp (A(M)2 aZ::l (Cosh,ua)4> . (6.8)

2. For every pair of H-chords that do not intersect, there is a factor of

an Y )
exp (A(,U)Q ;(tanh e - Sechiig,) > . (6.9)

3. For every pair of H-chords that intersect, there is a factor of

w3

. 6.10
(cosh piq) ) ( )

In the above formulas, A(u) is the following function of

Z (6.11)

— (cosh ,ua)

With these rules, it is now straightforward to write down the generic moment which is
found to be

M M —2 a
() =7 T [(cosh )] (Alua) /2072 exp ( DI )
a=1 a=1

(cosh pia)*
k/2\ axn Y Akp A
X exp 5 ) Az Z (tanh 1o - sechygy)? Z exp < () > . (6.12)

In the above expression, the sum in the second line is over all unoriented chord diagrams

(as in figure 1) with k/2 H-chords. As a consistency check, setting M = 1 reproduces the
result of the U(1) model (4.10).
For general M with no chemical potentials, (6.12) becomes

. kX dkg
k H
my = J" exp ( ) E exp (— ) . (6.13)
2M 5 M
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This takes the same form as in Majorana SYK, where the effective ¢ in this model is

4p2
= — . .14
7=exp < MN) (6.14)

The factor of M N in the denominator corresponds to the total number of fermions in

the system.

7 Two-point function

In this section we will compute two point functions in the complex SYK model, and the
first issue is to discuss what are the natural operators in the theory. We will be interested
in operators of the form

_ AOVE I in i g
M = Z (J - P P A1¢]ﬁM Vi,
1<i1 < <ipp <N P
1<j1<<jpp SN

=3 (0); v

I

(7.1)

The coefficients (JM ))fl are again taken to be random Gaussian variables with variance

N\ /NN
M\ M)\ * _ 72
(70 (7)) >JM—JM(pM) (m) 11,011, - (72)

These coefficients are uncorrelated with the random coefficients J I]/ in the Hamiltonian.

Given an operator M, we have denoted by pjs the number of ¢’s in the operator, and
by par the number of 1)’s. We will refer to the sum pys + pas as the “size” of the operator.
The difference pas — pas determines the charge. In this section, we will take the size of the
operator to be double scaled as well, or more precisely

pars P < VN, as N — oo . (7.3)

We will refer to such operators as double scaled random operators.

In section 8 we will compute 4-point functions of such operators and in section 9 we
will discuss “longer” operators. Before computing the two point function we turn to explain
why this is the right class of operators.

7.1 Why double scaled random operators?

The rationale for requiring random couplings was discussed in [34, 35]. Let us briefly review
the arguments there (and then somewhat rephrase them).

1. “Single trace” probes should be in the same statistical class as the energy momentum
tensor.

Consider an AdS black hole, which we think about as some core set of degrees of
freedom governed by a suitable random Hamiltonian. Note that an AdSs might

— 95—



appear as an IR of an altogether different UV theory, and the degrees of freedom with
which we describe the black hole may or may not be simply related to the degrees
of freedom of that UV theory. We then probe the black hole using the available
bulk probes, such as single trace operators or their analogues. The Hamiltonian in
quantum mechanics, or the local energy-momentum tensor in higher dimensions, is
one such operator. Probing with the full Hamiltonian does not provide any more
information beyond the partition function, but the local energy momentum operator
does (if the theory is higher dimensional). Since the full Hamiltonian is a random
operator when acting on a suitable set of degrees of freedom describing the BH, we
can expect that the local energy momentum operator will also be effectively described
by some random (local) operator acting on these d.o.fs.

But the local energy-momentum tensor is just one operator in a tower of single trace
operators with which we can probe the system. In A/ = 4 SYM we can use its primary
tr(X?) to probe the black hole, or we can just as well use any other of the tr(X™)
operators. If the former is a random operator on the states of the black hole, we
can expect that all single trace operators would be random operators. If we have
some idea about the statistical ensemble of the Hamiltonian, we can expect that the
ensemble for all the other single trace operators will be of a similar nature. This
lands us on the proposal for the observables above, after we allow for a more general
charge and mass.

. Universality of the observables

It is important to note that there is actually a large number of models with different
microscopic details, yet with a double scaling limit which reduces to the same set of
chord partition functions (for example, the model originally discussed in [33]). This
is consistent with expectations from gravity, where, if one is interested in the AdSs
part of space-time, one glues it to an external region in order to break conformal
invariance. There is a broad range of possibilities for such different UV spaces (one
usually thinks about it in the other direction — AdSs appears as the IR near horizon
limit of many different backgrounds). The probes which are legitimate in the entire
theory are really defined on the boundary of spacetime, i.e., the boundary of the UV
region, which is not strict AdSy physics. Different random microscopic models, or
different embeddings of AdSs in bigger spaces, come with an altogether different set
of particles and hence observables. So on top of the Hamiltonian we are actually
instructed to be able to define a large set of observables (1) which are independent of
the microscopics of the AdSs model, (2) for which we freely specify quantum numbers
such as mass and spin, and (3) which obey factorization of correlation functions. Our
class of random operators is precisely like that.

7.1.1 Double scaled random operators as consistent truncations

We can also phrase this choice of operators in the language of consistent truncations. By

a consistent truncation one means truncating the set of fields of GR/String theory to a

smaller set of fields, setting all the others to zero. We require that the fields that we kept
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close under the equations of motion. I.e., none of the fields that we have set to zero will
have a tadpole for any configuration of the fields that we kept (at least for those that satisfy
the equations of motion).

Suppose we are given a random Hamiltonian and as many as we want (but finite)
number of random operators of any length, all with random coefficients. We will refer to
these operators as the basic set of operators. Suppose we consider any additional operator,
with random coefficients (with zero mean) which are drawn independently of any of the
coefficients in the basic set. It is obvious then that the 1-point function of the additional
operator is zero, in any trace which contains as many insertions of the Hamiltonian and
basic set operators as we want. So in any correlator of operators from the basic set we will
not excite any quanta of any independent random operator outside the basic set, which
is just the statement that independent random operators can be consistently truncated.
Going back to the picture above that different realizations come with different particles
(observables), we can just refer to them as different consistent truncations of a richer theory.

7.2 Two-point function in a fixed chemical potential
The two point function that we will be interested in is
1

Z(B,n)
T, specifies the 7 ordering of the product and K, defined in (2.17), is the sum of the
Hamiltonian and the fermion number operator. The notation (- --) s, stands for the average

G(r) = — (Tr [ PKT, (™8 Me=™ M) [) 1.0, - (7.4)

over the random operators and (---)j 7, for the average over the ensemble of both the
Hamiltonian and operator couplings.

The calculation of the two-point function proceeds by calculating the moments as
follows. Define the moments

2rp(pm —p v al
My ks (,U) = exp <W> <trMHk1MHk2 exp l—g Z 1/}“ ] JJu - (7.5)
Then the 2-point function for 7 > 0 is

LR -
_Z(ﬁ, )k1%=0 ka! ko! M ks (1) (7.6)

G(r)2°

and for 7 < 0 we just take the result for (7.6), plug 7 — —7, exchange py; <> py, and
multiply by (—1)PM TPy,

Performing the average over the disorder, the moments become (we denote k = k1 +
k2 below)

(trM H™ M H*2 exp

N
%Z Y1 ] JJn

() () ()

N
X Z Ztr [wITEJ P bt Ty exp [—g ZW)M/J ]H

LIy, IJ
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Figure 7. A diagram contributing to the moments of the 2-point function with k£ = 6, and the
corresponding unoriented diagram.

This time, in addition to the H-chords that comprise a pair of oriented chords with
opposite orientation, there are also two oriented chords representing the I index and J
index contractions of the external operators; we distinguish them by drawing those as
dashed chords (see figure 7 for an example). Note the two dashed chords correspond to
index sets of different sizes in general. Nevertheless, we can just as well assign a (dashed)
unoriented chord, to be referred to as an M-chord, corresponding to this pair of oriented
operator chords.

The sum over the index sets I, J, I1, - - - , I, with the binomial coefficients and the trace
in (7.7) (in the presence of a chemical potential) was evaluated in general in section 4.2, with
the resulting rules for a given chord diagram shown in figure 4. Once again, at large IV, there
are no minus signs since each oriented dashed chord (just as the solid chords) intersects
an even number of oriented solid chords. For the 2-point function, if all I, J, Iy, -, I}
are distinct then the trace equals (e)PM PM cogh ()N ~FP~PM~PM  (corresponding to the
contributions from figures 4g—4i). The full answer is obtained by multiplying this by the
value assigned to every pair of oriented chords according to figure 4. All that remains
is to read the number of pairs of oriented chords of each sort from the number of total
unoriented chords (H-chords and the dashed M-chord) and the intersections of them. We
denote again by ky the number of intersections of H-chords, and by kpas the number of
intersections of the M-chord with H-chords. This is done in appendix C. Putting all the
ingredients there together, we obtain for the moments

Mk (1) = JJ%/[Jke“(lﬂTT)(pM—ﬁM) (cosh(p))N—kP=pa—Par.

2 1.2
X exp {]]9\7 [Z sinh(p)? — g (sinh(2u) — 1)]

k
N + Ko

ppy |, 1— e 1—e 2
— k1
2 2

(7.8)

N + ko

2 2

oM l 1—e 20 1—e2n
_ k1
N

+ PMPM 62”}
P’ 2 p(par + Par) 2
X Z exp ¢ —4kpg— cosh(u)® — 26gpy——-——= cosh(u)” ¢ .
N N
CcD
7.3 Two-point function in a fixed charge sector

In this subsection we compute the 2-point function in the model, where the external states
in the trace have a given fized charge (—n). In order to do that, we change the time
evolution of the operators in the previous subsection from K to the usual Hamiltonian
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H, and keep K only in the overall exponential inside the trace. That is, we start with

tr {e_BKeTHMe_THM] and perform the same projection to a fixed charge as in the partition

function. This results simply in the omission of the exp [27u(py — par)/f] term in (7.5).
As done for the partition function, in order to perform fixed charge projection we first

change variables 2y = iy, which results in'3

. N
My ko (X) = <trMHkl MH* exp [_4 § [1/11, 7/12]‘| >J7JM
i=1

— J]QkaeiX(P]W—Z_’]M)/Q (COS(X/Q))N—kP—PM—ﬁM )

2 2 2
X exp {]]9\7 [—l; sin <>2<> - g (isin(x) — 1)]

1 — X 1 — e—ix (7.9)
- pé’VM lkl 26 + ko 26 ]
D 1 — e~ X 1 — X DAf s
- p];VM lkl 26 + ko 26 1 + pM]\];M e’X}
2 —
X Zexp —4/@Hp— cos(x/2)% — QHHMM cos(x/2)% ¢ .
5 N N

As before we calculate [ dx e "X myg, x,(x) (where n is an integer assuming N is even) via
a saddle point approximation, along the lines of section 5.1. The terms in the exponent
that scale with a positive power of N are

exp {z’nx + z%(pM —pum) + (N — kp — pyr — par) log cos ;] : (7.10)

This has a saddle point (at least for non-finite n) at

) —2n X
:Qitanh_1< (P — par) — 2 )EQitanh_l( _ ) 7.11
X N —kp—pyv —Pm N —kp—pm —pPm (7.11)

where X is defined to be

X:pM—ﬁM—Qn . (712)

Plugging the saddle point expression (7.11) for x back in (7.10) gives

1 _ X?
exp l— §(N—kp—pM — D) log <1 BNy r— —pM)2>

X
—Xtanh_l( — >
N —kp —py — Py 1

1 X? X 1+ X/N 1 X?

NX?
“avoxz© tOW 63)] ’

13Note that we denote these moments by mg, r, as well, but this is distinguished from the definition
in (7.5) by the omission of the first exponential factor; this is implied in the notation by the argument
being x.
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where we have expanded in small € defined as

€= W (7.14)
and the correction go at most as O (ﬁ) (here and below).
There is also the term in mg, x,(x)
21.2 21.2 2
poE” 2| _ Pk X -1/2
exp{ SN sin(y/2) } = exp [ SN NZ %2 +O(N"/9)| . (7.15)

The 2-point function at a fixed charge sector must be finite when we sum over k (as the
2-point function itself is finite). Indeed, the k? terms in (7.13) and (7.15) cancel exactly.

Completing the saddle point calculation with the second derivative term, and perform-
ing some simplifications, we find

1 —in
g/dxe kal,kz(X)
k
T3y (Jer*/@N) 1 x2\ X. /14 X/N
2 M< ) exp[—(N—i—l)log(l—)—log(—'_/)

27N 2 NZ) 2 1—- X/N

1 X? X2/N?2 1
—(k pp)log [1— 5 | — " — par )42k p
+ 5 (kp+par+pu) 0g< N2> 3(1—X2/N?) v ((Par + Paa)"+2kp(par +par))

kp*>  X/N pmpm (N —X POM X X
+ - - ky +
N+ X N

k
N1-Xx2/N2" N N-X"'""N+x"™

pPPM X X
- k k
TN ( Nrx TN —x 2”

-1 4p? 2p(pyr + P
X Zexp [ X2/N2 <N/€H + (]‘J]\TJM)KIHM . (716)

With the following definition

4p? 1 N 2 p 1
q(n) = exp [—161_4”2/]\,2] , G(n) =exp [— p(pMN+ Pur) T 4n2/N2] (7.17)

the sum over chord diagrams is the same as in the 2-point function analysis in [34, 35],
giving for the moments in the fixed charge sector

1 —inx _ 2J2 M " de] 6.
7 /dX€ My ko (X) = 2;\/[]\765 /0 jl_II,Q |:27T (q(n),eﬁ 0 7q(n)>oo:|
(3(n)% q(n))
(@(n)el*n£02);g(n))

y <2J6P2/(2N) cos 01 eA+Bl> k1 <2J6p2/(2N) cos 0y eA+BQ> ko
1—q(n) 1—g(n) 7

(7.18)
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where the quantities Sy, A, By, By are defined as follows

1 X? X 1+ X/N
Sy=—=(N+1)log [1— = ) — S log [ =L .19
M 2( + )og( N2> 2 Og(l—X/N) (719
1 X2 4n? (par +pum)® | pubum (N +2n
1 pa)log [1— 2 ) —
+2(pM + Pmr) 0g< Ng) 2 (N2 — 4n?) N + N (N—Qn) ’
p X2\ plpm +pu)  4n® p’_ 2N
A=Lrog(1-%5) - - 2
2 Og( N2> N N —4an? NN?—dn?’ (7:20)

oM 2n oM 2n
B — _ 7.21
'""N N—2n N N+2n’ (7.21)
_ppm 2n ppm 2n

. .22
NN+2n+NN—2n (722)

From the expression for the moments (7.18) we obtain the result for the 2-point function of

By =

operators of size ~ O(N'/2) in a charge (—n) sector (keeping terms to the order in which
we are working)

(tve PH M (r) M (0)) )

208 sy [T db; 0. (G(n)*q(n))
— 2;‘4]\768 i jl‘llg [2; (q(n),ei297 (n))oo] (@(n)eiEnEe), g(n)) _ (7.23)

2 2
X exp (_2J7'ep /(2N) 00591€A+Bl _2J(B—T)eP /(2N) 005926A+B2> .
1—¢q(n) 1—gq(n)

Normalizing (7.23) by the partition function gives the result for the two-point function

for 7 > 0 (the analog of (7.4) for fixed charge). For 7 < 0 we need the expression for
(tre=PH M (0) M (T))S_JTB (multiplied by (—1) for a fermionic operator M) which is obtained
from (7.23) by the replacement pys <> pps and 7 — —7 as mentioned above. In the following
subsection, we evaluate the integrals in (7.23) in the conformal regime.

7.3.1 Conformal limit

The expression (7.23) is the two-point function of the operator M in a fixed charge sector for
a generic value of p?/N. In this subsection we consider the p?/N — 0 limit corresponding
to the usual SYK within the conformal regime

2
S1—qm) > a@m), M) = 4};1 S (7.24)

N2

The conformal behavior of the two-point function takes the familiar form, and in this
subsection we will also obtain small corrections to it in the large /N limit. In this regime
we can calculate the spectral asymmetry factor and we will match it to known results.
Moreover, we will consider a different asymmetry measure of the two-point function and
find it in this theory.

In the real SYK case, the coupling Jass used in [5] is related to the J used in [35] by
JIus = VAT (as ¢ — 1). Since here J is always accompanied by an exp [p?/(2N)] factor,

we define
7 =\J1—q(n)Je”/CN) (7.25)
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This definition of _# depends on the charge, and is simply a convenient definition; it is not
meant to provide an alternative definition for the coupling in the complex SYK model.
The p?/N — 0 limit is described conveniently using the variables y related to 6 through
0; = m — A(n)y;. Under the parametrization
_ Pm +Pum
2p
when A(n) — 0 we have the following limits for the ¢g-Pochhammer symbols (as in [35])

D3 (aln): aln))3 oo
A(n) (q(27r)2’ a( ))‘X’/O dy 2y sinh(2my) , (7.27)

(@)% g(n)e . AP Tl £ iy +iys)
(G(n)e?F0£02); g(n)) o (q(n);q(n))3, ['(21)

In this limit, the expression for the two-point function becomes

l

q9=4q, ! ; (7.26)

™ df .
0 %(Q(n)aei2 G;Q(n))oo —

(7.28)

bt o) 208 sy (AP amiam)L)” Am?
<t M( )M(O»J,JM_\/%lN < 272 (C_[(n),Q(n))go

> . . Ll +iy; £
/0 dy1dys 4y1ye sinh(27y;) sinh(27y9) ( FZ(/21Z) v2) (7.29)

exp (220U vy | 2 (B 7)eosOu) v,
p( ) T (n) ' >

We evaluate the integrals following [10]; we parametrize y; = y2 + w, and we will see that

there will be a saddle point at large ys so that we will also use w < ys. Therefore we have
(tr e M()NL(0)' )

_ 20 e AP la(m)a(m) |

V27T N 47t

x /0 dyadew (2 + w2 exp(2m(y2 + w)) exp(2ryn)

Ll £i(y1 +y2))
T(2)

x I'(l + iw) exp {f\(/:) [T cos(Aya + Aw)ed B 4 (8 — 1) COS(Ay2)€A+B2:| } . (7.30)

If we assume that [ is an integer, then we get the following simplification

(2y2)2l_17r

_2F2) T 922l —7(2 . 31
Sinhﬂ_(yl_l_yQ) yQ ﬂ-exp( 7'('( y2+w)) (73 )

Tl £i(y1 +y2)) =
With this simplification we have
—BH Y (=n)
(tr 7P M (7)M(0)) ;. 5,
_ 203 oSu A(n)?3(g(n); q(n))3, /dygdw 221—2y§l+1M

V2T N 73 F(ZZ)
A
X exp {27ry2 + Tw + 2;{7; [T cos(Aya)eBt 4 (B — 7) cos(Aya)eP?
— wArsin(Ayp)ePt + - - } } (7.32)
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If 1 < ya < 1/A(n), then we can expand the cosine functions. There is a saddle point for
the yo integral in this regime. The yo dependent piece of the exponent is

2 7l By B2\ 2,2
2mys = =70 (rePt + (8= m)eP) A2y3j2+ - . (7.33)
The saddle point is at
T
5 = . 7.34
BT AN freP + (B 1)eP (v39
We look at the range
1< B I <1/, T 7 < 1/A (7.35)

(corresponding to low temperatures but not comparable to N) so that the conditions on ys
above are indeed satisfied. Doing the saddle point estimation for the y» integral together

with going to real time 7 = it and changing the integration variable w = «’ %’ we get14
(tr e P M (1) 3(0)) 1)
_ 208 5, AP Pa(m)sa(m) ( T )m/z
\/W 73 jeA)\ [iteBl + (B — it)eBQ]
Z/eA 2
22l—2 i+ By it B,
X exp[ )\( ) (Z e +(6 2)6 )+/6A)\[it €B1+(5—it)eB2]

F l:|:Z27T) wp . eB1—Bz
/ @D exp{2—zt1_g+geBlB2} . (7.36)

The last integral is the one obtained in [10] where the time is renormalized. In the limit of
low temperature we have ¢t < 3, so the last line becomes

(-1)'8 <ﬁ>2l1 (tl (7.37)

27 631_32)2l ’
and in total we find

(tr e 1M ()M (0)) )

_ 2R sy AP (a(n);a(m))S 1 203/2 5/
= 277TN 3 j)\IBGA+BQ 2

2 7et 2
X exp{ ;{n) [iteBl + (ﬁ - Z't)eB2} + /)\6‘4 [iteBl T (ﬁ — it)eB2]

x (=1)'6%

} (7.38)

(t Bi— B2)2l :

This result exhibits a conformal behavior, plus small corrections to the scaling form, coming
from the second line in (7.38).

HM8trictly speaking, requiring in addition that 8 J > 1/ A3 would guarantee that we can drop the
quartic and higher order terms in the expansion of cos(Ay2).

— 33 —



As explained in [39] and reviewed in (2.19), the spectral asymmetry factor can also
be obtained through the Green’s function of a single fundamental fermion in a confor-
mal regime

s {tr e PIMOM(0))5 1)

e“me = ~ Cn where ¢t > 0, for M a single fermion. (7.39)
(tr e=PHM(—t)M(0))} ;.

As mentioned above, G(t < 0) is obtained by exchanging pys <> py and t — —t.
Let us allow for the moment |n| to scale up to the maximal N/2, and remember that
PyMm ~ O(N 1 2).

Before concentrating on the conformal regime, let us consider a slightly different mea-
sure of asymmetry obtained from correlation functions. Specifically we take the same ratio
of correlation functions as in (7.39), with generic operators, but consider the ¢ — 0 limit
using the IR correlation function (7.38). This gives (note that Bily,, <5, = B2)

(tr e=PH M (1) 11(0)) )
(tr eBH 3 (—1) M (0)) )

— €Xp {SM - SM|pM<—>;5M + 4Z(B2 - Bl)

3
+ <21 + 2> ((A + B2)’pM<—>I5M —A- B2)

(7.40)
2B (A+Br _ J(A+B2)loyon
+ W (C —e PM pM)
2
T (ATB2) _ (A4 B2y ey } _
s ¢ ‘ )
To evaluate this carefully, we note that
p n?\ p An(py — pyr) — (pv — Pur)?
A+ By==1 1— — =1 1
L 2°g< N2>+2Og<+ N2 — 4n2
2np(p + py — D)
— . 7.41
N2 — 4n? (741)

There are several regimes, depending on the charge n:

1. For large charges, by which we mean n ~ O(N®) with o > 3/4, we have that
eAtB2 5 0 strongly,; however, the e~ (A+52) terms diverge strongly with N.

2. Otherwise, for moderate charges, by which we mean n ~ O(N?) with « < 3/4, the
term eA52 is finite, but then eATB2 — (A B2)lorory ~ o(1/N), and the same holds
for the e~ (A+52) terms.

Therefore, we are left with (up to O (N -1/ 2) corrections)

(tr e_BHM(t)M(O))((]_‘}E l N +2n 4n 9 9
= 5 — exp | (pm — pum)log ( > - (par — Pr)
(tr e=PH M (—£) M (0)) ) N—2n) N2_4pzPM T PM

2
T o (A+B2) _ e(A+Bz)|pMHpM)] _
n

i
(7.42)
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In order to understand this behavior we note the following. If we concentrate on
the scaling n ~ O(N?3/*), the successive k’th moments are reliable, since there are no k
dependent terms that grow or decay with N. Moreover, there are pieces that go as N~/4

which can be trusted since we only dropped terms that scale as N—1/2 (as p, py, and

Therefore, we now concentrate on moderate charges.

py are of this size) in our approximations in analyzing the large N double-scaled limit.
This leads us to the following asymmetry measure
N+2n

— exp {(pM —Pm) [109; (N—2n) ~ N 4_n4ng (prr+Dur) } :

(7.43)

(tr P M ()N (0)) )
(tr e=5H 1 (—t)M(0)) 1)

The argument of the exponent is proportional to the charge of the operator (pyr — par).
While in a conformal regime this is the only dependence on the operator [39, 40], here we
also get a dependence on the dimension (or size) of the operator (pas + par).

Finally, we go back to the definition in (7.39). As mentioned, the second line in (7.38)
has a time dependence that gives a correction to the scaling behavior. While we will
see below that these time dependent terms should be present in the correlation function
physically, for N — oo they go to zero (for any charge n) and we obtain a conformal
behavior. Extrapolating to the case of a 2-point function of a single fermion py; = 1,

Py = 0, we have (at the order that we can trust for moderate charges)!®

e L 142N 1 1-20
~ —log —— = — 10 .
or 81 _2n/N 27 1420

(7.44)

This is the leading contribution for large p of the result (2.14) that was found in [39].

7.3.2 Verifying the time dependent terms

One may be puzzled about the result (7.38) not taking a simple conformal form, because
of the appearance of the second line in this formula. (Recall that this result includes
contributions subleading in N.) In this short subsection we perform a simple check showing
that this time dependence must be there.

If we have external states of charge (—n), then (tr e_BHM(t)M(O»L({]JLV)[ will contain
contributions of the form exp [it(E, — F,,)] from intermediate states, where the charge
corresponding to the intermediate states with energy E,, is pas — pyr — n (while that of
E, is (—m)). We found that the range of energies at a given charge is given by (5.11)
(being most reliable for charges that scale as N 3/4. however we even allow here the general
case n ~ O(N) so that it will imply the other scalings). Since we are at low temperature,
the dominant contributions from states of energies E,, and E,, will come from the lowest
energies at the given charges. Therefore the difference between the lowest energies from

!5 As before, the time independent part in the second line of (7.38) does not contribute to the ratio as
N — oo.

— 35 —



the range (5.11) at these charges is given by

7(En,min - Em,min)

P 4n? 2np? Inp(pyp — p _
- l2 o (1 - > TNT a2 T ou Z 2 | o(N?) (7.45)

N2 N2 — 4n?
P | 1 4n? 2np?
—exp |z 1o - — |-
Pl N2 )~ N a2
We should compare this energy difference to the coefficient of (it) in the exponent in
the second line of (7.38) (being the dominant time behavior at low temperature) which is

% <6A+B1 - 6A+BQ)

A(n)
27 p 4n? 2np* dnp(pm — Pm) ~1/2
2] D 4n2 an2 -1/2

= En,min - Em,min-

We see that it matches exactly with the energy differences. This verifies that this expo-
nential dependence on t in the correlator (which goes to zero as N~1/% for n ~ O(N3/4))
must indeed be there.

8 Four-point function

8.1 Four-point function of neutral operators

In section 7 we considered the random operator M, and we can just as easily allow several
such operators (as in [35]). In doing this, we introduce a flavor index A and consider the
operators

My=>" (JE‘M))j ey (8.1)

IV

having independent Gaussian random couplings

N\ NN
(MNG ((7DVBNY o
<<JA )Il ((‘]B )Ii) Vv = 5ABJMA (pMA) (ﬁMA> 61112511@ . (8:2)

In this section we calculate the 4-point function of neutral operators in the presence
of a chemical potential (and then mention fixed charge sectors). Taking two flavors of
operators My, Mo, there are two channels that we can consider, namely (M; My MaMs) and
(M1 MMy Ms) (in this schematic notation we omit the time dependence, and by expecta-
tion value mean disorder averaged and thermal expectation value). The 4-point function
of an operator from one flavor will decompose into these channels. The latter channel,
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Figure 8. An example of a chord diagram contributing to the crossed 4-point function. On the
left is the oriented chord diagram, and on the right is the corresponding unoriented chord diagram.

referred to as the crossed one, is the one encoding the quantum Lyapunov exponent and
we concentrate on it.

As we are restricting to neutral operators we have pyr1 = par1 and paro = pase. As
before, the crossed 4-point function is determined by the moments, which are given by

mk1,k2,k3,k4 = <tI‘ {MlHklMQHkQMlHk3M2Hk46_2NQ]>J’JM

—k —2 P
k2 72 N N N
#ainin S (5) () o)
X Y, >, {(1?11/7J)15111/112'(¢1/1;J')"'(¢J1/_11)"'(1/1‘]/151/)---6_2’@}.

Iy, I I7J7I/7']l
(8.3)

The moments reduce to a sum over chord diagrams (abbreviated CD in the equation). We
mark the pair of M; operators and connect them by a dashed chord (as before, it is a single
chord in the unoriented case), and similarly for the pair Ms. These two dashed chords cross
in this channel. In the sum over chord diagrams we are instructed to sum over all possible
configurations of solid chords. See figure 8 for an example of a chord diagram.

The evaluation of these moments again follows from the rules of figure 4. In appendix C
we count the appearances of every rule of figure 4 according to the unoriented chord
diagram, where similarly to before we denote by kpy the number of intersections of H-
chords, K, the number of intersections between H and M; chords, and similarly for Ms.

Combining the ingredients in appendix C, we get

k2 12 N—kp—2ppr1—2
Miky kg kg b = Iy Iz (cosh ) pTepa bz

2 k2 k
X exp {]]?V {2 sinh(p)? — 3 (sinh(2p) — 1)} + p]‘?]yl 2k sinh(p)?

2 2
4
4 P}?i\[/m U sinh(,u)Q + P Q2 4 P2 o2h _ lepM2}

N N N
2
X Zexp { - 4cosh(u)2%/£H - 4cosh(u)2p];<\]ﬂ KHM1
CcD
— 4cosh(u)2m;<\;[2 :‘QHMQ}. (8.4)

In order to make sense of this (so that there is no problem from the k2 term as discussed
before), we can take for example p ~ O(N~*) and drop O(N~1/2) corrections, leaving us
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with

k 12 2 N—kp—2 -2
mk17k27k3,k4:*] JMIJMQ(COShN) pTepan T epar2

2k 2 2 A
X exp {p [1 — sinh(2u)] + 2L e2n 4 PA12 20 PM1PM2}

N 2 N N N
2 (8.5)
X Zexp { — 4cosh(u)2%HH — 4cosh(u)2p€<\;[1 KHM1
CD
_ 4COSh(M)2p€VmI€HM2}.

For many purposes we can ignore constants common to all the moments, as for example
they do not affect the Lyapunov exponent. This expression for the 4-point function is then
the same as in real SYK [35] (see eq. (2.11) there) with the replacements

2

1
Jreal SYK <+ J cosh(u) P exp ]])\7 3 (1-— sinh(2u))1

2
p
Greal SYK ¢ €XP | —47%5 cosh(p)?

(8.6)

(1 [ ppM1
qﬁeil syk < exp |—4 N COSh(M)Q}

P2 cosh(u)ﬂ '

-(2) i
Qreal SYK <7 €XP —4

Similarly to subsection 7.3, starting from (8.4) we can go to a fixed charge sector.
With the appropriate prefactor common to all the moments (that we do not quote), the
4-point function is the same as in the real double-scaled SYK (for the final expression for
the 4-point function see [35]), with the replacements (recall Q@ = —n/N)

P2t Q

ot +§10g (1 —4Q2)]

JrealSYKHJeXp IN N 1_4Q2

ST 1
Qreal SYK <7 €XD 4=

| N 1-49? (8.7)
(1 povm1 1
qua)ﬂ SYK 7 €XPp __4 N 1_ 4Q2}
(2) [ ppa2 1
Qreal SYK 7 €XP TN 1—4Q2} .

8.2 Lyapunov exponent

As before, we can make contact with the usual large N SYK (in which p is independent of
N) by taking the p?/N — 0 limit. In the double scaled SYK model with real fermions, it
was found that the chaos exponent has the following dependence on ¢ [34]

4nT?

A, = 27T — + - 8.8
Jreal SYKV — 108 Greal SYK (88)
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Plugging the relations (8.6) (in the regime of small p? /N the exponent in the expression
for Jieal syk can be set to 1), we find the following Lyapunov exponent
27T? (coshu)? | N

A = 27T — — + 8.9
L=en coshpy J p2+ (89)

This agrees with the result in [48] (after translating eq. (4.9) there to the conventions here).
Alternatively, from (8.7) and (8.8), one can read off the Lyapunov exponent in a fixed
charge Q

(8.10)

9 Heavy operators

In this section we discuss how to use heavy operators to disconnect spacetimes, and how
light enough particles can still go between them. More generally, given that we have good
control over double-scaled SYK models at any energy scale, we can provide precise answers
to questions that mix the UV and IR degrees of freedom in the theory. In such a setting
one excites the theory using a high energy operator, and then examines the response of the
low energy gravitational background. Generally, such operators might be singular objects
in the language of the IR degrees of freedom. These include, for example, singularities, the
‘end of the world brane’ (as in [49]) and processes that glue universes such as in [38]. But
with control over the full theory we can carry out “precision measurements” of such objects.

In this section we will discuss some exact results for the simplest of such objects
and study the behavior of massive operators, whose dimension (to the extent that it can
even be defined in the language of the low energy theory) is parametrically large, or even
infinite. Since for neutral operators, the canonical correlation functions in complex SYK
take the form of those in Majorana SYK, we will discuss this in the ordinary Majorana
SYK model [35], and relate it to [38].

The situation is therefore that we are interested in the Hamiltonian (1.1) consisting of
p fermions, and an additional operator

M = iPm/2 Z (J(M))

1<y <<ipy, <N

Xir Xy, (9.1)

1lp

with pps fermions, which satisfy

p=/AN/2, py = /AuN/2, XAy fixed, N — o0 (9.2)

and we use the definitions

-2

g=e,  qu=e VM, (9.3)

Note that the notations in this section, such as p and A, stand for quantities in the Majorana
SYK model and should be distinguished from those in previous sections. The similarity in
the analysis shows how different physical systems are described by a similar chord diagram
description.
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For a simple gravitational interpretation we then take A\, E — 0,6 but we still have
the freedom of what to do with Ays (or gas). Generally, since the scaling dimension of the
Hamiltonian is 1 in the IR, then the scaling dimension of an operator of length pj; will
be ~ pr/p = VAu/A. In the limit of A — 0 and py;/p fixed, the operator becomes a
conformal operator of dimension pys/p. Such an operator does not have a radical effect
on spacetime — it bends the trajectory of the “boundary particle” but in a controlled and
computable fashion. A more interesting set of questions happens when \j; is not taken to
zero at the same time as A, so qas does not go to one, but rather ¢;s is taken to be fixed.
In this case one ends up with an operator whose conformal dimension formally tends to
infinity, or more precisely, one cannot assign to it a conformal dimension.

Nevertheless, exact computations in the presence of such objects are just as straight-
forward. We will see that their effect, as seen within the low energy limit, is to split the
AdSs space into two spaces, touching at an interface, as argued in [38]. If A is taken to
be even larger, this interface can shrink to a point. We will also see that, even though that
point is singular (from the point of view of the low energy theory), one can compute how
correlation functions “go through it”. Hence, we can have a large amount of control over
the transmission through this space-time singular locus. In this limit, ¢j; simply controls
how many quanta of correlations go through the singularity.

The limit that we will be interested in here is thus

qg— 1, qpr fixed . (9.4)

It is rather intuitive to understand what happens in this limit. Recall the basic structure
of chord diagrams for the 2-point function, figure 9. The intersections of chords of the
Hamiltonian with the additional chord associated with the operator are assigned a weight
qy; where n is the number of Hamiltonian chords crossing the operator chord. In the
limit of ¢py — 0 the 2-point function splits into two independent regions consisting of
only Hamiltonian chords, i.e., spacetime splits into two. Finite g; therefore controls, in
a very simple way, how the two spaces are partially connected — in the limit ¢p; — 0
they disconnect and in the limit gp;y — 1 they connect (with M becoming a weakly coupled
particle on spacetime). In subsection 9.1 we make more precise the notion of these partially
connected spaces, and in subsection 9.2 we turn on probe operators in those spaces by
studying the 4-point function, which describes a particle going from one space to the other.

9.1 Disconnecting universes with massive operators
Consider first the basic formula of a 2-point function for Majorana SYK with coupling J

defined by (J? . ); = (g)_lj2 (with Jj,...;, the coefficients in (1.1)) as in [34, 35]'7

i1 ip

G(B, 1) :Z(lﬂ) 0” %%wwl)wwz) exp _\/ijiq ((8 —7)cosB; + T cosba) 05
(43r; D)oo '

(qrretE0E02); )

We can also take A fixed and E — 0.
'"This is what one obtains for neutral operators in complex SYK from (7.8) (up to an overall constant)
with ¢ = exp(f4p2/N), u =0, g = exp(—4pprm /N), and with J — Jexp(pz/(QN)).
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Figure 9. An example demonstrating the chord diagram structure of the 2-point function in
Majorana SYK.

where the measure factor w(f) is defined as usual as
w(0) = (¢, q)oc - (9.6)

We would like to evaluate this expression in the limit where A\, £ — 0 and qps fixed.
We first go to convenient low energy parameters y; defined by

02' =T — /\yi y (9.7)
to obtain (see eq. (5.12) in [35] for the limit of the measure)
1 (Xea)
73\ 2n2

where W (yj,y2) is a function of y1,ys given by

G(B,7) =

2
) (0315 @)oo /0 /0 dyrdy2 yry2 exp[W (y1,y2)] (9-8)

W = log(2sinh(27y1)) + log(2sinh(27ys)) + y(ﬁ —7)cos(Ay1) + QT cos(Ay2)

VA VA
- Z log [1 + q34* — 2qmq" cos(M(y1 + yz))} (9.9)
k=0
—) log [1 + a31a* — 2qumq" cos(A\(y1 — y2))} :
k=0

In the limit A — 0, we can further approximate the y; and yo integrals via a saddle
point approximation. The saddle point equations are

0= 8, W =2m coth(2my1) — 27 VA(B — 7) sin(\yy)

B i 22qarq" sin (\ (y1 + y2))
= 1+ aira® — 2qurq" cos (A (y1 + 42))

B i 22qn¢" sin (A (y1 — 2)) (9.10)
=01+ 43,02 = 2qugF cos (A (y1 — 12))

and a similar equation with (y; ¢ y2, 8 —7 — 7). We approximate each of the sums using
an integral, which is possible when A — 0, giving

(9.11)

i 2Xqarq" sin (A (y1 £ 12))

~ 2tan ! <
= 1+ q3,0% = 2qm6F cos (X (y1 £ 42))

gy sin (A (y1 £y2)) )
L—qumeos(A(y1 £y2))/)
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In a similar manner we can approximate

1.
(i) ~ exp (L) (912)
The saddle point equations become
2w coth(27y1) — 2T V(B — 7) sin( Ay )

o tan-] ( 2qps sin (Ay1) (cos (Ay2) — qar cos (Ay1)) ) _0.

q3; cos (2\y1) — 2qs cos (Ay1) cos (Ay2) + 1
(9.13)
o coth(27y2) — 27 VAT sin(Ayo)

~otan-! 2qps sin (Ay2) (cos (Ay1) — qar cos (Ay2)) B
- =
gy €os (2Ay2) — 2qar cos (Ayr) cos (Ay2) + 1

Restricting further to low energies 1 < y1, y2 < 1/ and denoting Jyrg = VAT, the
solution to the saddle point equations goes to

. T 1
Y1 =5
A Tus(B - 1) + PR 9.14
o 1 (9.14)
Yo =~ 2q
LA st + AL

(and we require that 1 < Jysf, JusT < 1/A for yi 2 to be in the right range).
We should plug the above saddle point expressions into the y; and yo integrals. To do

this we need to first expand cos(\y;) inside the log in the expression for W (y1,y2):'®
. . . JMS st . Jus
Wy, y2) = 2myt + 2my5 + B - (B—7)(Ai)* — DY T(Ay3)”
= = 2qmq"* \ \
—4 log (1 - Qqu) — Z 3 ((/\yl)2 + (/\192)2) +O(\y;)?
k=0 i—o (1 —anmg")
(9.15)
In the above we approximate the k£ sum with an integral and using (9.14) we get
- . . j s J s w2 JIMsS
W (yi,u3) = 2myf + 2mys + =576 — S5 (6 — 1) (i) — 5T (w)’
1 2(]M * * *\3
+ L) — 51 m ((Ayn + (3)) + O7)
* * *-7
= Y] +7TY; + MSB + ng(qM) (9.16)

Putting it all together, the result of the saddle point estimate of the y; integrals is

2
1 ([ X(gq)3, . . JMS

3/2
y <7r>3 1 1
A Tus(B—T) + 2L TusT + 2 '

—qM am

G(B,7) =

— B+ L12(QM) - )\L12(QM)>

18See the comment in footnote 14, with _¢# there replaced here by Jus.
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Similarly, the partition function is'?

_XNgad (o m NP (28Tus |
20 =57 (7)o (0 s (6.17)

where approximately
2

(¢;9)oo ~ exp (—6/\> : (9.18)

Together we have the final result

T 3/2
1 MS
G(B,7) =
Vin ((JMS(B 7)) (TassT + f%)
2 1 w2 1 m
[ L _ (9.19)
p[A Tus(B=7)+ 28 X Jus7 + 295 BIusA

4 1 . 2
+ XL12(C]M) - XL12(Q§/1) - 2)\]

We get that the un-normalized 2-point function G' = Z(8)G is just (up to a 8 and 7
independent constant) the product of thermal partition functions

5y
Al —qun

G(B,7) = exp (4Liz<qM> @)

A A ) Z(B1)Z(P2) (9.20)

with inverse temperatures

(9.21)
52 =T+ A(QM) )
where . 5
qm
A = — . 9.22
(anr) Tosl—an (9.22)

The effect of non-vanishing finite qp; # 1 is to increase the values of 51 and (B2 by the
same amount A(gps). This effect can also be seen in the standard SYK model by using
the saddle point equations (2.9) and (2.10) of [38]. In that paper the k; are our y; and the
shift in 7; is controlled by 1/¢, with ¢ being the scaling dimension of the operator whose
two-point function is under consideration. This is pictorially represented in figure 10. The
formulas, however, do not agree exactly in all the regimes of £/C in their language vs. qus
in our language.

9.1.1 Comments on the gy — 0 limit, or touching space-times

The limit gy — 0 corresponds to even heavier operators. In this limit, the distance
A(qpr) — 0. This means that the spaces only touch at a point. Otherwise, time evolution in

19This is obtained by taking just one integral in the computation above (the one with 8) and plugging
gv — 0. This also indeed agrees (up to a  independent prefactor) with eq. (4.13) in [34].
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Figure 10. Pictorial representation of the two-point function of a massive operator. The black
curves represent the thermal circle deformed by the presence of this heavy operator (indicated by
red dots). A(gp) represents the geodesic distance between the two insertion points.

each space in general proceeds on its own. More precisely, this is true for any probe operator
of fixed conformal dimension (but light enough particles can go between the two universes,
i.e. particles close to the BF bound in the AdS language). For finite mass operators, in
general, if we put several probe operators in the two spaces, we can consider two sets of
chord diagrams — the “within universes” diagrams where operators (and Hamiltonians)
are contracted within each part of the trace separately, and “between universes” diagrams
where operators (and Hamiltonians) are also contracted between the two parts of the trace.
In terms of figure 9 the first class of diagrams have chords that stay within region I or region
II, and the second class have chords going from I to II. The latter are suppressed by at
least ¢ps relative to the first. So for ga; — 0, the evolution of all operators happens within
each spacetime.

This can also be understood in terms of a putative convergence of operators in our
statistical class to the standard large N limit of [-ensemble random matrices. Recall
that [33] if one computes the moments of double scaled operators, then they converge
to those of the semi-circle when p/v/N — co. The operator M (recall that we are now
in the Majorana SYK model) is given by (9.1), and it has (p]XI) independent degrees of
freedom. For pys ~ N/2, it has the same order of magnitude of parameters as a full
random 2V/2 x 2N/2 Hermitian matrix, just written in a different basis of operators. In this
case its correlators satisfy planarity constraints and cannot intersect any other contractions
of matrices. In other words, long operators tend to act as S-ensembles random matrices,
and the latter split spacetime into fragments. We see that (at the level of macroscopic
observables computed in a single trace), the same is true even for much smaller operators

pur ~ AVN when A is large.

In the next subsection we will make the computation above more precise by inserting
an additional light operator on each side. We will see that we can compute the lead-
ing transmission through the zero size neck quite easily. In particular we will see which
operators make it between the universes easily and which get stuck at the singularity.
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9.2 Connecting universes

In this section we consider the 4-point function of two heavy operators Mj; and two light
operators My. From eq. (4.11) of [35] we have the expression for the crossed four-point
function as follows

<tr€_ﬁHML(7'1)MM<7—2)ML(7_3)MM(T4>>J7JJ\/I

x4 do; . 2
= CJML/O H {27:(61, 6jE2Z€j;q)oo} exp ( — ((72 — 73) cos(f)

j=1 vi—q
+ (71 — 1) cos(0s) + (75 — 74) cos(01) + (B — 71 + 74) cos(94))) (9.23)
y (2.¢%:q) (@373 @)oo
(qLei(i91i92)7 qLei(i93i04); q)oo (qui(iegieg); q)oo
0 n
dnm i0 i0
X Y ————Qn(cos O1|qreT?; q)Qn(cos Oulqre T ¢
nz:% (43 DG Dn n | n | )
where
qup = e VAL qp = e VML qu = e VM
2p° = AN, 203 = AN, 203 = AN (9.24)

and @, are the Al Salam-Chihara polynomials defined in terms of the basic hypergeometric
series ¢, through

ab; q)n . qet?
Qulcos(@)]a,brq) = LD, |4 a.al. (9.25)
a ab, 0
We now focus on the limit
A—=0, Ay —o00, Ay fixed large (9.26)

such that we go to a gravity regime (the limit on \) and we can arrange the connection
between the spaces in an expansion in gp;. We then also take the limit

AL =0, Ay =M%, fixed, not small, (9.27)

such that the new light field can go between the spaces without suppression.
When gps = 0 only the n = 0 term (which is one) survives in the last line of (9.23)
and the 4-point function factorizes into a product of two 2-point functions

(tre™ M My, (71) My (m2) My (73) My (7)) 5,0,

=quML /07T H {dejw(Gj)} exp (_2‘7(73 — ) Cosj%j(ﬁ — T3) cOS 92)

X (qLez 1i92);q)oo (928)
" do; } (—25(71 —1g)cosbs — 2T (B — 11 + 74) cos 94>
X —w(B;) p ex
[ I {GEeon e 20
(47 9) o
(que@0s£01); g)
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Figure 11. The effect of very heavy operators, shown in red, causing the 4-point function to
collapse. The light operators are shown in blue.

This result can be interpreted as follows. The presence of the massive operator Mj; for
which A\p; — oo such that gy — 0, creates a background where the thermal circle which
was of length 5 gets deformed into two osculating circles of lengths

pr=B8—-(rn—m), Po=72—T4, (9.29)

see figure 11. The light operator g7, then probes this background and measures the bound-
ary lengths 81 and (s of these two spaces. This is seen in the expression for the crossed
four-point function which factorizes into a product of two thermal two-point functions with
inverse temperatures $; and (s.

The main point, however, is that this correlator is finite even in the limit qp; —
0. In this limit, no Hamiltonian chords go from one space to the other so the two of
them gravitationally decouple. Nevertheless light states (corresponding to operators whose
dimension is close to zero, which is allowed in quantum mechanics), can go between the
spaces quite easily.
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A Grand potential in the A — 0 limit

In this section we will calculate the grand potential 2 = —T'log Z (7T, 1) in the A — 0 limit
and compare it to the large p result in [39]. We will work in the scaling p = ﬁ, and keep
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only terms up to O(N?). The partition function in this scaling was found in (4.17) and is
(recalling A = p?/N)

Z(B, i) = exp (N log(2) + %ff\/ﬁ - 112u4> :

do 120 [ 23J cos 0 ()\ 1 _o )]
i, _ Az \
></O o (.e ,q)ooeXP = (53 VA,

where q(u) = exp(—4)\ (coshu)Q) = exp [—4)\ + O(N*1/2)} so ¢ = e **. Note that we

reinstated a factor of 2V to the partition function, which was implicit before because of

(A1)

the normalization tr 1 = 1 that was used. We want to evaluate the 6 integral in the above
expression for which we use the methods developed in [34, 35]. The ¢ — 1 limit of the
measure factor can be simplified by change of variables § = 7w — 4\y

™ do , 6423(q; q)2,
/0 %(q, e ) oo — %/ dy 2ysinh(27y) . (A.2)
For notational convenience, let us define the quantity
A1
§ =exp ( — _2\5\) . (A.3)
2 2
Then, the #-integral in (A.1) becomes
64N3( 23.J cos (4
#/ dy 2ysinh(27y) exp (Wé) . (A.4)
Assuming \y < 1 we can expand the cosine in the above equation
64X (), (2678 8.Js
.z oXP (\/7> / dy yexp (27ry — =3 (4)\y) ) . (A.5)

The y-integral can then be approximated by a saddle point. We find the saddle point is at
y* = (mv/T—q)/(168J5A?) and the saddle-point estimate of the y-integral is

3/2
XN (2875 wVTq) (myVI=q / (46)
22 Ji—g " 167ox | \16870x02 ) '

The above expression is the ¢ — 1 limit of the expression in the second line of (A.1).

Combining with the terms from the first line and noting that (g;q)3, ~ exp (—72/(8)\)),
we obtain the following low temperature expansion of Q(T, i)

Q(T,,u)z—\%exp(—,u?\f+ ) (Nlog()—i— ,u2\ﬁ—,u>

2T 43
+7—Tlo (6 A>—3T1

0
) 52 5 og (&]5)\3/2) +O(TlogT) . (A.7)

We now compare this result to the large p result in [39], that was quoted in (2.12),
where v there can be expanded
2T AT?

-1— + =t A8
v WA (A-8)
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and J is defined in (2.13). With the scaling pu = ﬁ, we find that taking the large N
limit first and then doing the low temperature expansion gives

Q(T,ﬂ):—Jexp<—u \f) <Nlog() 2\F—>+2T+O< )

VA 12/ " 8\
(A.9)
We see that this indeed matches with (A.7) (up to smaller O(\°; log()\)) terms).
B Details of the U(M) model
Let us introduce the following notation
N
23 = ® g3 . (Bl)
i=1

A convenient matrix representation of the algebra (6.1) (which is a generalization of

eq. (3.8)) is

M-«
P = Tynan ® (04 @03 @+ @ 03) ® Q) T3
=1

M-«
1/)20‘:12N(a—1)®(12®U+®U3®'”®U3)® ® %
=1 (BQ)

"lea = 12]\7(@*1> ® (12®®12®U+) ® ® 23

where « is the U(M) fundamental index that runs from 1 to M. For ¢ we replace o — o_
in the above formulas. In this representation we have

o (35152 s - 6) ) = B[ (% eoua>®N

(B.3)

The normalized trace of this quantity is simply

Moo N o M
trexp <Z —f > (%’aiﬂm - ¢W¢ia>> = [ (cosh pa)™ . (B.4)
a=1 i=1

a=1
Next we proceed towards the calculation of the moments (6.7). Let I,.J,... be index
sets of cardinality p with indices arranged in ascending order. It is the set of site indices
iqg (a=1,2,--- p). Let A, B, ... be set of cardinality p. It contains the flavor indices a,
(a=1,2,-- ,p) Denote by 1/11,4 =TI p@DZa,% and by ¢4 = [[P_, ¢'%_ In this notation
the Hamiltonian is

M M
_ 11 “ip I 1o, IpQ
H = Z Z Z ]1 “Jp %a,,' '¢21o¢1¢g ""(/)Jp r,
a;=1 ap=1  1<i1<<ip<N
1<j1 < <jp<N (B.5)

= Jj drap’t .

1JA
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The quantity that we would like to evaluate is the following

—k
o N - - - / o7
JEM kp/2 < > E E tr (1/1111411/}]2141 T ¢13A211Z)I4A2 T ¢12A3¢11A1 coeTH@ )

p Iy, {A,A}

(B.6)
which contributes to the k’th moment of the partition function. The above object can
be represented as an oriented chord diagram, with chords of opposite orientation always
occurring in pairs. The chords have an orientation that points from ¥4 to 174:. They
represent contraction of the site indices.

Before we calculate these diagrams, let us first determine their sign. The analysis is
a straightforward extension of the U(1) analysis. First note that each chord is associated
with the sites index set I, but also with a pair of flavor index sets A, A’ in general. However,
we will see in the analysis below, that eventually we can restrict to A = A’, so that an
oriented chord can be associated with a pair of index sets I, A.2Y For oriented chords that
do not intersect, we do not get any minus signs. Consider a pair of oriented chords I A, JB
that intersect. For any (iq,aq) € A and (j, 5) € JB we get a minus sign whenever,
io + (g — 1)N < jp+ (Bp — 1)N, iqg + (g — 1)N > jp + (8 — 1)N and no sign when
ig+ (aq —1)N = jp+ (Bp — 1) N, where a, b range from 1 to p. The last equality is satisfied
only when i, = j, and a, = ;. Therefore for oriented chords I A, JB that intersect, we

get the following sign
P

(~1)7" I (= 1)%wnteess (B.7)
a,b=1
This is similar to the U(1) case where instead of p;; we have the intersection between the
index sets where (i, ) are considered as a single index. As a result, the sign in the partition
function will again be positive.

As in the U(1) model, the general strategy to evaluate (B.6) is to first assume that all
the site indices are mutually disjoint. In this case, for the trace to be non-zero, all the A’ in-
dex sets have to coincide with the corresponding A index sets. Every right going chord con-
tributes [[2_, etea / cosh puq, and every left going chord contributes [[2_; e #ea / cosh i, .
Since each right going chord is accompanied by a left going chord the net contribution from
a single (unoriented) H-chord is

M M p M

Yoo > T(coshpa,)? = AP, A(u) =D (coshpa) ™ . (B.8)
a1=1 ap=1a=1 a=1

Since there are k/2 such H-chords, we get for the case when the site index sets are mutually

disjoint?!

(cosh pie) ¥ A() 7/ (B.9)

—=

a=1

20Tn the analysis of the different situations we do, there are in fact cases where this does not happen,
such as the case where we need a further restriction on the index sets (overlaps beyond the contraction) in
the analysis of diagram 13(a), as well as the case a = b in diagram 13(g). However, these exceptions are
suppressed in large N and do not contribute anyway.

211f the site index sets have no overlap, then we get a factor of (—1)’72 from (B.7) for every intersection
of an oriented chord with another oriented chord. However, as in the case of the U(1) model, since each
intersecting H chords involve four oriented chord intersections, there are no factors of minus sign.
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Figure 12. Oriented chord configurations (plus the reversed orientation counterparts) that domi-
nate in the large N limit.

The next step is to correct this result for non-zero mutual intersection of the site indices
{I;}. In the large-N limit the intersections among the index sets occurs independently in
pairs with a Poisson distribution and contribution from triple and higher intersections are
subleading which can therefore be ignored. So at the level of chord diagrams, at large- N
the dominant contribution to a diagram comes from all possible pairs of oriented chords.
These configurations are shown in figure 12.

However, these configurations have a hanging flavor index at the nodes which are not
contracted. In a chord diagram, every oriented chord in figures 12 is accompanied with a
chord of opposite orientation and the flavor indices of these two chords are contracted sep-
arately at each node. Therefore we have to simultaneously consider the contribution to the
trace from four oriented chords for every pair of unoriented chords and two oriented chords
for every unoriented chord. The distinct pairs of unoriented chords and its corresponding
oriented version is shown in the figure 13.

Once we know the contribution of each of the configurations above, we then need to
know how many such configurations are there in a given chord diagram. In a chord diagram
with & insertions of the Hamiltonian and kg number of intersections of (unoriented) H-
chords, there are k/2 chords of type 13(g), a total of (%2) — kg chords of type 13(a)
and 13(b) combined and g number of type 13(c). In the ensuing subsections, we compute
the contribution from each kind of configuration above.

Diagram 13(a). The trace structure for this configuration is

oo (QEIIAWIQAI R B ER I PR RR DAV e e‘“TQT) :
{A1,47,42,45}
(B.10)
The four kind of site intersections that we look at are Iy N I3, I7 NIy, Is N I3, I N 4.
As explained earlier, we cannot look at these intersections independently. Because of the
flavor index contractions, I; N I3 is paired with I N Iy and I; N Iy is paired with Is N I3.
Let the number of intersections between I; and I; be p;;.

— 50 —



/\/\/\/7?\

/\/\/\ﬁﬁ
/\f\

Figure 13. Unoriented H-chord configurations (along with their orientated counterparts) that
dominate in the large N limit. Each of these configurations contribute independently to an unori-
ented chord diagram.

Consider fermions with site index i, € I1,J, € Io, k. € I3 and lg € I4. If p;; were zero
for all ¢, j that is I; N I; = () then the contribution to the trace from the fermions shown
above is calculated as follows. Consider a fermion in %y, ,, say ¥, and the fermion
with the same site index in /141 which is 1)%® . The product of the two will give a non-
vanishing contribution only when a, = «/, in which case the result is e #ea. Since this
holds for all a, the sum over A} collapses to A;. Let us now write the previous sum a little
more explicitly

> tr(H wzaaaHW’O‘bH%cac H¢Zdad‘(l—>kj—>la—>5) e ’”Q>

Q1,...,0p

(B.11)
Without the insertion of the fermions from the Hamiltonian, the result of the trace is
Hg/lzl(cosh o) as we deduced in the previous section. Now in the above trace, for every
Vi, and ¢ (in this particular order) a contribution of cosh i, is removed and instead
a factor of e #ea is multiplied to the result. Similarly for every i7e® and vj,4, (in this
particular order) a contribution of cosh y,, is removed and instead a factor of e« is
multiplied to the result. Since each of these cases appears equally, the net result of the

trace is
M M M p S Vi
H (cosh i)Y Z e Z H (cosh i, ) 2| = H (cosh i)Y A(p)?P (B.12)
a=1 a1=1 ap=1la=1 a=1

where we defined the quantity A in eq. (B.8).
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If p;; # 0 then modulo corrections due to intersection of the site indices, the previous
result will be modified to

M

H (cosh MQ)N.A(M)Q(”_ZW) : (B.13)

a=1
Next we calculate the correction to this result that comes from the intersection of the site
indices. First, we look at indices in I; N I3; say i, = ky. Without loss of generality we
set a =b =1 (if a # b, we can always permute the fermions around — the net sign is
always positive in any permutation because they are done in pairs — and relabel the flavor
and the site summation indices). Since these fermions carry a flavor index a we also write
below the accompanying fermion in the I and I index sets with the same flavor index but
generically different site index j; € I and [; € I4

Z tr ( e &i1a1wj1a1 T J}jla’lwila& T J}hﬁﬂylﬁl T ,(Z}llﬁilbilﬂi te G_MTQT) .
{a1,0,81,8;}
(B.14)

The summation over the flavor indices gives rise to three and only three distinct cases
(a1 = a}) # (B = B), (a1 = B) # (Br = o)) and (a1 = o} = B = Bf) for which the
trace is non-zero. For each case, the trace is easy to calculate. The basic rules are: (1) for
every pair ¥® and 1;_,, (in this particular order) there is a contribution of e#ea / cosh fiq,
(2) for every pair ¢;,4, and %% (in this particular order) there is a contribution of
e"Hea [ cosh g, (3) for every quadruple ¢ .. ;o ...p%% . 4 . there is a contribu-
tion of 2e#ea / cosh jia, and finally (4) for every quadruple 1;,q, - - - V%% - - 1)y g, - - - Pplae
there is a contribution of 2e™#ea / cosh p14,. With these rules, the result of the trace is

2 D

(a1=a))#(B1=0] (a1=p1)#(f1=c]

+y 2e T <( e S+ 5; (.--)> (B.15)

— cosh i \ (cosh piq)

1
) (cosh fiq, cosh pg, )2

9;
) (cosh fiq, cosh pg, )2

where by 0;, we mean that j; necessarily should intersect at least one of the other sets
(such as Iy, I3, I4). However, the probability of d; happening in fact goes to zero at large
N; there is a finite probability that a set of size p intersects another set of size p, but
imposing that a single site intersects a set of size of the order of p is already suppressed
(going as 1/4/N). Therefore we can ignore the d;, terms in the above expression.

Since the site index set I has distinct indices which are ordered, this procedure can
be repeated for every i, and kp in I; N I3 and the net correction factor to (B.12) due to
non-vanishing pi3 is C(u)P'3 (all the corrections here and below are with respect to (B.12))

1

1 2eHa
Clu) = + . (B.16)
A(p)? ((a1=a’1)27é:(ﬂ1:51) (cosh fiq, cosh pg,)? Xa: cosh ui)

Next, we look at indices in Is N I4. The calculation is identical to the previous case
and the net result is simply C(—p)P>.
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Finally, we look at the indices in I1 N Iy and Is N I3. Again the calculation is the
same as in the previous cases except that there is vanishing contribution from the case
a; = o) = 1 = B1. So let us define

1 1
> . (B.17)
Al)? ((ala'l)#(ﬁlﬁi) (cosh fiay cosh “51)2>

Then, the correction factors that we get from non-vanishing pe3 and py4 is DP14 P23 Doing

D(u) =

the sum over the p;;
00 -
)\pzj

e M #)Py = A #Y (B.18)
pi;j=0 Pij:

we get that the contribution coming from the diagram 13(a) is
exp [A(C(p) +C(=p) +2D(p) — 4)] - (B.19)
We can further simplify the expression

(C(n) +C(=p) +2D(n) — 4)

1 1 )
= +S —— ) -4
A(p)? (al_a/l)%;(ﬁ —a1) (cosh fia, cosh g, ) zo; (cosh f14,)?

1
( cosh fa)? Z (cosh ua)4>

)2 (B.20)

«

Diagram 13(b). The trace structure for this configuration is

oot (lzhAlwIQAl c A &1414/21/}1314’2 - '&12A3¢11A/1 e e_“TQT) :
{A1,A], A, AL}
(B.21)
The calculation of this trace is identical to that in the previous case and gives the same
result. Since the result from these two diagrams is the same we can conclude that for every

pair of the unoriented H chords that do not intersect we have a factor of

4\ 9
exp | —— » (tanh pgsechuqy)” | . (B.22)
(A(M)Q %: R
Diagram 13(c). The trace structure for this configuration is

"’ I A n I A - I A — T2 Al Q"
Z tr(q/)hAlq/)z 1...¢13A2¢4 2...¢[2A,1¢1 1"'¢14A'2¢3 2. uQ) '
{A1,4],A2,AL}
(B.23)

First of all we note that the net sign of this chord configuration is positive on account of the
fact that there are four oriented chord intersections. Again, if there are no intersections
(all p;; = 0), we get a factor of A%. For non-empty intersections we get A2(P=22pii)
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times corrections which is evaluated in the same manner as in the subsection B. The only
difference now is that for every index in an intersection (say i, = kj for example when
looking at indices in I; N I3), whenever all the associated flavor indices are the same (that
is aq = al, = B, = [;) we always get a zero no matter which pair of chord intersection we
are looking at. However, when flavor indices are not all equal we get a factor of DPi. Since
there are four such p;;’s after summing over the p;; variables we get a contribution of

exp(4A\(D —1)) . (B.24)
The factor of D — 1 can be simplified a bit

1 1

D-1=—- Z —1
A(p)? (a1=a’1);é(,8 —a1) (cosh piq, cosh ;1,51)2

- 1) Z (B.25)

(cosh ua)

Hence, we arrive at the rule that for every pair of unoriented H chords that intersect, we

M
exp( z:: Coshua) ) . (B.26)

Individual H-chord contribution: diagram 13(g). For individual chords, we have

have a factor of

the following trace structure:

>t (TZhA@Z)IQA A G_WQT) : (B.27)
LI, AA
If there are no intersections I1NIs = () (that is p12 = 0), we get a factor of AP. For I[1NI5 # (),
this factor receives corrections that we evaluate next. For simplicity, we first look at p1o = 1
in which we have i, = j; for some i, € I1 and jp € I>. Unlike the previous diagrams, there
are two distinct cases ¢ = b and a # b. For the diagrams we considered previously, the
case a # b is the same as a = b because we could relabel the various summation indices
freely for the reason that we were looking at those oriented chords intersections that do
not end in the same Hamiltonian. When we consider intersections between two oriented
chord intersections that end in the same Hamiltonian, we are constrained by the flavor
summation indices and the case a = b distinct from the case a # b. Below, we look at these
two cases in turn.
First, consider the case a = b. Without loss of generality say a = b = 1. The fermions
outside the intersection contribute A(u)P~!. For the remaining fermions we have

Z tr(- ..&ilalwilal ...@ilﬁlwlﬁl e—#rQT).
a161

For aq # 1 we get a contribution of e #*17#51 /(cosh 14, cosh pg, ) and for oy = 1 we get
2e7He1 [ cosh i, . Therefore for the case when a = b we have the result

n Z 2e Pay

o cosh piq,

e_,ual —HBy

APt >
a1#p1

B.28
cosh fiq, cosh ug, ( )
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Now consider the case a # b. Without loss of generality assume a = 1 and b = 2 that is
j2 = i1. Start by, considering the following fermions inside the trace

" " j ; n - N _ ”
Z tr(' e Wzazll)maﬂb”al@b“’” - 'wilaéwjla/lgb“alqpm% e e rQ ) )

! /
1,002,007 ,00,

From the above expression, to get a non-zero trace we see that the contracted 79 index
restricts ag = ) and the contracted j; index restricts a; = «of. When a1 # «ay the
contribution to the trace is (cosh ja,) 2(cosh pa,) 2 and when a; = a2 the contribution
to the trace is 2e7#e1 / (cosh jia,)*. Therefore for the case a # b we have the result

2e~Ho
AP~ (cosh pia,) " (cosh fra,) +Z SRS (B.29)
a1 as (cosh ,uoq)

As a check, we see that for M = 1 where there is no difference between the cases a = b
and a # b and therefore the two results give the same answer.

Next let us estimate how many cases are there like ¢ = b and a # b. Since a and b take
values 1,2,--- ,p, there are a total of p? pairs of which p are of a = b type and p(p — 1) are
of a # b type. This implies that the probability that a = bis 1/p and a # b is (p — 1)/p.
Therefore, for large p, cases like a # b are much more likely to occur than cases like a = b.

For generic pi9, since each site index sets have distinct indices, this procedure can be
repeated independently for every pair ({iq, iy}, {ja,Jp}) With ig and jp in I3 N Iy and the
net correction factor due to non-vanishing pio is

A(p) 212 ( > (cosh pta,) % (cosh fig,)” —1—2 2 Mal) ) =C(—p)P?*  (B.30)

a1 (cosh piq,

where, we have used the definition in (B.16). Summing over pj2, we get that for every
H-chord, there is an associated factor of

exp (A(C(—p) — 1)) - (B.31)

The factor of C(—u) — 1 can be simplified further

1 1 e~ Hoy
C — —1= + - ./4 2
( M) ./4(/1/)2 (04275:51 (COSh Hay cosh 'u'61>2 azl (COSh Ma1)3 (,LL) )
M _2/-La
Z : (B.32)
2~ (cosh ,ua)

Hence, we arrive at the rule that for every H-chord, there is an associated factor of

_2 “
exp< 2 Z " X > : (B.33)

The results in (B.33), (B.22) and (B.26) give rise to the chord diagram rules summarized
n (6.8), (6.9) and (6.10).
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The sum over chord diagrams can then be evaluated using the same transfer matrix
techniques. The appearance of the usual structure of chords originates in the form of the
random couplings in the Hamiltonian, as the chord structure comes from the contraction
of the latter. The group theory structure only changes the weights that chords receive.
Summing the moments for chemical potentials scaling as O(N) to obtain the partition
function suffers from the same problem as in the U(1) model due to the appearance of a
k% exponent in (6.12), but other scalings can similarly be analyzed.

C Details of the 2-point and 4-point functions

In the calculation of the 2-point function and the 4-point function in the presence of a
chemical potential (sections 7.2 and 8.1), we need to map pairs of unoriented chords to
pairs of oriented chords, and use figure 4 in order to evaluate the latter. This mapping is
as follows for the 2-point function:

1. There are k/2 H-chords, each giving a pair of oriented chords of figure 4a. For each
of those we should assign

P2
exp lN (2¢7* cosh(u) — 1)] . (C.1)

2. There are (kéz) — kg = w — kg pairs of non-intersecting H-chords, each giving

one of figure 4c and 4d, or figure 4a and 4b. So anyway for each of those we have

exp h)\i (4 cosh(p)? — 2)] . (C.2)

3. There are k(k4— 2 4 ox 7 remaining pairs of oriented solid chords, each giving e=P*/N

4. Now we move on to include the dashed chord. There are ]‘“}M pairs of figure 4b
with the upper chord dashed for pys, and the same number of pairs of figure 4a with

the upper chord dashed for pas. So we get the following expression to the power
ki—kpm
2

p?VM (2e" cosh(u) — 1)} exp [pﬁj(%_“ cosh(p) — 1)1 . (C.3)

exp

Note that in the current convention, k7 is the number of Hamiltonian nodes enclosed
by the dashed chord.

5. There are kQ_gH M pairs of: figure 4c where the left chord is dashed and of size py,
and figure 4d where the left chord is dashed and of size p;s, the product of which is

PPM

bbu (2¢7# cosh(u) — 1)} exp {N(2e“ cosh(p) — 1)1 . (C.4)

exp
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6. There are % + kg pm remaining pairs of the pys dashed chord with an oriented solid
chord, and the same for pys, not allowed to have common indices, contributing

to the power g + KHM-

7. The pair of oriented dashed chords is of the form figure 4b (with dashed chords) and
So gives

exp {pM]\];M (2" cosh(u) — 1)] . (C.6)

For the 4-point function the counting is the following;:
1. Overall factor of (cosh p)N=kP=2Pm1=2PM2 for the entire chord diagram.

2. k/2 unoriented solid chords, each giving exp [%(26_“ cosh pu — 1)}

3. (%2) - kg pairs of non-crossing unoriented solid chords, each giving
exp [% (4 cosh(p)? — 2)]

k(k—2)
1

4. The remaining number of pairs of oriented solid chords is + 2K, each giving

exp [—p2/N].

5. The first unoriented dashed chord does not intersect k/2 — kpps1 unoriented solid
chords, each giving exp [m’% (4 cosh(,u)2 — 2)} Same for the second dashed chord
replacing 1 — 2.

6. There are remaining k + 2k a1 pairs of oriented first dashed chord - oriented solid
chord, each giving exp [—234]. Similarly for the second one.

7. The dashed chords among themselves give

Pt o PAr2 o p PM1PM2
exp 7(26 coshp — 1) | exp 7(26 coshpu —1)| exp —4T . (C7)

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