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Abstract

We investigate a large class of A/ = (2,2) supersymmetric field theories in two dimen-
sions, which contains the Murugan-Stanford-Witten model, and can be naturally re-
garded as a disordered generalization of the two-dimensional Landau-Ginzburg mod-
els. We analyze the two and four-point functions of chiral superfields, and extract from
them the central charge, the operator spectrum, and the chaos exponent in these mod-
els. Some of the models exhibit a conformal manifold parameterized by the variances of
the random couplings. We compute the Zamolodchikov metrics on the conformal man-
ifold, and demonstrate that the chaos exponent varies nontrivally along the conformal
manifolds. Finally, we introduce and perform some preliminary analysis of a disordered
generalization of the gauged linear sigma models, and discuss the low energy theories
as ensemble averages of Calabi-Yau sigma models over complex structure moduli space.
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1 Introduction

Disordered couplings have provided us a large class of large N solvable models, and brought
many new insights into the dynamics of black holes in quantum gravity. The classic example
is the Sachdev-Ye-Kitaev (SYK) model [1,2], which is a quantum mechanical system of N Ma-
jorana fermions interacting with random multi-fermion couplings. Using large N techniques,
the correlation functions of the fermions in the SYK model can be explicitly solved [3-5]. For
instance, the two-point function can be solved by summing over the melonic diagrams using
the Schwinger-Dyson equation, and the four-point function is solved by summing over the lad-
der diagrams. Interesting physical observables are then extracted from these exact solutions,
such as the spectrum of two-particle states and the chaos exponent from the Euclidean and the
out-of-time order four-point correlation functions, respectively. They reveal many remarkable
properties of the SYK model.

At low temperatures, the SYK model exhibits an emergent time reparameterization symme-
try, which is weakly broken by finite temperature leading to a Goldstone mode, the Schwarzian
sector [4,6]. Despite the low energy spectrum of the SYK model is not sparse, the Schwarzian
sector dominates over the rest of the states. Consequently, the holographic dual at low ener-
gies is governed by a two-dimensional dilaton gravity, the Jackiw Teitelboim (JT) gravity [6-8].
The SYK model further displays maximal chaos, as the chaos exponent saturates the bound on
chaos [9], which is a notable feature that shares with black holes in Einstein gravity [10].

Over the years, the SYK model has been generalized to include complex fermions [11-13],
additional flavor symmetry [ 14], and supersymmetry [ 15-20]. Going beyond 0+1 dimensions,
the two and three-dimensional generalizations of the SYK have been studied with various num-
bers of supersymmetries [21-27]. In higher dimensions, one has to consider nontrivial renor-
malization group (RG) flows, which introduce additional complications. On the one hand, the
couplings involving only fermions are (marginally) irrelevant in two dimensions and above.
On the other hand, the bosonic models typically require fine-tunings of the relevant couplings
to reach the conformal fixed point in the infrared (IR), which becomes subtle when the cou-
plings are random variables. Nevertheless, with A/ = 2 supersymmetry in two dimensions, the
Murugan-Stanford-Witten (MSW) model, introduced in [21], overcomes both problems and
admits a superconformal fixed point.

In this paper, we study generalizations of the MSW model by introducing multiple families
of disordered chiral superfields. The models are solvable in the large N limit, defined as
the numbers of the chiral superfields in each family becoming large while the ratios between
the numbers remain finite. They can also be viewed as the disordered generalization of the
N = 2 Landau-Ginzburg models in two dimensions, and follow a similar classification [28-30]
(see Section 2.2).! The MSW model is the simplest model in the classification with only one

1A closely related tensor model generalization of the ' = 2 Landau-Ginzburg models was studied in [31].
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family of chiral superfields. An important new feature of the more general disordered Landau-
Ginzburg models is that when there are two or more families of chiral superfields, the models
could admit nontrivial conformal manifolds in the IR parametrizing by the variances of the
random couplings. We investigate several examples in the classification with two families of
chiral superfields, including one with an IR conformal manifold (see Section 2.4). In particular,
we compute the two and four-point functions of the chiral superfields in these models in the
large N limit by summing over the melonic and ladder diagrams, and we extract the chaos
exponents from the four-point functions. In general, the chaos exponent A; depends on the
ratio of the numbers of chiral superfields in each family, as well as the coordinates of the
conformal manifold (when the manifold exists). We find an upper bound A; < 0.5824 across
all the examples we studied. We propose that this is a universal upper bound for the chaos
exponents in the disordered Landau-Ginzburg models.

Besides large N techniques, the disordered Landau-Ginzburg models can also be studied by
supersymmetric localization. Following the analysis of the non-disordered models in [32-34],
we compute the two-sphere partition functions and the two-point functions of the disordered
models (see Section 2.5). In the large N limit, the results of the two-point function coeffi-
cients agree nicely with those computed before from summing Feynman diagrams. This pro-
vides extra evidence that the disordered Landau-Ginzburg models flow to superconformal fixed
points in the IR. Furthermore, in the example with an IR conformal manifold, we compute the
Zomoldchikov metric by taking derivatives of the two-sphere partition function.

Another new feature when there are multiple families of chiral superfields is that the super-
potential could be engineered such that the theory possesses nontrivial flavor U(1) symmetries.
Such a superpotential always has flat directions, and the IR theory is non-compact. One could
make the theory compact by gauging the U(1) flavor symmetries, where the D-terms potential
lifts all the flat directions. The resulting theory is a disordered generalization of the gauged
linear sigma models. In the seminal work [35], it was shown that the (non-disordered) gauged
linear sigma models, with an anomalous-free axial R-symmetry and a positive Fayet-Iliopoulos
coupling, are in the same universality class as the nonlinear sigma models on Calabi-Yau tar-
get spaces, i.e. they flow to the same A = (2,2) superconformal field theories. This result
implies that the disordered gauged linear sigma models, with the same conditions as above,
are IR-dual to the ensemble averages of the Calabi-Yau sigma models over the complex struc-
ture moduli (see Section 3). To support this, we compute the two-point functions of the chiral
superfields and the result confirms that the theories flow to IR superconformal fixed points.

The remainder of this paper is organized as follows. Section 2.2 introduces the disor-
dered Landau-Ginzburg models and presents a classification of the models. Section 2.3 re-
views the Murugan-Stanford-Witten model. Section 2.4 studies examples of the disordered
Landau-Ginzburg models with two families of chiral superfields, computing the two and four-
point functions and analyzing the chaos exponents. Section 2.5 applies the supersymmetric
localization to the disordered Landau-Ginzburg models, and computes the two-sphere parti-
tion functions, two-point functions, and the Zamolodchikov metric for several examples. Sec-
tion 3 introduces the disordered gauged linear sigma models, discusses their relations to the
ensemble averages of Calabi-Yau sigma models, and performs some preliminary analysis.

2 Disordered Landau-Ginzburg models

2.1 The models

Let us consider a disordered A/ = 2 Ginzburg-Landau model with n different families of chiral
superfields: <I>§1) fori=1,---, Ny, @EZ) fori =1,:--, N,, and so on. The chiral superfields
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have a standard kinetic term

Liin = f d20d%0 (3Viel) + 3D 4 ...+ g ¢h)

and are coupled via an interaction term

Ly = lf a2ow (2, o) ‘ézézo +hec. )

Our conventions of the superspace are given in Appendix A. The disordered superpotential W
contains terms with random couplings, with the general form as

— LIy (WY (em)Pn
w= >, grh(el) o (e)" (3)
PE(Pl,""Pn)GI
where 7 is an index set that controls which terms would appear in the superpotential, the

index I, is a collection of p, indices, I, = (i, ,1, ), and (<I>§a))Pa stands for

@V — 2(@) (@)
(<I>I“) =0, @

p

. LI, . . . .
The coupling constants g, " are independent Gaussian random variables with zero mean and
variance as

J? , :
Ll — Ll __ P sh . sh 1= gl sh)
<gp1 >_ 0, <gp1 gPJi“"ﬁ) T NP1+l 51{ 51£ > Op = 51’1 61}3 ’ )

where N = N; +---+ N,,, We are interested in the limit N; — oo while fixing J, and the ratios

The superspace coordinates 6 and 6~ have charges (1,0) and (0, 1) under U(1); x U(1)g
R-symmetry, and the coordinates 6% have the opposite charges. For the interaction terms
to preserve the U(1); x U(1)z symmetry, the superpotential has to be a quasi-homogeneous
polynomial, and we further demand that the chiral superfields in the same family scale by the
same weight, i.e.

w(ane®, ... 2me™)=aw (e, ™), for recC’. )

Under the renormalization group, the theory flows to a strongly coupled N' = (2,2) SCFT.
The U(1); x U(1)g R-symmetry becomes the part of the superconformal algebra. The bottom
component of the chiral superfields () become chiral primary operators of R-charges (q,, q,)-
By the quasi-homogeneity condition, the powers p, in (3) and the R-charges q, satisfy

n
D pada=1. ®)
a=1

. . Iy, L
For a given (py,---,py), we focus on the cases that the couplings g, "" are generic, since
generic couplings give dominant contributions to the ensemble average over the coupling con-
stants.
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IR conformal manifold and field redefinitionss In the non-disordered models, the coeffi-
cients in the superpotential modulo (quasi-homogeneous) field redefinitions of the chiral su-
perfields correspond to exactly marginal deformations of the IR SCFTs. In disordered models,
the coefficients in the superpotential are random couplings and should be averaged over, but
we could still vary the variances J, in (5). Some of the variances could be fixed again by field
redefinitions (of bilocal superfields), and the remaining variances give marginal deformations
and parameterize the IR conformal manifold of the disordered models.

To see more precisely how field redefinitions fix the variances, let us integrate out the
random couplings gél"'I”’s and arrive at the action of the bilocal superfields G(9(Z;, Z,) and

(7, 2,),

S = > N,logdet[6,,0,,5((12))5({12))D,D, + =O(Z,, 2,) |+ N D Tr (2@ - @)
a a

B _ _ ©))
_NJd2|221d2|222 Z JI?G(l)(ZIJZZ)pl -'-G(n)(Zl,Zz)p”,
p=(p1,~,pn)EL

7,0 9: ). The super-derivatives D, D are defined in A.2, and
) are defined in (A.9). We have used the matrix notation for
e of (9) as

where Z = (y,7,0,0), Z = (7,
the super-distances (12) and (i
the second term on the first li

Tr (2@ . G@) = f d?27,d*? 2,5 9(Z,,2,)GD(Z,, Z,). (10)

In the low energy limit E < J,, we can drop the derivative term Dzﬁz in (9).

Now, we follow the arguments in [36,37] (with suitable generalizations to bilocal actions)
to show that one could use field redefinitions to simplify the action (9). Consider the field
redefinition of the bilocal field G'@ as

G(Z,,2,) = GV (Z,,2,) =F D (GN(Z,, 2,), - ,G"(Z,,2,)) (11)

where F@ is a quasi-homogeneous polynomial that has the same homogeneous degree as
G je.

FOQDG6N(Z,,2,), -, AGM(Z,, 2,)) = A4 F D (6(Z,, 2,), -+, G721, ) . (12)
Under the field redefinition (11), the path integral measure DG@ becomes
DG — DG = |det(6F/5G)|DG?. (13)

The Jacobian |det(6F/6G)| is a constant and can be ignored because 6F/6G could be
arranged to a block upper triangular matrix with constant diagonal blocks by the quasi-
homogeneous condition (12).

Next, we consider the field redefinition of (@ as

5@ o 5@ = 5@, g@. (p@)1 (14
where “” is the matrix product that stands for integrating over Z or Z as in (10), and (F(®)™!
is the matrix inverse of F(@. Under the field redefinition (14), the path integration measure
DX changes to

DE@ - DE@ = |det[ 6@ - (F@)]|" Dx@, (15)
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where V is the rank of the bilocal superfield =(®) regarded as a matrix.? In summary, we arrive
at the action

§ = N,logdet (@) +N > Tr (2@ . 6@)
a a

-N J d2Z,d*z, >0 O, 2,0 FO(Z,, 2, ) (16)
p=(p1,,Pn)ET

— > (N, — V)logdet (F@ - (G@)1) .
a
The last term in (16) can be written as a ghost action
Sgn =D (N,—V) f d*?Z,d*? 2, C(Z,)[F@ - (G ](Z1,2,)C(2,), 17)
a

where C and C are the anti-chiral and chiral ghost superfields, respectively. Because F(@ is a
quasi-homogeneous polynomial with the same degree as G@, it should take the form as

Fl@ (G(l), e G(n)) =G 4 gl@ (G(l), ... ,gkﬂ; e G(n)) , (18)
where H@ is a quasi-homogeneous polynomial that does not depend on G(9). We have
[F@-(G9Y1](Z1,2,) = x61261,5((12))5((12)) + [H - (6] (71, 2).  (19)

Substituting (19) into the ghost action (17), the first term in (19) gives a mass term for the
ghost fields C and C. Hence, in the IR limit, we can integrate out the ghost fields C and C,
equivalent to deleting the last term in (16). Because F(¥)’s are quasi-homogeneous, the second
line of (16) can be rewritten as

—NJ d*?z,d*?z, Z J;ZG(D(Z:ZZ)M - G(Zy, Zy )P, (20)
pE(pl’"':pn)GI

which takes the same form as the second line of (9), but with new coefficients JI’J2 which

are linear combinations of the old coefficients Jg. Hence, the field redefinition (11) gives us
equivalence relations between variances

2. 72
JE~ T, (21)

which can be used to fix (some of) the variances J 5.

2.2 A classification

We presently discuss the constraints and classifications of the disordered superpotential W.
In this discussion, we could treat a family of superfields {<I>§a) |i=1,---,N,} as a single
superfield @, and treat the superpotential W as a function of the variables &1, ... &,
The classification problem now reduces to the problem of classifying non-disordered Ginzburg-
Landau theories (N; = 1 for all i = 1,---,n) [28-30]. We briefly review the classification
in [30].

We impose the following two constraints on the superpotentials.

2More precise definition of V can be found in [38].
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1. The IR SCFT has a unique normalizable vacuum. This implies that the superpotential
w(@®) is compact, i.e. the equations

OpyW =+ = GpW =0, (22)

has a unique solution
e =...=¢M=0. (23)

2. The theory is indecomposable, which implies that the superpotential cannot be written
as a sum of two terms involving different variables, i.e. for example

w (@(1), e <I>(n)) =W (q,(l)’ . q>(k)) +W, (¢(k+1), . q,(n)) ) (24)

Since we will focus on the IR SCFT, two different superpotentials, which define different UV
theories, are regarded as IR-equivalent if the theories flow to the same IR SCFT. In particular,
this implies the following two IR-equivalence relations between superpotentials.

1. If two superpotentials are related by a field redefinition compatible with quasi-
homogeneity, then they are IR-equivalent.

2. If a superpotential W has a variable (@, which appears only linearly or quadratically,
then W is IR-equivalent to a superpotential given by substituting equations of motion
Op@W =0 into W.

In [30], the authors found all the possible R-charge assignments to the superfields ®(1),
..., ®™ up to n = 5, which give superpotentials that satisfy the above two constraints and
two equivalence relations. We will focus on the cases of n =1 and 2.

For n = 1, the possible R-charges are

1
Q1=a, for qe€Zss. (25)

The superpotential is o
W(¢l) — gllu.qu)l.l e q)l s (26)

q
where we have suppressed the superscript. This model has been studied in [21,22], and we
refer to it as the Murugan-Stanford-Witten (MSW) model. The MSW model with a specified q
would be referred to as the MSW, model. Some analysis of the MSW model will be reviewed
in Section 2.3. For the non-disordered model (N = 1), this superpotential was referred as the
Aq_; superpotential in [28].
For n = 2, the possible R-charges are

-1 1
Lt (41,92) = (T’ 7) , for (k,1) €Zsy x Zss, (27)
and -1 k-1
Mo (q1,92) = (m, m) , for (k,1)€Zsy X Zss. (28)

We will refer to them as type I;; and type II;; models. These two classes of models are
overlapped, and we have the identifications

Ik,l == Hk,l+1771 . (29)

Given the R-charges of the chiral superfields, we consider the most general quasi-homogeneous
superpotentials up to field redefinitions. Such superpotentials would satisfy the compactness
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and indecomposable conditions. If we specialize the superpotential by turning off some of the
coefficients, then the superpotential might not satisfy the compactness and indecomposable
conditions.

In Section 2.4, we will study and give detailed analyses of the models

g, I3z, lag, 1Il34. (30)

For the non-disordered theories (N; = N, = 1), the type I, ¢, I3 3, and 14 5 superpotentials were
referred as the Dy, E;, and Jo superpotentials, respectively, in [28]. The superpotentials of
Iy, I35 and Il3 4 do not have any exactly marginal deformations. The models I5 4 has one-
dimensional conformal manifolds. We will inspect how physical quantities (especially the
chaos exponent) vary along the conformal manifolds.

2.3 Review of the Murugan-Stanford-Witten (MSW) model

The models with only one type of disordered chiral superfields and A,_; superpotential (26)
were studied in [21,22]. Let us give a brief review following [22] of the computation of the
two and four-point functions of the chiral superfields &;, the operator spectrum in the ®; x &;
OPE, and the chaos exponent of the model.

We start with the two-point function

(51’(2’1)@].(22)) = 5§G(<12>); (31

which is a function of the super-distances (12) and (ii) given in (A.9). The coordinates Z, Z

areZ =(y,7,60,0),Z =(¥,7,0,0). In the leading order of the large N limit, the propagators
can be computed by summing over the melonic diagrams and satisfy the Schwinger-Dyson
equations

D3D3G((13)) + quf d2y,d?6, G((12))G((32)) " = b156,56((13)5 ((13)) . (32)

In the low energy (conformal) limit E < J, we can drop the first term of the equation, and
solve the equations by considering the conformal Ansatz
b
|(12)[28¢ °
Casting the Ansatz into Dyson-Schwinger equation, one can determine the scaling dimension

and the coefficient:

G((12)) = (33)

Ay =—, 2= 1
q 412q
In Section 2.5, we compute the same two-point function using supersymmetric localization,
and find agreement with (33) and (34).
Next, we turn to the four-point function. We focus on the average four-point function

which has a large N expansion as

(34)

1

N
7 2 (#1(Z0)2:(2)2,(2)%(Z)) = G((12))G((43)) + ]%F(Zl,zz,zs,2'4) . (35
i,j=1

where the first term is from a disconnected diagram. The leading connected four-point func-
tion F (Z 1,29, 23, Z4) can be computed by summing over the ladder diagrams, which gives the
result

o0
F (21522)23224) = ZK*H *FO (21,22,23,24) y
n=0 (36)

Fo(Z,,2,,25,Z4) = G((13))G((42)),

8
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where K is the ladder kernel, whose action, denoted by x, is given by

K «F (21522923124) = J dzyadzeadzybdzéb,C(ZIJZZ)Za)Zb)F (Zb,Za,Zg,Z4) 5

(37)
K (21, 25,25, Z4) = (p — 1)J*G((1,3))G({4,3))72G((4,2)),
and K*" denotes the n-th power of the x-product, i.e. for example K*> =K K.
The kernel can be diagonalized by the eigenfunction
3
~ 1 (12)
Vai(Z1,Z9) = — , (38)
a2 = gypa s ((12))
as
knoVay(Z1,2,) = f d?y,d*0,d*§,d?0, K (Zy, 25, 24, Z3,) Vay (23, Z4) - (39)
The eigenvalue is
1—As T(A—As)T(52 +A)I(A + A
= L0 T A0PTCSE + A5 + ) w0

Ap T(Ae)2T(1+ 52 — A1+ 84 —ny)
The spectrum of the operators in the & x & OPE can be computed by solving the equation
kag=1. (41)

Each solution in the domain A > 1 corresponds to a superconformal primary of dimension A
and spin /.
Using the superconformal symmetry, we can fix the four-point function as

1 _
a7 (2:2), (42)

F(Zy,25,23,Z4) = (12)25 (43)25

where z and Z are the cross ratios

, 2= === (43)
(12)(42) (12)(42)
The four-point function could be expanded in the superconformal partial wave basis as
X [ (BapFo) Eny(z,2)
- ALY0 A,0\3,
F(z,2) = f ds — : , (44
e; o 1=kAD (a0 Enr)

where s = —iA, E, ¢(2,%) is the superconformal partial wave, and (-, -) is the superconformal
invariant inner product. We have removed the 6(0) in the inner product <E AL Al) in the
denominator. Their explicit expressions are given in Appendix B. Using the relation between
superconformal partial waves and superconformal blocks (B.2), we can rewrite the expansion
as

(o] (o]
Faf)=y. f ds p(A,0)Ga(3,2), (45)
(=0J—00
where the density function p(A,£) is explicitly given by
puvrr(A, £)
Al)=—F77, 6
p(A, L) I—k(A.0) (46)
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where pypr(A, £) is the density function for the mean-field theory, explicitly given by
(BaeFo)Say
=INRINY

= —21728e+ g0 (%TE(A —{+ 2A¢)) sin (%TC(A —0— 2A¢))

pmrr(A, €)=

I(1-A6)°T(3(1—A+0))T(3(A+10))
X
T(Ae)2T(32—A+0))T(3(1+A+0))
T(—5—5+2)T(3(-A+0)+2s)

. (47)
F(32—A—0—204))T (32— A+L—24))
The operator spectrum in the ® x ® OPE is given by the solutions to the equation
k(A L) =1. (48)

The OPE coefficients are given by the residue of the density function. In particular, the OPE
coefficient of (the bottom component of) the stress tensor multiplet R is given by
2 1 4NZ
son|  =——Res(p(A,1) = ———
|cser] ~ Res(p(a,1)) N —244)" (49)

from which we compute the central charge of the IR theory

12A2 N1
=m=N(3—6A¢)=Z6(E—A¢). (50)
i=1

We recognize that the central charge computed in this way agrees with the one obtained
from the general arguments using the R-symmetry anomaly matching and the structure of
N = (2,2) superconformal algebra [28,39]. This central charge coincides with the central
charge of N copies of the A;_; type N = (2,2) minimal model, which shows up as the IR
theory of the non-disordered (N = 1) version of the superpotential (26) [28]. This is because
the central charge is invariant under exactly marginal deformations [40], which corresponds
to deformations of the UV superpotential.

As discussed in [21], after analytic continuing of the Euclidean four-point function (44)
to the out-of-time-order correlator in the Lorentzian signature, and taking the long time limit
(chaos limit), the chaos exponent A; is computed by solving the same equation (48) with
A =0 and { = A;. The chaos exponent A; as a function of Ay is plotted in Figure 1. At
Ay = % (q = 3), the chaos exponent reaches the highest value A; ~ 0.5824.

2.4 Models with two disordered chiral superfields

Let us now consider the models with two disordered chiral superfields <I>l(.1), <I>512) fori=1,---N;
and a = 1,---N,. For type I ; or II; ; models, the general form of the superpotential (3)
specializes becomes

_ , DY (5@ — i1y @1y (g (1) (1 2 2
W= 3 ) ) = 5 e () af)(090).
(m,n)eT (m,n)eZ
where the random coupling g(-im)(01@:) satisfies

JZ

ipip,a1 "y 5., — m,n (i sim)gla |
<g gli---lr’n,a’l--~a;l> Nmtn—1 5i1 5i{n 6(13 o
1

an) (52)

/
aYl

10
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0.5824

0.58

0.58

0.57

0.56

0.55

1 1 1 A
0.1 0.2 0.3 ®

Figure 1: The chaos exponent A; as function of Ay = % in MSW model. When

Ay = %, chaos exponent arrives at the maximum value 0.5824. Extrapolation is

used to reach large g behavior.

Note that we have changed to a different convention on the variance here comparing to (5).
The index set Z is given by

1= {(m,n) € Zso X Lxg | mqy +nqy = 1} ) (53)

where q;, g, are the R-charges of &M and @ given in (27) and (28). The large N limit of
these models are taken as

N;,N, —» oo, fixing A= & (54)
Ny
We would follow Section 2.3, and perform the same analysis for the type I); and I
models as we did for the MSW model. We first consider models with general k, [, and derive
general formulae for the two and four-point functions. Then we would specialize in the mod-
els in (30) and study the spectra and chaos exponents. To start, we consider the two-point
functions

(801(2)90(2,)) = 51Gen((12),  (3P(Z1)#}7(20)) = 51Gem((12),  (55)

where Z = (y,7,0,0) and Z = (7,7, 0, 6:), and the super-distances (12) and (ii> are given
in (A.9). In the large N limit, the two-point functions satisfy the Schwinger-Dyson equations

D3D3Ge({13)) + f d%y2d20, Go ({12))Tem((32)) = 6136136((13))5 ((13))

(56)
D3D3Ga((13)) +f d%y,d?0, Gex((12)) Ze@ ((32)) = 0130155((13))6 (<i§>) ,
where the self-energies X51) and g are
Ten((32) = Y. mA"2, Gan((32))" " Geen ((32))",
(m,n)eZ
—172 -1 57
Zeo((32)= D nA"I2 Geun((32))" Gy ({32))"
(m,n)eT

11
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Similar to the MSW model, in the low energy limit E < J, after ignoring the first terms of the
equations in (56), we consider the conformal Ansatz

b,

12)a (>8)

b
G ((12)) = m, G ((12)) =

The Schwinger-Dyson equations (56) fix the conformal dimensions A;, A, by R-charges as
A =q, Ay =qs, (59)

and impose the equations on the two-point function coefficients b, b,,

1 1
2 -1 2
mk”Jm,anb'zl =—> E nA" Jm,nb;nb;1 =——. (60)
(m,n)eZ 4mn (m,n)eZ 4m

The equations (60) admit multiple solutions. Unitarity imposes further constraints that the
two-point function coefficients b; and b, are non-negative numbers,

by>0, by>0. (61)

Later in the examples, we will see that the unitarity bounds (61) give bounds on A, and the
model becomes non-compact when the bounds are saturated.
Next, we consider the averaged four-point functions,

01(Z),22)01(Z4,Z3)) = Ga({12)) G ({34)) + —F11 (21,25,25,2,4) ,

)=
) = Gaw ((12))Gyo((34)) + inz (1,22, 25,74) ,

(62)
)=
)

OZ(ZI: 22)02(24: ZB)

1
O01(Z1,25)0y(Z4, Z5) ]VFlz (Z,,2,,25,2,) ,
2

1
< (21222)01(24: ZB) = ]VFZI (Z],Zz, Z3)Z4)
1
where O; and O, are the bi-local operators
1
01(21,2,) = N Z‘I’(D’l(z1)‘1’gl)(zz),
Li=1

Ny

~ 1 ~
Ox(21,25) = 1 D #P(Z)2(2,).

2 g=1

(63)

The four-point functions Fy;, Fi9, F9;, Fos can be computed by summing over the ladder
diagrams, and the result can be written in a compact form as

o0 *n
~—[ Fun Fi2 | _ K11 Kio Fi10 O
d (Z’Z)‘( Fn Fa ) =2\ K Ko ) 07 gy ) (&4

n=0

F11,0, Fap,0 are the zeroth ordered disconnected ladder diagrams,

Fi1,0 = Gow((13))Gom((42)), Fy2,0 = Go((13))Ga((42)) . (65)

12
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The matrix elements Ky, Ky, K57, Koo of the ladder kernel matrix are

K= . mim—1A2, Gon((13))Gen ((42))Garr ((43))™ Gy (43))",
(m,n)eZ

Kig= Y. mnA"J2 Gam({13))Gam({42))Gam({43))™ Goe ((43))" 1,
(m,n)eZ

Ky = Z mnA" 2 | Ge@((13))Gam ((42))Gam ((43))™ ' Gae ((43))" ",
(m,n)eZ

Ky = Z n(n— 1)An_ljri’nG@(Z)((13>)Gq>(2)((42>)G<I>(1)((43>)mG¢(2)((43>)n_2 ,
(m,n)eZ

(66)

which acts on Fy; o, Fyy in the way as in (37).
Consider the eigenvector:

ro_ vy (43))’ vy @)\
Va7 | azjpars ((43)) ’l<43>|2A2—A(<4 >> ’ >

the ladder kernel matrix acts on Vg ; as a 2X2 matrix,

Kll K12 _ 2 m(m — ].)Anbanbgkl mnlnb;n+1bg_1k1
(K21 Kzz)*vu— 2. Jm,n(mnxn—lb;n—lbg“kz n(n—1A™1bmbIk, ) VAl

(m,n)eT (68)
_ (ki k2
—(km k) Vot

where k, k, are functions of the conformal dimension A and spin £,

Wi

r(1—A)T (52 +4)T(52 +4))
rAPT(1+ 52 —a)T(1+ 82 —-A)

ki(A,€) = 47*(—1)"! (69)

We denote the eigenvalues of this matrix by k,(A,£) and k_(A,£). The four-point function
can be expanded in the superconformal partial waves as

1]

1 '—‘A,[(Zii)

F(z,2) = J d
2,2 Z(; O S(1—k+(A,€))(1—k_(A,£))<EAJ’EA,Z>

» (1 —kgyy  kio )((EAJ’]:H,O) 0 )
koy  1—kq 0 (Epps Fazo))’

where again we have removed the §(0) in the inner product <E AL A’[> in the denominator.

Using the shadow symmetry of the superconformal partial wave, the s-integral can be
completed to the entire real line R. The conformal block expansion of the four-point function
is obtained by pulling the s-contour to the right. The operator spectrum in the @ x &(*) OPE
is given by the solution to the equation

(1—ko(A,0)1—k (A, €)=0. 71)

(70)

The OPE coefficients between the disordered chiral superfields ), ®®) and the bottom
component of the stress tensor multiplet R are extracted from the residues

\CN |2 ——iRes 1—kyp(A,0) <EA,€:]:11,0>‘
FORORT TN AT (1=K (A, D0)A—k (A, 0 (5, Ba ) 1)

1—kqy1(A,0) <EA,Z:-F22,O>‘
(1_k+(A:£))(1_k—(A:£) <EA,Z’EA,Z (=1 '

(72)

\c |2 Res
322 =——
PIAR N, A=1

13
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We also obtain the central charge of the IR SCFT

12A2 12A2

|C$(1)¢(1)R|2 |C$(2>¢(2)R|2'

For the examples (30) that will be studied in details in the following subsubsections, we show

that (73) simplifies to
1 1
C:6N1(§—Q1)+6N2(§—Q2), (74)

which is consistent with the R-symmetry anomaly matching and the IR N = (2, 2) supercon-
formal algebra, and is independent of the couplings (coefficients) in the superpotential as
expected from the Zamolodchikov c-theorem [40]. Finally, similar to the MSW model, the
chaos exponent A; can be computed by solving the equation (71) with A=0and £ = A;. For
the examples we studied below, the chaos exponents are bounded above by

A <£0.5824, (75)

where the upper bound is the chaos exponent for the MSW3; model.
In the following subsections, we will specialize the above analysis of the two and four-point
functions to the models (30).

24.1 I, type

For I, ; model, which is also a disordered generalization of D, type model, the superpotential
is:

W = g9 NeVe@ + gu-tip®. .. 2@, (76)
which means the index set 7 is
7={(2,1),(0,9)}. (77)
Following the discussion in Section 2.1, the field redefinitions of the bilocal superfields give
the equivalent relations
() (et o8
IS A5, )

When J, ; and J, ; are both non-zero, we use this field redefinition to set
Jo1=Joq=J, (79)

where J is a dimensionful overall coupling that sets the energy scale of the theory. The physical
observables in the IR (E < J) SCFT are independent of J.
The conformal dimensions and R-charges of the chiral superfields ") and ) are

qg—1 1
Ary=q=—F—, Ay=qy=—. (80)
Specializing the equations (60) for the two-point function coefficients b; and b, gives
1
2 p2p, = -172 14 2 121 _
2)("]2,1b1b2 - 47_52 5 qkq JO,qbZ +J2’1b1b2 = ﬁ (81)

When A < %, all the solutions to (81) violate the unitarity bounds (61). When A > %, there is
a unique solution to (81) that satisfies the unitarity bounds (61):

31—q) 1 1—g % 1
_2manmty _ (A1)
bl_ 1 b2_

J21(2A—1)%

3 (82)
3 21 2
24754ququ
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0.5F

A = 0.5 (non-compact)
041

— A=1

0.3} A=

A=4
0.2l — A= oo (MSW)
0.1 ; ; " ; ;

0.24 0.26 0.28 0.30 0.32
Ay
0.05 0.10 0.15 0.20 0.25 0.30 2

Figure 2: The chaos exponent for the I, ; (D,) type model as a function of flavor ratio
A= % and A, = é. For a fixed A, the chaos exponent grows monotonically in a

similar way to the MSW model (A — ©0). For a fixed A, = %, the chaos exponent
decreases with the growth of A. The dotted red line 0.5824 in the subfigure is the
upper bound for the MSW model, which turns out to be also the upper bound for I, ,
type model. The dots stand for the integer value of g, and extrapolation is used for
the general value q.

At A = 1/2, the equations (81) imply J,, = 0, and the theory becomes non-compact. The
formula (73) gives the central charge of the theory

c 3 2 1 3
—=Z43(1=-2|(r—-=)==.
v=3(-7)(3)=3 ®)
The kernel of the theory is
kip ko) ZlbszJzz,lkl(A,E) 2Ab3J2 ki(A,0) 84)
Koy kap) ~ \ 261202 ky(A,0)  qlq—1AT B2 ka(A,0) )

where k;(A,{) and ky(A, ) are given in (69). The equation (71) for the operator spectrum
in the OPE can be explicitly written down as

47222 — 24 + ¢ — Dky(A, £) —k (A, ) (24 — 2Aq + g + 1)k, (A, £) + 872 1) o
3274 B

1+ ,
(85)

where we have substituted b; and b, by using the equations (81).
The chaos exponent A; can be computed by solving the equation (85) with A = 0 and

¢ = A;. The result is shown in Figure 2.

2.4.2 133 type
The 15 5 type (aka E; type) superpotential is:

W — gll1213,61@511)@521)@531)@((12) + ga1a2a3q)((121)q)(2)q)(2) (86)

a; “ag’

and we have the index set
7={(3,1),(0,3)}. (87)

15
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Again, the field redefinitions of the bilocal superfields give the equivalent relations

2 3 2
(Jg,l) ~ (%21&1) . (88)
J0,3 7('2']0,3

We use it to set the variances of the random couplings to

J3,1 == JO,3 = J . (89)

The conformal dimensions and R-charges of the chiral superfields ®(*) and ) are

2 1
Al=q ==, Ay=qy=—, 90
1541 = 250273 (90)
The equations (60) for the two-point function coefficients b; and b, become
1 1
2 137 _ 272 13, 12 13p —
3%.]3’1 bl b, = ﬁ , 31 JO,3b2 +J3’1 bl b, = 4? . 91)
When A > 3, there is a unique solution to (91) that satisfies the unitarity bounds (61):
2
Jo 34— 1)
bi=—— 420’3 T bz=—( - )2. (92)
2939m9J; (3A—1)9 (6m)3AT; 4

At A = 1/3, the equations (91) imply J; 3 = 0, and the theory becomes non-compact. When

A< %, (91) does not admit any unitary solutions.® From (73), the central charge of the theory
is
i=2+(x—1)22. (93)
N, 3
The kernel of the theory is

kip kip 6b3by A3 ki (A,€)  3bTATZ ki(A, L)
= 21272 3,272 . (94)
ko koo 3b7byJ3 ka(A,0)  6b5A% 5 ka(A, L)
The equation (71) for the operator spectrum can be explicitly written down as
872(1—3A)ko(A, 0) + k1 (A, 0) (124 — 7)ko(A, ) — 24772
14 m( VoA, £) + k(4,0 (( ko (A, €) —24m ):0' 95)

4814

We further take a look at the chaos exponent A; by solving (95) with A=0and ¢ = A;.
The result is shown in Figure 3.

2.4.3 I4’3 type

The 1, 3 model has the superpotential
— oirizgp(D) (D) | iy, D gD g (2) g2 i,y a4 (1) g (2 2
W =gh lsq;.l_l @)+ ght Cllazq>i1 &) @Ell)@gz) + ghar gt (I)Eu) .. .q>((l4)
2 2
+gU %o ..ol (96)

ae

The index set is Z = {(3,0), (2,2), (1,4)(0,6)}. The field redefinitions of the bilocal super-
fields give the equivalent relations

2 2
I3 A3 0 0 0 J30

2 2 242 2

2 2 2 4 2
J12,4 3a Bﬂ,l 2a§,1§,2 Alﬁz 06 J12,4
J0,6 a a“A; a)Lz Ay J0,6

3We thanks Micha Berkooz for discussion on this point.
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Figure 3: The chaos exponent of the I3 3 model as function of A. When A — oo, the
chaos exponent saturates 0.5824. When A — %, the chaos exponent equals to the
non-compact lower bound 0.5496.

We find a combination that is invariant under the above transformation

3
4 2 72 )2
2 3 (Jz,z - 3J1,4J3,0)
u‘ = 51 (98)
(ng_3‘]124‘]3%0)[2J262_9J124J3%0J§2+27J§6Jg0_2(J§2_3J124J3%0)2]

Hence, in the IR, there is a one-dimensional conformal manifold parameterized by u. Equiva-
lently, one can use the equivalence relation (97) to set the variances of the random couplings
to

J14=0,  J3o0=Joe=J, Jyp=ul, (99)

where J is an overall dimensionful coupling. At u = 0, the theory factories into a tensor
product of a MSW5; model and a MSW¢ model. The parameter u can be regarded as the
coupling between the MSW3 and the MSW¢ models.

Another interesting limit is u — 00. To properly take this limit, we apply the transforma-

tion (97) witha =0, A, = u‘é, and A, = u~3 on (99), and find
J14=0, Jsg=Jog=u'J, Jyy=J. (100)

Hence, the theory becomes non-compact in the limit u — ©o.
The conformal dimensions of the chiral superfields are

Alz—, AZZ—. (101)
The two-point function coefficients b; and b, satisfy the equation

2712 1,21,2 472 4 2 13 _
222J2,b2b% + A2 by b} + 372 b3 =

471TZ ’ (102)
5712 6 2 21.2 372 4 __
61°93 b5 + 2003 ,b7b3 +42°7 bibY = .
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The equations (102) admit one or zero solution that satisfies the unitarity bounds (61) de-
pending on the values of A and u. It is hard to determine the precise region for the existence
of a unitary solution. We have tested numerically that a unitary solution exists for all values
of A, u>0.

The ladder kernel is

(kl 1 klZ)
k21 k22

_ (263 (032292, +3b12, ) ka(A, D) 4b2b,22 (b2A272, + b1J2, ) k(A1)
ab3A(b32252, + b1J2, ) ko(A, 1) 2b24(15b3A%2 +6b,b32%I2, + b2I2, ) ka(A,1) )
(103)
The equation (71) for the operator spectrum can be explicitly written down as
5A+8)ki(A, ¢

5 (220108, 0 + o, 00 (5 - EEEAED)

s (ki(A,0)—21%) (5ky(A, £) —47%) o (104)

8m4 -

glu)= b%bgkuzﬂ ,
where b, and b, can be solved by the equations (102), and g(u) is a function of only the

variable u. For general A, g(u) is a complicated function, and becomes simple when A =1 as

1
g(U)|;\:1 - a2 (3XZ% ) . (105)

227 42

The OPE spectrum depends on u only through the function g(u). The formula (73) gives

the central charge of the theory:
c
—=14+2A.
N, (106)

The central charge is independent of the g(u) even though the ladder kernel function is the
function of the parameters. However, the chaos exponent, equivalently the Regge intercept
of the theory, is the function of these parameters. When g(u) = 0, the two models decouple,
hence one finds two roots corresponding to chaos exponent for the MSW; and the MSWg,
respectively.

To see the dependence between the exactly marginal deformation and chaos exponent, we
first set A = 1, then g(u) = b7b5u*J2. One can then solve by, b, from the simplified equations
numerically (102) as function of u. Together with (71), we find the relation between u and
Ap, as shown in Fig(5).

2.4.4 Tl type
The 113 4, model has the superpotential:
W= gsal el s DD 2 a7
We have the index set to be
7=1{(3,1),(1,4)}, (108)
and the conformal dimensions and R-charges are given by:

3 2

A=, A,=—.
1711 2711

(109)
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Figure 4: The chaos exponent of the I, 3 model as function of A when g(u) = 1.
When A — 0, the chaos exponent saturates the bound (75), when A — oo, the chaos
exponent goes to the one of the MSW.

The two-point function coefficients satisfy the equations

3AJ3 biby +A%TT by bs = #, J3,b3by +4A%J7 b1 by = 4% : (110)
When 4 > A > %, the equations (110) admit a unique solution that satisfies the unitarity
bounds (61). At A = %, the equations (110) imply J, 4 = 0, and at A = 4, the equations (110)
imply J3 ; = 0. The model is non-compact at both of these two points. When A >4 or A < %,
(110) does not have any unitary solution.
The kernel of the theory is

(kll klZ)
k21 k22

_ 6b3byAJ3 k(A £) 3bTAJZ ki (A, €) +4bTD32%TT ki (A, €)
3b3b3J3 1 ka(A, £) +4b32°T7 ky(A, €) 12b1b32%J7 ko (A, £)
(111
From Eq.(73), we can obtain the central charge is
c 3
—=—(5+72). 112
N, 11( ) (112)

The OPE spectrum can be explicitly written out:

3(—4+ 1) 3—-921 —32+9(8—31)A
1+ 20 (A )+ —2Z k(A ) +
22772 18,0 11727 2(A.0) 17640

ki(A,0)ky(A,0)=0. (113)

The chaos exponent is shown in Fig.(6)

2.5 Two-sphere partition function and two-point functions

The two-sphere partition function of the Landau-Ginzburg models can be computed by super-
symmetric localization [32]. Consider a theory with N chiral superfields ; fori =1,---,N
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Figure 5: The chaos exponent of the 1, 3 model as function of u when A = 1. When
u = 0, the model becomes decoupled MSW; and MSWy with the chaos exponent
equals to 0.5824. When increasing u, A; decreases and becomes the value 0.5379
of a non-compact model when u — o0o. The chaos exponent depends on u weakly
when u > 2_%3% ~ 1.37, where the Zamolochikov metric in (132) becomes negative.

and a superpotential W(®;), the infinite-dimensional path integral localizes onto constant field
configurations and becomes a finite-dimensional integral

7 = J (l_[ d¢ld$1) e—4nirW(¢i)—4nirW($i) , (114)
i

where r is the radius of the two-sphere, and ¢;, 5 ! are the bottom components of the chiral
and anti-chiral superfields ®;, ®;, respectively. The integration contour of the integral (114)
is defined along the half-dimensional space given by (Ei = ¢ inside the space C?N of the
variables ¢,’s and $ ©s. A common method to evaluate the integral is to decompose the contour
as a sum over Lefschetz thimbles by the Picard-Lefschetz theory (see Appendix D in [34]).

This result has been generalized to extremal correlators on the two-sphere [33,34], which
is an n-point function of n — 1 chiral operators inserted at arbitrary points on the two-sphere
and one anti-chiral operator inserted at the south pole. For instance, the two-point function
of a chiral operator O at the north pole and an anti-chiral operator O at the south pole is
computed by

<@O>SZ _ %J (l_[d¢id$i) B Oe—tmirW(p)—4nirW(@") (115)
i

When the IR theory is an SCFT, the correlation functions on S? can be conformally mapped
to the correlation functions on R2. In particular, the two-point function on the two-sphere is
related to that on the plane by

(2r)*2{00)g, = lim |x[**(O(x)O(0))s (116)

Now, let us apply supersymmetric localization to the disordered Landau-Ginzburg models
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Figure 6: The chaos exponent as function of A in the type II3, theory. When A =1/3
and 4, the model is non-compact.

with the superpotential (3). The disorder-averaged two-sphere partition function is

Np1+ +pn 1 Iqeelp -
Z gp gpll In

1 o ]
[T asf ) 00,
LD
Z NP1+ +Pn—1 gll Ing (117)
I7-In
N = f l_[ dgh Indgpl1 I) p Iy~ ,
where Z(g, g) is the two-sphere partition function with fixed coupling constants gll,l'"l" and

&p.1,.-1,- Using supersymmetric localization, Z(g, §) is computed by the integral

2(3,8) = J ([T Tao @ age ) exp| —amir 37 ghte(92)" -+ (o)"

p=(p1,,pPn)ET (118)

“amie Y G, (BN (G0

p=(p1,,Pn)ET

Recall our notation I, = (i, ,1, ) and (qb;a))pa = ¢i(1a) qb(a) Performing the gIl L g
gp 1,1, integrals first, we find
- J (TT] [de@de @) exp[—1672v (¢{, §«:1)],
a i
% (119)

~ N rJ _
v(e06)= D e (0O (0 )

p=(p1,,pn)EL

Note that since the function V(qbi(a),qg(a)’i) with $(a)’i = (qbl.(a))* is real and bounded from
below, and the integral (119) is much easier to compute than the integral (114) for non-
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disordered theories.* The integral can be further simplified as

16721r2J2

— 2n 2N,—1 b 2p; 2P
Z‘J(“rw)Ra dRo Jexp| = D, G GRIRPL (120

p=(p1,,pn)EL

where we have used the spherical coordinates with the radius Rfl = qb(a)qg (@,
The disorder-averaged sphere two-point function is

1 Z Np1+ +pn—1 g11 Ig o
%) — LI, 35 p pI1-In
(OO)SZ—NZJ( [ ] dsb dgp’Il...1n>
I .-

15 Insp

x f (l_[l_[d¢§:)d$(a)’la) o0
I,

a

(121)
X exp[—4nir Z gll,lml"(¢§11))pl "'(Gb}:))p“

p=(p1,.pn)EL

—4mir Z gp)ll...ln((g(l)’ll)l’l ...($(n):ln)pni|.

p=(p1,,Pn)ET

Note that (121) is more precisely an annealed disordered sphere two-point function, meaning
that the disorder averages in the numerator and denominator are performed separately. This
definition allows us to compute the two-point functions exactly in the following examples.

As discussed in the previous subsection, the variances that cannot be fixed by field redefini-
tions parameterize the IR conformal manifold. Similar to the non-disordered model in [33,41],
we can compute the Zamolodchikov metric of the IR conformal manifold by taking derivatives
of the two-sphere partition function as

8pip, = 9,9, 108 2. (122)

In the following, we compute the two-sphere partition functions and the two-point func-
tions of chiral superfields in the MSW, I, ;, and I3 3 model, and compute the Zamolodchikov
metric of the I, 3 model.

Supersymmetric localization in the MSW, I, ;, and I3 3 models The two-sphere partition
function of the MSW model with the superpotential (26) is

ZMSW NJ( l_[ dgi lngll 1) _(Jl_z_l|gi1A.<iq|2J‘ (nd¢id$i)

X exp (—4mrgll""qq’>1 ks —4nirgil...iq$1 e $iq)

_ 2.2 72 (123)
=f(]_[d¢id¢l)exp(—16§—”(¢ 57

16" aNN"7 oV ZgJ_%r_%F(w)
B (N +1)

“We thank Sungjay Lee for a discussion on this point.
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Next, we compute the disorder-averaged sphere two-point function,

<$i¢]>l;/£SW NZMSW J( l_[ dgll 1ngll 1) Jz |gl1wxq|zf (Ud¢ld$l)

x $'ep; exp (—47'51"”811"’1"431 ey, —47Ti’”§i1---iq$1 e Q:giq) (124)
5 F(N+1)
16 i iNTriT(Y)
In the large N limit, the result becomes
MSW, 8
(¢0))e = . 7 +OWN). (125)
(Zn)qquQ(Zr)q

Mapping the two-point function from S? to R? using (116), we find
i

MSW, j _

(¢'(x)9;(0))p, L +OoW. (126)

(27r)qquq |x]a

We see that our result here nicely agrees with (33) and (34) from summing over the melonic
diagrams using the Schwinger-Dyson equation.

Now, let us perform the same computation for the I, , and I3 5 models. For the I, ; model,

we find

No(g—2)+N;  M1(@+1)+2Np(g—1) N1—2Ng
2 2 N 2No—N, q
N A r(z)r( (roq)
Lg ™ 2N7(g—1)+4No+q ’

27 T qT(N)T () (rdy)
(471)%—1Nf(%—1)r(w1;1)r(ZNz—Nl ) (1)’
IOEC I

NqT r (2Nz—év1+2)

(127)

<¢(1) 1¢(1)>I2q —

<¢(2) a¢(2)>12q = 5¢

16611715N21“(2N22_N1)(rjo,q)§ ’

where the two-point functions in the large N limit agree with the previous result (82) computed
by solving the Schwinger-Dyson equations.
For the I3 3 model, we find

. n%(5N1+3N2)N1%(7N1+6N2)1-.(%)F(%_ _)(ﬂ 3)%(Nl—3N2)
1 - >
3,3 252N +3N,) g (Nl)r(Nz)(rJB,l)T
2
N;+1 3N,—N;—1 rJp3\9
(¢(1)1¢(1)>133 —5i F( 13 )F( : 9 1 )( N ) (128)

"8 mor (81 (% =) (rg3)"

r (3N2—9N1+3 )

i (- 3) ()

where the two-point functions in the large N limit agree with the previous result (92) computed
by solving the Schwinger-Dyson equations.

<¢(2)a¢(2)>133 5a
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Zamolodchikov metric of the I, 3 model Let us compute the two-sphere partition function
of the I, 3 model. For simplicity, we focus on the case N; = N, = N, and use the parametrization
of the variances (99). The formula (119) gives

f ([TaoPag® [Tag@ag®e) exp { 3 16712[% (¢§1)$(1)’i)3
i a

u?r2Jj>? ~c1y )2 ~ 2 r2j? ~ 6
t (M) (9P eP) + - (#2>) ] (129)

ZI4,3

2N 72N [O° [0
= —TC (N)2 J f dedRz R];f—le%_le—167'L'2Nr2J2(R§+u2R%R2+R§) ,
2I'(N
0 0

where we have changed the integration variables as ¢>l.(1)$ M = NR; and ql)gz)(g ¢ = N, /R,.
The integral in the large N limit can be evaluated using the saddle point approximation. The
result is

7.52

2% J2r2 (2§u2+3)

3 1
logZLh3 =N > + > log +O(N9). (130)

For a consistency check, we take u = 0 of log Z, , and find that it factorizes to a sum of the log
of the partition functions of the MSW5 and the MSWg models in (123) in the large N limit,
log ZI4’3 u=0 = 10gZMSW3 + log ZMSW6 . (131)

Taking u-derivatives, we compute the Zamolodchikov metric,

2 1
uu:_dzlogZ:N3x23—2x23u2. (132)
du? (3 +27u2)2
Curiously, note that the metric g,, vanishes at u = 2_%3%, and becomes negative when
u>27333,

Since the random couplings g{,l'"I” in the superpotential (3) are complex, it is tempting
to replace the variance J ; in (5) by Jpjp for a complex J,,. This leads to the replacement of
u? by uii in the two-sphere partition function (130). Now, the conformal manifold is complex
one-dimensional, and we find the metric

3N

= T ——5 >
233+ 25un)?

(133)

which is the metric of a round two-sphere of radius 4/ N /2. However, since u always appears
in the combination uii, we do not know how to probe the angular direction on the conformal
manifold.

We have seen that the theory becomes non-compact in the u — ©o limit. The u = oo
point is at infinity on the conformal manifold with respect to the metric (132), but at a finite
distance with respect to the metric (132).

3 Disordered gauged linear sigma models

Let us start by reviewing some basics of the gauge linear sigma models following [35] to set
up our convention and notation, and along the way introduce the disordered couplings to the
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theory. Consider a U(1) gauge theory with chiral superfields <I>51) fori =1,---,N of charge
1 and <I>£12) fora=1,---,M of charge —q. The U(1) gauge field and its superpartners form a

vector superfield V, or equivalently a twisted chiral superfield % = %BEV. The (Euclidean)
Lagrangian density of the model is

£:£kin+;cw+£1:l,

Lyin = —J d*o (5(1)’iezv<l>gl) + 5(2),ae—2(q—1)v¢gz) + 4%52) ’
e

(134)
Ly = f a2ow (a1),5?) ‘  —he,
6=0=0
z = It =
L = —f dodo sz:ézo + J d6do Ezb:ézo.
The superpotential W is a homogeneous polynomial given by
e 1 1
w (20, 8@) =626 (8) = g0V - 2{a (), (135)

where the coupling constants &aiy i is a Gaussian random variable with mean and variance

< il"'iq’a> -0 < fpigas, >_ J2 5a5(l1 ..aiq) (136)
g s g 8y jg,b Ng b h Jq

Ly is the Fayet-Tliopoulos term. After integrating out the Grassmann coordinates, it becomes
i
Ly =1D+ o ~=Fi2, (137)

where t =ir + % is the Fayet-Iliopoulos parameter.
After integrating out the auxiliary fields, the potential for the bosonic fields is

1)
:—D2+Z|Ga ¢(1))| +Z Z¢(2)3G ;‘f’l) )
i=1 |[a=1

N M
¢’ (Z P —q 62— r) , (139)
i=1 a=1

where d)i(l) and qb((lz) denote the bottom components of the chiral superfields <I>El) and <I>flz). For
generic couplings 8iyig,a0 the polynomials G,(¢) satisfy the “transverse” condition, i.e. for

any (qb(z) -, qS](VZI)) #(0,---,0), the equations

(138)

)

withs

3G M
G (W) =0= ZN o), (140)
— ¢( )
a=1
have a common solution only for qbgl) == qb(l) = 0. Note that the transverse condition

is different from the compactness condition (22), (23) of the disordered Landau-Ginzburg
models.

Let us analyze the low energy physics of the model. First, we assume r > 0. Vanishing
of the D-term (D = 0) requires qbi(l) cannot all vanish. The transverse condition then implies
¢C(12) = 0. Hence, vanishing of the potential U gives

N
SePr=r, 6D =o0. (141)
i=1
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We further divide the space of solutions of (141) by the U(1) gauge transformation, i.e. impos-
ing the identification qbi(l) = 4)1.(1)ei9. Therefore, the classical moduli space X is an intersection
of hypersurfaces H, = {G,(¢") = 0} inside the complex project space CPN~! with the pro-
jective coordinates ¢l.(1). After integrating out the massive fields qb((lz), the low energy effective
theory is a sigma model with target space X.

Next, we consider the case r < 0. Vanishing of the D-term requires (j)((lz) cannot all vanish.

The transverse condition then implies qbl.(l) = 0. The classical moduli space is then a CPM~!
with the projective coordinates d)flz). For g > 2, the massless fields are the qbl.(l) and the oscilla-

tions tangent to the CPM~!. For g = 2, some parts of the qbl.(l) become massive. The low energy
effective theory is a hybrid Landau-Ginzburg/sigma model on a vector bundle over CPM ™!,

We will be particularly interested in the case when the IR theory is a CFT. The N' = 2
superconformal algebra contains a U(1)y affine Lie algebra. However, in general, the axial
part U(1); x U(1)i R-symmetry is broken quantum mechanically due to a mixed anomaly with
the U(1) gauge symmetry. Vanishing of such an anomaly requires

M1

NTq (142)
It is expected that the IR theory is a CFT when the condition (142) is met. When r > 0,
this condition also implies that the classical moduli space X is a Calabi-Yau manifold; hence,
the IR CFT is a Calabi-Yau sigma model. The space of the Calabi-Yau manifold X becomes
the conformal manifold of the IR CFT. In particular, the complex structure moduli of X is
parametrized by the Gaussian random coupling constants &iy-iga with mean and variance
given in (136). The ensemble average over 8iiga becomes an average of the Calabi-Yau
sigma models over the part of the conformal manifold corresponding to the complex structure
moduli.

The theory is solvable in the large N limit:

N—-soo, A=—, q, t, J, ,uEe«/N, (143)

where the last two parameters J, u have classical dimension one, and the other parameters
are dimensionless. We relax the condition (142) so that A and q are independent parameters.
We focus on the two-point functions of the chiral superfields,

(3Wi(Z)eMN(2)) = 61Gam((12)),  (8PUZ () = 55Gem((12)). (144

They satisfy the same Schwinger-Dyson equations (56) as the disordered Landau-Ginzburg
models. We note that, in the leading order of the large N limit (143), the propagators of the
chiral superfields do not receive corrections from the loops involving the gauge field and its
superpartners. It is similar to the case of the quantum electrodynamics (QED) or the CPN ™1
model in two or three dimensions, where the matter propagators also do not receive loop
corrections from the gauge fields in the leading order large N limit.

In the low energy limit E < J, we consider the same conformal Ansatz (58). The
Schwinger-Dyson equations (56) imply
4
42’
Note importantly that we have reproduced the condition (142) for the absence of U(1); sym-
metry anomaly, which gives evidence for the IR conformal fixed point. This gives additional

evidence that when (142) is satisfied the IR theory is conformal. The dimensions A; and A, for
the chiral superfields are undetermined and constrained only by the linear equation in (145).

1
qA + A, =1, A:a, J?biby = (145)
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This does not imply that the theory is short of determinability because the chiral superfields
&M and ® are not gauge invariant operators. The only constraint on the scaling dimensions
is that to ensure the self-energy dominates in IR, the scaling dimension of 1) should satisfy
A €(0, 7).

The natural next step is to study the four-point function of the superfields ®@ and (@,
and extract the OPE spectrum and the chaos exponent. However, since the @ and @ are
not gauge invariant operators, the interpretation of these quantities is subtle. We leave the
analysis for future work.

4 Summary and discussion

In this paper, we studied N = (2,2) supersymmetric field theories with random couplings in
the superpotential.

1. We introduced the disordered Landau-Ginzburg models, which generalize the Murugan-
Stanford-Witten model by including more families of chiral superfields. The models fol-
low a similar classification as the non-disordered Landau-Ginzburg models. In particular,
with two families of chiral superfields, the model are classified as type I; ; and II; ; with
R-charges given in (27) and (28).

2. We analyzed the models I, 4, I3 3, 14 3, and Il 4. From the two and four-point functions
computed exactly in the large N limit, we extracted the conformal dimensions of the
chiral superfields A; and A,, the central charge ¢, and the chaos exponent A;. The
former two agree with the expectation from the IR superconformal field theories.

3. The chaos exponent A; depends on the ratio A of the numbers of chiral superfields in
each families. For the examples we studied, we plotted A; against A in Figures 2, 3,
4, and 6. From these data, we proposed a universal upper bound A; < 0.5824 for the
chaos exponents in the unitary disordered Landau-Ginzburg models.

4. We computed the partition functions and two-point correlation functions of the disor-
dered Landau-Ginzburg models on a two-sphere using supersymmetric localization. In
the large N limit, we showed that the results on the two-point function coefficients for
the MSW, I, 4, and I3 3 models nicely agree with those computed by summing over mel-
onic diagrams. We also computed the Zamolodchikov metric for the 1, 3 model.

5. We introduced the disordered gauged linear sigma models, and showed that with a
positive Fayet-Iliopoulos parameter and an anomalous free U(1)z symmetry, they flow
to the ensemble averages of Calabi-Yau sigma models over complex structure moduli.

It is important to extend our analysis of the disordered gauged linear sigma models to
the four-point functions, from which we can extract many physical quantities such as the OPE
spectrum and the chaos exponent. This would give as valuable information about the ensemble
averages of Calabi-Yau sigma models. In Section 3, the average over the coupling constants
in the gauged linear sigma models was performed with a Gaussian distribution. It would be
more natural to consider instead the average with a measure implied by the Zamolodchikov
metric on the conformal manifold following [42-44].° In the IR Calabi-Yau sigma models, on
the part of the conformal manifold corresponding to the complex structure moduli space of
the Calabi-Yau target space, the Zamolodchikov metric at one-loop order in the large volume
limit is the Weil-Petersson metric [45].

SWe thank the SciPost referee for comments on this point.
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In [46], the ensemble average of Calabi-Yau sigma models over complex structure moduli
in the large volume limit with an uniform distribution was studied. It was found that the aver-
aged spectrum of scalar local operators exhibits the same statistical properties as the Gaussian
orthogonal ensemble of random matrix theory. It would be interesting to compare their result
with the OPE spectrum in our model.

Our studies on the disordered Landau-Ginzburg models can be straightforwardly gener-
alized to higher dimensions. In three dimensions, the superpotential can be at most cubic in
order for the theories to flow to nontrivial superconformal fixed points. With three or more
families of chiral superfields, the disordered cubic superpotentials would have some random
couplings whose variances are not fixed by field definitions, and the IR theories would ex-
hibit nontrivial conformal manifolds. The OPE spectrum as a function of the coordinates on
the conformal manifold could provide nontrivial data for testing the CFT distance conjecture
in [47].
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A N =(2,2) superspace

The N = (2, 2) superspace has the holomorphic and anti-holomorphic coordinates

(2,0,6), (2.6.6). (A1)
The super-derivatives are
p=2 .69 5= .65
36 oz’ 96 oz’
- a2 0 = 3 .0 (A.2)
20 Oz 20 0z
The supercharges are realized by the differential operators
0l gl G_2 o
96 oz’ 96 9z’
-8 0 = 3 .0 (A-3)
=——+4+0—, =——+6—.
< 20 Jz Q 00 0z
The integration measure for the superspace is defined as
4’0 =dedf,  d*6=d6db. (A4)
A chiral superfield @ satisfies the condition
Dd=0=Da, (A.5)
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and an anti-chiral superfield  satisfies the condition

D®=0=Dd. (A.6)
Hence, the chiral superfield & depends only on the coordinates
Z2=(y,7.6,6), y=z+606, y=z+66, (A7)

and the anti-chiral superfield ® depends only on the coordinates

Z:(y)}:/:éae:), 5/:2_9@, izi_éé (AS)
The super-distances are defined as the combinations
(12) = 5, — y, — 26,6, <ié>:5_'1_}_’2_2é19—2, (A.9)

which are annihilated by all the supercharges Q; + Q5, 61 + 62, 61 + 62, Q; + 62.

B Two dimensional superconformal partial wave

When expanding the four point function in the basis of superconformal partial waves, one has:

) =
00 (-— 0 7:0> .:.Ae(u>v)
g N , . (B.1)
/ Z(:)Jo sl—k(A,£)<.:.A’g,\—'“A,€>

The principal series for the A" = 2 superconformal partial waves have conformal dimension
A = 1is,s € R. There are some related works about the bosonic partial waves in general d
dimensions, see [25,48,49].

One has two quantities to evaluate from the above expression: the inner product between
zero rung ladder and conformal partial waves (E Al> ]-"0> and the norm of superconformal par-
tial waves (E AL DAL > Our strategy is to use known relations between superconformal blocks
and bosonic blocks which enable us to deduce the relationship between the superconformal
partial waves and bosonic conformal partial waves.

The superconformal partial wave is a linear superposition of superconformal blocks:

EA’((Z,E) = S&KQA’K(Z,i) + SA,ZQZ,[(Z”%) . (BZ)

Sa, are some coefficients determined by A and £, and A = —A is the 2 dimensional super-
shadow of A. By using the shadow symmetry, we can unfold the integral:

]__:i ° ds <EA,£’]:O> Sai9a,(2,2) _ = [° dsPMFTgA,l(Z,i) (B.3)
oo 1—=k(AL) (EA,Z)EA,Z> =) 1—k(A,0) '
where we have defined:
(Ene Fo)Siy
PMFT = oot A , (B.4)

(EaBay)

as the mean field spectral function. When 2,z — 0, the superconformal block with 4 identical
operator relates bosonic conformal block by

- 1 - -
Gay(z,2) = EGZ’&,Z(Z,Z)- (B.5)
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I N . . . . . .
G, . is the bosonic conformal block in the four point function with primaries A,,a=1,--- ,4,

and Ay = Ay — Ay, Agy = Az — A,. The relation enables us to write superconformal partial
waves in terms with bosonic conformal blocks:

Eny(z,2) = " |(SA€GA+1E(Z Z)+SA[G1 A[(z z)) (B.6)

on the other hand, since the linear combination of blocks appears in the superconformal partial
wave, we must have

Ene(z,2) = HN(A €)\I/A+1e(z Z), (B.7)

A2 B3y . . . . . o
here W, 777" is conformal partial waves in the four point function with primaries

Aga = i, -++,4, which can be expressed as the linear combination as the bosonic conformal
block:
A12,834 _ oAz A]Z Aszy Apy A12 Azy
\I’A,e SA G +S, G (B.8)

A = 2— A is the bosonic shadow of A. N'(A,{) is the normalization coefficient, which relates
the S, ¢ and S 4 by:

Soay =N, 08 (B.9)

The shadow coefficient is given by:

At+Agy+L A—Agy+L
(A +{— 1)I‘( R )F( R )

§hs4 — , (B.10)
Al F(A+E)F(A+A34+£)F(A—A234+l)
the normalization of the superconformal partial waves follows from the bosonic case:
_ 1
- o g1 1,-1
(B Bae) = N(A, Z)N(A ¢ )< A+1e’ leA’+1 4/>
|=] |=| SUsY
_ s g1 g -1 \b! (B.11)
=N, ON (&) ke )

= N(A, 0 np40278 (s —5") 84,

here we denote (, )gusy and (, )posonic 8 SUSY/bosonic invariant inner product under properly
gauge fixing, for the detail of measure after gauge fixing, refer to [25]:

1 1 App=1,Aqz,= 1
<F,G>susy=fdzszG=Jdzz—lzlm_zlz(IZIF)(IZIG)=(IZIF,IZIG)ngomc "

(B.12)
np ¢ is the normalization coefficients in 2d bosonic conformal partial wave:
o vol($™?) 4@e+d-2)nr(e+ DrEe+d—2) 1
247 vol(SO(d — 1)) 2d_21—-(£ Ty 22
mir(A—HIH(A-§
(A—DHrA-9) (B.13)

At —DA+—DIA—1IA-1)

We need not care about the expression of A/(A,£), since it cancels in the calculation of pypr
in the following context. Let us now consider the superconformal zero rung laddder diagram.
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For simplicity, we fix the gauge to be (®(0)®(z)®(1)®(00)). Under this gauge, the zero rung
ladder becomes |z|?2¢. The inner product is given as:

(B Fo) =N(A, e)<|| ol |2A<>>SUSY—N(A R S LR R P

Within the new gauge set up & = {x; =0, x5 = 1, x5 = 00}, one can evaluate the above inner
product as:

_ d?x; -+ d?xg |x19
<5A,€:‘FO) = 4 4
vol(SO(2,2)) | x12]4]x34

|X14| Ay |X14| Azg Aqp,Azy 1+ﬁ
" (|x23| |x13] 0 s x5)F, ,
(B.15)

|A1+A2 |x34|A3+A4

in our definition,

A—Az—A
A=A —A 370
phizlas _ J d? |x 12| v |x34|

S Ay+A—A A +A—A — —
|x95|227 Uy |FATR |9635|A3+A_A4|X45|A4+A =

C(m),  (B.16)

where
~ (n-m
In)’|m|’C, (lnIlmI) =(n"-.-n"™ — traces) (mu1 ceemy, — traces) , (B.17)
and
_ leasl beas| bxss | [xas| (E _ @) (E _E) _ L+ %a (B.18)
112 |x34| s X35 X35 Xis |x34]

And the zero rung ladder under the gauge is normalized as:

_ |x12220 | x34] >0

|X13|2A‘I’|x24|2A“’ '

(B.19)

Inserting Eq.(B.16)(B.17)(B.18)(B.19) into Eq.(B.15), we have:

2 284—A—2 (i.x
(Eae Fo) =N(A,£); J d?x3d*x, X4 X (—1)ZC,Z (%)

lx4]2]33[222 |1 — x4]22e
=N(A,OI(AL). (B.20)

2 . . .
— comes from the Berzinian under this gauge. The integral can be evaluated as:
i

2 g |*Ae 7072 o (1%
= | d®xyd®xy (—1fc, | —=
TCJ x4 |2x3]252 |1 — x4[?Ae x34]
20g—A—2—0( M1 g
|[«2e (X3 - - - X453 —traces)

2 |
= - d2X43d2X4 e e
TCJ 412|304 — X43|?20 |1 — x4]25e ( [ ty

A/ 1 Bt _ traces
F(A _1___5’_A¢’£)(6M1' . traces)Jd X4 |A+€+2|1 P

2
T 2
2 A ! A /L
_EF(A —1—5—E,—Aq,,E)F(—E—E—1,—A¢,€)C,3(1), (B.21)

- traces)
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where
i r Dr(b+1)r 1
F(a,b,s)=n— sint(a +s) (a+1)r(b+ 1 (a+s+1) . (B.22)
sint(a+b+s+1)T(a+b+2)(a+b+s+2)['(—b)
~ 1
Co(1) = (et .- el — traces) (eul ey, — traces) =—. (B.23)

X4
Since we have collected all the necessary data, we can get the spectral coefficient function:

—_ 2 Agy=—1 Aqy=—1
p . <‘:'A,€1FO>SA,Z . N(A,K) I(A,E)Sl_gz,e i I(A: 6)81_32’[
MET =INR=IND. N(AE)npq41, INEW)

= —21728e+ ¢ge (%N(A —0+ 2A¢)) sin (%n(A —(— 2A¢))
(B.24)

T(1-A6)°T(3(1—A+0))T(3(A+10))
* [(As)2T (32— A+0))T(3(1+A+10))
T(—5—5+2:)T(3(—A+0)+Ay)
T(22—A—(—-28,))T(32—A+E-24,))

C Two dimensional central charge

Under the gauge {6; = 0, = 6; = 6, = 0}, the superconformal block expansion of four point
function for identical complex scalar reads:

) _ (@ (1) ¢ (x2) ¢ (x3) @ (x4)) 2
WX, X0, X3, X0 )5 o o 5 o= — = 5 g ,V).
(0 X2 X0 Xl 0,-01-60 (6 (1)@ ()b (x3) b (x4)) Ogélc“’w\ ady)

(C.1)

The superconformal block can be regarded as linear superposition of conformal block:
Gag=Gayg+a1(A,0)Gas1 041+ a2(A,0)Gatq p—1 +a3(A,€)GAayay s (C.2)

(A +0)
S 2A+0+1)°
(A=1)
2T 8ga—t+1)’ €3
_ (A+0)(A=1)
T 16(A+HL+1)(A—L+1)
Notice that when (A,£) = (1,1), ay = az = 0. In the limit of u — 0,v — 1, the conformal
block goes to:

1

as

(—1)*
X4

Gp(u,v) — uAT4(1—v)K. (C.4)

By using the OPE, we have the contribution from stress tensor in the above four point function:

2 - -
1+ C¢¢§T V521 ((u+v—1)2_1) c (f.b (x1)¢(x2)qb(x3)¢(x4)> C.5)
c uvl Aw 2] (§ ()@ ()¢ (x3)  (xe))
compare with the linear combination of superconformal blocks, we have:
’ 2
C -
2 ¢¢T‘
a1(A,0) [Caor| = va, (C.6)
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where the Ward identity fixes the OPE coefficient |C 3 ¢T|:

Ay
ICspr| = s (C.7)
together with Eq.(C.3) and Eq.(C.6), we have:
12A2 8
- |C$<I>R|2 . .
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