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Notes on tensor models and tensor field theories

Razvan Gurau

Abstract. Tensor models and tensor field theories admit a 1/ /N expansion and a melonic large
N limit which is simpler than the planar limit of random matrices and richer than the large N
limit of vector models. They provide examples of analytically tractable but non-trivial strongly
coupled quantum field theories and lead to a new class of conformal field theories. We present
a compact introduction to the topic, covering both some of the classical results in the field, like
the details of the 1/ N expansion, as well as recent developments. These notes are loosely bases
on four lectures given at the Journées de physique mathématique Lyon 2019: Random tensors
and SYK models.
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1. Introduction

Quantum field theory (QFT) [109] accurately describes both the fundamental inter-
actions in nature (like the electroweak [40, 95, 104] and strong [37] interactions) and
condensed matter systems (like Ising spins [63] or Fermi liquids [81]). In particu-
lar, it gives one of the most precise predictions in physics: the electron anomalous
magnetic moment up to 10710 relative error. Perhaps the most important lesson of
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quantum field theory is that physics changes with the energy scale, as captured by the
renormalization group [88, 105, 106].

By and large QFT has two regimes. On the one hand, one has weakly coupled the-
ories, like quantum electrodynamics. As the name suggests, these theories are almost
free and the effect of interactions is well accounted for in perturbation theory. Mak-
ing sense rigorously of the perturbative expansion is quite non-trivial [41]. However,
given the right circumstances, perturbative computations yield very accurate predic-
tions. On the other hand, one has strongly coupled theories, which are famously
difficult to deal with. While successful numerical approaches have been developed,
like lattice quantum chromodynamics, analytical results are much harder to come by.
Two prominent strategies exist to deal with strongly coupled QFTs analytically.

One strategy is to consider theories endowed with constraining symmetries or
integrability properties. For instance, at a fixed point of the renormalization group a
QFT becomes scale invariant and, more often than not, scale invariant theories are
in fact conformally invariant. Conformal invariance is a very strong constraint [28]
which allows one to bootstrap a plethora of results [98].

A second strategy consists in identifying new parameters, not related to the
strength of the interaction, and attempt a perturbative study with respect to them.
An example of this is the so called “large N field theory [82]. If the quantum field
itself is a vector (or a matrix or a tensor) in some Hilbert space of dimension N, one
can attempt to study the theory in a 1/ N expansion. This is a three step strategy.

» Take N large (infinite). In this limit the theory simplifies. The 1/N expansion is
useful as long as the large N limit is rich enough to be non-trivial, but simple
enough to be more manageable than the original theory.

* Compute the corrections to the large N behavior order by order in 1/N, at all
orders.

* Resum the 1/N series or bound the rest.

This strategy brings mixed results. With the exception of some models in dimen-
sion zero! [53,58,73], step 3 is almost never considered. Step 2 is again considered
mostly in dimension zero [14,17,26,30,42,61,62,93]. Beyond the fact that the second
and third step are seldom manageable, the two classical examples of a vector [12,100]
or a matrix [101] field are somewhat disappointing already at step 1. Vector models

'By dimension we mean the dimension of the space or space-time on which the vector,
matrix or tensor field theory is defined, that is QCD is a theory in 4 dimensions [101]. In matrix
and tensor models [27,55] there is a second notion of dimension: the Feynman diagrams have
non-trivial topology and encode combinatorial triangulations in various dimensions (two in the
case of QCD). Thus [27] deals with matrix models in 0 dimensions, although they are relevant
for two-dimensional quantum gravity.
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are analytically tractable in the large N limit and have plenty of applications [11,82].?
However, they are limited by the fact that at leading order in 1/N vector models do
not give an anomalous scaling dimension for the field. Consequently, one is stuck
with either numerical studies [49] or almost classical scaling. On the contrary, matrix
models [16,27,101] are too complicated to be resummed in the large N (planar) limit,
in more than zero dimension.

Tensor models [55, 70] give a new class of large N field theories. They exhibit a
melonic large N limit [13,55] which is different from both the vector and the matrix
ones. Vector-tensor models and some regimes of matrix models also lead to a melonic
limit [3, 4, 31, 32]. Unsurprisingly, the melonic limit is richer than the large N limit
of vectors. Surprisingly, although as algebraic objects tensors are more complicated
than matrices, the melonic limit is simpler than the planar one.

Tensor models have been extensively studied in zero dimensions (where they were
originally introduced and studied as models of quantum gravity [2, 10, 50, 60, 85, 96,
97]) and in one dimension (e.g., [19, 21, 23, 56, 65, 67, 68, 72,77, 78, 83, 86, 108])
because they provide an alternative to the Sachdev—Ye—Kitaev model [33, 43,45, 46,
66, 80, 89, 94] without quenched disorder. Some small N tensor models can also be
solved analytically [67,75,76,83]. Higher-dimensional tensor field theories have been
more recently explored [6, 7, 38, 39, 90, 91]. At large N and in the infrared these
theories typically yield conformal field theories (CFTs) of a new kind which we call
by extension melonic.

Melonic theories are an ideal compromise between solvability and richness: con-
trary to almost all the other examples of strongly interacting theories, they can be
treated analytically. To a large extent, they can be studied disregarding their origin.
This is reflected in the organization of these notes. In Section 2 we present a brief
overview of conformal field theories and the particular features of the melonic ones.
In Section 3 we present several models which become melonic in the large N limit.
Section 4 presents an effective action formalism well adapted to tensor field theories
and finally Section 5 presents in detail the renormalization group flow, fixed points and
infrared melonic CFT in one model. The appendices collect some technical details.

Notation. We work in Euclidean R¢. We sometimes denote integrals over positions
by [, = [d? x‘and integrals over momenta by [, = / %. The Fourier transform
is f(p) = [, €P* f(x) with inverse f(x) = [ e~'P* f(p). Repeated indices are
summed.

2They provide for instance explicit CFT duals to Fradkin-Vasiliev higher spin theories [34,
35,69,102].
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2. Melonic field theories

Melonic conformal field theories are a new class of analytically accessible CFTs.
We first briefly review CFT in d dimensions and then explain what makes melonic
theories special. The reader can find plenty of references on conformal field theories.
Here we present a brief digest of [79,99]. We use the notation in [79].°

2.1. A digest of conformal field theories

In Euclidean R¥ with line element dx? = §,,,, dx** dx" conformal transformations
x — x'(x) preserve the line element up to a local scale factor dx'? = Q(x)?dx?2. The
infinitesimal® conformal transformations x’* = x* 4+ v*, Q@ = 1 + ¢ are generated

by

Vu(x) = ay + oppx’ +kxy +byx*—2x,b-x, ®uy = —wyu, o =k—2b-x.
2.1
The conformal group has (szrZ) generators and is locally isomorphic to SO(d + 1,1).

A general conformal transformation is such that

1
"w|d

. 22

ox'* v 0x
v QUx)RY(x), S RE(X)R)(x) = 85p, Qx) = ‘ PR

and
(xi —xlz)z = Q(x1)2(x2)(x1 — xz)z-

Conformally invariant cross ratios can be built starting with four positions
2 2 2 .2
(xijxkl)/(xikle)v

where x;; = x; — x;.

The irreducible representations of SO(d) are classified by the spin. For bosonic
fields, the representation space of the spin J representation consists in symmetric
traceless tensors with J indices. We denote multi-indices by

Ho= 1. L.

3This section is the author’s synopsis of the four lectures given by V. Rosenhaus at the
Journées de physique mathématique Lyon 2019: Random tensors and SYK models. The author
would like to take this opportunity to thank him for many clarifying discussions on the topic.

4The finite transformations are translations x’# = x* 4 g™, rotations x’* = R4 xV, dilata-
tions x’* = Ax* and special conformal transformations x"* = (x* + x2b")/(1 4+ 2b - x +
b%x2).
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The rotation R!' is represented in the representation J by the tensor product

B _ pu wr
R; —va ...Rw.

In a scalar theory, for instance, a spin J composite operator is

[(0%)"1 9y, - 0 POy - - 0,,)(0*)"2¢] — traces..

The primary operators Oa s in a conformal field theory (CFT) are vectors in the
spin representation J and change under the conformal transformation in (2.2) as’

oL ,(x') = Q)2 RE(x) O} ; (x). (2.3)

where A and J are the scaling dimension and the spin of the operator and R"-} (x) is
the matrix representing the rotation RY (x) in the spin representation J .

The two and three point functions of primary operators are fixed by conformal
invariance [29,99]. The two point function is non-zero only for operators of the same
dimension and spin:

. TP (x12) ... 1" (x12) — traces Mo
(OZJ(XI)OA,J;\‘;(Xz))= w1 VJ)ZA . IMx)y=4688-2 Zv;

’ |x12] x|
2.4)

while the three point function of two spin zero operators ¢; and ¢, with dimensions
Aj and A, and a spin J operator Oa ;s is

(d1(x1)P2(x2) OA,s;(x3))

_ A1LA Zy, ...2Z,, —traces

=LA |X12|A1+A2_A+J|x13|A+A1_A2_J|x23|A+A2—A1_J’ (2.5a)
(X13)u (Xzs)u
|x13] |x23]

AlLA
where C,'';? are pure numbers.

The operator product expansion (OPE) in quantum field theory expresses the
product of two operators at nearby points as a sum of local operators. For a scalar
field theory this is written schematically as

$Ox1)p(x2) = Y Cxi)x13 .. N5 Opypiy (¥2) forxi ~ xs.

In components, the infinitesimal transformation of primary fields is
- _ _ 1 _
§0% ; = —v"3,0% ; —(k —2b-x)AO% ; + E[w’“’ —2(b"x" = bY x")](500)% o% .

where s,,,, denotes the spin matrices in the representation J. The spin matrices are the gen-
erators of the so(d) Lie algebra [s;1, Spo] = SupSvo — SvpSuo — SpoSvp + Svosup. In the
vector representation for instance we have (s )b = Sub0va — Svpbua-
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This equality should be interpreted in the weak sense, that is it is valid when inserted
in arbitrary correlations. In a conformal field theory the OPE is strongly constrained
by conformal invariance® and the sum restricts to primary operators [29, 84]:

$1(x1)$2(x2) = ZCAI B2 PR (312, 00,) On s (2). (26)

with the OPE coefficients C > A, J 2 given by (2.5) and PAI’AZ’

versal differential operator fixed by conformal invariance Wthh captures the contribu-

H(x12, 0x,) some uni-

tion of the primary Oa s and all its descendants. For instance, the three point function
of three spin zero operators is at the same time given by (2.5) and by the OPE, hence

1 1
|x12|AtHA2=A x 5| A1 HA=A2 5] A2+A—A |x23]2A"

= PR (X102, 0xy) 2.7)

where we omitted the spin index. The polynomial PAA B2 (5 dx,) is obtained by
substituting x;3 = Xx12 + X3 in the left-hand side and Taylor expanding’ in x15.

Arbitrary correlation functions in a conformal field theory can be computed by
applying the OPE iteratively, therefore a CFT is completely specified by the list of
primary operators and OPE coefficients. We will now present a method for computing
the dimensions of (some of) the physical primary operators and (some of) the OPE
coefficients in a CFT.

Our starting point is a four point function. To simplify our life, we consider cor-
relations with four spin zero fields. Applying the OPE twice in the channel (12)(34)
yields

(1 (x1) a2 (x2)3 (xX3)pa(x4)) = ZCA“AZCA*’A“GM@) (2.8)

where the universal functions Gﬁf 7(xi), the conformal blocks [25], are known expli-
citly. The four point function can be re expressed in terms of conformal partial waves
[79,99] as we now explain.

For any primary operator Op, j, we define its shadow Ox . to be an operator
with the same spin but with dimension A =d — A. Let us denote by (...) the
conformal structure of a correlation function, given by (2.4) and (2.5) with the OPE

6As an example, note that any operator in a CFT, primary or not, will change under global
dilatations by a rescaling O’(Ax) = A~%0 O(x) which fixes C(x%z) ~ |x1p| 2R T RO,
7 At first orders we get

A+Al AZ M8M+ )

A A A—A—A
PP (x12,0x,) = |x12] ! 2(1 A
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coefficients set to 1. The shadow coefficient [79] of three operators S 312 93 is defined
by the equation

[ 49185 15 (60105 01008541 02(22) )}
= Sg203(55,1;‘-}(x1)02(x2)03(x3))“, (2.9)

where from now on we assume we deal with real fields (otherwise the spin represent-
ation should be conjugated). We have for instance [79]

ALAS %F(A_%)F(A+J_I)F(Z+A1;A2+J)F(Z—Ar;Az-i-J)

S8 T T AT )P - A+ J)r (AT EE ) (BmEr) 10
gALAT) _ n% F(Az — %)F(A2+A12_A+J)F(A2+A;A1+J). (2.10b)
Ar F(d _ AZ)F(A2+A12—A+J)F(A2+A;A1+J)

Let us define the conformal partial waves:

‘Pﬁfj = /dxo(¢1(x1)¢2(xz)OZ,J(xo))cs(53,1;,1(Xo)¢3(x3)¢4(x4))cs- (2.11)

Using the conformal scaling in the first three point conformal structure, one can show
after some effort [99] that the conformal partial wave is a sum of the conformal block
Gﬁfj (x;) and its shadow block G§i1 (xi):

4 I\J 4 1\J :
A A3, Ay ~A; A1,Ap ~ A
W, = (—5) SEEMGRT, (xi) + (—5) SaAGRT (6. 2.12)

A complete set of partial waves lllﬁi 7 is obtained in d > 1 by choosing integer
spin J and the dimensions A = d/2 +ir,r > 0 (for d = 1 one needs to add the
discrete set A = 2n,n > 1). These dimensions do not correspond to physical primary
operators. The functions are orthogonal [99]:

N ,\I’§i ) = iz 4 VN (xi)‘I’éi (x)
A Vol(SO(d + 1,1)) &/ "4y
=2mnp y8(r —r')8sy, (2.13a)

Sy Bs:Bayoi(54-2)
Vol(SO(d — 1))
_TQJ +d =T + DT +d —2)

_ 2
22J+d ZF(J + %)

na,Jg =

, (2.13b)

with A =d/2+ir, A =d/2—ir andr,r’ > 0.
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Now, let us consider a field theory (not necessarily conformal) for a scalar field ¢,
such that the one point function is zero. The four point function is a sum of a discon-
nected contribution (12)(34) and the part connecting (12) and (34):

(@ (x1)@(x2)p(x3)9(x4)) = (P (x1)9(x2)) (P (x3)9(x4))
+ (@ (x1)P(x2)P (x3)¢ (x4)) 12534 (2.14)

The correlation (. ..)12-,34 can be written in term of the irreducible four point ker-
nel (see Section 4 for details). Expressing the self-energy ¥ (that is the one particle
irreducible two point function) in terms of the dressed two point function G, the irre-
ducible four point kernel is the functional derivative of ¥ with respect to G

52()634)
SG(xab) 7

K(x1, x2: %3, X4) = / 9 xd x5 G (x12)G (x2p) 2.15)

and the four point function connecting (12) and (34) is

(P (x1)P(x2)P(x3)P(x4)) 12534
= /ddxaddxb(l _1 K)(xl,xz;xaxb)(G(xag)G(xM) + (a < b)). (2.16)

In a CFT in which the field ¢ is a primary operator with dimension Ay, as the
partial waves form a basis, equation (2.14) becomes

(@(x1)p(x2)p(x3)$(xa))

! ! dA A,
|28 |x34]229 2 / 7 PA VAT (x0), (2.17)
J d
2

d .
5 tioo

B |x12

where the field is normalized so that the two point function is exactly the conformal
structure. The disconnected term is the contribution to the OPE of the identity operator
with dimension and spin 0. All the other physical operators and the OPE coeffi-
cients are captured by the density p(A, J). This density can be computed by expand-
ing (2.16) on partial waves. We first expand the rightmost term in (2.16):

(@(x1)P(x3)) (P (x2)P(xa)) + (1 < 2)
= FO(x;)
4 tioo

A
=Y [ 5@ ey e 2.18)
1
4
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where p°(A, J) = (F9, v By ’)/na,s. The first term in the scalar product is, substi-
tuting the partial wave (and denotlng arguments as indices),

ddxiddxo e ’0',17, S 300) _ T T cs
/VOI(SO(d+1 1))(¢x1¢x3)(¢x2¢x4)(¢x1¢xz Z,J(XO)) (OA,s:2(x0)Px3Pxs)

Ad, (A7) gAg.(AT) / dxidxadxg
Ay Ay Vol(SO(d + 1, 1))

((];xl (];xz 5§,J (XO))CS
X<0A,J;[L(x0)¢x1¢xz>cs7 (2'19)

where we computed the integrals over x3 and x4 using (2.9). The remaining integral
is just a pure number [79] which we denote by 7o:
1 I(42)I(J +d —2)

_ , 2.20
"= Nol(SOd — 1) 2T(d — 2T (J + %2) o

Taking into account the symmetry properties of the conformal three point function,
we get

1+ (=1)7
+ (-1) toSA"’ (A, J)SA¢ (8.0 (2.21)

P’ (A J) = X
nA.J ® Ay

Now, due to conformal invariance, the irreducible four point kernel applied on a
three point function must be proportional to the three point function:

[ axdand Koo v 9160 0, (0)
= k(A J)($(x1)p(x2) O ;(x)): (2.22)

therefore

p(A ) = 0% (A, ). (2.23)

1—k(A,J)
Putting everything together, inserting the partial wave in terms of the conformal blocks

and noting that p(A, J) = p(A, J) we get
(@ (x1)P(x2)P(x3)P(x4)) 1234

d+1oo

1+ (=1’
_Z / 2n11—k(AJ) ray P

——IOO
B4.(8.0) A8 (1 T Aphy A¢
sz (- 2) ST (). 224)

In order to find the OPE coefficients and the dimension of the primaries, we close
the integral contour on the right half complex plane. The integral then becomes a sum
over the poles of the integrand. There are many poles: some come from the conformal
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block itself, some from the explicit S factors and some from the (1 — k(A, J))™!
factor. It turns out that some of the poles are spurious [99], and only the poles of
1/(1—k(A, J)) are physical. We denote by A, the solutions of the equation
k(A J) = 1. These are the dimensions of the physical primary operators present in
the OPE of ¢¢ in (2.6), and

($(x1)(x2)¢ (x3)(xa)) 12%34_22(%%%2 (). (2.250)

ApA 1+ (=1’
(Cat3*) = —Res(; STV ) f0

nA,,J
B (Ansd) ¢Dg.(An.T) _1)1 ApAs
x 53! S3! ( 5) sz (2.25b)

This method for computing the dimensions of the physical primary operators and
the OPE coefficients is completely general. However, it is of limited use in the most
generic case because the four point kernel and consequently k(A, J)) are complicated.

2.2. The melonic truncation

We now introduce a class of field theories which we call melonic. In these theories
one is able to close the equation (2.25) and compute k(A, J) analytically.

Let us consider the simple example of a scalar field theory with a g-body inter-
action ¢4 in zero dimensions. The “field” ¢ is just a real variable and the action and
partition function write

= %¢C‘1¢ + %qﬁq, Z = /[d¢]e—5, (2.26)

where C > 0 is the covariance (propagator) and A the coupling. Of course in this case
one can eliminate the covariance C by a rescaling, but we refrain from doing this.

The partition function and correlations can be evaluated by Taylor expanding in
the coupling and computing the Gaussian integrals.® This leads to the standard Feyn-
man graph representation. The graphs have vertices with coordination ¢ and, for
correlation functions, external points with coordination 1. The connected two point
function of the model

— (#9)e = 5 [Wdle 00— (5 [lwleSs). @2

8For ¢4 a vector in some vector space and C4 p some non-negative operator, the moments
of the normalized Gaussian measure of covariance C are computed by the Wick theorem:

/[d(b]e 2¢ACA3¢B¢A P4y, = Z HCA A;. [do]l = (detC)—l/2l_[d¢A

pairings IT {i,j }eTIl
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is a sum over connect graphs with two external points. It obeys the Schwinger—Dyson
equation (SDE) depicted in Figure 1:

Gl=cCc'-3, (2.28)

where the self energy % is the sum of amputated, one particle irreducible (1PI) two
point graphs.

C
@ = &+ CDC LD =

Figure 1. The Schwinger—Dyson equation.

The SDE can be closed by re expressing the self energy back in terms of the two
point function G. Usually this is not very useful as the self energy is a complicated
sum over two particle irreducible graphs (more details on this in Section 4).

Figure 2. The melonic truncation of the self energy.

The melonic truncation is a truncation of the self energy which leads to a non-
trivial but manageable SDE. It consists in restricting the self energy to the melon
graph depicted in Figure 2 which is made of two vertices connected by g — 1 parallel
two point functions.’ In zero dimensions the melonic truncation reads

){2
2= e (2.29)
(¢ —D!

We put the combinatorial factor in square brackets as it is the only thing which
depends on the details of the model. We call a theory melonic if this truncation holds.

In a zero-dimensional melonic theory, combining (2.28) and (2.29) one can solve
for the two point function
)&2

(g — D!

2 n
- 0Tl e o

9The melonic truncation of the self energy defines melonic two point graphs. Vacuum mel-

G=c+c[ ]Gq

onic graphs are obtained by reconnecting the external edges of a (not necessarily one particle
irreducible) two point graph into an edge.
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Now, let us go to higher dimensions. The SDE in a melonic theory in d dimensions
is
2

(g — D!

(G x2) = (€T30 = B(x1,x2). B = [ JIGI
(2.31)
where G™! (and C~') denotes the operator inverse and we used translation invari-
ance in the second equation. We now attempt to solve for the two point function self
consistently. This is possible if one ignores the free covariance. Taking a conformal

ansatz for the two point function,

1
G(x1 — =h— 2.32
(x1 — x2) o — xR (2.32)
and going to momentum space'’ the SDE in a melonic theory is solved by
d A2 I'Ag)T'(d — A
ap== | |p = (By)T(d — Ay) (2.33)
(g —1)!

7 (=)T(% — Ap)T (=% + Ay)

The attentive reader will note that this solution is only formal: the presence of
an Euler I' function with a negative argument stems form the fact that the Fourier
transform of the right-hand side of (2.31) is in fact divergent. We will be treating
this equation rigorously in Section 5. Observe that the melonic truncation already
expresses the self energy in terms of the two point function. The irreducible four
point kernel is then readily obtained:

K(X],Xz;x?nx4) = /ddxaddeG(xla)G(XZb) ?EE;%Z;
22
=(q - 1)[m]G(xlg)G<x24)G<x34)‘f‘2- (2.34)

In order to close (2.25), we need to determine k(A, J). The trick is to note that, as
Ay = d/q, we have

1

TR PO OL () = (PP () OF ;o)™ (239)

19Recall the Fourier transform:

y2a 22a—dr(a) pd—2a'
X

/eipx nd/ZF(%_a) 1
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therefore

[ dradrik i xane) (@29 O 5 (o)
Az
=@- 1)[(q - 1)!]bq
x / dx3dxa{p(x1)p(x3)) (P (x2)$ (x4)) (B (x3)P (x4) OF ; (x0))*".
(2.36)

The integrals can now be computed using the shadow coefficients in (2.9) and we get

= (q— g ¢Bo(AT) ¢By.(AT)
k(A ) =(q 1)[(q = 1)!] Spo (8 sget D, 2.37)
which, with the help of (2.10), yields
k(A T)=(q— 1)%’ (2.38)
where
d d A+J A—J
3= = 2r (3 = 20)1 (89 = 5 + =7)0(85 - =57),
d A—JN_d A+J
EIE—(—1)1“(—5+A¢)F(A¢)F(d—A¢—T)F(E_A¢+ : )

3. The melonic limit as a large N limit

Melonic theories lead to analytically controlled CFTs in the infrared limit. However,
in the previous section the melonic truncation appeared as a trick designed to produce
a solvable model.

The important question then becomes: is there any natural way to obtain a melonic
limit in a field theory? The answer to this question is yes: in the case of tensor field
theories the melonic limit is naturally obtained at large N. In fact, when a random
tensor is present, the large N limit will often be melonic. In particular, as we will see
below, models mixing vectors and tensors also fall in this class.

In this section we present three models which exhibit a melonic large N limit. We
only deal for now with the combinatorial aspects of this limit and, in order to simplify
the discussion, we will present the models in dimension zero. We will go back to field
theories in the next section.

The models we discuss here deal with non-symmetric tensors. It should be men-
tioned that there exist models for symmetric tensors (in rank 3) for which the large
N limit has been proven to be melonic [5, 20, 21,57, 71]. However, the proofs are
significantly more involved for model with symmetries.
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3.1. The colored tensor model

This model is sometimes called the Gurau—Witten model [50, 60, 108]. It can be for-
mulated for arbitrary rank tensors. For all the ranks it has a large N limit dominated
by melonic graphs [13]. The classification of graphs at any order in 1/N has been
performed [56,61].

Let us consider D + 1 tensor fields of rank D. We denote the fields by Tfii , where
i =0,...,Dis the color of T* and the multi index A" is A* ={aj | j # i}. All the
indices a go from 1 to N and the tensors have no symmetry property. For example in
rank D = 3 the list of fields is

0 — 70 1 — 7l 2 — 72 3 — 73
Tabagag = Taor Majaat =T gz =T Tagatag = Tase - G

Observe that the indices a have two colors. We set §4i gi = [[;.2; 84 i -
JJ

The model has a global symmetry group @ (N)P®P+1/2 consisting in an ortho-
gonal transformation 0%) = 0U? e @(N) for each couple of colors (ij ). Under the
action of the symmetry group, both indices a;'- and aij transform in the fundamental
representation of O) In detail, the global symmetry acts on 7”7 as

(T =[]0 1. B =il #i}. A ={d|j #i}. (32
j#i

For example, in rank 3 we have 01® = 01 and so on and the fields transform as

0 _ (1) ~(02) ~(03)

(0500305 = Ogat Vs Oogan et (3.30)
N _10) A(12) A(13)

T )b(l)bébé N Ob(l)a(l) Obéaé Obga; Tobatal: (3.3b)

etc. The action and partition function of the model are

1 i A ; _S
S =32 TuC ' Ty + oo [ [buw [ 1T 2= [ [dTe™S. (3.4)
i i<j i

where we have included a redundant covariance C for the Gaussian part. Due to the
global symmetry the two point functions of the model are diagonal both in the colors
and in the indices:

(T4 T) e =6784i3iG. G =C+CL(N""In2). 3.5)

G is obtained by taking a two point function, contracting its external indices respect-
ing the colors and dividing by N 2.

The partition function and the correlations can be computed in the Feynman
expansion. The Feynman graphs are D 4 1-valent and the edges have a color i =
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0,..., D. One can give a detailed, stranded, representation of the Feynman graphs
adapted to tracking the indices of the tensor. This is represented in Figure 3 for D = 3.
Each tensor is represented as a half edge with D strands, one for each one of its
indices. D + 1 half edges meet at a vertex and for every couple of half edges two
strands (representing the indices a} and aij ) are joined. The edges transmit D strands.

I
i

Figure 3. The vertex and the propagator of the colored tensor model in rank D = 3.

The vacuum Feynman graphs are edge (D + 1)-colored graphs [50,60]. A graph
9 has

e V(§) vertices of coordination D + 1;

. % V() edges colored 0, 1..., D such that at every vertex we have exactly one
edge of each color;

o F(9) faces, that is bicolored cycles.

The faces track the indices of the tensors: the indices are transmitted along the
edges and turn around vertices, thus an index a; = aij follows the face (ij) and we
get a free sum (hence a factor N) whenever the face closes. Open graphs arising in
the Feynman expansion of correlations have additional external points corresponding
to the external field insertions and open strands connecting pairs of external indices.

In order to compute G in (3.5), we use a trick (depicted in Figure 4): we contract
the external indices of a two point function respecting the colors and divide by N 2.
We denote by & the set of rooted,'' connected edge (D + 1)-colored graphs and we
get

1 o

G = W(SAiBi(Tji Tyi)e

_ Z(_A)V(g)c%V(@HN—D—WV(@JFF(@’ (3.6)
e

A rooted graph is a graph with one edge (the root) marked by an arrow. For colored graphs
we fix the color of the root edge.
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where the root edge represents the external contraction d4; p:. Remarkably, every
rooted graph with unlabeled vertices has a combinatorial factor 1. Observe that &
contains a graph with no vertices (on the left in Figure 4). It corresponds to the Gaus-
sian pairing of the two external tensors and brings a covariance C.

Figure 4. Rooted graphs.

The crucial fact is that the numbers of faces and vertices of a connected graph §
are related [51,52,59] by the following relation (see Proposition 3 and Appendix A):

D(D —1)

F(§)=D+—

V() —a($). o) =0, (3.7
where the reduced degree &(§) of a graph § is a non-negative half-integer. The prop-
erties of the degree are discussed in detail in Appendix A. The two point function (and
all the other correlation functions) admits a 1/ N expansion indexed by the degree:

o(8)=d
G=) N Y (-n)/OcFVEH, (3.8)
WeEN/2 ge&

At leading order one obtains only the graphs with @(&§) = 0. The graphs of degree
zero are the melonic graphs [13], see Proposition 4, Appendix A. Opening a rooted
melonic vacuum graph at the root one obtains a melonic two point graph and at leading
order:

(GLO)—I — C—l _ ELO, ELO — AZ(GLO)D. (39)

3.2. The colored tensor—vector model

This model is the zero-dimensional counterpart of the Sachdev—Ye—Kitaev model [43,
54,66, 80, 89,94]. It comes in two flavors, quenched and annealed, which coincide at
the first few orders. Although more involved, the sub leading corrections have been
classified also in this case [36].

The model consists in D vectors 1//;i (distinguished by the color i) coupled by a

random coupling 7y, ,... a,- The random coupling is a rank-D tensor with no symmet-

.....

ries distributed on a Gaussian. The action of the model is

1 . . .
S=3 D WL CTWE A ATayap [ [V (3.10)
i i
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We set

and
[dT]: l_[ N(D_l)/szal...aD-

ap...ap

One can either take the quenched or the annealed averages over the random couplings.
Consequently, one has the quenched and the annealed free energies, the quenched and
the annealed two point functions, and so on. Denoting Z(T') = [[dy] exp{—S} we
have

F@ = % / ATl 7T m(Z(T)). (3.11a)

F@ %ln(/[dT]e_NDZ_l T'TZ(T)), (3.11b)

Wi, ) = [arie T o lawieSul v, G110
(Yl i )@ = — / [dT)e= 51T f [dyleS v vy .
o JdT)e= == TTZ(T) o

(3.11d)

The two point functions (both the quenched and the annealed one) are again diagonal
in the colors and in the indices:

<¢£i Wajj )E‘q)’(a) = 5ij8aiaj G(q)’(a). (3.12)

The Feynman graphs are still edge (D + 1)-colored graphs: 0 is the color of the
tensor (disorder) averages and 1, ..., D are the colors of the vector contractions. One
can give a stranded represent in which the tensor has D strands and the vectors only
one strand as depicted in Figure 5 on the right.

Figure 5. Colored and stranded representation of the vertex of the tensor—vector model in rank
D =3.
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From the point of view of the index contractions, the edge O is very different from
the others: the edges 1, . . ., D carry an index each, while the edge O carries D indices.
By the same trick as before, the two point functions can be expressed as sums over
rooted (the root has color i # 0) connected edge (D + 1)-colored graphs:

1 o
G@@ = N(gaiaj (Vg é,»)gq)’(a)
— Z(_A)V(ﬁ)C%V(ﬁ)-HN—l—(D—l)V(ﬁ)-i—Z[ FOD@) (3.13)
ge&(D.(@)

where F (9 denotes the number of faces with colors (0i) of .

Contrary to the colored tensor model, we now get a free sum (hence a factor N)
only for the faces involving the color 0: it is quite clear in the stranded representation
of Figure 5 that there is no index going from the edge 1 to the edge 2. Therefore,
the faces (12), which are the bicolored cycles made by edges of colors 1 and 2 do not
contribute to the amplitude. It is convenient to add and subtract the missing faces, (ij)
with i, j # 0. The number of faces which involve the color zero is the total number
of faces minus the number of faces which do not involve the color 0:

Z F(Oi)(g) _ Z F(ij)(g) _ Z F(if)(g), (3.14)

i 0<i<j=<D 1<i<j<D

The only difference between the quenched and annealed models is the class of
graphs over which we sum. In the annealed case we sum over all the (rooted) con-
nected edge (D + 1)-colored graphs &' @ = & For the quenched case, we sum only
over the (rooted) connected edge (D + 1)-colored graphs which remain connected
after deleting all the edges of color 0. We denote the set of graphs with this property
by G@D.

Let ¢ be a connected edge (D + 1)-colored graph, and let us denote by §° the
edge D-colored graph obtained from § by deleting the edges of color 0 (which
correspond to the disorder averages). In general, §° can be disconnected and we
denote by C(§°) > 1 the number of connected components of §°. As ¢ is an edge
D-colored graph, it has a reduced degree ®(§°) and the total number of its faces
is given by (3.7) with D shifted to D — 1. We define the SYK degree of § to be
Q(€) = &(8) — ®(£). This number is a half-integer which obeys the bounds (see
Proposition 5 in Appendix A)

1
H0E) = Q) = o), (3.15)
hence, in particular, it is non-negative. A straightforward computation yields

G@.@ _ Z(_A)V(ﬁ)c%V(ﬁ)—i—lN—[C(go)—l](D—l)—Q(ﬁ)' (3.16)

CeG@.(@)
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For the quenched model, we always have C (¢°) = 1, but, for the annealed model,
C(€°) > 1. However, in the large N limit, both the quenched and the annealed models
are dominated by graphs with C(§°) = 1 and Q(¥) = 0. The quenched and the
annealed models coincide up to the order N ~(P=1)_If one uses the replica trick to
compute the quenched averages, the departure between the quenched and the annealed
models signals a replica symmetry breaking.

The SYK degree €2(¥) is non-negative and is zero for a connected graph § if and
only if § is melonic. If § is melonic, then € is a union of melonic graphs. At leading
order §° is furthermore connected, hence it consists in exactly one melonic graph.'?
Therefore, at leading order we get

(GLO)—I — C—l _ ZLO, ZLO — AZ(GLO)D—I. (317)

The annealed model (and consequently the quenched model at first orders) can be
simplified by introducing “bilocal” fields integrating over the disorder:

[aryayes
= /[dme—éZi W, C W+ 5 25— Tl i, Wi,
X / [dGi|[dxi]e? Ti BN NG ~vi,; ¥5,)
= /[dGi][dzi][dw]e—éZi Va, (C1 =Sy —N(A ¥, G222 TT; G7)
= /[dGi][dzi]e—N(i%Zi Trln(1-C )44 ¥, G s —42 ], G (3.18)

where the — sign is obtained for fermionic vectors (which requires even rank D), the
+ sign for bosonic ones, and we took into account that the Gaussian integral over the
vector fields is normalized. The advantage of this representation is that N is an overall
scaling and the 1/ N expansion is a standard saddle point approximation. The saddle
point equations write (using the fact that the saddle is color symmetric)

1

»-22GP'=0, G- ——
C1-%

=0, (3.19)
which reproduce the SDE in the melonic limit (3.17). The 1/N expansion is obtained
by computing the saddle point corrections. However, we stress that this gives the 1/ N
expansion of the annealed model, hence fails to reproduce the one of the quenched
case starting with the order N ~(P~1),

120bserve that in this case one can uniquely reconstruct § starting from §°.
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3.3. The O(N)3 model

This model is sometimes called Carrozza—Tanasa—Klebanov—Tarnopolsky model [22,
39,72]. As the name suggests, the model is defined only for rank-3 tensors. Its interest
resides in the fact that it includes all the radiative corrections for quartic interactions,
hence a field theory built on it is well adapted to a renormalization group study. At
leading order the model is dominated by a melon-tadpole graphs, a slight generaliza-
tion of melons. The first sub leading orders of this model are understood [8, 22].

The field of the model is a rank-3 non-symmetric tensor ¢4 = ¢4, 4,45 transform-
ing in the three fundamental representation of O(N) ® O(N) ® O(N), that is under
a change of basis each index turns with its own orthogonal transformation

(1 (@) 3
()o1baps = Oblll Obzlz 0153{13%“2[,3. (3.20)

One can consider the slightly more general case of a O(N1) ® O(N2) ® O(N3) sym-
metry, but we will refrain from doing this here. We denote by capital letters triples
of indices: A = {a1,a»,as} and so on and we define three patters of contraction of
indices among four tensors:

8,€1BCD = (Salbl861d1)(8a2628b2d2)(8a3d38b363)v (3213)
1
SIZB;CD E) ZSajchbjdj (1_[ Saibi(gcidi)’ SZB;CD = ngaibigcidi' (3.21b)
J i#j i

The first pattern 82 pcp 18 called the tetrahedral pattern, the second one Sf; B:CD the
pillow and the third one the double trace. The action of the model is

1 -1 A Ap op Aa
§=704C"9at (WSABCD + v20amen T m)¢A¢B¢C¢D’ (3.22)

and the two point function is diagonal in the tensor indices (¢p4¢p) = 648G

Again, one can compute the partition function and correlations in a Feynman
expansion. The Feynman graphs of the CTKT model are stranded graph made of
stranded vertices connected by stranded edges, as depicted in Figure 6. The strands
are associated to the indices of the tensors. All the vertices are four valent and the
edges have three strands. The strands have a color and close into the faces of the
graph. The faces correspond, again, to free sums over indices. From left to right in
Figure 6, we represented the tetrahedral, the pillow and the double trace vertex. There
are three kinds of pillow vertices, as a function of the special color which is transmit-
ted from on pair of half edges to the other.

We denote by V; (), V,(§), and V;(§) the numbers of tetrahedral, pillow and
double trace vertices of a CTKT graph §, and F(¥) the number of faces of §. The
number of pillow vertices splits as the sum of the numbers of pillow vertices of each
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|| /AN
AT O\ Jfr

Figure 6. Vertices and edges of the CTKT model.

kind. The edges are not colored, but the faces are colored with a color 1, 2, or 3. Using
the same trick as before, we can compute the two point function by reconnecting the
external edges and dividing by N3, obtaining G as a sum over rooted graphs:

G = 3 (W (L) v
ge& 3
% CZ[V[(g)-‘er(g)-‘rVd(g)]-‘rlN—3—%V;(g)—ZVp(g)—:in(g)-‘rF(g)' (323)

As in the case of the colored model, the number of faces of a CTKT graph can be
computed in terms of the number of vertices (see Proposition 6 in Appendix A):

F(§) =3+ %Vt(ﬁ) +2V,(8) + 3V4(8) — o(F). (3.24)

where the CTKT degree w(¥) is a non-negative half-integer. The two point function
(and any other correlation) has a 1/ /N expansion indexed by the CTKT degree:

S Vi) (_rr "7 ® Va(8) 2V (9)+Vp (§)+Va (§)]+1
G=Y N> (-1 >(__> (=hg) V4@ AV +Vp ) +Va @)1

w€eN/2 e 3
(3.25)

At leading order one obtains only melon-tadpole graphs (see Appendix A for
details). Similarly, to the melonic graphs, the melon tadpole graphs can be seen as
a truncation of the self energy depicted in Figure 7.

Figure 7. The melon-tadpole self energy.

In the melon-tadpole truncation one includes two graphs. The first one is a tadpole
graph whose vertex is either a pillow or the double trace such that the edge closes the
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maximal number of faces. The second is a melon with two tetrahedral vertices. At
leading order, we have

(GXO) =130, 50 = (4, + 14)G*° 4+ A2(G'0)3, (3.26)

4. The 2P1 formalism

It is often convenient to recast a QFT in terms of an effective action [24,64]. Effective
actions integrate out the quantum fluctuations and the correlation functions are com-
puted by functional derivatives. The most familiar case is the one particle irreducible
(1PI) effective action, but the concept is directly generalized to p particle irreducible
effective actions [64].

Unsurprisingly, in practice the effective actions are very difficult to compute and
one needs to resort to truncations. The situation is greatly simplified in the case of
vector models. The two particle irreducible (2PI) action is particularly well suited for
their study because it can be explicitly computed order by order in the 1/N expan-
sion [11]. It turns out that tensor models are similar [8], and the 2PI action can be
computed explicitly at first orders in 1/N. However, contrary to the vector case, for
tensors the effective action is non-local at leading order which leads to much richer
physics.

4.1. The 2PI effective action

We introduce some more notation, to be used only in this section. We denote function-

als by bold letters and functions by straight letters. We denote the field by ¢,., where x

denotes the position and any additional indices. Repeated indices are summed/integ-

rated. Bilocal fields are denoted by Gy, Jx,, and so on. A dot denotes integrals and

index contractions. We will sometimes suppress the indices to simplify the notation.
We consider a scalar theory with action and partition function:

1 .
Sl =30 C™ g+ S™gl Z= [laglesW @

The interaction part of the action $™[¢] can include bivalent vertices. They will
always be treated as a perturbation of the free theory defined by the covariance C.
In addition, we require the one point function of the theory to be zero

(¢s) = 2! / [dle=S ¥, = 0.

This is guaranteed if the action is even S[—¢] = S[¢], which we will assume from
now on. Note however that for a colored model the one point function is zero in any
rank, even though the action is even only for odd rank.
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In order to define the effective action [8, 9], we start from the generating function
with bilocal source term Jy :

KRG /[d¢]e—5[¢]+5¢-1-¢. (4.2)

Observe that, even in the presence of the source, the odd point expectations are
zero. The functional W[J] can either be seen as a generating function of connec-
ted moments with a bilocal source, or as the free energy of the theory with shifted
covariance C~! — J. It includes the ring graph consisting in only an edge closing
onto itself whose amplitude'® is —1 TrIn[C~! — J].

The derivatives of W are'*

/4
28ny = (¢edy) = (dxdy)! = Gy,
ew , , , ws
iy = (Getvdats) = (0xy) (Gutn)

= (pxPyPap). + GraGyp + GGy,

where the upper script J signifies that correlations are computed in the presence of
the bilocal source J . The functional G, (which is a functional of the source J) is the
connected two point function of the theory with source J. Note that the second deriv-
ative of W is exactly the four point function (¢x ¢, ¢a¢b>(ny)—>(a by We encountered
in Section 2. Going “on shell” means putting the source J = 0.

We denote by J[G] the inverse functional of G[J], that is the solution of the
equation G [J] = G. The effective action is the Legendre transform of W with respect
to J:

1
T(G] = ~W[J]+ 3 TG (4.42)
or _1, (4.4b)
8Gyy 277 ‘
52T 1864 1,8G\-1 1, 8W -
LS bl — (2 . 4.4
8GarGry 268G 2(5J>J=J 4(5ny51a,,)1=1 (4.4¢)

13We normalized the integral to 1 for Sint=0,J=0,C = 1.
“For symmetric functions the derivative is the symmetric projector

8%y
8Jab

1
= E(Sxafsyb + 8xb8ya) = Sxy;ah-
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This Legendre transform can be written as a functional integral for ¢ with inverse
covariance C~! — J and interaction S ™[¢]:

o~TIG] _ ,~3 TG / [dple (€71 =Tro=S"ls] 4.5)

where J [G] is fixed by the condition (¢¢)! = G.

We denote by —I'*"'[G] the generating function of nontrivial 2PI graphs (that
is graphs which do not disconnect when cutting two edges) with propagator G and
vertices in S ™[¢]. If §™[¢] has bivalent vertices, I >'[G] contains the graph formed
by only one edge with propagator G connected on the bivalent vertex. For example,
in zero dimension with S " [¢] = ’”72¢2 + %454 we have

2 A 1/A\2
P[6] = 2-G + 2362 - o (£) 416* + 0(A?). 46
6] 2 + 4! 2\4! + 007 (4.6)
The associated graphs are depicted in Figure 8. Observe that the mass vertex appears
in only one 2PI graph.

VN o

Figure 8. Graphs contributing to the 2PI action at first orders in a ¢# theory.

The derivatives of the 2PI generating function are denoted by

ST 5y

2:[G]xy =-2 K[G]ab;xy = Gaa’be’ .
8Gyp

4.7)

Here, X is the self energy (the amputated one particle irreducible two point function)
expressed in terms of the full two point function G. To see this we observe that the
derivative cuts an edge and 2 counts the ways to attach it to the external end points.
The fact that this is nothing but the self energy in which all the propagators are fully
dressed comes from the remark that the configuration depicted on the left in Figure 9
is excluded by the two particle irreducibly condition.

The kernel K is the irreducible four point kernel in the channel (ab) — (xy).
As it comes from a derivative of X, it can not contain two edges which, when cut,
disconnect the kernel into a component having the external points a, b and another
component having the external points x, y (this is depicted in Figure 9 in the middle).
However, the kernel K can be disconnected by cutting two edges in a different chan-
nel.
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Figure 9. Left: a two particle reducible contribution to the self energy. Right: two contributions

to the four point kernel, one which is two particle reducible in the channel (ab) — (cd) and one
which is not (although it is two particle reducible in a different channel. Solid lines represent
full two point functions G while dashed lines represent amputations.

For any source J, the two point function is determined self consistently by the
Schwinger-Dyson equation:

Gl=c1!'-J-2[G]. (4.8)
This equation fixes the source J[G] = C~! — G~! — X[G] which ensures that the
two point function is exactly G. In particular,

ST 1 1 1 1
— =-J=-Cl1--G'--3[G], 4.9
§G 2 2 2 > 210] (49)

and, recalling that the self energy is the derivative of the 2PI generating function, this
equation can be integrated to obtain'’

rG] = %Tr[C_lG] — %Tr[ln(G)] + TG, (4.10)

T - o e S

Figure 10. The four point Dyson equation.

The second derivative of I is related to the four point kernel:

8°T 1

§Gup8Gry EGa_al’ Gy (8 = K)aryixy- 4.11)
a xy

31t is sometimes useful to give a formal functional integral formula for T

e—r[G] — e—%Tr[C*IG] /[d¢]€_%¢.G*l¢_Sim[¢].

2P1
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Combining this with (4.4) and (4.3), we find the Dyson equation (see Figure 10) of
the four point function connecting (ab) to (xy):

1
(P2 By ba ) laby> (xy) = (1 _ K)

The correlation functions of the original theory are recovered by taking derivatives

(Gx'xGyry + Gy, Gyry). 4.12)
ab;x’y’

of T and then going on shell, that is setting the two point function to be G, the
solution of
JIGl=0=C"!'— (G ! -2[G"]. (4.13)

4.2. The Bethe Salpeter equation
Let Oy be alocal operator with some spin:
R G 2 L% [ P G ) L% B
(014, 1wty iy (0" 5], (4.14)

We aim to find a closed equation for (¢x, ¢x, Oj:x ). the three point connected func-
tion. To this end we define the generating function with a source &% for our operator:

MU /[d¢]e—S[¢]+%¢-1-¢+s“-0u, (4.15)

We assume that the one point expectation (¢, ) is zero in the presence of the source.
This is always the case if O contains an even number of fields ¢. Then,

sWwe
(0 = (Opx) /= ——. (4.16a)
Skt
(x, Px, 0ﬂ;x>cj’8 = (¢x, Px» O;Z;X)J"E - (¢x1¢x2)cj’8<0ﬂ;x)cj’8
82WE
=2— (4.16b)
5Jxlx288’§f

The physical expectations in the theory are obtained by going on shell J = 0 and
setting the source ¢ = 0. The results of the previous section go through, except that
everything now depends on the source &. We have

swe

2
8Jx x5

G .
= Ga[*’]x]xzv # = <¢x1¢x2 Oﬂ;x)cj’ s 4.17)
Ex

and we denote by J?[G] the inverse functional of G*[J] and the Legendre transform
of We[J] by

Té[G] = —We[J¢] + %Tr[GJ‘E], (4.18)

I‘[G] = %Tr [C7'G] - %Tr[ln(G)] + LG, (4.18b)
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The functional —I'2PI; ¢[G] is now the sum over 2PI graphs (from the point of
view of ¢) with propagator G and vertices in S ™[¢] or & - O. With respect to the previ-
ous case, we now have additional vertices with coordination r representing insertions
of the operator O in the graphs. The derivatives of I'® can be computed using either
the Legendre transform or the explicit formula relating I'® to I" 2PI; ¢. In particular,

oTe 8 ) 8J¢
5 __ 8 = _mn e (4.192)
8Gy, x, 86k Skt (Slexz) Selt
5T¢ sr2Pe .
-2 =-2 — = (¢, Drr Oiox Vonr: - 4.19b
TCrdes | 3Gapeh P Onixlin o

The last correlation (¢, ¢x, Op; x)zGP;Ie is represented in Figure 11. It is two particle

irreducible in the channel (¢¢) — O, that is by cutting two edges it can not be dis-
connected in a component containing both external points ¢ and a second connected
component containing the operator O.

Figure 11. On the left the correlation function (¢, ¢x, Op: X)ZGPI;S. On the right a contribution

which is two particle reducible in the channel (¢¢) — O. The red dot represents the composite
operator.

On the other, by definition G*[J¢[G]] = G; therefore
5G 8GE

£1x2 X1X2 SJ;b
el lu=ue Jap 17=7¢ §ek
8J5, 82T §Ge,
58;1 B 3Gap8Gyy 58;1

(4.20)

J=Je
Putting everything together, we conclude that

§2Te  8GE,
8Gx1x,0Guy 8t

Je,
(Px1 x> Ofisx ) opr f=2

J=J¢
= G LGL (S — K®)apuw (budy Onsx) ! %, 4.21)

X1a = x2

which can be rewritten, taking ¢ = 0, in the form

(1 Pxr Oisx)Y = GyaGrst {Pa®b Ofisx)3pr + Kixyxosab (Patp Opsx)? . (4.22)
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This equation should be compared with (2.22):
/ dxgidxff K(x1,x2:x3,x4) (@ (x3)Pp(x4) OK,J (x))

= k(A ) {p(x1)$(x2) O ;(x)), (4.23)
together with the condition that the physical primary operators are such that
kA, J)=1.

This means that in a CFT the 2PI contribution to the three point function of two ¢
fields and a primary Oj must be identically zero. The implications of this fact need
to be investigated in depth.

4.3. The 1/N expansion and melonic theories

We consider the generalization of the O(N)3 model to dimension d. We use the
notation of Section 3. The field is a tensor with three indices ¢4 (x) and the action of
the O(N)? field theory is

S8 =3 [ $4(IC ) 09a0) + 3 [ a0)a0)
xy x

A A

A
+ /(41\13/2551301) + sz‘;ﬁ)B;CD + de)%(x)%(ch (x)¢p (%),

X

(4.24)

where from now on we reinstate the separation between the position arguments and
the tensor indices. We added a mass parameter m and the covariance of the theory, C,
is kept arbitrary for now.

The source J4p(x, y) is bilocal both in positions and tensor indices. In order to
determine the scaling in N of a term in the 2PI action, we use the diagonal ansatz
Gap(x,y) ~ 845G (x, y) because on shell the two point function is indeed diagonal
in the tensor indices. It follows that the scaling in N of the 2PI graphs is just the
standard scaling in N discussed in Section 3. At leading order only melon—tadpole
graphs contribute, and the only 2PI melon—tadpole graphs are those represented in
Figure 8. This is because an insertion of a melon or a tadpole in any of the three
graphs yields a two particle reducible contribution. At leading order in 1/N we get

Ad

2PI _m Ap »
Ir[G] —3Tr[G]+/GAB(x,x)(W8AB;CD+m

X

SjB;CD)GCD(x’x)

1L, A \2
-3 (53m) 4 f S 4243458, 5235, | | O () (425)
i

X,y
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The self energy is then

Y[Glap(x,y) = —mdapdxy
A

- (N_I;S/?B;CD + WSAB;CD)SWGCD(X’X)

22 >
+ FSQA1A2A35§?BlBZB3 H Gy, B;(x,y), (4.26)

i=1
and the irreducible kernel is

Ky prcp(x'y's zt)
= Gua(x',x)Gp (¥, y)
AP )4 Ad d
x [_(WSAB;CD + mSAB;CD>5xy5x25xt
2
+ F82A1A2A35%3132B3

3
X Z(%sz(gyt(gA,‘CSBiD + %SxtSyZSAiDSBiC) l_[ Ge,p, (x,y)].
i=1 J#
4.27)

5. Renormalization in a tensor field theory

In Sections 2 and 3 we have seen that melonic CFTs can be analytically treated and
that in many models the melonic limit can be recovered as a large N limit. CFTs
should correspond to fixed points of the renormalization group and infrared fixed
points are especially interesting because they describe the low energy behavior of
theories.

The natural question is: are there examples of field theories with infrared attract-
ive fixed points described by melonic CFTs? The answer to this question is yes: many
fermionic models in less than 2 dimensions [6, 67,68, 83,91, 108], and some super-
symmetric [90] or bosonic ones [38] in dimension strictly less that 3 do have melonic
infrared fixed points.

However, it turns out that it is not so easy to find models with melonic fixed points
in d = 3 dimensions. In this section we discuss one example which works [9].

From now on, we consider d < 4 dimensions. Although we keep d generic, we are
especially interested in the d = 3 case. Our starting point is the O(N)? field theory
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described in Section 4, with a suitable covariance:

S181 =5 [ 459400 0a) + 3m [ dLxpaga(x)

A
d t
+/d x(4N3/25ABCD

A A
+ 58 mien + 305 )P (0BE ()P (ep (¥). G.)

where for now ¢ is not fixed and we take the large N limit.

The first choice that comes to mind [39] is { = 1, that is the tensor generalization
of the standard ¢§ theory. The quartic couplings are classically marginal in dimension
d = 4, and one can search for Wilson Fisher [105] like fixed point in d = 4 — ¢
dimensions [39]. At first orders one finds the beta functions (where g = g/(4m)?)

Bz = —e§ +28°, (5.22)
- - 2. o
Bz, = —€&p + (6g2 + gg,%) —28%8,, (5.2b)
- 4 _ . - .~ -
Bz, = —€&a + (ggf, +48p8a + ngi) —23%(43, +584).  (5.20)

which admit a fixed point
g = (/D' gp.=23i(e/2)'2, g4, = TFiBE£V3)(e/2)'/2

The pillow and double trace couplings are purely imaginary at the fixed point. This
in itself is not a problem, but a more careful study reveals other unpleasant features
of the fixed point: searching for the dimensions of the physical primary fields at this
fixed point along the lines of Section 2, one finds a primary with complex dimension
d/2 t+ia, see [38]. Now, this is problematic.

* In an AdS/CFT picture [48, 107], bulk fields with mass maqs corresponds to
boundary single trace primaries with dimensions A = d/2 £ (d?/4 + m34)"/2.
Primaries with dimensions d/2 = i« correspond to fields with m2 g < —d?/4 viol-
ating the Breitenlohner—-Freedman bound [15].

* A physical primary with dimension d/2 & i« represents a pole of the density
p(A, J) located exactly on the original contour of integration of the partial waves
(recall Section 2). The initial expansion of the four point function in terms of partial
waves needs to be revisited in order to deal with this singularity.

* The problematic primary is the mass operator. A dimension of a mass—like
primary operator of the form d /2 + i has recently been shown in a similar model [65]
to correspond to an instability and signal that the corresponding operator acquires a
non-zero vacuum expectation value.
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* The dimension of the mass is half the one of the double trace invariant [47] which
is d 4+ v, with v the critical exponent of the double trace coupling. The dimension
d/2 + i« of the mass implies that the double trace coupling has a purely imaginary
critical exponent. The fixed point is a limit cycle, not an infrared fixed point (see
Appendix B).

In 4 4 ¢ dimensions the problem goes away, but the fixed point turns out to be an
ultraviolet fixed point: the pillow and double trace couplings are relevant at the fixed
point.

In order to find a genuine infrared fixed point described by a melonic CFT, one
needs to take a more drastic approach. According to (2.33), in the melonic limit the
field is expected to acquire the infrared scaling dimension Ay = d/q, withg = 4 in
our case. The idea [9] is to modify the ultraviolet scaling of the free part of the action
¢ in such a way that the UV scaling dimension of the field (d — 2¢)/2 equals the IR
one.

From now on, we fix { = d/2 — d/q, which is { = d /4 for ¢ = 4. This means
that the free part of the action has a non-integer power of the momentum. Before
continuing, let us briefly comment on this. Although models with non-integer scaling
have been considered in the literature [1, 18] (and more recently in [44] in the context
of the SYK model), they might be somewhat unfamiliar to the reader.

For any ¢ < 1 the free theory,

1
=5 [ dweisc. c<1. (53)
is unitary because it is explicitly Osterwalder Schrader positive. Indeed, the covari-
ance
1 1T
2
oy = - =L / dorot~1e=o?”, (5.42)
p¥ T©

Clx—y)= /dozozg 1-d/2,- - y)

(47 )d/zF(é“)

d
__IG-9 !
PR AT (@) [x — 1

(5.4b)

(where the last equality holds for d — 2¢ > 0) admits an absolutely convergent Kéllén—
Lehmann spectral representation as a superposition of massive particles with a con-
tinuous mass spectrum:

7 [
p* F(C)F(l—l) p*+x

(5.5)
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The condition { < 1 is crucial for the convergence in 0.

One can also consider interacting theories with ¢ < 1, see [1, 18]. The most well-
known example is the Brydges—Mitter—Scoppola model with d = 3, { = 3/4 + ¢ and
A¢* interaction. This model has

» the Gaussian fixed point where the quartic coupling is relevant,

* an interacting fixed point g, ~ ¢ (with g the running dimensionless quartic coup-
ling) where the quartic coupling is irrelevant,

* arenormalization group trajectory connecting the two fixed points.

These statements can are rigorously proven [1, 18]. The infrared fixed point of this
model is the inspiration for using a non-integer scaling in our case.

5.1. Renormalization

Although ¢ is fixed to 4, we will often keep it generic. There are two reasons for
this. First, this makes the comparison with Section 2 easier. Second, it is likely that
some of the results can be generalized for colored models with ¢ body interactions.
As{=d/2—d/qand { < 1, we obtain abound d < 2q/(q — 2), that is,
o forg =4, d < 4 (in particular, this covers a quartic model in d = 3, our main
interest; the case 4 — ¢ can also be recovered);
o forqg=6,d <3;
* anygind = 2.
Following Appendix B, we introduce both an ultraviolet cutoff A and an infrared
cutoff k:

k=2
2

1 1
C]é\ = —F XA(p) = — / dOlOlg_le_ap s (56)
¢tk T
P (C)A_2

that is, we chose a multiplicative cutoff
o0
O@) =T(&)™! / daot le™
u

which is an upper incomplete Euler Gamma function. We aim to compute the wave
function renormalization (and consequently the anomalous field dimension) and the
B functions of the couplings.



Notes on tensor models and tensor field theories 191

We start from the large N self energy and four point kernel. Using Section 4, on
shell we have G4p(x,y) = Gxy04p and

Tap(x,y) = 648 Zxy, (5.7a)
Ty = —Mbxy — (Ap + 2a)8xyGxx + A2G3,, (5.7b)
A A
KAB;CD(x/y/; Zt) = Gx’xGy’y [_N_pz(gﬁB;Cpgxygxz(gzt - N_a;SZB;Cpgxygxz(gzt
)&2
+ m%g&waxzsy,Gﬁy], (5.7¢)

where m and A denote the dimensionful mass parameter and four point couplings at
the UV scale A. It is convenient to parametrize the interaction in terms of A; = 4,/3
and A, = A, + A4 and the two mutually orthogonal projectors

1 1 1,
P1:3(m(§p—m8> and PZZFS
In momentum space, we get

E(p) = —m —Az/‘G(}’) —f—kz / G(VI)G(Vz)G(p +r + r2) (588.)

r riro

Kpi,poiri s = (271)“15(171 + p2 —r1 —12)G(p1)G(p2)
X [(AZ/ G(r)G(r + p1 _rl)_kl)Pl

r

+ (312 / G(r)G(r+ p1—r)— Az) P2j|. (5.8b)

Note that A; is essentially the pillow coupling and A, essentially the double trace one.

The wave function. In momentum space the Schwinger—Dyson equation with cutoffs
becomes

Ge(p) ' =pX T m+ Ay / G (r)

r

—)LZ/Gk(rl)...Gk(rq_g)Gk(p—|—r1 +"'+7'q), (59)

TleTg—2

where in the last term we reintroduced a generic ¢. It turns out that (after tuning the
bare mass)

1 d
Gi(p) = mx}é(p), {=7- P (5.10)
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with a constant Z (to be determined below) verifies (5.9) up to terms which vanish in
the limit & — 0. The important point is that the total Z is finite, hence the anomalous
field dimension 7, is zero. This is consistent with the fact that ¢ has been chosen such
that the ultraviolet and infrared scaling dimensions of the field coincide.

To check this, let us first consider the local part of the right-hand side of (5.9) (we
need to remember that ¢ = 4 hence { = d /4 for this discussion):

m+ Az / Gi(r) — 22 / G (r1) Gi(ra) G + r2). 5.11)

r rira

The first term is [, Gg(r) ~ k%2 — A%/2_ which vanishes in the k — 0 limit if m =
—A2A%/2, The second term is similar.

Once the local part of the SDE is subtracted via a Taylor expansion with integral
rest [9], we can take the cutoffs to their limits and, rescaling the & by p?, we obtain

AZ
(@m)y T (g za

Zp* =p* 4 p%

qg—1
Mg %

1 0 Hq—lag —t— =1
x/dl/da - =17 e TiTiljziej  (5.12)
(i
0 0 i

d/2+1
- njyéi O‘j)

Using Appendix C, we see that the total wave function renormalization Z verifies the
equations

1= ! ! —i ’ 5.13
—§+g—cz(zq/2>, (5.13a)
~ A

A= (5.13b)

dg=2)

(4m) T ()92
1 _rOra-org-9"
g2 (T (% +9) '

(5.13¢)

It is instructive to compute the two point function in direct space
—2A
G(x12) = b|x12] ¢
Taking the Fourier transform and recalling that Ay = d /g, we obtain that b verifies

{ = bzd_md’”d/zr(% —Ay) 4 a2pnd T(1-4%+As)T(4 - 2y)

T(Ag) (£ — Ag)T(d — Ag)T(Ag)’

(5.14)

which reproduces (2.33) if one neglects the first term on the right-hand side.
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Four point couplings. From now on, we set

A ~ A

i ,
(4m) T ()12

(5.15)

The classical scaling dimension of an operator 37 ¢" is J + nAg; see Appendix B.
In our case, Ay = d/q and the only classically marginal operators are / = 0,n = q.
For g = 4 they are the tetrahedron, pillow and double trace.

At leading order in 1/ N, the tetrahedral coupling does not receive any radiative
correlation therefore the renormalized tetrahedral coupling is just a rescaling of the
bare one by the wave function constant. Using the tilde couplings, we write

A
Za/2’

g = (5.16)

The renormalized tetrahedral coupling does not run, hence it is just a parameter
which can be adjusted. On the contrary, the pillow and double trace couplings do run.
We denote by g1, g> the running dimensionless couplings at scale k (we suppress
the dependence in k in order to simplify the notation). We will still keep g generic
in some formulae, but we will remember that the pillow and double trace couplings
are four point couplings. The g;s are the amputated 1PI four point functions at zero
momentum divided by Z2. In terms of the four point kernel (5.8), we get

F4;i

) . K
o — 41 42 _ “1o-1_ 5B
G = oz TR =670 G

As P; and P, are mutually orthogonal, the two cases i = 1, 2 are identical up to
substituting A2 by (g — 1)A2.

Expanding the series in (5.17), we obtain the bare expansion: g; is a sum over
“sausage graphs” depicted in Figure 12. A sausage graph is a sequence of vertical irre-
ducible pieces connected by pairs of horizontal edges. The vertical pieces are either
ladder rungs with two tetrahedral couplings or bare vertices A1.

o= ()m =t (Dr <=
I

Figure 12. The bare series up to quartic order (the blue vertices represent A1).
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Each graph has a (log divergent) amplitude:
k=2

1
A(E) = / [ docel™ , (5.18)
A2 (eeﬁ ) [ZTCg He¢7 O‘e]d/2

where e € § runs over the edges of § and 7 over the trees in §, see [74,92]. The

graph consisting in only a bare vertex has amplitude 1. We denote by & the set of
connected sausage graphs with at least two internal vertices, and n,(§) respectively
n1(g) the numbers of tetrahedral vertices and blue vertices of §. Then,

N i@y A \HE A\ @)

g1l d) = —5 + gze(—l) "O(Z) (F) A, 619
€

Observe that this is naturally a series in the renormalized tetrahedral coupling & =
Z~9/2).. The bare expansion for g5 is identical up to replacing A2 by (¢ — 1)A2.

The graphs with no internal A; vertex are special. They might have no external
A1 vertex either (ladders), or one external A1 vertex (caps) or two external A; vertices
(double caps), as depicted in Figure 13.

000000 <0< <000
= <O <> <00

Figure 13. Ladders, caps and double caps.

Let us denote by U,, Sy, T the amplitude of the ladder, cap respectively double
cap with 2r tetrahedral vertices, and let us define the generating functions:

U@ =y 8V, S@=)8"s, T@=) 8T, (5.20)

r>1 r>1 r=0

where, in S(g) and 7'(g), we have not included any coupling constants for the A,
vertices. The crucial fact is that the amplitude of any sausage factors at the internal A,
vertices, thus

L) L S@F 52

§1=-U@ + (55)—2.
(Z 1+ 27 (3)

This gives a particularly simple 8 function and short computation yields

Bz, = kg1 = BE — 2855 + B2 &2, (5.22)
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with the coefficients of the 8 function given by

~ U U2

£ = kU +2——koyS — ———— kg T, 5.23
B KU+ 295k 13 52 % (5.23a)

. 1

f____ | knT 5.23b
B =~ poes+ —Y ko (5.23¢)

LT T8 R T a2 '

This result is an all order result in the couplings: this is the complete 8 function
at leading order in 1/N. The important remark is that the 8 functions are quadratic.
The coefficients 55,1,2 are series in the tetrahedral coupling g. While it is not obvious,
they are finite term by term in the limit & — 0, see [9].

5.2. Fixed points

Let us recapitulate where we stand. Starting with the UV scaling{ =d/2 —d/q < 1,
hence field dimension Ay = d/q, we obtained the following results.

Wave function. Tuning the renormalized mass to zero and lifting the cutoffs, the
two-point function is

1 12 L_F(:)F(l—z)r(i—z)q‘l
Nz TZte @t a@rg O

that is the anomalous field dimension 7, is 0.

Tetrahedral coupling. The tetrahedral coupling has a finite flow, that is the renor-
malized coupling is a rescaling of the bare one g = Z —4/2) In particular, we have

Z = (1 - i—j)_l, A=gz2 (5.25)

There are two cases, depicted in Figure 14: A real and A purely imaginary.

« A(and g) real. i(g) is invertible to g(i) for any X and g < ge-

A (and §) imaginary. A(g) is invertible to g(A) for [A| < 33/227%g. and |g| <
3~1/2g. (the end point of the blue curve in Figure 14.

Pillow and double-trace couplings. At leading order in 1/N but at all orders in the
couplings, the 8 functions are

Bz = kg1 = BE — 2885, + S &2, (5.262)
5 = koggy = pJUTVE _opVlaDEg, | pYaT18 52 (5.26b)
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8ec

Figure 14. Bare and renormalized tetrahedral couplings (in blue the purely imaginary case).

where ﬂg , ﬂf' and ,35 are power series in g2. At first orders they are [9]

r(g)’ r(g)°
r(s) r(s)

It follows that, non-perturbatively, Bz, admits two fixed points:

F &\2 _ p&pf
B £/ (B1)?— By b5 =i\/—_§2+(9(§2),

By = (2o )@+ 0@, Bi=0@. BE=(2— 1) +0@E. 627

fre = - (5.282)
B
= o r'(2)?
Br(@12) = £24/(B))> — B§BS = £v/=>(4 %) )+0@).  (528b)

r(s)

The same holds for g, substituting ¢ with /¢ — 1g, consequently we obtain four
lines of fixed points parameterized by the marginal coupling g.

Stability. The critical exponents are purely imaginary for g real and not too large,
that is the fixed points are limit cycles (see Appendix B) and no trajectory can reach
them.

The situation, depicted in Figure 15, is much more interesting for a purely imagin-
ary tetrahedral coupling & = £1i|g]|. In this case, the fixed point values of the pillow
and double trace couplings are real (for g not too large) and the critical exponents are
also real. In particular, g1+ > 0 and B, (g1+) > 0, that is, (g1+, g2+) is an infrared
attractive fixed point (both the pillow and the double trace couplings are irrelevant).

The tetrahedral invariant does not have any positivity property, but the pillow and
double-trace do. It turns out that at the infrared fixed point (g1, g2+ ), the real part
of the action is bounded from below.

Comparison with { = 1,d = 4 — ¢. The case g real is very similar to the Wilson—
Fisher-like fixed point discussed in (5.2). In d = 4 — ¢ the tetrahedral coupling is not
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Figure 15. Flows in the (g1, g2) plane in the case of imaginary tetrahedral coupling.

marginal (see (5.2)), but has a flow driven by the wave function. The flow has a fixed
point for a real value of the tetrahedral coupling.

The key point is that for { = d /4 the tetrahedral coupling is genuinely marginal
and we are free to chose it purely imaginary. This leads to a stable infrared fixed point.

5.3. The infrared fixed point CFT

The infrared fixed point (g1+, g2+) should be described by a melonic CFT. We will
therefore attempt to identify the scaling dimensions and OPE coefficients of this CFT
along the lines discussed in Section 2. We consider the four point function

el (x1)¢A<x2)¢B<x3>¢B (x0))
T {0ACen 9 (02)) 3 (8 (x3) 9 ()
+ m<¢A(X1)¢A(X2)¢B (x3)¢B(x4)) 1234. (5.29)

From (4.12), the second term writes in terms of the four point kernel

1 1
m / (m>AA-BB(x17x2;YI,YZ)(Gy1x3Gy2x4 + Gy1x4Gy2)C3), (5.30)

y1y2

and from (5.8), the four point kernel at leading orderin 1/N is K = K1 P; + K> P»
with

P = 3(—51’ - %M), Py = %5(1

and

Ki(x1.X2:y1.2) = Gy2, Gy, [A*GE 2 — 1182125182, 31822 (5.31a)
KZ(xth;ylv )’2) = Gx121 szz[(q - I)Anglzzz A'252122]821y1 822y2~ (531b)
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Taking into account that (P1)a4;88 = 0 and (P2)44,88 = N 3, we obtain that only
the term proportional to P, contributes

1 1
m / (1 — KZ)(XI,)Q;)’I, YZ)(Gy1X3Gy2x4 + Gy1x4Gy2x3)~ (532)

y1y2

Recalling that the two point function in direct space is

'(Ag) 1
Gyxy = , (5.33)
P 0d=280 7d/21 (4 _ A4)Z |x — y|?Be
we obtain that the eigenvalues of the kernel k(A, J) (see Section 2) are
- o (d 2
k(A J) = (g =13 T(8)2r(5 - A¢)
F(d—Aqs—%) (5 - A +437) '

with Ay = d/q. The dimensions of the primary operators as well as the OPE coeffi-
cients can be computed starting from this formula. This study has been started in [9]
and the dimensions of the spin zero primaries have been analyzed. Surprisingly, for an
imaginary (not too large) tetrahedral coupling one finds only real dimensions, while
for a real tetrahedral coupling one finds complex dimensions of the form d/2 + ia.

An interesting question at this stage is whether this large N CFT is unitary. In
order to answer this question, one needs to check whether the leading order OPE
coefficients are real. Pursuing this line of inquiry is a very interesting direction of
research.

A. The degree

In this appendix we review the degree of edge colored graphs [50, 60] and reproduce
the results cited in the main body of this paper. All these results can be found in the
literature.

We start by recalling some facts about ribbon graphs. They can be defined formally
as combinatorial maps with an additional sign associated to the edges [103] or as
graphs embedded in surfaces. Being embedded they have vertices, edges and two-
dimensional cells which we call faces. A ribbon graph G can always be projected
onto the plane (see Figure 16). The projection of G consists in
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*  V(G) ribbon vertices,

* E(G) ribbon edges whose sides we call strands. The edges can be straight (par-
allel strands) or twisted (twisted strands) and can cross. There is at most one twist
per edge;

* F(G) faces, that is closed strands.

The projection onto the plane is not canonical: by flipping the orientation on some of
the vertices, some edges acquire twists and some twists are straightened out.

7)) (5

Figure 16. Examples of ribbon graphs with 4 vertices, 6 edges and, from left to right, 2, 2 and 3
faces. From left to right they are embedded into the torus, the Klein bottle and the real projective
plane R P2.

The Euler characteristic of a connected ribbon graph G is
V(G)— E(G)+ F(G) =2—-k(G)

with k(G) the non-orientable genus of G. The genus of a disconnected graph is the
sum of the genera of its connected components. A connected ribbon graph with non-
orientable genus k is embedded'® in a surface with non-orientable genus k, that is:

» if k = 0 then the graph is planar and is embedded in the sphere;

» if k is odd then the graph can only be embedded in a non-orientable surface;
ny projection onto the plane will have crossings and twists (see Figure 16, the
rightmost case);

» if k is even and non-zero, then either the graph is
— orientable, that is, embedded in an orientable surface of genus k/2. It can

be projected onto the plane with only crossing, but no twists (see Figure 16
leftmost case);

— non-orientable, that is, embedded in a non-orientable surface of non-orientable
genus k (see Figure 16, the middle case). Any projection onto the plane will
required both crossings and twists.

16To be precise, it is embedded in a surface with non-orientable genus at least k and the
surface is orientable or not depending on whether the graph is orientable or not.
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The edges in a ribbon graph ca be deleted (see Figure 17). The deletion of a ribbon
edge consists in cutting the edge and joining together the strands at each end of the
edge.

O Jub L

;: ....... ||§—>> < >l — > i<

A s A

Figure 17. Deletion of an edge.

Let us delete iteratively a maximal set of edges in a connected graph such that at
each step the edge we delete separates two different faces. This can not disconnect the
graph. The number of edges deleted is F(G) — 1. The remaining edges connect all the
vertices, hence there are at least V(G) — 1 of them. It follows that the non-orientable
genus of a connected ribbon graph is a non-negative integer.

Proposition 1. Consider a connected ribbon graph G and denote by G’ the graph
obtained by deleting an edge e. Then,

* either G’ consists in two connected components G| and G). In this case the genus
is distributed between the connected components: k(G) = k(G}) + k(G)),

* or G’ is connected an in this case the genus can not increase: k(G') < k(G).

Proof. Inthe first case, E(G') = E(G) — 1,V(G') = V(G), F(G') = F(G) + 1 and
the vertices, edges and faces are distributed between the connected components of G”.
Then

4—k(G}) —k(Gy) =V(G')— E(G')+ F(G') =2+ 2—k(G).
In the second case, E(G') = E(G) —1,V(G’)=V(G) and F(G’') > F(G) — 1, hence

2 k(G') = V(G') — E(G') + F(G') > 2 — k(G). -
N/
7é :
Figure 18. A triangle with twisted edges in a ribbon graph.

Proposition 2. A triangle in a ribbon graph is a cycle of exactly three edges. If a
connected ribbon graph G contains a triangle of twisted edges (see Figure 18), then
k(G) > 1.
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Proof. We delete one by one all the edges incident to the triangle. In the process,
the graph G splits into several connected components G,. Let us denote by G; the
connected component consisting in the triangle. It has 3 (bivalent) vertices, 3 edges
and only 1 face, hence k(G1) = 1. Under the deletions, the genus either decreases or
is distributed between connected components, thus

k(G) 2 Y k(Gp) 2 k(G1) = L. .

p=1

A.1. The degree of edge colored graphs

Edge colored graphs have been extensively discussed in detail in the literature [50,55,
60]. We review here some of their properties.

Definition 1. Anedge (D + 1)-colored graph § is a graph with D + 1-valent vertices
and whose edges have a color 0,1, ..., D such that all the edges incident at a vertex
have different colors.

The faces with colors (ij) of § are the alternating cycles formed by edges with
colors i and j. We denote by V(&) the number of vertices and F(§) the number of
faces of §.

Let us consider a connected edge (D + 1)-colored graph §. We can project it onto
the plane by ordering the edges 0, 1, ..., D (or any other order) clockwise around the
vertices. There are D! cyclic permutations 7 over the colors (0, ... D). We call jackets
of § the ribbon graphs indexed by 7 obtained by keeping all the vertices and edges of
¢ but only the faces with colors (7 (0)7?71(0)). In a ribbon graph representation in
which all the edges turn clockwise (following i) around the vertices, all the edges are
twisted. Each of these ribbon graphs has a non-orientable genus k(7). The reduced
degree (or simply the degree) of § is the non-negative number

1
o(8) = TR > k() = 0. (A.1)

The reduced degree of a disconnected graph is the sum of the reduced degrees of its
connected components.

Proposition 3. The total number of faces of a connected edge (D + 1)-colored graph

G is DD 1
F(§) =D + %V(ﬁ) —a(8).

In particular, the reduced degree is a non-negative half-integer.
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Proof. Every face (ij) appearsin 2(D — 1)! cycles: the (ij ...) cyclesand the (i ... j)
cycles. Denoting F /) (€) the number of faces with colors (ij) of €, we have

D
V(g) — (D;_ D V(g) + Z F(”P(O)ﬂp"—l(O))(g) =2 —k(m)
p=0
B D(D—1) 1
= F(%) _D+TV(§)—an:k(n). .

The discussion so far applies for (D + 1)-colored graphs with D > 2. For D = 2,
the edge colored graphs are trivalent ribbon graph and the degree is just the genus. The
fundamental difference between the D = 2 and D > 3 cases comes from the family
of graphs of degree zero. For D = 2, they are the (edge 3-colored) planar graphs. For
D > 3 they are melonic graphs.

Definition 2. The ring graph made of an edge of color i closing onto itself and having
D faces (with colors (ij) for j # i) is melonic.

All melonic graphs are obtained by inserting iteratively two vertices connected
by D parallel edges arbitrarily on the edges of lower order melonic graphs. Melonic
graphs are always connected.

This definition pertains to vacuum graphs. Cutting any edge in a melonic vacuum
graph one obtains a melonic two point graph. Melonic two point graphs are such
that their one particle irreducible components factor into D parallel two point func-
tions [61].

N @ @ 9

Figure 19. Melonic graphs at first orders

Proposition 4. For D > 3, a connected edge (D + 1)-colored graph '§ has reduced
degree zero if and only if it is melonic.

Proof. As the insertion of two vertices connected by D parallel edges brings (12) ) new
faces, it does not change the degree. It follows that melonic graphs have degree zero.

For the converse statement, we proceed by induction on the number of vertices.
The faces are cycles with alternating colors hence have even length. We denote by
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D+1

17
5 ) corners

F>, (%) the number of faces of length 2p of §. A vertex contributes (

to the faces, thus Y, 2pF2,(9) = W V(%). On the other hand,

&(€) =D + D(D )V(ﬁ) + ) Fp(9).

p=1

hence, .

&(§) =D+ ; sz(ﬁ)(pD—H -1).
As D > 3, the coefficient of F5,(¥) is non-negative for all p > 2. It follows that, if
®(§) = 0 then F»(&) > 0, that is the graph has at least a face of length exactly 2.

Consider a face of length 2 of § formed by two edges of colors i and j which join
two vertices v and w. If v and w are joined by exactly one edge for all the colors, then
the graph is melonic. Let a color ¢ such that two distinct edges of color ¢ are incident
to v and w. We call them e and ef,. We consider the jacket 7 = (icj .. .). This jacket
is planar, k(;r) = 0. The two faces on the two sides of e have colors (7, ¢) and (J, ¢)
hence are different. Deleting e, we obtain a connected ribbon graph ¢, having one
less face than 77, and (using Proposition 1) k() = k() = 0. We now delete e, to
obtain . This deletion increases the number of faces by 1, F(42) = F(J.) + 1.
If 42 were connected, we would have 2 — k(47) = 4 = k(g2) = —2 which is
impossible. Hence, the deletion of e, and e, disconnects the graph §.

Consider the graph obtained from § by deleting e and e, and reconnecting the
half edges directly in each connected component respecting the colors. It has the same
numbers of edges and vertices as ¥, D more faces (all the faces going through e and
e, are split) and two connected components §; and &, thus

&%) + &(1) = 2D + @V(ﬁ) —(F+D)=0(8) =0,

hence both §; and §, have degree zero and strictly fewer vertices than §. Iterating,
we conclude that § contains two vertices connected by D parallel edges. ]

A.2. The SYK degree

Let D > 3 and denote by §° the (possibly disconnected) edge D-colored graph
obtained from a connected edge (D + 1)-colored graph § by erasing the edges of
color 0.'® Being an edge colored graph, §° has a reduced degree &(§°) (defined as
in (A.1), but with D shifted to D — 1).

17A corner of a vertex is a couple of half edges {i, j}.
8For D = 3, 69 is a 3-colored graph, hence a trivalent ribbon graph.
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Proposition 5. The SYK degree of a connected edge (D + 1)-colored graph §

Q) = o (8) — (&%), (A.2)
is a half-integer which obeys the bounds

S0(8) = 2(8) < (9. (A3)

The SYK degree is non-negative and it is zero if and only if § is melonic.

Proof. In order to prove the bounds, we observe that § has D! jackets and §° has
(D — 1)! jackets. There is a D to one correspondence between the jackets of § and
those of §° obtained by erasing the color 0, thatis 7 = (0i ...j) — (i ...j) = n°.
In the associated jacket of § this corresponds to deleting the edges of color 0. Observe
that the graph corresponding to 77 (which is a jacket of §°) might be disconnected.
The genus can not decrease with the deletions, hence Y k() > DY o k(n?). We
rewrite the SYK degree as

1 1
Q) = TR Xﬂ:k(n) ~ 303 Xo:k(no)

= W_Z)![ka ~D Y kO] + 5 Yok,

The last statements follows from the bounds. n

If ¢ is a melonic graph, then §° is a union of melonic graphs. If §° happens to
have only one connected component, then § can be uniquely reconstructed from it:
in the iterative construction of §° one ads an edge of color zero between the pair of
vertices inserted at each step.

A.3. The CTKT degree

The graphs of the CTKT model are made of four valent stranded vertices connected by
edges with three strands as depicted in Figure 20. The faces are the closed strands and
have a color. From left to right in Figure 20 the vertices are the tetrahedral, the pillow
and the double trace vertex. There are three kinds of pillow vertices distinguished
by the special color which is transmitted from on pair of half edges to the other. We
denote by V;(§), V,(§), and V;(¥) the numbers of tetrahedral, pillow and double
trace vertices and F(¥) the number of faces of a graph §.

We aim to define jacket ribbon graphs which will allow us to count the faces. We
can not do this naively due to the pillow and double trace vertices. So, we first get
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Figure 20. Vertices and edges of the CTKT model

<<HD

58

Figure 21. Resolution of the pillow and double trace vertices in terms of the tetrahedral vertex

rid of them. The pillow and double trace vertices can be resolved in terms of minimal
configurations of the tetrahedral vertex. This is depicted in Figure 21.

For any graph §, we denote by g the graph obtained by replacing all the pillow
and double trace vertices by their minimal resolutions in terms of tetrahedral vertices.
We call this the refinement of §. The refined graph € has only tetrahedral vertices and

V(%) = Vi(§) +2Vp(9) + 4Va(9).  F(§) = F(9) + V,(9) + 3Va(9).

The refined graph € admits three jacket ribbon graph ¢ obtained by erasing the
faces of the color i. We denote their non-orientable genera by k(g’). We define the
CTKT degree of § (and of its refinement §) as

1 i
o(§) = 5 IZk(z ) = 0. (Ad)
Proposition 6. The number of faces of a CTKT graph is
3
F%) =3+ 5Vt(§) +2V,(8) +3V5(8) — w(9).

Proof. Counting the faces of the refined graph g by jacket we find F(g') = 2 —
2V(§) — k(g") hence F(§) =3 + %V,(ﬁ) — w(¥). Expressing everything in terms
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of the numbers of vertices and faces of § we find
F(9) =3+ Vi) ~ V() — 3Va(8) - o(8)
:3—|—%Vt(ﬁ)+2V,,(§)+3Vd(§)—w(§). [

The CTKT degree is a half-integer. The graphs of degree zero are a slight gener-
alization of the melonic graphs.

Definition 3. We call a connected CTKT graph § a melon-tadpole graph if its refine-
ment § is a melonic graph. Such a graph is obtained by iterated insertions of melons
and tadpoles into melons and tadpoles such that all the tadpoles are based at pil-
low or double trace vertices and all the melons have pairs of tetrahedral vertices. An
example is presented in Figure 22

Figure 22. A melon-tadpole graph.

Proposition 7. A CTKT graph has reduced degree zero if and only if it is a melon-
tadpole graph.

Proof. As w(§) = a)(g), this comes to proving that € has zero degree if and only if
it is melonic. The proof follows the one of Proposition 4, but with some twists. The
main difference is that faces can now have odd length.

Assume that the connected graph € with only tetrahedral vertices has zero degree.
Denoting Fy (?) the number of faces of length g of € and counting corners, we have
Y yo14Fq(§) = 6V(8). On the other hand, o(§) = 3 + 2V(§) — Y., F4(9).
hence we get

q=1

o(@) =3+ Z(% - 1)Fq(§).

q>1
As the faces can now have odd length, ¢ = 1, 2, and 3 would have negative coef-

ficients in the above formula. However, we have the following intermediate result.

Lemma 1. If a connected CTKT graph € with only tetrahedral vertices has reduce
degree zero, then F1(§) = F3(8) = 0.
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Proof. 1f € has a face of length 1 then it has a tadpole. We build the graph g’ by
replacing the tadpole by an edge. This reduced both the number of edges and faces
by 1, hence w(®&) =w@)+1/2>1/2.

Now, assume & has a face of length 3 and no tadpoles. Since € can not have a
tadpole, then the face of length 3 forms a triangle (it can not be a tadpole at the end
of a dipole). In the jacket not containing the face of length 3 this leads to a triangle of
twisted edges. From Proposition 2, this jacket can not be planar. ]

Thus, € must have a face of length 2 and we conclude by the same induction as
in Proposition 4. ]

B. The renormalization (semi-)group

We briefly review the Wilsonian renormalization group [87] and use this opportunity
to introduce some notation.

The one particle irreducible effective action. The generating functional of connec-
ted moments of a theory with action S [¢] is

PLAUL /[d¢] ¢]+J¢

SwW 52W
—7 = (¢x)) = px[J], TR
xC0Jy

8Jy = (¢x¢y)c1 = ny[JL

where this time we consider a local source J,. Going on shell means setting J = 0.
We denote by J[¢] the solution of ¢[J] = ¢, that is J[¢] is the source that ensures
that the expectation of the field is exactly ¢. The Legendre transform of W is

Llp]=¢-J -W[J],

or 82T

—=J , - = G_l = G J -1 = .

8¢x x 5¢x5¢x [¢]xy ( [ ] |J J[¢])xy
Going on shell means setting ¢ = ¢ solution of the equations of motion 6T" /§¢p = 0.
From now on, we consider that ¢ = 0, which can be guaranteed by taking an even
action. The effective action can be written as a functional integral

e T /[dW] S[p+v]+J o]y (1//)1[¢] =0.

In this form, J[¢] is fixed by the requirement that, for the given background ¢, the
expectation of ¥ is zero. The above functional integral can be evaluated in a Feynman
expansion:

—Tlel — e—S[¢]/dwe—%ws/’[cplz/f—sqqs]w—znzs%s<">[¢]z/f"+1[¢]w_
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We have T'[¢] = S[¢] + T o [¢], where —T e [¢] is the sum over connected vacuum
graphs of ¥ with propagator (S”[¢])~!, vertices —S’[¢]y and —S P [p]y", n > 3
and a counterterm J[¢]y which ensures that (W)"["’] = 0. Observe that the graphs
contributing to T b [¢] must have edges (i.e., the bare vertices are excluded).

e -

Figure 23. The 1PI decomposition of a graph.

These graphs can always be decomposed along one particle irreducibly edges (that
is edges that, when cut, disconnect the graph), as depicted in Figure 23. Every graph is
then a tree with vertices the one particle irreducible kernels. Due to the counterterm,
the amplitude of any tree having a univalent leaf is zero, hence only the trees with
exactly one vertex survive. The tree with one vertex is the sum over all the one particle
irreducible graphs. This can be written formally as

o TI0] _ / deS#+v],

1PI

There is a slight subtlety here, related to the bare vertices. Let us consider an
action consisting in a free part, which is quadratic in the field, and an interaction

1 .
SIg) = 56-C7 9+ 5™l

The interaction S™™[¢] is conditioned to not have a term proportional to the free
part, but it can have other quadratic terms, most notably a mass term. The functional
= 1P . . . . .

I' * [¢] contains only graphs with edges hence it does not contain bare vertices. One
can include them in the “full 1PI action” T''P'[¢] = S™[¢] + T [$]. The effective

action writes

Cig) = $19]+ T"lg) = 56-C~" - + T7g].

We define the self energy, that is the amputated one particle irreducible 2 point func-

tion as
§2T 1P

xSy
The reason to include the bare vertices in the 1PI generating function is that, with
this definition, the self energy includes the mass vertex (and also additional quadratic

Z[d’]xy = G_1[¢]xy = (C_l)xy - Z[d’]xy-
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vertices, if they exist). Observe moreover that

T[4] Z/dwe—S[(b-H/f] e e ¢/d1//e Ly C gt S gy
1PI 1PI

Renormalization group flow and fixed points. From now on, we consider the free
part of the action to be

1
(=)t

with ¢ < 1. The scaling dimension of the field ¢(Qx) = Q™ 2¢¢(x) is dictated by
the free part to be Ay = (d — 2£)/2. Observe that the dimension of the field is [¢] =
[momentum]®¢
We introduce an ultraviolet cutoff A and an infrared one k and we replace C
y CkA, the covariance with cutoffs.'” In order to simplify the notation we some-
times suppress the UV cutoff, but one should remember that for now the UV cutoff
is present.”’ We parametrize the renormalization group flow by the effective action at
scale k:

[ 49 xp () (P P(x). €= ——

Tilg] —p=3C~" 6 /[dw]e (€O g+ S Mgy,

1PI

D) = 3 [ dxicdn TG x)gG) g B.1)

! n>2

where I’ 15'23) is the n-point amputated 1PI correlation and F,Ez) is the inverse two
point function
2 _ -1 _ -1
7 =(Gr) = (C)™ — Xy,

with G and X the two point function and self energy with cutoffs. It follows that
the inverse two point function in momentum space takes the form?*'

Gy (p) = my + Zip®® + rest,

YA common choice is to use multiplicative momentum cutoffs C ]é\ (p) = C(p)xy A(p),
where x; A(p) = O(p2/A?%) — O(p?/k?), and O(u) is some approximated step function cut-
ting off u > 1.

20The cutoffs do not spoil the mass dimension of the field. We have

-1 _ P> —ip(x—y)
Ck (x—y)= e )
P

O(p%/A%) — O(p?/k?)

hence Cg, lk(Q()c —y) =Q 4~ 2§C I(x — y) and the quadratic part is invariant under
x—>x—§2xk—>k/: k.

2I'The rest term is p2O0(p?/k?) for { = 1, while for ¢ < 1 it vanishes when lifting the
cutoffs.
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where my = G,:l (0) is the renormalized mass parameter and Zy, is the wave function
renormalization. The free part of the effective action ¢ - G,:l - ¢ is dimensionless
hence the renormalized field «/Zx¢ has dimension®” Ay. The anomalous dimension
of the field is

1
Nk = —Ekak InZg, nx ~ 0(g>).

It is customary to expand the interaction part of the effective action on a basis of
local operators:**

D) = 5667 + S kiI 00202 [adaal g o),

n,J

where 97 ¢" (x) denotes J derivatives acting on n fields in some order. The explicit
Z factors in the interaction make gk /) dimensionless. The B functions are the scale
derivatives of the dimensionless couplings:

kdrg, = B'(g). B'(g) = (Ai—d)g} + O(g>),

where i = (n,J) and A; = J 4+ nAy is the classical dimension of 07 ™ (x). We
obtain a fixed point (14, g«) if

e limg_omy = 0, which requires to tune the bare mass in terms of the ultraviolet
cutoff A;

o limgo Nk = 74 and limgo B (g+) = 0.
Taking the ultraviolet cutoff to infinity and tuning the renormalized mass to zero,

the only dimensionful parameter we are left with at the fixed point is k. We have
Zk k20 k=214 and
kZAd, -
= ——H(k|x - y|.g.) X° K222 H(k|x = yl. g2).
k

Gr(x—y)

with H some dimensionless function of the dimensionless argument k|x — y| and the
fixed point couplings g,. Taking k — 0, we get the physical two point function

c(gx)

k—0
Gk(x_y) |x_y|2(A¢+77*)'

2That is, [v/Zx¢] = [momentum]®¢ and under a rescaling of both the positions and the

infrared cutoff we have \/Zo—1;¢(Qx) = Q™20 /Zrp(x).

ZThis is done by Taylor expanding the fields in (B.1) around a position, say x1:

¢(x,)—2 Z (xi—xl)f‘amxl).

q>0 Ca=pug..
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In order to explore the neighborhood of the fixed point, let us denote it by v, and
the eigenvalues of the stability matrix by % (g+) = P'vy Pgj. Atlinear order in the
perturbation g; = g;.. + h; (k) around the fixed point, we have

hi (k) = P;,l(kfo)”” Pajh; (ko).

with k¢ the scale of the initial condition. Thus,

* if Re(v,) > 0, then the eigendirection is irrelevant (the perturbation vanishes for
k — 0);
» if Re(v,) < 0O, then the eigendirection is relevant (the perturbation grows for
k — 0);
* ifRe(v,) = 0, then
— ifIm(v,) = 0 the eigendirection is marginal and one gets a line of fixed points;
— if Im(v,) = 0 the eigendirection is a limit cycle; this case is somewhat patho-
logical because not only no trajectory can ever reach the fixed point, but also

the exact value of the coupling at any given scale is strongly dependent on the
initial condition.

The scaling dimensions of the operators are d + v,. In order to reach the fixed
point, one needs to fine tune the relevant couplings (the irrelevant ones flow by them-
selves to the fixed point values). A fixed point is predictive if it has a small number of
relevant directions.

The mass can be separated from the rest of the quadratic terms and treated as an
interaction term. It is always classically relevant:

kdpmy = —2Cmy + O(gz).

C. The wave function integral

Let us compute, for { = d/2 —d/q < 1, the integral

qg—1
M@

! o q_IO[C tqi
z—l i1 i
/dt/doz )d/2+le =119
0 0

1—1 ]#z

—1

Changing variables to 8 = o~ ', rescaling all the 8s by ¢ and integrating out ¢ yields

l—l e_Zf-{;} B;
; d/2+1 '
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Introducing x = ), B; and B; = s;x, the integral becomes

1

51
dsy 4-¢
—s5; ...

S2

00 1
I :l/‘a’xxg_ze_l‘/@s%_§
¢ s
0 0

1—s1——5854—3

4d_t—1 d_¢_
/dsq_zsqz_; (I—s1—...5¢—2)2 &1
0

o

and, using

r r@re)

dss@ (1 — x — )21 = (1 — )etb-12¢ ’

/ ss 7 (1—x—5) (1-x) F@1b

0
we get

d q-1 d g-1
,_ra-9 T(E-9) _ra-9riE-9°
¢ rl(s-9@-1] (r(3+9)
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