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Abstract

This paper is the last of the series investigating renormalization group
aspects of stochastic random matrices, including a Wigner-like disorder. We
consider the equilibrium dynamics formalism that can be merged with the
Ward identities arising from the large N effective kinetics. We construct a
regulator that does not break time-reversal symmetry and show that the re-
sulting flow equations reduce to the equilibrium flow built in our previous
works. Finally, we investigate the flow equations beyond the equilibrium dy-
namics assumption and study the stability of the perturbation around the
fluctuation-dissipation theorem.
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1 Introduction

In our two previous papers [1, 2], we have considered a nonperturbative renor-
malization group for the equilibrium states corresponding to a stochastic complex
N x N matrix M, characterized by a quenched disorder, materialized by a Wigner
Hermitian matrix of size N. In the large N limit, the equilibrium states look like
a non-conventional Euclidean and non-local field theory, with an effective kinetics
spectrum given by the Wigner law. We considered two different approximation
schemes for solving the formal nonperturbative Wetterich equation. First in [1] we
thought the standard vertex expansion at the leading order by using the derivative
expansion, suitable for such a kind of non-local field theories [3-6]. This approach
revealed some relevant fixed points in the deep IR, and strong evidence for the exis-
tence of a first-order phase transition. The existence of these interacting fixed points
and this phase transition has to be confirmed in [2] where a method exploiting the
Ward identities arising from effective kinetics has been used to close the hierarchy
in the vicinity of local interactions. This method, inspiring from [7, 8] allows us
to go beyond the limitations of the vertex expansion, and in particular taking into
account the intrinsic momenta dependency of effective vertices. From this method,
we confirm the existence of a discontinuous phase transition, with the additional
condition that anomalous dimensions vanish in the deep IR. Note that this condi-
tion agrees also with the vertex expansion, and we observed that the anomalous
dimension goes to zero for some fixed point, as the order of the derivative expansion
increases. Finally, the discontinuous phase transition we discovered can be charac-
terized by the characteristics of the eigenvalue distribution of the Hermitian matrix
x = MTM, and in particular by the larger edge bound of the distribution.

In the first part of this paper, we focus on the renormalization group for equi-
librium dynamics of the stochastic matrices. In this regime, where the system
is assumed to reach equilibrium with the time going to infinity, the fluctuation-
dissipation theorem holds and should be taken into account in the construction of the
truncation. This in particular imposes a constraint on the choice of the regulator [9—
11], which we trivially solve by imposing no coarse-graining in the frequency space.
Solving Ward identities in that regime, we recover exactly the equation obtained in
[2], up to an irrelevant factor m coming from the normalization of Fourier modes.
In the second and last part of this paper, we investigate the out-of-equilibrium dy-
namics, a regime where the fluctuation-dissipation theorem breaks down. We then
adapt the Ward identity method to this regime and deduce the flow equations in
the IR limit. We then analyze the flow numerically and show the existence of a
transition between in and out equilibrium phases, controlled by a fixed point whose
we compute critical exponents.

The outline of the paper is the following. In sections 2 and after a short presenta-
tion of the problem already detailed in [1, 2], we construct the equilibrium dynamics
formalism based on the Martin-Siggia-Rose formalism. In section 3, we construct



the renormalization group solution in the deep IR using Ward identities, and in
section 4 we venture into the out-of-equilibrium dynamics. Finally, we summarize
our results and some open issues in conclusion given in section 5. Some additional
materials are given in Appendices A, B (see also section 3.2).

2 Equilibrium dynamics formalism

In this section, we introduce the notations, and the basic formalism to construct a
renormalization group in the equilibrium dynamics regime. In particular, we intro-
duce the Martin-Siggia-Rose path integral, and a regularization scheme that pre-
serves time-reversal symmetry, and especially its main incarnation: the fluctuation-
dissipation theorem.

2.1 The model

Let us briefly provide the definition of the model. We consider a complex stochastic
matrix M(t) € CVN whose entries evolve accordingly with the stochastic process:

My &M

At 5My(t)

+ B;;(t), (2.1)

where the noise B(t) is a Gaussian matrix, with zero mean value and variance given

by:

(Bijr () Bij(t)) = Tdudjjro(t —t'), (2.2)

and H reads as:

H = /+OO dt Tr (JM(¢)M'(t)) + Tr (KMT(t)M(t))

2 gaT [ amarouey (23

In the above relation both J and K are Hermitian Wigner matrices [12, 13] with
the same variance o2. In the large N limit, the spectrum of the Wigner matrices
becomes deterministic, given by the well-known semicircle law, meaning that for any

suitable test function f, we have the following large N-limit relation:

1 . N 20
N 3 10 = [, s, (2.4)
with: 5
4 _
(V) = = — (2.5)



Remark that the stochastic equation (2.1) admits a probabilistic interpretation.
We denote by P(M,t) the probability distribution of the random noise n(¢) which
influences the trajectory such that M (¢) = M, with the initial condition M (t = 0) =
My. Formally, for the complex matrices:

= <H 6(Mi; — M;j(t))6(Mi; — Mij(t))> ; (2.6)

and for Hermitian matrices:

P(M,1) <H §(My; — Mii(t)) | [ §(ReMy; — ReMy;(t))d(ImM;; — ImMZ-j(t))>> :

J<i

(2.7)

where Re(z) and Im(z) are the standard real and imaginary parts of z. The proba-
bility P(M,t) follows a Fokker-Planck equation that can be easily deduced from the
equation of motion (2.1). For complex matrices, for instance, we have:

oP
ot

where the Hamiltonian H is the second order derivative operator:

0> OH®© 9 OH© 9
H = 2 — — — . 2.9
Z ( 8MZJ8MU * (9MZ](9MZJ * 8M’Lj 8MU * aMz] aMZ]) ( )

At equilibrium state, the large N partition function Zqu[L, L] reads setting T = 2:

= HP[M,1], (2.8)

ZGILT] — [ MM e HEOEMTEEATTL (2.10)
where:

N— p+1
HE (M, ] - ZMM At i+ a MM+Z W (MY M), (2.11)

o O

and the dot product “-” is defined as: A-B := [ d¢ Z” 1 Aij(t)B;;(t) . The resulting
Boltzmann type partition function must be rewritten in a clever way introducing
the two momenta, positives in the large N:

p1i=A+ 20, po =+ 20, (2.12)

together with the mass: m := a; — 40, such that the propagator becomes: C,,,, :=
E=Y(py, p2) , where E(p1, p2) := p1 +po+m is the energy of the mode (p1, p2). Then,
in the large N limit, the equilibrium partition function looks like (but differs from)
an ordinary Euclidean field theory, with nearly continuous momenta p.



2.2 Martin-Siggia-Rose path integral

In our investigation, we only focus on the out-of-equilibrium dynamics that relax
toward equilibrium for a long time. In this regime called equilibrium dynamics,
the Martin-Siggia-Rose formalism [14, 15] allows expressing the Langevin dynamics
(2.1) as a field theory. Once again, we recall the explicit construction for Hermitian
matrices in the Appendix A, and in this section we only provide the results, assuming
the reader is familiar with these concepts.

Proposition 1 For complex random matrices, and for a given sample of the disor-
der matrices J and K, the partition function Z;k[L, L] describing field correlations
in the equilibrium dynamics reads:

ZlkﬂL,i]x:L/}UWdﬁ7dxdyeSM‘”L%M+L“4HWL+E%+xi, (2.13)

where L and L are source fields, and the MSR action is:

—+00

S AL x = [

—00

dﬂH[TXWQX@)+tﬂUJMZ+8MU)+i@WT+8MJOX@ﬂ.
(2.14)

For a given sample of disorders J and K, the functional Z; x[L, E] generates cor-
relation functions computed along a trajectory starting and ending at equilibrium,
with boundary time ¢t = +00. Note that the initial time ¢; can always be chosen as
t; = —o0 because of the expected time translation invariance, and the end time ¢
to 400 thanks to time-reversal symmetry. In other words, because of the relation
assumption, the system is expected to be arbitrarily close to equilibrium
for any finite time (see [16] for more detail).

Remark 1 The definition of path integrals requires a choice for the discretization
before constructing the continuum limit. The most popular choice in physics is the
Stratonovitch’s discretization prescription, which consists of taking the value
of the functions at the middle of the discrete step. With the Ito prescription in
contrast, we took the value of the integrated functions on the discrete action at the
left, on the boundary of the discretized step [17, 18]. In this paper, we will use the Ito
prescription, which in particular allows us to set to unity the determinant involved
in the construction of the MSR path integral (see Appendiz A).

The auxiliary field y is a N x N matrix with time-dependent complex entries,
and was introduced to break the square Tr(M + %U)T(M + GML{), accordingly
with the standard Hubbard-Stratonovich trick [19]. As recalled in the Appendix A,
the MSR partition function is nothing but a clever way to rewrite the averaging of
exp (E M+ M- L) over the realizations of the noise such that:

ZiklL=0,L=0=1, (2.15)
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by construction. This property shows that the expectation function of any power
of fields can be deduced by taking the functional derivative of the sources and set-
ting L = 0, L = 0 at the end of the computation. The averaging of the correlation
functions is furthermore obtained from the averaging of the partition function in-
stead of the free energy and does not require replica [15, 20]. Finally, due to the
equilibrium dynamics assumption, the action (2.14) has to be invariant under time
reversal, which corresponds to the field transformation:

21

M;(t) = My(—t),  x3;(t) = xi; (=) + TMij(—t) ) (2.16)
and: .
M(t) = My (—t), X5 (t) = X (—t) + %Mij(—t) . (2.17)

The same consequence holds for the MSR path integral (2.14), and the kinetic part
of the action reads, in Fourier space:

Skin = /dw Z |:TYp1p2 (W>Xp1p2 (w) + iYm,pg (w) (iw + E(p17p2)) Mm,:nz (w)

P1,p2

+ iMPLpQ (w) (_iw + E<plap2)) Xp1,p2 (w) ’ (2'18)

where the Fourier transform is defined with the convention, for some function' f:

1 oo wt
() ::E/_w dt f(t)et (2.19)

The bare propagators read directly from (2.18),

T2 (A perm)2 T w? 4 (p1 + p2 +m)?’ .
and 1 1
Cri = = : 2.21
T T202 4 (py + py + m)2 (2:21)
Furthermore, the response fields x and xy do not propagate:

Interestingly, the result (2.22) valid at order zero in the perturbative expansion
survives to all orders and may be considered as an exact relation [16], meaning that
component xx of the exact propagator G (or equivalently the component T'T of the
mass matrix ['?)) vanishes:

Gyx(w,p1,p2) = 0. (2.23)

This is indeed the case for all higher correlation functions between response fields
alone, see also the recent reference [8] for more detail:

Note that we use the same symbol f for the function and its Fourier transform.
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Remark 2 All correlation functions implying the response field alone vanish:

oz
St — (2.24)
Ox"OX" | L=0,L=0

This can be proved by adding some linear Hamiltonian M - k + k - M to the initial
Hamiltonian. This is equivalent to translate the source fields as L — L — ik and

L — L —ik, and (2.24) follows from (2.15).

2.3 Interpolating classical and quantum action

We consider the Wetterich formalism, aiming to interpolate between the MSR ac-
tion and the effective action I', including all the quantum effects. We start with an
explicit expression of the action in the Fourier representation. Usually, the interpo-
lation is given by adding a regulator Ry, transforming the kinetic action (with the
regulator term) of the MSR action as (see (2.18) and [8]):

Skin ::/dw Z |:_p1p2 (w>XP1P2 (W) + Z.Xm,pz (Cd) (Zw + E(p17p2)) MPLPZ (w)

p1,p2

+ iMPMn (w> <_iw + E(plap2>> Xp1,p2 (w> + til,pg (W)Rk(php?)Mpl,m (W)
+ Z'MPLW (W>Rk‘<p17p2)Xp1,p2 (w) : (2'25)

Note that, we set T = 1, which is always allowed up to a suitable rescaling of the
fields and couplings involved in the MSR action. We denote as = := (M, x) the
doublet of fields, such that the regulator term ASj reads also:

ASy = i/dw Z EPlPQ(W)Rk(p17p2)EP1P2(w>7 (2.26)

p1,p2

where the momentum-dependent mass Ry (pi, p2), usually called regulator ensures
that IR contributions to the effective action are suppressed [21]. More precisely, we
require that:

Ry—o(p1,p1) =0, Risa0(p1,p2) — 0. (2.27)
As in our previous works [1, 2], we choose:
ad P+ p2 D1 D2
=7 2——>= — — 2.2
Rupops) = 2008 (00 ) (2= 22 ) s () (B) )

where the function f(z) is related to the Heaviside function: f(z):= 6(1 — z), such
that, for k£ small enough:

Rk(p1,p2) ~ Z(k)@k —Pp1— p2)9(k - pl)e(k —P2) - (2-29)

8



SIS ROAS,

Figure 1: Interactions bubbles of order 2, 4 and 6 for the out of equilibrium theory.

We also define the quantity Z := 40/(40 — k) introduced in [1], which is equivalent
to Z in the deep IR. The flow equation can be deduced, as usual, by taking the

derivative of the partition function [21], and the Wetterich equation takes the form:

: Ry(p1,p2)
Iy = /dw > e , (2.30)

P1.p2 (p1,p2) + Ri(p1,p2) |,

where the notation X/, means that we only take into account the diagonal parts
of the 2-points function which is proportional to 6(0), because of the momenta
conservation and is compensated by the same (infinite) factor on the left. As usual
in out-of-equilibrium field theory based on the MSR formalism, we assume that
the interactions are linear in the response field (x,x) [8, 9]. In the bubble graph
representation, the interactions can then be represented by tripartite colored regular
graphs, with black and white dots materializing fields M, M and black and white
squares materializing (respectively) response field x, x, with only one of such a square
node per local components (with respect to the time). Figure 1 gives some examples
of the diagram representation of such interactions and the black and white dots and
squares materialize respectively fields M and 7, and their complexes conjugate. In
contrast, the colored edges materialize indices contractions. See also Appendices B
and 3.2 below.

2.4 Local truncation and fluctuation-dissipation theorem

These defined given in the last section allow us to introduce the theory space on
which the interaction part of the effective average action I'y reads:

order 2p order 2p

(1t L ol IO
Fk,mt[ﬁﬂ%q),q)] T ;Z TL'(’I’L _ 1 p_

(2.31)
where 2K denotes the larger order interaction involved in the truncation. Note that
we included the mass term (for p = 1) in the interactions, with a factor 2 in front.
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Furthermore, note that the definition of the bubbles includes integration over time,
or frequency, depending if we work in direct or Fourier representation. For instance,
explicitly:

too 4 4 )
D = / H dwi ) (Z(— 1)iwi) Z ﬁplpz (wl ) (I)p3p2 (w2>¢)p3p4 (w?») (I)p1p4 ((,U4)

i P1,P2,P3,P4
(2.32)

For the kinetic truncation, we focus on the leading order of the derivative expansion,
and choose:

Fk,kin[naﬁaq)a(i)] = /dw Z |:ﬁp1p2(w)np1p2(w>

+ Ty, (W) (0 + Z(R)(p1 + P2)) Ppy o (@)
+ 1By, (W) (i + Z(K) (1 + P2)) 1y o (@) - (2.33)

This truncation is minimal i.e. we do not consider field strength renormalization for
response fields. Furthermore, the time-reversal symmetry given by the transforma-
tions (2.16) and (2.17) ensures that the wave function renormalization for response
field must be equal to the renormalization of the terms iwi® and —iw®n. More
precisely, if iwn® — iwX,(k)n®, —iwdn — —iXs(k)w®n and 7y — Y (k)qn, the
time-reversal symmetry given by transformations (2.16) and (2.17) imposes:

X1 (k) = Xo(k) = Y (k). (2.34)

For the same reason, the truncation should not include terms like ®®, and the
expansion (2.33) is the minimal one, compatible with time-reversal symmetry and
causality — see [8, 9, 22] and Appendix B which involves the same proof with the
absence of a term involving only fields M and M, without response field. Accord-
ingly, with [8], we call heteroclicity this property of interaction which necessarily
includes the response field. In section (3.2), we propose a same proof, based on
Ward identities, explaining why the component ®® of I'® has to vanish.

Remark 3 Note that the absence of a ®® term in the kinetic truncation can be
easily traced from the condition that the response field does not propagate, i.e. the

component Gy s, of the effective propagator vanishes identically — see for instance
[8, 16] and below.

As illustration of the above prescription, we compute the flow equation for us in
the expansion (2.31) for I'y. Taking the second derivative of the Wetterich equation

10



(2.30) with respect to 7 and @, we get, graphically:

//®\\
N /

/ \

/

Fk,ﬁé(p17p27w)5(w — CL)/) _ —

R
[1. 25

The crossed circle denotes the regulator insertion and dashed edges denote the ef-
fective propagator. As explained before, the effective propagator looks like a 2 x 2
matrix in the doublet space (1, ®). More precisely, we can write explicitly the 2 x 2
matrix Fl(f) as:
(2) - 1 —w +iZ(k)(p1 + p2 + 2kiis)
L (pr p2y ) = (w +iZ(k)(p1 + p2 + 2kiiy) 0
(2.36)
where we displayed columns and rows such that the diagonal involves nn components
comes in first position at the top left. Also, we use the correspondence uy :=
Zkliy. Note that the well-defined two point function involves a product of Kronecker
and Dirac delta 6(w — w')dp,p; 0p,p, for conservation of momenta, that we implicitly
canceled on both sides of the above equation. Adding the regulator contribution,
the kinetic kernel can be easily inverted and the components of the propagator are:

1 1

Gr P2, W) = , , Gs P2, W) = : , (2.37
n@(]% P2, w) W+ iZ fr(pr, p2) <I>77(p1 P2, W) —w +iZ fr(p1, p2) ( )
and: ]
G P2, w) = , 2.38
) = A ) 2
where,
Je(p1, p2) := p1 + p2 + 2kia + 11(p1, P2) Ri(p1,p2) = Z(K)ri(p1,p2) . (2.39)
These function in particular satisfy the fluctuation-dissipation theorem [8, 16]:
Gﬁ<1><plap2aw) - Gﬁ<1><plap25 —w) = 2WG<I>¢’(P1:P2>W) (2-40)

meaning that the choice of the regulator and truncation is compatible with the
equilibrium dynamics assumption. Note that this is expected because the truncation
agrees with the time reflection symmetry. Furthermore, this holds for any choice of
the regulator, as soon as it remains independent.?

2In this case, the regulator is constrained by the time-reversal symmetry constraint, see [9, 10].
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Let us compute the flow for the mass uy, which will be useful in the next sec-
tion. To this end, we focus on one of the previous diagrams, for vanishing external
momenta. The diagrams involve the loop is explicitly:

A= [ [ ot 22120, 0) w0 + iZfu(p,0) (241)

which can be easily computed using the residue theorem (A > 0):

1 1 LT
d == 2.42
/ YR FA2utid 247 (2:42)
and we get:
—i J, (k) d
= =k—InZ 2.4

A= R Urme VT ™ (243)

and in the deep IR (see [1]):

1 lv(k) 7

N — = 2.44

where:
(2.45)

It is easy to check that the contributions of the two diagrams in (2.35) are equal
for vanishing external momenta. Furthermore, the contribution has to be counted
twice, because of the two components nR;® and ®Ryn. Finally,

Uy Jy(k?)
C8Z(k)k (1+1up)?’

and using dimensionless renormalized couplings, w9, we recover essentially the equi-
librium equation (up to a factor 7):

iy = —(1+ )iy — % % . (2.47)
One can easily check that this holds for higher order equations and that up to
a global rescaling of couplings (for n > 1) by m, we recover the equilibrium flow
equations derived in [1]. As explained in the introduction, this is expected because
of the equilibrium dynamics assumption. However, if the equations are the same, the
interpretation of the resulting phase space is different. In particular, regions where
the equilibrium potential is unbounded from below, for instance, are interpreted as
a region where the corresponding equilibrium state is non normalizable, and then
where the system remains out of equilibrium for a long time.



3 Local truncation and Ward identities method

This section considers the Ward identity method introduced in [2] for the equilibrium
dynamics formalism. We begin with a general derivation of the Ward identities,
arising because of the explicit (U(N))*? symmetry breaking of the effective kinetics
term. We then use the equilibrium dynamics assumptions and show that the Ward
identities in this case are reduced to their expression for the equilibrium theory —
up to the factor 7 noticed before.

3.1 Modified Ward identities

The Ward identities come from the underlying unitary symmetry, broken by the
effective kinetic emerging at large N from the disorder contribution. The variation
of MSR partition function (2.13) with kinetic action modified by the regulator (see
(2.25)) leads to the functional identity:

Oz/dw

. / 52 52
10 By (p1, 1, p2) < W iY; ( ))
w

where the free energy Wi, (L, L) fluctuates via the index k, and

SEk(p1, 0}, p2) = Ex(p),p2) — Ex(p1,p2),  Ex(p),p2) = |P|+m+ Rr(p1,p2). (3.2)

See the reference [8] for more detail. As for the equilibrium case, expressing Ward’s
identities in terms of observables is useful. We define connected correlation functions
as:

n n m m

S s s 15 11
k»ﬁl""’ﬁ’n7ﬁl7"'7ﬁﬁ7§17"'7q‘m7§17"'7§m o = _ﬁ Nﬁ H

, 5L..15Lp7115Lp1J15Lﬁ

N
Il

-

S
<
Il

(3.3)
This definition will be used when the explicit index structure is required. The
classical fields as the functional derivatives of the free energy are then defined as:

W g W oW
p - 5-Zﬁ 9 p - np * 6iﬁ ) 77;0 * 5-55 9

= 4

and we get finally the following statement:

13



Proposition 2 The correlation functions of the equilibrium dynamical model satis-
fied the following Ward identity:

s

p2

W6 (p1, 01, p2) (Grge (P!, w; By w) + 115 Ppr + Gy gy (0, w3 7, w) + 1 B)

+ (iﬁ(W)‘I’ﬁ' (@) = Ly (@) B (W) + Liw)npr(w) — Ly (w)ﬁﬁ(w)) ] =0, (3.5)
where , §:= (p1,p2) and p' = (P}, p2).

3.2 Another “proof” of heteroclicity

Before coming to the main issue of this section, let us show that the Ward identities
allow us to give another proof of heteroclicity i.e. a property that tells us why
the effective action I'y, cannot include interactions independent of the response field
(see Appendix B or [8] for more detail). Remark also that the relations between
observables arising from the unitary symmetry of interactions automatically consider
the causality of the theory. Then we start by performing in the symmetric phase
(the odd vertex function vanishes), the second derivative of the Ward identity (3.5)
with respect to 62/00;(2)5Pz(Q2) and get

/dwz 0*Gre (P, w; P w) (52Gk7¢n(ﬁ,w;ﬁ’,W)>
P2

+ (Mﬁ ) 5w — ) — Lz (”)5555@ - Q))

q

0Bk (p1, 1, p2) (

=0. (3.6)

3P 4(2)50 () §DHQ)5D(Q)
50AQ) " 5D Q)

The two last terms are nothing but the components ®® of T ,(f), which has to vanish
because of the condition Gy, = 0% (see Remark 3):

P Grao (P, w; P, w)

=-> Gk,ﬁM(p/,pi)F,ﬂ@&(q, q, 1), 11)Grqe (1, 0)

8®q(w1)8<§q(®1) pr/l
= Grae 0 PO s ha00 (@ 6 P ) Grga(p1p) (3.7
P1,0]
and
PG5, (D, w3 ', W) 4
’ 7*7 ’ = - G7 I F()” 777 /7 07 ,7,
iy ()~ 2 Ot 0PI 0.8 34008
4 _
= > GraaD PO 505 (0091 ) Gray (05, 1) . (3.8)
p17p/1

3We omit the bold notation for momenta on the right-hand side to improve readability.
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Note that to simplify the notation, we omitted the dependency on the external fre-

quencies of ng) (the vertex is assumed local to frequencies). We also use a graphical

@
k,0DDD

we keep the same notation, and we denote as 7,(94) the kernel vertex function, tak-
ing into account momenta conservation along external faces due to the connectivity
of the effective planar functions. In the same way for components Fl(ﬁ)l)&@ﬁ and

ngbéni’ we denote these kernels respectively as 'y,(fﬁ’i) and fy,(gHé’l)

with definition (3.3). Note however that the contributions of heteroclites vertices
vanish because of causality. Indeed, we expect from this causality behavior that
(na(t) Mz(t')) o< (' —t). Hence, the loop involves 6(0), which is zero because of the

Ito convention (see Appendix A). Graphically, the Ward identity reduces to:

notation, as we introduced in our previous work [2]. For the component T’

, accordingly

whereas the gray disk materializes effective vertices and colored path materialize
external faces. A direct inspection shows that this relation must be satisfied only
if 7,(64) = 0. The same thing can be shown recursively for higher couplings, then,

because of causality, Ward identities directly imply heteroclicity.

3.3 Closing hierarchy: equilibrium dynamics

Let us move on to the closing hierarchy issue. We derive the Ward identity (3.5)
with respect to 6°/0®4(Q2)d7-(2) and get in the symmetric phase:

082G a0 (D! w: D, 502G, = —»’ ;—»/7
/dwz 6 Ex (. g po) [ LGP Wi ) | Gy (B i, )
pe 0 7(€2)d77(€2) 5D4(Q)67:(0)
~ 6Ly (w)
+ 055051 g 0(w — Q) (w — Q)) + (517;(9) Syad(w — Q)
0Ly (w) “\ |
3D(9) 05 0(w Q))] =0. (3.10)
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The two last terms can be easily computed, because of the definition of the Legendre
transform®:

0 ﬁ(W) _ 2
o) (F’(fﬂ)@( ) + k(P )> 057 (3.11)
and: o
5@12(%)) - <F1(€2ﬂ)7¢’(ﬁ/) + iRk(ﬁ')) Oprq- (3.12)

In the same way, taking into account heterocility and the fact that Gy 5, = 0:

82Gk @(P w; P, w _
oD Zw1)(377 (-Ul Z Gk NP p pl F](€ <)I,q>¢,,7(q7q7p/17p1)Gk,fi>q>(pl7p)7 (313)
q

plapl

and

kCDT) ’ Z
. -14
(L'l)énq u’l G k,® <I> (2 2 jl’jtl)Gk:CPn(Z:17]:) (3 )

p17p1

Then, because two points functions are diagonal in the symmetric phase,
— / p—
=0, Ph=a, @=0. (3.15)

Defining: F,(f,%q, (P) =w+i|p| —iX(p), the Ward identity reads:

k(P), p2) — Ri(p1,p2) .
ZZ/dw L — }Gk,édp,w)%?qu;pl,m Gre (P, w)—
p1 h
Se(0") — Zk(p)

=0, 3.16
A (3.16)

pP2=q2

where the factor 2 is a formal short notation for the two loop contributions having
the same limit as p; — p}. Then, taking the limit p; — pj — 0, we get:

N [ 0(0) |1+ 50,0 [ 0Giaa(0.0.)Gus0(0.0:0n ) + (Z0) = 1) =0,

(3.17)
First, we remark that, for the term involving regulator, the same approximation as
we used in the flow equation must hold, because the selected windows of momenta
are the same. Therefore, it should make sense to replace propagators and vertex
functions with their expression coming from the truncation (equations (2.33) and
(2.31)) — at least, this do not add any additional approximation with respect to

4Note that, as previously, we assume the effective vertices are local with respect to the fre-
quency, and we discard Dirac delta and explicit frequency dependency to simplify the notations.
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the computation of the flow equation within this truncation. Then, we get for
the term involving the regulator (we use again (2.42) to compute the integral over
frequencies):

dR
/ p<q>@f(o,q> / AwG (0, 4.0) G (0, g, )y o)

(241,1) ARy, !
= X 07
QZ%C 0000 /p(Q) dpl( ) (f1(0,9))?
3/2
g (%) / 1
NZ 12k2 (1+ )2

(3.18)
In the above integral the first term denotes by J(k) may be computed easily:

J(k) = 2N / ) / 4Gy 300, 0.0)Crn (0. 0.0 EED - (3.10)

To this ends, observes that for s := In(k):

(2)

d k,e0 de °0
s Grae = —Gp de ds ———Groo = Grge—7— 1s Groo, (3.20)
where in this formal expression, repeated symbols e := (®,7) and o = (®,7) are

assumed to be summed and are considered as momenta, which are implicit in this
expression. Remark that the term with (e,0) = (,7) vanished because of the flow
equation, as soon as we assume the absence of effective vertices involving more than
one 7 component [22]. The remaining terms are then:

(2)
d AU ARy 6
& Gk,é@ Gk B d;? Gk P Gk@nd—:Gk,é¢
dry; dR
— Graa dk 2 Grioe — Groo—— A Grio - (3.21)

Because of the causality condition Gy z0(w) = Gk@n(—w) . Note that in the Ward
identities, we integrate over frequency and then the four contributions in (3.21) are
indeed equal pairwise, and®

(2)
1 d dr,” 5 (w)
/dwd Gy q><1>(w) =- /dw Gk,i)n(w)kg—ij,@@(w)

2
, dR;, &
- z/dw Gr.e,(w) dlzn@ Gras(Ww). (3.22)

5We have explicitly shown here the components n® and 7® for the regulator, the two compo-
nents being equal to Ry.
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Once again, it is suitable to use the truncation for the computation of the last term,
without additional assumptions as those we introduce to define the vertex expansion.
Including the sum over the momenta ¢, we recover what we call Ay in (2.41).

The right-hand side of (3.22) can be easily computed from the same observation
given in [2]: The relevant contribution of the derivative is essentially for momenta
around k. However, this assumption is not sufficient, because the regulator does not
depend on the frequency. Additional constraints are required and come from causal-
ity and time reversal symmetry. This symmetry imposes that F](i)i) o =0 (a condition
which comes also from the invariance dynamics by adding linear forces, see remark
2.24). This condition imposes that G} 3¢ X G j0(w)Grge(—w). Furthermore, due

to the causality Gy 70(w) has a pole in the negative half complex plane, w = —iAy,

such that G}, 34 < Bi/(w?+ Aj), and the integral over w is easy to perform. Because
(Ak > 0)

Bk 7TBk

d = 3.23

/ wuﬂ + Az Ak ’ ( )

where coefficients Ay and Bj, are assumed to depends on the generalized momenta
q. Then:

- [d dg — =— dg — . 3.24

2/ w/p(q)quwerAi 2/p(Q)quAk(q) (3.24)

At this step, far from the scale k, the regulator is zero, and it makes sense to replace
Ak(q)/Bi(q) by Z f(0,q):

1 d s d 1
§/dw/p(q)dqd—sGk§®(0,q,w) = §/P(Q)dq5m- (3.25)

The remaining integral may be computed easily (see [2| for more detail). Finally,
for k small enough:

1 d T - _
§/ﬁw/ﬂﬁmﬁ;Gm@@ﬂMﬂ%5;[—Vﬁhuﬁ
VEk vk sk
+ ( 3/2 — + 3/2Fi(u2) + %)
6m (o) (1 +1y) 20 o

Vk vk ’"“)@],

F (o) + —

+( - 3.26
( 3%(0)3/2 (1+ﬁ2)2 g3/2" * o2 ( )

where we use equation (4.7) at equilibrium, 7 := % In Z ~ v, and in the deep IR:

Vk 1 Vk_ Tok
_+mFi(UQ)+2

() (L + i) | rOH)  (327)

g(k,f@) =

o2
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Now, using the Wetterich flow equation, we have in the symmetric phase:

F](f;q)(ﬁ) = 2F](<31;_§q>1;)(ﬁ7@ 67 6) N / dw / p(p>dp Gk,‘f@(oup’ w>Gk,&>n(07pu W)ZRk([)?p) )

J/

-

=As (k)
(3.28)
where Ay (k) is given in the relation (2.43)), and we define £, already introduced in
the equilibrium dynamic on [2]:

Ay (k) = —~——V~2 = —L,. (3.29)
Then:

dR
2N/ a) 5 f(O Q)/dWGk,écb(OaQaw)Gk,n‘P(()?% Wy
(2)
2 dr',” s (w)
= —XQ /P(Q)/dw Gk,én(c‘))%Gk,&@

— o [ow [ E [ Graalw) +i [ Gk,%(w)%’%k@@(w)]

vk VEk o gk

6 (0)3/2 (1 + @») 953/2 Fi(ts) + _2)
Vk VE k-

+ (— . (0)3/2 (1 +ﬂ2) 03/2F (2) + 2) 2

N21
T L7

g

— vg(k, iy) + (

+2, (3.30)

and finally, Ward’s identity reads:

21
Ly Z

og(k, i vk VE gk
—vg(k,us) + (671' (0)3/2 (1+ ) + 5532 Fi(as) + ?)
vk VE kY
+(_37T(0')3/2(1+a2>2 03/2F L (@ )”‘02) 2]
Uq (5)3/2 1
Z 6k (14 1y)?

+(Z-1)=0. (3.31)

This result allows us to provide another proof that flow equations in this case match
with the flow equation for the equilibrium theory (note that we set 7" = 1 in this
paper, whereas we fixed " = 2 in reference [2]). Remark that, despite the flow
equations are the same, the interpretations are different. To be more precise in
the deep IR, the anomalous dimension # has to vanishes (i.e. Z = 1), and using
(4.7), we are able to express u4 in function of uy only, and we denote as uj(usz)
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this solution. In turn, it allows closing the hierarchy from (4.7), which becomes a
differential equation for us only:

Tuy(u 1
Uy = —(]_ + V)a2 — U4(U2>

24032 (1 + 19)2

(3.32)

where uy 1= VE3 1y.

4 The out of equilibrium dynamics

In this section, we investigate a study beyond the equilibrium dynamics, and we
consider a parametrization of the theory space allowing violations of the fluctuation-
dissipation theorem. As in the previous section, we use of the Ward identities to
close the hierarchy, and we express all the couplings in the function of uy, in the
deep IR and, in the symmetric phase.

4.1 Explicit breaking of the fluctuation-dissipation theorem

The fluctuation-dissipation theorem (2.40) is a direct consequence of the form of the
matrix (4.3), namely:

) = (g 0 (41

The time-reversal symmetry implies that: if (1“,(62))7—777 = A, B(p,w) = —Aw + i fr(p)
i.e the wave function renormalization for the response field equals the wave function
renormalization for ﬁ(iD. From this observation, we expect that a simple way to
break the time-reversal symmetry (and then the fluctuation-dissipation theorem) is
to choose a truncation where these two coefficients are not equal, for instance in the
case where A # 1 and B(p,w) = —w + ifx(p). To this end, we have to enrich the
truncation such that the flow of A becomes non-trivial, allowing the interactions
having two response fields instead of one, as Figure 2 shows. The two interactions
on the right do not contribute to the vertex nn since black and white nodes have to
be contracted pairwise. The first one on the left, however, contributes to the vertex
1m, but also includes a correction for the 2-points vertex n®, ensuring that the flow
for mass and coupling (F,(f)),—m are not independents. We can then show that the
flow equation for us is essentially unchanged due to the causality. Then, we consider
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X

Figure 2: The three quartic interactions involving two response fields.

a truncation of the form:

order 2p order 2p
B B T N
Rt 8- it | L
P
order 2p
UQp .......
e »
p>1
with the kinetic kernel:

F(g)(p Po,w) = 1+ A+ Al(py + p2) —w + 1 Z(k)(p1 + p2 + 2kis)

k \P1;D2, w+1Z(k)(p1 + po + 2kis) 0

(4.3)

The quantity A measures the violation of the time-reversal symmetry. The flow

equation for us and A can be deduced as it is the case for 4y in section 2.4. Graph-
ically, the flow equations read:

Q-
SO -



Let’s focus first on the flow equation for us. The two first terms have been computed
previously, and the two last ones involve the integral:

._ Ry, (p,0) B
By = / dw / p(p)dp iz 0)E 0. (4.6)

that is once again a consequence of causality Gy ;0(t,t') o< 6(t —t'), and the loop
involves the product 6(t —t')0(t' — t), which vanishes. Then the flow equation for 1y
remains essentially the same as (4.7), except for an additional factor (14 A) arising

from the modification of the component 17 of F,(f):

iy (1+A)J,(k) + A'K, (k)

tiy = —(1 + )iy — § TEAL , (4.7)
where:
{\/407—+/ dgg/q(46 — q) (V(2 — ) + 2)| , (4.8)
and:

A= kA (4.9)

The flow equation for® A = A involves the integral A, (Eq. (2.43)), multiplied by
the factor 1 + A, and we get in the deep IR:

Oy (L+A) (k) + AK, (k)
A=-—7 ERY . (4.10)

where we defined 94 := v4k~'Z (k). Finally, if we neglect the momenta dependency
of the effective vertices, the flow equation for A’ can be computed following the same
method as we used in [1] to compute the anomalous dimension. We have:

_Z__ y Ri(p,q) 1+A+AN(p+q)
= / d / Ft2R00) wtiZhp0) o M
_ _%‘*d— ) p—(iip’q))z(1+A+A’(p+Q)) — (4.12)

To compute the second line of the above expression, we used explicitly the fact that
the anomalous dimension must vanish in the deep IR, as we will see below. Then

using the relation diqu (p,q) ‘ = —ké(k — p), in the deep IR:
- _ 5 1 4 _
A=A 44 1+A—-A) . 4.1
T 16652 (1 1 )2 ( ATy ) (4.13)

6The observable A is dimensionless by construction.
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4.2 Ward identities and deep IR flow

In this section we will use the Ward identity to close the hierarchy, as we have
done in the previous section for equilibrium dynamics in the deep IR. First, let us
investigate how the Ward identity constraint (3.31) changes due to the presence of A
and vy. First, the integrals involving G}, 54 have to be multiplied by 1+ A. Second,
one may expect that many components have to be added for expansions like (3.22)

and (3.13)-(3.14). However, a moment of reflection shows that equation (3.13) does

(1+1;2)

not change as we discard terms like I'} from the truncation. Equation (3.14)

reads explicitly:

(9 Gk <I>17(p W p7 (4)
G ) 7,1 G 3 4.14
oD (wl)anq wl z;p: k,od p pl k,®Dd7 (qa(.Iaplvpl) k,@n(plap) ( )
P1
4 —
- Z Gk,@n(p/7p/l)rlg77)7<i>¢ﬁ(Q7 Q7p/17p1)Gk,‘i>n<plap) ) (415>
pL,P)

but the last term involves a frequency integral like By and vanishes due to the
causality properties. Finally, (3.22) becomes:

(2)
d I
& Gk,cixb - Gk,én d’znn Gk,ﬁ@
dF(Q) dR. =
M k7
Gk ,®n ds —kn® Gk P Gk,@nTmka,@é
dF(2) ARy o7
~ Grao—, —E G — Gk@@d—bﬁ”Gk,ﬁ@- (4.16)

The added contribution in the first line does not vanish, because Gy, 5, (w) = Gy z0(—w).

But let us define: ]

Gk,&»@ = T Gk,cixba (4-17)
k,im
Such that:
(2)
d - dr'y s dRy .5
Fk,ﬁn& Gréo = — Gk,énd—!Gk@@ — Gray dsm E
(2)
dRy o5
Gk L%l d Gk,r@ Gk,écb di:(bnGk,ﬁfb- (4-18)

But on-shell, i.e. along the portion of the theory space spanned by the truncation,
ék’@q) is nothing but the equilibrium ®® component of the two point function.
However, we cannot use the same argument as before, in the equilibrium dynamics
regime, because of the factor I'y 7,. Indeed, the approximation requires that I'y 5, =
1+ A only in the windows of momenta around k allowed by the regularization, but
not outside. Finally, we cannot in principle replace I'y 5, by 14+A in the computation
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of the sum. A solution consists of deriving with respect to s the identity and using
the fact that sums and integrals are convergent to exchange the order of derivatives
and sums. In that way, we recover again the derivative of a k dependent sum, and
we expect that the relevant contribution comes from momenta around k, such that it
makes sense a priori to replace quantities by their expressions from the truncation.

Our proposed calculation method, however, has the disadvantage of complicating
the equations and poses the question of the integration constant. An equivalent
method consists of noticing that in the calculation of a term like:

/ dwz Ce(2:0) S G golp.0). (4.19)

the relevant contribution comes from the momenta around k, because far from this
momentum scale, the influence of the regulator is negligible, and the derivative is
almost zero. Then, in the deep IR, it makes sense to replace I'y 5,(p, 0) by 1+A+A'p.
Explicitly:

5 [ [ pdaTn0.0) T Gian(0. 0.0 (4.20
_2/ p(g)dg (14 A + A )%m (4.21)

Z0q + 2us + Ry,
(Z11(0,9))?
The term proportional to 1 + A is exactly computed before (see equation (3.26)).

Furthermore:

AN Zvq+ 20 + R AN K, 2
/P(Q) q q 2 L [ ( + vhy(k, )+k—22kh2(k? )|

-z /p(Q)dq (1+A+Alg)

. : (4.22)

2 (Z/(0,9)2 87 [m(1+ 1)
(4.23)
where:
k)32 Aka
hq(k —/ 41— 2L 0 (K2
ki) = T e ;. TOE)
and:
k
ho(k, i) = kHyy () — — 4+ O (K*/? 4.24
2(k, %) 107a3/2(1 + i)? + Vi (32) 202 O (4.24)
with Hoy(ti2) given by
ﬁﬁm:ﬁl 2111
—3V2y/ots— 4\/2;(3;%:1)4'2 ’ = <fﬁ> if iy >0
Hyi(Tip) = 3@20_ T (4.25)
3iy/~d _ 2(3ap+1) re (\/5\/5)
2 2mlig 7 s if iy < 0.
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Figure 3: Behavior of the function Hoy near s = 0.

Figure 3 shows the behavior of functions Ho. Finally, in the deep IR as for equation

(3.18), we get

dR
[ ot dp’“(o 0) [ 4Gian(0.0.0)Gnnnl0. .01
(2+1 0 dRy, 1+A+Aq
= X 0,
st < [ o) GEOOTGG S
w1 A
NZ 12k% (1 +1g)?

Furthermore, the definition of A5 is also modified as:

1 1(A+A), k) +AK,(k) =
= == —;CQ.
8Z]€ (1 —|—U2)2 2

A2(k) =

Now defining the functions Wio)(k, g, ) and Wf)(k, Uy, /) as:

R Vi VR
Wy (k?,u2,l/) T Lo Z l/g(k:,m) + (67TU3/2 (1 +ﬂ2) + 953/2 :l:(u2)
vk vk k.
_ - AV ,
" < 3mod/2 (1 + ﬂ2)2 + 3/2 | () + 02>u2 +2,

and:

-1

Wik, 1z, 2) o= 2522[ (1+u2)

2U2
+ vhy(k,t2) + —=ho(k, Us) |
(ki) + 3 2hall )
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(4.27)

Ugk

(4.28)

(4.29)



the Ward identity reads finally as:

Uy (%)3/2 1+ A+ %A’

) ~ - W = - 5
(1+ AW (k, tg, ) + AW (k,u2,l/)—E 67 (14 10n)? +7Z—-1=0.

(4.30)

In the equilibrium theory, we investigated the leading order contribution in front of
the anomalous dimension, of order 1/v/k and the cancellation of this contribution
provided the constraint 7 = 0 in the deep IR. Here, the leading order contribution
comes from the term in front of A/, but the divergence is of the form 1/k for k goes
to infinity, and the cancellation of this contribution imposes in the deep IR:

(4.31)

In the same way, the cancellation of the term of order 1/ V'k requires that 7 = 0
(assuming A # —1), and the Ward identity simplifies as :

(1+ AW (K, 10, 0) + AW (k, 1, 0) — (4.32)

g

uy (1 3/21+A+%A,_
6 (1+1y)2

This relation is nothing but the equilibrium condition, and the solution @}(ts) re-
mains the same as we deduce from (3.31) with the definition of Lo which becomes
different. Now, let us investigate the relation coming from Ward identity (3.5),

taking derivative with respect to 6°/0nz(€2)d77():

frx

L ! o L) /= =
52@19,1’72(1? ,W; P w) N 52@,({@,)](1%00,2?7 ,w)
ng(§2)977(€2) ng()0nz(Q2)

i(sEk(plvp/17p2) ( =

5[:w(w) 6Lz (w) ~
+ P 5ad(w — Q) — —2 0-20(w — =0 4.33
( S el = ) = S oo~ 9 (1.33)
The last contributions can be easily computed:
OLy(w) _ D) (w,7)05=0(w — Q). (4.34)

() T

Then, in the limit p — p’ — 0, the second term is equal to A’ = 0. The Ward
identity then simplifies as:

. d
Z/dwzd—mEk(pl,U,pz)
p2

ong(€2)0nz(Q) ong(€2)0nz(2)

62Gk,ﬁ¢(ﬁ/aw;ﬁ7w> 52Gk,<§n(ﬁ7w;ﬁ/7w) _ A/
p1=0
(4.35)
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The two functional derivatives can be easily computed. Schematically, we have

e
k,:?‘b - Gk (D(I)F(l—‘rl 1+1 Gk 77(1) XX Gk‘ qxbrk nnGk nq:. (436)
0no1]
and: 20
k,® 1;1+1 .
=7 — —Gy, é@rl(ﬁlﬂ 1+1)Gk,<i>n (8 Gk,ixbrl(j%nGk,i)n ) (4.37)
0n017]
and because the function Gy g4(w) is expected to be symmetric,
532G, - 8%G, =
I R o 2G gLy Gl - (4.38)

0707] 0701]
Furthermore, as previously, the term involving the derivative of the regulator can

be computed using the truncation, and we get:

o L2 141 A
. & /
Nl/p(Q) /dWGk,éCD(O? Q7M)Gk,ﬁ¢(07 Q7w) Fk,ﬁn(oa Q> - E 12k2 (1 + 17@)2 =A".

(4.39)

The remaining integral can be also computed from the principle we used to compute

the previous Ward identities. We have:
1+ A
a (4.40)

/ o(0) / A g0(0.0,)Grpa(0.0.6) =~ 75 % / P9 R R

and the computation of the integral leads to:

His(iin) i 2 (1\*? 4 A
VEIDERI A 2 (2) 0 % ) A = A 4.41
( As (k) 3\5) Wrmp) T o
where:
Gftan 1
(el f -
%-&-2\/5(2#71624—#"}(@21-&-1)2 B ™ S%Q\/?) if >0
Ho (1) — 1252 2 (4.42)
3iv2 + 2 412 6\/Etan_l<\/§\1/@>
2 U b T/ T :
V—ag | w(ag+1)2 ' 2 122;3/2 NG if Uy < 0

and in the deep IR:

Ay(k) 7 27
¢Eﬁﬁna+%P(Lhﬁ+%A> (4.43)
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Using (4.10), this equation provides us a solution for A’ = U(0y, iy, A) =: (1 +
A)T('lj;l, fbg), with:
1 Uy

1
S e— 3/2 ~
T(v4,u2) = =2 (0‘ / 7TH1:‘:<U2) + 5(1 T ﬂ2)2> 5_3/2 . (444)

It is suitable to redefine the quartic couplings as:
’(_L4 = \/ﬁfu, 1_)4 = \/ﬁfu . (445)

Differentiating with respect to s, and using (4.13), we get:

L o 1-2T(v4,a N _ -+
(1+A) (T(m, U2) + o7 (31+1(124)2 2)> — T'(vy4, u2) A — 0g, U(Vy, Uz, Aty

Uy 1= 9

05, U (04, Ug, A)
(4.46)

which define the B-function vy =: Bg, (04, U2, A). In the same way, from (4.32), we
deduce uy = V(tg, vg, A),

. 2X (g, v4, A)
4 A) =t " 4.47
(UQ,U4a ) Y(ﬁ2,174,A) , ( )
with:
X (t2,v4, A) ! L p (i)
Uo, U = U
2, U4, 67TO'3/2 (1 +a2) 20_3/2 + U2
1 1 ) - 7(1+ A) 1+ 2T (04, G2)
— — F/ 35 ’
( 3ro3/2 (1 +a2>2 + o3/2 :I:(U2>>U2] + 1243/2 (1 —i—sz)Q
T<@47ﬁ’2)
- 4.48
5ma3/2(1 + 1g)? (4.48)
and
1+ A) 14 Z7T(vy, 0 1 (4
Y(ﬁ2,1_14,A) = —7( + ) 35 (~U4 u2) 5 — :I:(UQ)
1202 (14 )2 \3ro¥2 (114?09
1 1+ 2T (vy, @)
T (04, 1) — S 4.49
+ T (04, 12) 3mo32 (1 + @y)? ( )
The flow equations are then, in the deep IR:
A o Uy (1 n A) 1 - % (WHI:I:(QQ) + #m) Uy (4 50)
12032 (1+ @s)? , :
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Figure 4: Behavior of the 3 function iy (on left) and for iy(@2) (on right).

and:
. X (g, vg, A
liy = —iip + —— (2,0, ) . (4.51)
1 o L (42) —|-T<1_) i ) i 1 1+3T(va,u2)
3ma3/2(1+a2)* a3/2 4) 22 3ro3/2 (1+12)?
the coupling 74 following the effective flow equation v4 =: By, (4, @z, A). These

equations close the hierarchy, and determine, in the local sector, the sextic couplings
and beyond. Now, let us investigate these flow equations. First of all, Figure 4 shows
the behavior of the flow as A = vy = 0. Unsurprising, we recover the results of [2] for
the equilibrium theory, namely the existence of a repulsive fixed point @5 ~ —0.08.

Now, let us investigate the other fixed-point solutions. Because of equations
(4.50) and (4.46), we have respectively the two conditions (we set o = 1):

L 35
T(U4, Ug) = _ﬁ y (452)
and, assuming A # —1:
1680

04 (lp) = ——(1 + @iz)*. 4.

v4(u2) 291 ( + Ug) ( 53)
Figure 5 shows the graphical solution of the equation:

- 1680 . ND o 35

As the Figure illustrates, there is no additional fixed point for this parametrization of
the theory space, and the only one is the global interacting fixed point corresponding
to the equilibrium theory:

However, the presence of new couplings could change the critical exponents, and by
computing them we get:
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Figure 5: Behavior of the function C(as).

Orpy, = {01 ~ 0.77,0, ~ 0.69, 65 = 0} (4.56)

We find two relevant and one marginal direction. Furthermore, all the eigen-
vectors mixed directions (s, A, v4), and none is strictly orthogonal to the plane
(A, vy). This fixed point is then unstable in the direction of regions of the theory
space where the fluctuation-dissipation theorem does not hold. Figure 6 shows the
behavior of the renormalization group near the fixed point. These observations sug-
gest that there are no trapped regions of the theory space where the equilibrium
phase regime is restored in the deep IR, and the system remains out of equilibrium
except if it starts in the equilibrium regime initially. This property is reminiscent of
the behavior of the standard p = 2 spin dynamics, see [15, 23, 24].

4.3 Time translation symmetry — a first look

In the previous section, we have considered the symmetry breaking of the fluctuation-
dissipation theorem, i.e. of time reversal symmetry. Here we will consider a breaking
of time translation symmetry, as we have done in [25] for the p = 2 soft spin
dynamics. We consider the truncation:

where Ay, is a dimensionless constant, independent of w and identifying as the order
parameter for time translation symmetry. Indeed, at first order (we forget the
variable p’ for simplicity):

Griae(w,w') = B (w)d(w — ') —iB Hw)B H(W)Ag + O(A]), (4.58)
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Figure 6: Behavior of the renormalization group flow near the fixed point. On the
left: in the plane (u2,74). On the right: in the plane (A, vy).

Note that this expansion is exact. Indeed, the next order involves the integral
[ dwB~(w). But the heteroclyte condition” (see Appendix B) imposes in particular
that tadpole diagrams contracting both y and M. This condition holds at the
bare level because time discretization ensures an additional factor e (see [22]),
canceling the frequency integral because of the pole position of function B(w)®. This
simple argument shows that the Ginsburg-Landau expansion (4.58) is exact. Using
(3.31), we get:

WOk, 19,0) — UL (i) Ap + b(iin)A2 = 0. (4.59)

T 6 (14 ip)? F

where a and b are some functions which can be easily computed from (4.58) and
(3.31). This constraint determines the quartic local coupling uy = f (@2, Ag), which
allows us to close the pair of flow equations that we can deduce from the truncation
(4.57). Let us investigate these equations using perturbation in A and assuming
we are arbitrarily close to the equilibrium dynamics flow. The equation for s is
again given by the equilibrium solution (3.32), and it is easy to check that, at the
leading order in Ay:

N 7 wy ()
B = (2403/2 (1+ a2)3) B (4.60)

where we used the fact that [ dwB~'(w) = 0. Because uj(us) it is positive in the
physical domain @, > —0.5 (see Figure 4), Ay, is strictly negative and Ay, increases

"As we see in the beginning of this section, this is also required because the response field does
not propagate.
8 Another argument is that Cgas(t —t') oc 8(t —t'), and that Ito prescription imposes 6(0) = 0.
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toward IR scale. Once again, we recover the instability phenomenon of the equilib-
rium regime.

5 Conclusion and outlooks

This paper concludes our investigation series concerning the nonperturbative renor-
malization group for glassy dynamics of stochastic complex matrices. After the two
first papers focused on the equilibrium theory, we have considered the dynamics
behavior in the paper, in two different regimes. In the equilibrium dynamics regime,
where time-reversal symmetry is expected, the fluctuation-dissipation theorem has
to hold along the flow and can be translated as a set of constraints on the trun-
cation. As all these constrained are taken into account, we then showed explicitly
that the flow equations and Ward identities reduce to the corresponding expres-
sions computed for equilibrium theory, but with a different interpretation of the
different phases (dynamical phase transition). This consistency check is physically
expected because equilibrium dynamics means exactly that the system returns at
equilibrium for a long time, and we have chosen the initial conditions ¢t = —oc. In
the second time, we investigate our analysis on the out of equilibrium, considering
the truncation terms that explicitly violate time-reversal symmetry and then the
fluctuation-dissipation theorem. Using Ward identities, we were able to close the
hierarchy, and the solution showed the existence of global fixed points controlling
the phase transition between equilibrium and out-of-equilibrium dynamics regimes.

Despite all these results, several questions remain open. These issues concern for
instance the behavior of the flow beyond the IR limit, a rigorous approach of the
deep IR limit, taking into account the "graining" of eigenvalues in the construction of
the large N limit (this especially concern sextic theories, see [26]), or the improving
of the truncated series for in and out of equilibrium regime, in particular regarding
the role of higher-order couplings, as pointed out already in [2]. Furthermore, the
reliability of the approximation scheme used for computing the different terms in the
Ward identity should be questioned, and we plan to evaluate it for tensorial models,
for which this contribution can be computed exactly in the melonic limit [7]. Finally,
the construction of the truncation in the out-of-equilibrium regime is more suitable
using 2PI rather than 1PI formalism, in the case where the order parameter is the
two point function [25].
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Additional material

A Martin-Siggia-Rose formalism for complex ma-
trices

In this section, we provide a short derivation of the MSR path integral for Hermitian
matrices. The generating functional can be expressed explicitly as the averaging over
the relations of the noise of the functional exp(+L - Mpg), where Mp is a solution of
equation (2.1) for a fixed B(t):

1 ]
Z,[L] = — /dB emar J AT (1) o L-Mp (A1)

ZB

with condition Z;[L = 0] = 1. We use the standard Faddeev—Popov trick and the
formal path integral identity:

/ dq det (J) [ (a(t) + £(t) = b(t)) = 1, (A.2)

where J is the matrix with entries:
0*H
0qa()0qu (1)’

and we denote by q = M(t), q, == M(t = 0), g := {Re(M);;} and g, =
{Im(M);;} the N? vectors corresponding to the real and imaginary parts of the
matrix M. @ := {Re(M);;} and y := {Im(M),;} the N? vectors corresponding to
the real and imaginary parts of the matrix M. In the same way, we denote f;, and
f;, the real and imaginary parts of f;, the ith component of the 2N? vector:

S AL E S B

Finally, b is the 2N? vector built from the matrix B in the same way. The dissipative
Langevin equation (2.1) being of first order, it admits a unique causal solution. Then
using the identity det (J) = €67 and due to the fact that the only causal propa-
gator is o< 0(t — t’), where 6(z) is the standard Heaviside function, the exponential

reads:
det (J) ~ exp <9(0) /_ Oodtz ;qi;) . (A.5)

In the Ito convention for path integral discretization (see 1, references [18, 27] and
references therein), we must require that 6(0) = 0, then we may choose det (J) = 1,

oo (t — 1) = %5@ —t")00er + (A.3)
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and inserting the relation (A.2) into the functional Z;[L], we get:

b2 (1)+b2 (1) - -
/ dq / db e~ A= (LML g [ 6 @) +f(t) - b)) ,
ZB .

(A.6)

_ L dq [e‘% S A@O+HE)3 o o~ fdt(qu>+f(t>>5} el M+LM (A7)
ZB

1 dqe~# J dOH05H)-(G+a,H) (A.8)
ZB

where L and L are the source fields. The squares can be broken by using the
standard Hubbard-Stratonovich trick [28]. We introduce the pair of N x N complex
matrices y and Y, so that the partition function reads:

Z;k|L, L] = / dMdMdydy e~ SMM XTI+ LM+N L+ DXL (A.9)

where the MSR action is:
~+o00

S[M, M, x,X] := / dt Tr [TXT(t)X(t) +ix (&) (M + 0d) +i (M + 0y-U) X(t)] .

(A.10)

o

B Sketched proof of heteroclicity

In this section, we propose an elementary proof of heteroclicity, based on a causality
argument inspired from [8, 22]. We focus on the regulator we consider in this paper,
which does not include a coarse-graining over time. For the purpose of this section,
we denote it as:

Rk(Pl,p%t - t/) = Z(Qk —DP1— pz)e(k - pl)g(k - P2)5(t - t/) (B-l)

including explicitly the Dirac delta ensuring locality in time. We have to prove that:

=0, Vk. (B.2)

n=n=0
Obviously, this holds for k£ = A (for some UV cut-off), because I'y reduces to the

MSR classical action which has no term without a response field. We have then to

prove that:
d
—r =0. B.3
k- "ly=i=o0 (B:3)
To check this, we have to notice that, because of the Wetterich flow equation (2.30),

the right-hand side involves two terms. The first one involves the product

Rt — ) M) (B.4)
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but causality must require, (7;(t)Mz(t')) o< 8(t' —t), as it is explicit in (2.37), due to
the position of the pole of the Fourier transform. Therefore, because Ry(p1,p2,t —
t') oc 6(t —t'), the product involves (0), which vanishes because of the Ito prescrip-

tion.
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