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How to count in hierarchical landscapes: A full solution to mean-field complexity
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We derive the general solution for counting the stationary points of mean-field complex landscapes. It
incorporates Parisi’s solution for the ground state, as it should. Using this solution, we count the stationary points
of two models: one with multistep replica symmetry breaking and one with full replica symmetry breaking.

DOI: 10.1103/PhysRevE.00.004100

I. INTRODUCTION

The computation of the number of metastable states of
mean-field spin glasses goes back to the beginning of the
field. Over 40 years ago, Bray and Moore [1] attempted the
first calculation for the Sherrington—Kirkpatrick model, in a
paper remarkable for being one of the first applications of
a replica symmetry breaking (RSB) scheme. As was clear
when the actual ground state of the model was computed by
Parisi with a different scheme, the Bray—Moore result was
not exact, and the problem has been open ever since [2].
To date, the program of computing the number of stationary
points—minima, saddle points, and maxima—of mean-field
complex landscapes has been only carried out for a small
subset of models, including most notably the (pure) p-spin
model (p > 2) [3—6] and for similar energy functions inspired
by molecular biology, evolution, and machine learning [7-9].
In a parallel development, it has evolved into an active field of
probability theory [10-12].

In this paper we present what we argue is the gen-
eral replica ansatz for the number of stationary points of
generic mean-field models, which we expect to include the
Sherrington—Kirkpatrick model. It reproduces the Parisi result
in the limit of small temperature for the lowest states, as it
should.

To understand the importance of this computation, con-
sider the following situation. When one solves the problem of
spheres in large dimensions, one finds that there is a transition
at a given temperature to a one-step replica symmetry break-
ing (1RSB) phase at a Kauzmann temperature, and, at a lower
temperature, another transition to a full RSB (FRSB) phase
(see Refs. [13,14], the so-called “Gardner” phase [15]). Now,
this transition involves the lowest equilibrium states. Because
they are obviously unreachable at any reasonable timescale, a
common question is: what is the signature of the Gardner tran-
sition line for higher than equilibrium energy-densities? This
is a question whose answers are significant to interpreting the
results of myriad experiments and simulations [16-25] (see,
for a review [26]). For example, when studying “jamming” at
zero temperature, the question is posed as, “On what side of
the IRSB-FRSB transition are high-energy (or low-density)
states reachable dynamically?” One approach to answering
such questions makes use of “state following,” which tracks
metastable thermodynamic configurations to their zero tem-
perature limit [27-31]. In the present paper we give a purely
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geometric approach: We consider the local energy minima at
a given energy and study their number and other properties;
the solution involves a replica-symmetry breaking scheme that
is well-defined and corresponds directly to the topological
characteristics of those minima.

Perhaps the most interesting application of this compu-
tation is in the context of optimization problems; see, for
example, Refs. [32-34]. A question that appears there is how
to define a “threshold” level, the lowest energy level that good
algorithms can expect to reach. This notion was introduced in
the context of the pure p-spin models, as the energy at which
level sets of the energy in phase-space percolate, explaining
why dynamics never go below that level [35]. The notion
of a “threshold” for more complicated landscapes has later
been invoked several times, never to our knowledge in a clear
and unambiguous way. One of the purposes of this paper is
to give a sufficiently detailed characterization of a general
landscape so that a meaningful general notion of threshold
may be introduced—if this is at all possible.

The format of this paper is as follows. In Sec. II, we
introduce the mean-field model of study, the mixed p-spin
spherical model. In Sec. III we review details of the equilib-
rium solution that are relevant to our study of the landscape
complexity. In Sec. IV we derive a generic form for the com-
plexity. In Sec. V we make and review the hierarchical replica
symmetry breaking ansatz used to solve the complexity. In
Sec. VI we write down the solution in a specific and limited
regime, which is nonetheless helpful as it gives a foothold
for numerically computing the complexity everywhere else.
Sec. VII explains aspects of the solution specific to the case
of full RSB, and derives the replica symmetric to full FRSB
(RS-FRSB) transition line. Sec. VIII details the landscape
topology of two example models: a 3 + 16 model with a2RSB
ground state and a IRSB complexity, and a 2 + 4 with a FRSB
ground state and a FRSB complexity. Finally Sec. IX provides
some interpretation of our results.

II. THE MODEL

For definiteness, we consider the mixed p-spin spherical
model, whose Hamiltonian

N
1
H(s)=—) :E > I siy s, (1)
— p!

iy

©2023 American Physical Society

AUTHOR Kent-Dobias

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
7
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

89

920

91

92


https://orcid.org/0000-0002-2163-5609
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.00.004100&domain=pdf&date_stamp=2023-00-00
https://doi.org/10.1103/PhysRevE.00.004100

XW10618E

93
94
95
96
97
98
929
100
101
102

103

104

105
106
107
108
109
110
ik

12

113
114

115

116
17
118
119
120
121
122
123

124

125

126
127

128

129
130

131

PRE June 1, 2023 21:3

JARON KENT-DOBIAS AND JORGE KURCHAN

PHYSICAL REVIEW E 00, 004100 (2023)

is defined for vectors s € R confined to the sphere ||s||> = N.
The coupling coefficients J are taken at random, with zero
mean and variance (J?)2 = a,p!/2NP~! chosen so that the
energy is typically extensive. The overbar will always denote
an average over the coefficients J. The factors a,, in the vari-
ances are freely chosen constants that define the particular
model. For instance, the so-called “pure” models have a, = 1
for some p and all others zero.

The variance of the couplings implies that the covariance
of the energy with itself depends on only the dot product (or
overlap) between two configurations. In particular, one finds

HGDHE) = Nf(252). @
where f is defined by the series
1
HOEESIE 3)
p

One need not start with a Hamiltonian like Eq. (1), defined as
a series: instead, the covariance rule (2) can be specified for
arbitrary, nonpolynomial f, as in the “toy model” of Mézard
and Parisi [36].

The family of mixed p-spin models may be considered as
the most general models of generic Gaussian functions on
the sphere. To constrain the model to the sphere, we use a
Lagrange multiplier , with the total energy being

H(s) + %(Msu2 —N). )

For reasons that will become clear in Sec. IV A 1, we refer
to w as the stability parameter. At any stationary point, the
gradient and Hessian are given by

VH(s, ) = 0H(s) + us, HessH(s, ) = 00H(s) + ul,
&)

where 0 = % always. An important observation was made by
Bray and Dean [37] that gradient and Hessian are independent
for Gaussian random functions. The average over disorder
breaks into a product of two independent averages, one for
any function of the gradient and one for any function of the
Hessian. In particular, the number of negative eigenvalues at
a stationary point, which sets the index Z of the saddle, is a
function of the Hessian alone (see Fyodorov [38] for a detailed
discussion).

II1. EQUILIBRIUM

Here we review the equilibrium solution, which has been
studied in detail [39—42]. For a succinct review, see Ref. [43].
The free energy, averaged over disorder, is

BF = —lnfds S(|Is||? — N) e~ PH®), (6)
Once n replicas are introduced to treat the logarithm, the

fields s, can be replaced with the new n x n matrix field
Qu = (S, - Sp)/N. This yields for the free energy

1.1 -
BF =—1—1In27 — Eiﬂ);(ﬂz%:f(Qab)—HndetQ),
(7

which must be evaluated at the Q which maximizes this ex-
pression and whose diagonal is one. The solution is generally
a hierarchical matrix a la Parisi. The properties of these matri-
ces is reviewed in Sec. A, including how to write down Eq. (7)
in terms of their parameters.

The free energy can also be written in a functional form,
which is necessary for working with the solution in the limit
k — o0, the so-called full replica symmetry breaking (FRSB).
If P(q) is the probability distribution for elements ¢ in a row
of the matrix, then define x (g) by

1 q
X(@) = / dq / dq’ P(g"). ®)
q 0

Since it is the double integral of a probability distribution, x
must be concave, monotonically decreasing, and have x (1) =
0 and x’(1) = —1. The function x turns out to have an
interpretation as the spectrum of the hierarchical matrix Q.
Using standard arguments, the free energy can be written as a
functional over x as

1! 1
ﬁF:—l—anr{——/ dq (ﬁzf//(q)X(CI)—F—)»
2 Jo x(q)
)

which must be maximized with respect to x given the con-
straints outlined above.

In our study of the landscape, the free energy will not be
directly relevant anywhere except at the ground state, when
the temperature is zero or S — oo. Here, the measure will
be concentrated in the lowest minima, and the average energy
(E)o = limg_, o % BF will correspond to the ground-state en-
ergy Ey. The zero temperature limit is most easily obtained by
putting x; = X;x; and x; = B/ﬂ, qr = 1 — z/B, which ensures
the X;, B, and z have nontrivial limits. Inserting the ansatz
and taking the limit, carefully treating the kth term in each
sum separately from the rest, one can show after some algebra
that

5 . 0(BF)

PEN =P Jim =

L TN PN
X |:BZZf(Qab)+1Hdet(BZ_]Q+I):|, (10)
ab

where Q is a (k — 1)RSB matrix with entries §; = limp_, « g1,
wor Gr—1 = limg_, o qx—1 parameterized by X, ..., X_;. This
is a (k — 1)RSB ansatz whose spectrum in the determinant is
scaled by Bz~! and shifted by 1, with effective temperature j,
and an extra term. In the continuum case, this is

_ 1 . 1 !
B(E)o = — Ezﬂf/(l)— 5/0 dq

x [Bzf”(qmq) - (11)

1
X(q)+/§z‘1}’

where ¥ is bound by the same constraints as .
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The zero temperature limit of the free energy loses one
level of replica symmetry breaking. Physically, this is a result
of the fact that in kRSB, ¢, gives the overlap within a state,
i.e., within the basin of a well inside the energy landscape. At
zero temperature, the measure is completely localized on the
bottom of the well, and therefore the overlap within each state
becomes one. We will see that the complexity of low-energy
stationary points in Kac—Rice computation is also given by a
(k — 1)RSB anstaz. Heuristically, this is because each station-
ary point also has no width and therefore overlap one with
itself.

IV. LANDSCAPE COMPLEXITY

The stationary points of a function can be counted using
the Kac—Rice formula, which integrates over the function’s
domain a § function containing the gradient multiplied by the
absolute value of the determinant [44,45]. It gives the number
of stationary points N\ as

N = / dde(%(IISIIZ —N)) S(VH(s, 1))

x | det Hess H (s, 1)|. (12)

It is more interesting to count stationary points which share
certain properties, like energy density E or index density
TI. These properties can be fixed by inserting additional §-
functions into the integral. Rather than fix the index directly,
we fix the trace of the Hessian, which we’ll soon show is
equivalent to fixing the value u, and fixing p fixes the index
to within order one. Inserting these § functions, we arrive at

1
NE, p*) = fﬁlSd/M(E(IISII2 —N)> §(VH(s, n))

X | det Hess H(s, w)|6(NE — H(s))
x S(Nu* — TrHess H(s, w)). (13)

This number will typically be exponential in N. To find the
typical count when disorder is averaged, we want to average
its logarithm instead, which is known as the complexity:

l—
I(E,pu) = Nim ﬁlOgN(E, ). (14)

J

If one averages over N and afterward takes its logarithm, then
one arrives at the so-called annealed complexity

R S
Za(E, ") ZNILH;oﬁlog/\/(E,M*)- 5)

The annealed complexity has been previously computed for
the mixed p-spin models [12]. The annealed complexity is
known to equal the actual (quenched) complexity in circum-
stances where there is at most one level of replica symmetry
breaking in the model’s equilibrium. This is the case for the
pure p-spin models, or for mixed models where 1/4/f"(q) is
a convex function. However, it fails dramatically for models
with higher replica symmetry breaking. For instance, when
f(@) = 3(@* + 14q*) (a model we study in detail later), the
annealed complexity predicts that minima vanish well be-
fore the dominant saddles, a contradiction for any bounded
function.

A sometimes more illuminating quantity is the Legendre
transform G of the complexity, defined by

NOB) _ /dE o PEYE(u). (16)

There will be a critical value B, beyond which the complexity
is zero: above this value the measure is split between the
lowest O(1) energy states. We shall not study here this regime
that interpolates between the dynamically relevant and the
equilibrium states, but just mention that it is an interesting
object of study.

A. The replicated problem

The replicated Kac—Rice formula was introduced by Ros
et al. [8], and its effective action for the mixed p-spin model
has previously been computed by Folena et al. [46]. Here we
review the derivation.

To average the complexity over disorder, we must deal with
the logarithm. We use the standard replica trick to convert the
logarithm into a product, which gives

log N(E, u*) = lim —N"(E u) = hm—/l—[dsad,ua <%(”Sa”2 —N)> 8(VH (84, ita)) | det Hess H (Sq, o)l

X 8(NE — H(s,))8(Nu* — TrHess H(s,, ita)).

A7)

As discussed in Sec. 11, it has been shown that to the largest order in N, the Hessian of Gaussian random functions is independent
from their gradient, once both are conditioned on certain properties. Here, they are only related by their shared value of u.

Because of this statistical independence, we may write

S(E, p*) = lim ~lim - / (]‘[dsaduu) [1s (%(nsauZ—N)) S(VH (su, 1ta))S(NE — H(s0))

—oo N n—0 0n

n
X H | det Hess(s,, tq)| S(Nu* — Tr Hess H(Sq, (i),

a

(18)
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which simplifies matters. The average of the two factors may Therefore, in that limit its spectrum is given by the Wigner
now be treated separately. semicircle with radius /4" (1), or

4f7(1) =22 A2 < 4f" (D),

. (20)
otherwise.

1
p(h) = 1 277D
1. The Hessian factors 0
The spectrum of the matrix ddH (s) is uncorrelated from
the gradient. In the large-N limit, for almost every point and
realization of disorder it is a GOE matrix with variance

The spectrum of the Hessian Hess H(s, ) is the same semi-

circle shifted by u, or p(A + ). The stability parameter p

thus fixes the center of the spectrum of the Hessian. The

semicircle radius u,, = /4" (1) is a kind of threshold. When

W _ l £1()8;. (19) I is taken t.o be within the range £u,,, the critical points have
N index density

J

() = /0 drph+p) = % — %[aretan <L2> + /%,/,u% — u2:|. (21)

w2 — n

When p > p,, the critical points are minima whose sloppiest eigenvalue is © — (,,. When © = p,,, the critical points are
marginal minima, with flat directions in their spectrum. This property of wu is why we’ve named it the stability parameter: it
governs the stability of stationary points, and for unstable ones it governs their index.

To largest order in N, the average over the product of determinants factorizes into the product of averages, each of which is
given by the same expression depending only on p [8]. We therefore find

[T 1 det Hess(sq. )l SNw* = Tr Hess H sy, 1)) — [ P48 (™ = ), (22)

a a

where the function D is defined by

1
D) = Nln | det Hess H(s, )| = /d)» oA+ w)ln A

= l L — 2 _ " _ 1 _ 2 1 ] }
=Re {2[1 + 2f,,(1)(u Vur—4f (1))} In [Zf”(l)(u Ve =417 ()| - (23)
By fixing the trace of the Hessian, we have effectively fixed the value of the stability u in all replicas to the value u*.
(1) For u* < p,, this amounts to fixing the index density. Since the overwhelming majority of saddles have a semicircle
distribution, the fluctuations are rarer than exponential.
(2) For the gapped case u* > w,,, there is an exponentially small probability that » = 1, 2, ... eigenvalues detach from the
semicircle in such a way that the index is in fact NZ = r. We shall not discuss these subextensive index fluctuations in this paper,
the interested reader may find what is needed in Ref. [11].

2. The gradient factors

The § functions in the remaining factor are treated by writing them in the Fourier basis. Introducing auxiliary fields §, and B
for this purpose, for each replica replica one writes

dp dB  ds,

it = s lP—NFBIVE=H(s )8 OHG)+I"S) — (24)
2w 2m (2m)

1
5<§(||Sa||2 —N)> S(VH(Sq, W*))S(NE — H(sy)) = /

Anticipating a Parisi-style solution, we do not label 2 or B with replica indices, since replica vectors will not be broken in
the scheme. The average over disorder can now be taken for the pieces which depend explicitly on the Hamiltonian, and since
everything is Gaussian this gives

exp [Z(iéa B — B)H(sa)}

1 ¢ , B Ny ? Bf (2
— exp [5 D a - 00— By - 0 — ﬂ)H(Sa)H(Sb)} = oxp [5 G800 = BG83 = Pf (- NSb):|
b ab

= exp {Ig Xn: [32]‘(%) —2iB §a]\-]sbf/(sa];,s;g> B §a1\-]§bf’(sa]\'15b> + <i§“&5b>2f”(8“]\'lsb>:| } (25)

ab
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We introduce new matrix fields

1 1 1
Cwp=—S,-S, Rup=—i—8,-5,, Dy = —8,-8p. 26
b=y 5 b oY 5 b=y b (26)
Their physical meaning is explained in Sec. IX. By substituting these parameters into the expressions above and then making a

change of variables in the integration from s, and §, to these three matrices, we arrive at the form for the complexity

N 1 !
Z(E, u*) =D(*) + BE — =1 + lim —
2 n—0n

1 ~ * 1 o 2 / 1" 1 C IR
x {Eu TC - TR+ 5 %j[ﬁzﬂcab) + (2BRas = Dup)f'(Cap) + Ropf " (Ca)] + 5 Indet [m D} } 27)

~

where 1, B, C, R, and D must be evaluated at the extrema of this expression which minimize the complexity. Note that one
cannot minimize the complexity with respect to these parameters: there is no pure variational problem here. Extremizing with
respect to fi is not difficult, and results in setting the diagonal of C to one, fixing the spherical constraint. Maintaining ft in the

complexity is useful for writing down the extremal conditions, but when convenient we will drop the dependence.
The same information is contained but better expressed in the Legendre transform

N 1 1 N A 1 j
G(B. ") = D" + lim ~ { TR 5 DI (Cor) + 2BRay = Duf (Co) R (Col 5 Indet [Se ’g] }

(28)

Denoting ry = %TrR, we can write down the double Legendre transform K ( ,B, rq):

eNK(E,rd) — / dE dM*eN{):(E,M*)_,9E+rdm_1)(m)}’

given by

N 1|1 N . 1 ]
KB, ra) = lim ~ { 3 ;us%‘(cab) + 2BRay = Dap)f'(Cap) + Ry f" (Cap)] + 5 In det [g ’g} }

where the diagonal of C is fixed to one and the diagonal
of R is fixed to ry. The variable r; is conjugate to w* and
through it to the index density, while B plays the role of an
inverse temperature conjugate to the complexity, that has been
used since the beginning of the spin-glass field. In this way
K (B, ry) contains all the information about saddle densities.

V. REPLICA ANSATZ

Based on previous work on the Sherrington—Kirkpatrick
model and the equilibrium solution of the spherical model,
we expect C, and R and D to be hierarchical matrices in
Parisi’s scheme. This assumption immediately simplifies the
extremal conditions, since hierarchical matrices commute and
are closed under matrix products and Hadamard products. In
particular, the determinant of the block matrix can be written
as a determinant of a product,

C

iR| 5
In det [iR D] = Indet(CD + R*). 3D

This is straightforward (if strenuous) to write down at kRSB,
since the product and sum of the hierarchical matrices is still
a hierarchical matrix. The algebra of hierarchical matrices
is reviewed in Sec. A. Using the product formula (A3), one
can write down the hierarchical matrix CD + R?, and then
compute the In det using the formula (A2).

(29)

(30)

(

The extremal conditions are given by differentiating the
complexity with respect to its parameters, yielding

0= 2% _ l(cd -1, (32)
- 2
0= 22—t lim = SBSCa) + R €l (33)
ap n—0n b
ED>N WO N ,
=3c = §[M1+ﬁ )+ @2BR—-D)0 f7(C)
+RORO f"(C)+ (CD+R*7'D], (34)
0= aa—lze =+ Bf(C)+RO f'(C)+ (CD+R)'R,
(35)
ED 1, 1 _
=5 = —51' O+ E(CD—i—Rz) 'c, (36)

where © denotes the Hadamard product, or the component-
wise product. Equation (36) implies that

D= f(C)"' —RC™'R. (37)

To these conditions must be added the addition condition that
¥ is extremal with respect to xi, ..., x;. There is no better
way to enforce this condition than to directly differentiate X
with respect to the xs, and we have

0=—1<i<k

ox (38)
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The stationary conditions for the xs are the most numerically
taxing.

In addition to these equations, we often want to maximize
the complexity as a function of u*, to find the most common
type of stationary points. These are given by the condition

)
= o

0 =D'(u") - ra. (39)
Since D(u*) is effectively a piecewise function, with different
forms for p* greater or less than u,,, there are two regimes.
When p* > u, and the critical points are minima, Eq. (39)
implies

1
wr=—+raf" (D). (40)

Ta

When p* < u,, and the critical points are saddles, it implies

w*=2f"(Dry. D

It is often useful to have the extremal conditions in a form
without matrix inverses, so that the saddle conditions can be
expressed using products alone. By simple manipulations, the
matrix equations can be written as

0=[B>f(C)+ (2BR—D)® f"(C)

+RORO f"(C)+ pIIC + f(C)D, (42)
0=[Bf(C)+RO f'(C)— n*IIC + f'(C)R, (43)
0=C— f(C)(CD+R?). (44)

The right-hand side of each of these equations is also a hierar-
chical matrix, since products, Hadamard products, and sums
of hierarchical matrices are such.

VI. SUPERSYMMETRIC SOLUTION

The Kac—Rice problem has an approximate supersymme-
try, which is found when the absolute value of the determinant
is neglected and the trace of the Hessian is not fixed. This
supersymmetry has been studied in great detail in the com-
plexity of the Thouless—Anderson—Palmer (TAP) free energy
[47-51]. When the absolute value is dropped, the determinant
in (12) can be represented by an integral over Grassmann vari-
ables, which yields a complexity depending on “bosons” and
“fermions” that share the supersymmetry. The Ward identities
associated with the supersymmetry imply that D = BR [47].
Under which conditions can this relationship be expected to
hold? We find that their applicability is limited to a specific
line in the energy and stability plane.

The identity D = BR heavily constrains the form that the
rest of the solution can take. Assuming the supersymmetry
holds, Eq. (34) implies

0=4l+B*f(C)+PRO f'(C)
+RORO f"(C)+ B(CD+R)'R. (45

Substituting (35) for the factor (CD + R?)™'R, we find sub-
stantial cancellation, and finally

0= (+u)I+RORO (). (46)

If C has a nontrivial off-diagonal structure and supersymmetry
holds, then the off-diagonal of R must vanish, and therefore
R = ryl. Therefore, a supersymmetric ansatz is equivalent to
a diagonal ansatz for both R and D.

Supersymmetry has further implications. Equations (35)
and (36) can be combined to find

I=R[u*I-RO f'(O]+[D—BRF(C). (47
Assuming the supersymmetry holds implies that
I =R[u*I—-RO f'(O)]. (48)
Understanding that R is diagonal, we find
] /)
W= —+raf"(1), (49)

Ta

which is precisely the condition (40) for dominant minima.
Therefore, the supersymmetric solution counts the most com-
mon minima [49]. When minima are not the most common
type of stationary point, the supersymmetric solution correctly
counts minima that satisfy (40), but these do not have any
other special significance.

Inserting the supersymmetric ansatz D = AR and R = ryl,
one gets for the complexity

~ 1.
S(E, u")=DW*)+ BE — pn'rq + Eﬂrdf/(l)

+12f”(1)+11 2y Ly !
=7 —Inr —lim —
24 2 4 2uson

x [BZ > f(Cup) + Indet((B/ra)C + 1)}.

ab
(50)

From here, it is straightforward to see that the complexity
vanishes at the ground-state energy. First, in the ground-state
minima will dominate (even if they are marginal), so we may
assume Eq. (40). Then, taking X (Ey, u*) = 0, gives

BEy = — 2raBf'(1) = > lim 1
=—=r — = lim -
0 2 201

x [BZZf(Cab)—i—lndet (,8rd1C+I)j|, (51)

ab

which is precisely the ground-state energy predicted by the
equilibrium solution (10) with r; = z, B =P, and C = Q.

Therefore, a (k — 1)RSB ansatz in Kac—Rice will predict
the correct ground-state energy for a model whose equilib-
rium state at small temperatures is kRSB Moreover, there
is an exact correspondence between the saddle parameters
of each. If the equilibrium is given by a Parisi matrix with
parameters xi, ..., x; and g1, ..., gk, then the parameters B,
rag,dg, X1, ..., X—1,and cy, ..., cx—; for the complexity in the
ground state are

~ . - . Xi .
B = lim Bx;, X;= lim = ¢ = lim qi,
p—o00 B—00 Xp p—o00

rg = lim B(1 —q), dq=PBra. (52)
p—o0

Unlike the case for the TAP complexity, this correspondence
between landscape complexity and equilibrium solutions only
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exists at the ground state. We will see in our examples in
Sec. VIII that there appears to be little correspondence be-
tween these parameters away from the ground state.

The supersymmetric solution produces the correct com-
plexity for the ground state and for a class of minima,
including dominant ones. Moreover, it produces the correct
parameters for the fields C, R, and D at those points. This
is an important foothold in the problem of computing the
general complexity. The full saddle point equations at kRSB
are not very numerically stable, and a “good” saddle point
has a typically small radius of convergence under methods
like Newton’s algorithm. With the supersymmetric solution
in hand, it is possible to take small steps in the parameter
space to find nonsupersymmetric numeric solutions, each time
ensuring the initial conditions for the solver are sufficiently
close to the correct answer. This is the strategy we use in
Sec. VIIIL.

VII. FULL REPLICA SYMMETRY BREAKING

This reasoning applies equally well to FRSB systems. In
the end, when the limit of n — 0 is taken, each matrix field
can be represented in the canonical way by its diagonal and a
continuous function on the domain [0,1] which parameterizes
each of its rows, with

C < [cg,c(x)], R < [rg,r(x)], D < [dg,d(x)].

(53)
The algebra of hierarchical matrices under this continuous

parametrization is reviewed in Sec. A. With these substitu-
tions, the complexity becomes

~ 1.4
S(E, 1) =D() + BE — p'ra + S[B2f (1)
+ QBra —d)f' )+ raf"(1)]

1t .
~5 /0 dx[B* f(c(x)) + (2Br(x) — d(x))f'(c(x))

+ r)2f" (c(x)] + % lim % Indet(CD + R?).
(54)

The formula for the determinant is complicated and can be
found by using the product formula (A6) to write CD and R?,
summing them, and finally using the In det formula (A9). The
saddle point equations take the form

0= fc(x) + [(B*(f o)+ 2Br —d)(f" oc)

+7r2(f" o)) xcl(x) + [(f oc) xdl(x),  (55)

0= —p*cx)+[(B(f oc)+rx(f oc))x*clx)
+ [(f 0 c)* rl(x), (56)
O0=c(x)—[(ffoc)* (cxd+r*r))kx), &0

where (ab)(x) = a(x)b(x) denotes the hadamard product, (a *
b)(x) denotes the functional parametrization of the diagonal of
the product of hierarchical matrices AB defined in Eq. (A6),
and (a o b)(x) = a[b(x)] denotes composition.

A. Supersymmetric complexity

Using standard manipulations, one finds also a continuous
version of the supersymmetric complexity

X(E, 1u*) =D(u*) + BE — wry

- %[Brdf%l) +r5f"(1) + Inrg]

1
+ /Odq[ﬁzf”(q)x(qH

1
x(q@) +ra/B }
(58)

| =

where x(q) = [{'dq’ foq/ dq" P(q) for P(q) the distribution
of elements in a row of C, as in the equilibrium case. Like
in the equilibrium case, x must be concave, monotonically
decreasing, and have x (1) =0, x'(1) = —1.

First, we use this solution to inspect the ground state of
a full RSB system. We know from the equilibrium that in
the ground state x is continuous in the whole range of g.
Therefore, the saddle solution found by extremizing

_ﬁ_lgzﬂ( )_l; (59)
@ 20T ) B
over all functions y. This gives
Bor) = 1) —
xolq | B,ra) = B[f (@) ral. (60)

Satisfying the boundary conditions requires r; = f”(1)~'/2
and B = %f’”(l)/f”(l)yz. This in turn implies u* = % +
f"(Wyrg = /4f"(1) = ;. Therefore, the FRSB ground state
is always marginal, as excepted. It is straightforward to check
that these conditions are indeed a saddle of the complexity.
This has several implications. First, other than the ground
state, there are no energies at which minima are most numer-
ous; saddles always dominate. As we will see, stable minima
are numerous at energies above the ground state, but these
vanish at the ground state.

Away from the ground state, this expression still correctly
counts a class of nondominant minima. However, like in the
equilibrium solution, the function y which produces an ex-
tremal value is not smooth in the entire range [0,1], but adopts
a piecewise form

(@)= {m(q | B.ra)
l—gq

q < Qm.am 61)
otherwise.

With this ansatz, the complexity must be extremized with
respect to r,; and B, while simultaneously ensuring that gmax
is such that x (g) is continuous, that is, that xo(gmax | ,3, rg) =
1 — gmax- The significance of the minima counted by this
method is unclear, but they do represent a nodal line in the
off-diagonal parts of R and D. Since, as usual, x (g) is related
to ¢(x) by —x’(c(x)) = x, there is a corresponding X, given
by

L f”/(CImax)

ZB f//(Qmax)3/2 ’ (62)

Xmax = _X/(‘Zmax) =
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B. Expansion near the transition

Working with the continuum equations away from the su-
persymmetric solution is not generally tractable. However,
there is another point where they can be treated analytically:
near the onset of replica symmetry breaking. Here, the off-
diagonal components of C, R, and D are expected to be small.
In particular, we expect the functions c(x), r(x), and d(x)
to approach zero at the transition, and moreover take the
piecewise linear form

cx X < Xmax Fx X < Xmax
clx) =1._ ., r(x)=1._ .
CXxmax  Otherwise FXmax  Otherwise
dx x < X
dx) =1 - oo (63)
dxmax  Otherwise

with xpn.x vanishing at the transition, with the slopes ¢, 7,
and d remaining nonzero. This ansatz is informed both by
the experience of the equilibrium solution, and by empirical
observation within the numerics of Sec. VIII

Given this ansatz, we take Eqgs. (55)—-(57), which are true
for any x, and integrate them over x. We then expand the result

J

about small xy,a« to linear order in xy,.x. Equation (56) depends
linearly on 7 to all orders, and therefore 7 can be found in
terms of ¢, yielding

A

=-p {ralf"(0) + f"(D)]

ol S

1
)+ £7(0)

- /‘L*} + O(Xmax)~ (64)

Likewise, Eq. (57) depends linearly on d to all orders and can
be solved to give
= - 2rd§ - L{rﬁf”(()) +dalf'(1)
¢ fra)
+ f//(o)] - ]} + O(Xmax)-

The equations cannot be used to find the value of ¢ without
going to higher order in xp,x, but the transition line can be
determined by examining the stability of the replica sym-
metric complexity. First, we expand the full form for the
complexity about small x,,x in the same way as we expand the
extremal conditions, using Eq. (A9) to treat the determinant.
To quadratic order, this gives

o

(65)

N 1. ~ 1
HEMU=MM%HW—MM+ﬂfﬂb+@&wﬂwfm+%ﬂdﬂ+?M@+ﬁ)

1 1"2—2 17 n= IN= £ =2 o1 d
-3 Eﬂ cf0)+ @2pr—d)cf (0)+ 7 f7(0) -

? = 2dg7* + dgc” 4 drgF(d 4 dgc) — 2r3(Ed +7) |
2(dy +r2)’ e
(66)

The spectrum of the Hessian of X with evaluated at the RS solution gives its stability with respect to these functional
perturbations. When the values of 7 and d above are substituted into the Hessian and B, r;, and d; are evaluated at their RS

values, the eigenvalue of interest takes the form

r= -

(f'(1) = 2f()Y*(f' (D) — f"(0)f"(0)

T2 M) + FTO)FAR — FDFD + f(D))2

where

(f'D + " ONGF A = FDSF D+ D) f(D) AU

(" = pi (BN — nZ(E)), (67)

WLE) =+

This eigenvalue changes sign when p* crosses i (E). We
expect that this is the line of stability for the replica symmetric
solution when the transition is RS-FRSB. The numerics in
Sec. VIII bear this out.

VIII. GENERAL SOLUTION: EXAMPLES

Though we have only written down an easily computable
complexity along a specific (and often uninteresting) line in
energy and stability, this computable (supersymmetric) solu-
tion gives a numeric foothold for computing the complexity in
the rest of that space. First, Eq. (11) is maximized with respect
to its parameters, since the equilibrium solution is equivalent
to a variational problem. Second, the mapping (52) is used
to find the corresponding Kac—Rice saddle parameters in the
ground state. With these parameters in hand, small steps are
then made in energy E or stability w, after which known these
values are used as the initial condition for a saddle-finding

@f@) = fra)fMfroy-tz

68
S =2fM ©%

(

problem. In this section, we use this basic numeric idea to
map out the complexity for two representative examples: a
model with a 2RSB equilibrium ground state and therefore
IRSB complexity in its vicinity, and a model with a FRSB
equilibrium ground state, and therefore FRSB complexity as
well.

A. 1RSB complexity

It is known that by choosing a covariance f as the sum of
polynomials with well-separated powers, one develops 2RSB
in equilibrium. This should correspond to 1RSB in Kac—Rice.
For this example, we take

@) =3(a + £q") (69)

established to have a 2RSB ground state [52]. With this
covariance, the model sees a replica symmetric to 1RSB tran-
sition at B; = 1.70615... and a 1RSB to 2RSB transition
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4
L12x 107t L /

6x1074+ 4
0.001 - ,

1077+

Dominant saddles (1RSB)
----- Dominant saddles (RS)
Marginal minima (1RSB)
Marginal minima (RS)
Dominant minima (1RSB)
Supersymmetric minima (1RSB)

4 Supersymmetric minima (RS)

E-E

1077 0.001

FIG. 1. Complexity of dominant saddles, marginal minima, and dominant minima of the 3 + 16 model. Solid lines show the result of the
1RSB ansatz, while the dashed lines show that of a RS ansatz. The complexity of marginal minima is always below that of dominant critical
points except at the black dot, where they are dominant. The inset shows a region around the ground state and the fate of the RS solution.

at B, = 6.02198.... At these transitions, the average ener-
gies in equilibrium are (E); = —0.906391... and (E), =
—1.19553.. ., respectively, and the ground-state energy is
Ey = —1.287605530.... Besides these typical equilibrium
energies, an energy of special interest for looking at the land-
scape topology is the algorithmic thresholdE,,, defined by the
lowest energy reached by local algorithms like approximate
message passing [53,54]. In the spherical models, this has
been proven to be

1
Eue = — /0 PN

For full RSB systems, E,j; = Ep and the algorithm can reach
the ground-state energy. For the pure p-spin models, Eyo =
Ew, where Ey, is the energy at which marginal minima are
the most common stationary points. Something about the
topology of the energy function might be relevant to where
this algorithmic threshold lies. For the 3 + 16 model at hand,
Ege = —1.275140128.. . ..

In this model, the RS complexity gives an inconsistent
answer for the complexity of the ground state, predict-
ing that the complexity of minima vanishes at a higher
energy than the complexity of saddles, with both at a
lower energy than the equilibrium ground state. The 1RSB
complexity resolves these problems, predicting the same
ground state as equilibrium and with a ground-state stabil-
ity ;o = 6.480764 ... > . It predicts that the complexity
of marginal minima (and therefore all saddles) vanishes at
E,, = —1.287605527..., which is very slightly greater than
Ey. Saddles become dominant over minima at a higher energy
Ey = —1.287575114 .. .. The 1RSB complexity transitions
to a RS description for dominant stationary points at an energy
E; = —1.273886852.... The highest energy for which the
1RSB description exists is Eyax = —0.886 029051 ...

The complexity as a function of energy difference from the
ground state is plotted in Fig. 1. In that figure, the complexity
is plotted for dominant minima and saddles, marginal minima,

(70)

and supersymmetric minima. A contour plot of the complexity
as a function of energy E and stability u is shown in Fig. 2.
That plot also shows the RS—1RSB transition line in the com-
plexity. For minima, the complexity does not inherit a IRSB
description until the energy is with in a close vicinity of the
ground state. However, for high-index saddles the complexity
becomes described by 1RSB at quite high energies. This sug-
gests that when sampling a landscape at high energies, high
index saddles may show a sign of replica symmetry breaking
when minima or inherent states do not.

Figure 3 shows a different detail of the complexity in the
vicinity of the ground state, now as functions of the energy dif-
ference and stability difference from the ground state. Several
of the landmark energies described above are plotted, along-
side the boundaries between the “phases.” Though Ejj, looks
quite close to the energy at which dominant saddles transition
from 1RSB to RS, they differ by roughly 1073, as evidenced
by the numbers cited above. Likewise, though (E); looks
very close to En,x, where the 1RSB transition line terminates,
they too differ. The fact that Ey, is very slightly below the
place where most saddle transition to 1RSB is suggestive; we
speculate that an analysis of the typical minima connected to
these saddles by downward trajectories will coincide with the
algorithmic limit. An analysis of the typical nearby minima
or the typical downward trajectories from these saddles at
IRSB is warranted [8,55]. Also notable is that Ey, is at a
significantly higher energy than Ey,; according to the theory,
optimal smooth algorithms in this model stall in a place where
minima are exponentially subdominant.

Figure 4 shows the saddle parameters for the 3 + 16 system
for notable species of stationary points, notably the most com-
mon, the marginal ones, those with zero complexity, and those
on the transition line. When possible, these are compared
with the same expressions in the equilibrium solution at the
same average energy. Besides the agreement at the ground-
state energy, there seems to be little correlation between the
equilibrium and complexity parameters.
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6.55 F

6.45 -

“ 6.401

6.35

6.30 -

6.25k

Dominant saddles (1RSB)

= = = Dominant saddles (RS)
Marginal minima (1RSB)
Marginal minima (RS)

Supersymmetric minima (1RSB)

= = = Supersymmetric minima (RS)

-13 -12 -11 -10 -09 -038 -1.290

E

-1.285

—— X=0(1RSB)
=== Z=0(RS)
—— RS- 1RSB transition
-1.280 -1.275 -1.270
E

FIG. 2. Complexity of the 3 + 16 model in the energy E and stability p* plane. The right shows a detail of the left. Below the horizontal
marginal line the complexity counts saddles of increasing index as u* decreases. Above the horizontal marginal line the complexity counts

minima of increasing stability as p* increases.

Of specific note is what happens to d; as the IRSB phase
boundary for the complexity meets the zero complexity line.
Here, d; diverges like

1
di = —<m —(da + r§)>(1 —x) t 4o, @

while x; and g; both go to one. Note that this is the only
place along the phase boundary where g, goes to one. The
significance of this critical point in the complexity of high-
index saddles in worth further study.

B. Full RSB complexity

If the covariance f is chosen to be concave, then one
develops FRSB in equilibrium. To this purpose, we choose

@ = 3(a*+ L£4q),

also studied before in equilibrium [41,42]. Because the ground
state is FRSB, for this model

(72)

1

Ey =Eys = Epy = —f dqg+/f"(q) = —1.059384319....
0

(73)

0.01 -

Ho — K

107 -

106 -

Eag (B (Bn

” ,

s ’

P 4
Pl

L2 '

4 ————— Dominant saddles (1RSB)

4

----- Dominant saddles (RS)

g Marginal minima (1RSB)
Marginal minima (RS)

~———— Dominant minima (1RSB)

-------- Supersymmetric minima (1RSB)

————— Z=0(1RSB)

----- Z=0(RS)

——— RS- 1RSB transition

107° 1076 0.001

E-E

FIG. 3. Detail of the “phases” of the 3 + 16 model complexity as a function of energy and stability. Above the horizontal marginal stability
line the complexity counts saddles of fixed index, while below that line it counts minima of fixed stability. The shaded red region to the left
of the transition line shows places where the complexity is described by the 1RSB solution, while the shaded gray region to the right of the
transition line shows places where the complexity is described by the RS solution. In white regions the complexity is zero. Several interesting
energies are marked with vertical black lines: the traditional “threshold” Ey, where minima become most numerous, the algorithmic threshold
E,, that bounds the performance of smooth algorithms, and the average energies at the 2RSB and 1RSB equilibrium transitions (E), and (E);,

—

respectively. Though the figure is suggestive, Ey, lies at slightly lower energy than the termination of the RS—1RSB transition line.
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FIG. 4. Comparison of the saddle point parameters for the 3 + 16 model along different trajectories in the energy and stability space, and
with the equilibrium values (when they exist) at the same value of average energy (E).

In the equilibrium solution, the transition temperature from
RS to FRSB is B« = 1, with corresponding average energy
(E)oo = —0.53125.. ..

Along the supersymmetric line, the FRSB solution can
be found in full, exact functional form. To treat the FRSB
away from this line numerically, we resort to finite kRSB
approximations. Since we are not trying to find the actual
kRSB solution, but approximate the FRSB one, we drop the
extremal condition (38) for xy, ..., x; and instead set

Xi = ; Xmax
==

and extremize over Xxp,x alone. This dramatically simplifies
the equations that must be solved to find solutions. In the
results that follow, a 20RSB approximation is used to trace
the dominant saddles and marginal minima, while a SRSB
approximation is used to trace the (much longer) boundaries
of the complexity.

Figure 5 shows the complexity for this model as a function
of energy difference from the ground state for several notable
trajectories in the energy and stability plane. Figure 6 shows
these trajectories, along with the phase boundaries of the com-
plexity in this plane. Notably, the phase boundary predicted
by Eq. (68) correctly predicts where all of the finite kRSB
approximations terminate. Like the 1RSB model in the previ-
ous subsection, this phase boundary is oriented such that very
few, low energy, minima are described by a FRSB solution,
while relatively high-energy saddles of high index are also.
Again, this suggests that studying the mutual distribution of
high-index saddle points might give insight into lower-energy
symmetry breaking in more general contexts.

Figure 7 shows the value of x,,x along several trajectories
of interest. Everywhere along the transition line, xp,,x continu-

(74)

ously goes to zero. Examples of our 20RSB approximations of
the continuous functions c(x), r(x), and d(x) are also shown.
As expected, these functions approach linear ones as xp,x goes
to zero with finite slopes.

IX. INTERPRETATION

Let (A) be the average of any function A over stationary
points with given E and u*, i.e.,

(A) = /%ZA(s) = j%/ / dv(s)A(s),

seS

(75)

with
1
dv(s) =a’sdu5(§(||s||2 — N)> 8(VH(s, u)) | det Hess H

x (s, W)|S(NE — H(s))8(Nu* — Tr Hess H(s, 1))
(76)

the Kac—Rice measure. Note that this definition of the angle
brackets, which is in analogy with the typical equilibrium av-
erage, is not the same as that used in Sec. VII B for averaging
over the off-diagonal elements of a hierarchical matrix. The
fields C, R, and D defined in (26) can be related to certain
averages of this type.

A. C: Distribution of overlaps

First consider C, which has an interpretation nearly identi-
cal to that of Parisi’s Q matrix of overlaps in the equilibrium
case. Its off-diagonal corresponds to the probability distribu-
tion P(g) of the overlaps g = (s; - s2)/N between stationary
points. Let S be the set of all stationary points with given
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0.001

FIG. 5. The complexity X of the mixed 2 4 4 spin model as a function of distance AE = E — E; of the ground state. The solid blue line
shows the complexity of dominant saddles given by the FRSB ansatz, and the solid yellow line shows the complexity of marginal minima. The
dashed lines show the same for the annealed complexity. The inset shows more detail around the ground state.

energy density and index. Then

P(q)E_/\%ZZS( :

s1€S €S

(77)

This is the probability that two stationary points uniformly
drawn from the ensemble of all stationary points with fixed E
and * happen to be at overlap q. Though these are evaluated
for a given energy, index, etc, we shall omit these subindices
for simplicity.

The moments of this distribution ¢'” are given by

234 -
2321 Dominant saddles (20RSB)
N\ Ss e e Dominant saddles (RS)
L Marginal minima (20RSB)
H L Marginal minima (RS)
230 Supersymmetric minima (FRSB)
2~ =0(5RSB)
[ N N £=0(RS)
[ RS - FRSB transition
228~
-1.060 -1.055 -1.045 -1.040

FIG. 6. “Phases” of the complexity for the 2 4 4 model in the energy E and stability n* plane. The region shaded gray to the right of the
transition line shows where the RS solution is correct, while the region shaded red to the left of the transition line shows that where the FRSB

solution is correct. The white region shows where the complexity is zero.
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FIG. 7. xmax as a function of E for several trajectories of interest, along with examples of the 20RSB approximations of the functions c(x),
r(x), and d(x) along the dominant saddles. Colors of the approximate functions correspond to the points on the x,,,x plot. The supersymmetric
line terminates where the complexity reaches zero, which happens inside the FRSB phase.

1 1
- —_—— — 1 ... 1 2 ... 2
’ 'S’P) T NP A2 Z Z Sip e S, S 00 Sy,

S1,S2 i1~~~ip

2/\% Z(Sl&sz)p = lim, (78)

S1,82 S1,S
The (n—2) extra replicas provide the normalization, with lim, o A" 2 = N"~2. Replacing the sums over station-

ary points with integrals over the Kac—Rice measure, the average over disorder (again, for fixed energy and index)
gives

T
q([’) — ]W Z (Sil . sip)(sil ..

iy

)=t [ TTaves (22
1

= lim | D[C,R, D] (Cy)” &VZICRDI — jim f DIC,R, D] ——— > " (Cyp)" &"VFIORPI,
n—0 n—0 2

nn—1) - (79

In the last line, we have used that there is nothing special about replicas one and two. Using the Parisi ansatz, evaluating by
saddle point summing over all the n(n — 1) saddles related by permutation we then have

d de\ ™!
concluding P(g) = d_x = ( C) (30)
q

q(l’) = / dx Cp(x) = / dq qu((I)’ dx
; A dx

c(x)=q
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—

& I

FIG. 8. A cartoon visualizing how to interpret replica symmetry breaking solutions in the complexity. The black region show schematically
areas where stationary points of a given energy can be found. Left: When the region is connected, pairs of stationary points exist at any overlap,
but the vast majority of pairs are orthogonal. Center: When there are exponentially many disconnected regions of similar size, the vast majority
of pairs will be found in different, orthogonal regions. Right: When there are a few large disconnected regions, pairs have a comparable
probability to be found in different regions or in the same region. This gives rise to two (or more) possible overlaps.

The appeal of Parisi to properties of pure states is unnecessary
here, since the stationary points are points.

With this established, we now address what it means for
C to have a nontrivial replica-symmetry broken structure.
When C is replica symmetric, drawing two stationary points
at random will always lead to the same overlap. In the case
when there is no linear field and gy = 0, they will always have
overlap zero, because the second point will almost certainly
lie on the equator of the sphere with respect to the first.
Though other stationary points exist nearby the first one, they
are exponentially fewer and so will be picked with vanishing
probability in the thermodynamic limit.

When C is replica-symmetry broken, there is a nonzero
probability of picking a second stationary point at some other
overlap. This can be interpreted by imagining the level sets of
the Hamiltonian in this scenario. If the level sets are discon-
nected but there are exponentially many of them distributed
on the sphere, then one will still find zero average overlap.
However, if the disconnected level sets are few, i.e., less than
order N, then it is possible to draw two stationary points
from the same set with nonzero probability. Therefore, the
picture in this case is of few, large basins each containing
exponentially many stationary points. A cartoon of this picture
is shown in Fig. 8.

1. A tractable example

One can construct a schematic 2RSB model from two
1RSB models. Consider two independent pure models of size
N and with p;-spin and p,-spin couplings, respectively, with
energies H), (s) and H,, (o), and couple them weakly with
& 0 -s. The landscape of the pure models is much simpler
than that of the mixed because, in these models, fixing the
stability p is equivalent to fixing the energy: u = pE. This
implies that at each energy level there is only one type of
stationary point. Therefore, for the pure models our formulas
for the complexity and its Legendre transforms are functions
of one variable only, E, and each instance of u* inside must
be replaced with pE.

In the joint model, we wish to fix the total energy, not the
energies of the individual two models. Therefore, we insert

a § function containing (E| + E,) — E and integrate over E;
and E,. This results in a joint complexity (and Legendre
transform)

NEE) — f dE, dE, d) exp{N[Z1(E)) + Z,(E»)

+ 0(e) — A(E| + E2) — E)]}, (81)
NOB) — / dE dE, dE> d) exp{N[—BE + X,(E})
+ 22(E2) + O(e) — M(EL + E2) — E)]}. (82)

The saddle point is given by X{(E1) = X, (E>) = B, provided
that both X{(E;) and X,(E;) are nonzero. In this situation,
two systems are “thermalized,” and, because many points
contribute, the overlap between two global configurations is
Zero:

(s'-s*)+ (o' - 0% = 0.
(83)

1 11 2 2 1
oy {0 (5507 =1l
This is the “annealed” phase of a Kac-Rice calculation.

Now start going down in energy, or up in f: there will be
a point E. or . at which one of the subsystems (say it is
system one) freezes at its lowest energy density, while system
two is not yet frozen. At this point, X(E;) = 0 and E; is the
ground-state energy. At an even higher value g = f8 , both
systems will become frozen in their ground states. For 3 ;>
B > BC one system is unfrozen, while the other is, because
of coupling, frozen at inverse temperature B.. The overlap
between two solutions in this intermediate phase is

L L1y (2 A2 _L 1 2 1,2
2N((S’°) (s,a)>—2N[<s s7) 4 (o' - 07)]
= %@1 8% >0, (84)

which is nonzero because there are only a few low-energy
stationary points in system one, and there is a nonvanishing
probability of selecting one of them twice. The distribution
of this overlap is one-half the overlap distribution of a frozen
spin-glass at temperature B, a 1IRSB system like the random
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energy model. The value of x corresponding to it depends on
B, starting at x = 1 at B. and decreasing with increasing B.
Globally, the joint complexity of the system is IRSB, but note
that the global overlap between different states is at most 1/2.
AtB > B ¢ there is a further transition.

This schematic example provides a metaphor for consider-
ing what happens in ordinary models when replica symmetry
is broken. At some point certain degrees of freedom “freeze”
onto a subextensive number of possible states, while the re-
mainder are effectively unconstrained. The overlap measures
something in the competition between the number of these
unconstrained subregions and their size.

B. R and D: Response functions

The matrix field R is related to responses of the stationary
points to perturbations of the tensors J. One adds to the Hamil-
tonian a random term ¢&,H, = _1%!81’ Zil---i,, Jh...,-,)s,'1 e Siy
where the J are random Gaussian uncorrelated with the Js
and having variance J2 = p!/2NP~!. The response to these is

i [ (TTaveso) >
<[ o))

(85)

1 B(H
N 88

Taking the average of this expression over disorder and aver-
aging over the equivalent replicas in the integral gives, similar
to before,
1aH,) . 1 «
— =lim | DI|C,R,D] -
c.rDITY

N O —0
P " ab

(BT, + pRuCly ) e

1
— Bt pra— / dx P ()[Bex) + preol. (86)
0

The responses as defined by this average perturbation in the
pure p-spin energy can be directly related to responses in the
tensor polarization of the stationary points:

1 8(5,‘ .. 'S,'p)
]W Z 8i](P) =

iy ity

1 9(A,)
N de,

(87)

In particular, when the energy is unconstrained (3 = 0) and
there is replica symmetry, the above formulas imply that

1 9(si)
N Z _a](l) =Ty,

i.e., adding a linear field causes a response in the average
stationary point location proportional to r;. If positive, for
instance, then stationary points tend to align with a field.
The energy constraint has a significant contribution due to the
perturbation causing stationary points to move up or down in
energy.

The matrix field D is related to the response of the com-
plexity to perturbations of the variance of the tensors J. This
can be found by taking the expression for the complexity and

(88)

inserting the dependence of f on the coefficients a,, then
differentiating:

P+ p(2BRay — Dup)CP !

+p(p — 1>R§bC;’;2]- (89)
In particular, when the energy is unconstrained (8 = 0) and
there is no replica symmetry breaking,

Dap = ——dd, (90)

ab

i.e., adding a random linear field decreases the complexity of
solutions by an amount proportional to d; in the variance of
the field.

When the saddle point of the Kac—Rice problem is super-
symmetric,

X ,3 1 a(sil"'sz ) ,
T AN 2 — DR, C?
Ba,, 4 NP Z 3]([’) n—>0 ZP(P ) Cub s
iy i+
©n
and in particular for p = 1,
(92)

da; 4N J(
i.e., the change in complexity due to a linear field is directly
related to the resulting magnetization of the stationary points
for supersymmetric minima.

X. CONCLUSION

We have constructed a replica solution for the general
problem of finding saddles of random mean-field landscapes,
including systems with many steps of RSB. For systems with
full RSB, we find that minima are exponentially subdominant
with respect to saddles at all energy densities above the ground
state. The solution should be subjected to standard checks,
like the examination of its stability with respect to other RSB
schemes. The solution contains valuable geometric informa-
tion that has yet to be extracted in all detail, for example,
considering several copies of the system [56], or the extension
to complex variables [57,58].

A first and very important application of the method here
is to perform the calculation for high dimensional spheres,
where it would give us a clear understanding of what happens
in realistic low-temperature jamming dynamics [59]. More
simply, examining the landscape of a spherical model with
a glass to glass transition from 1RSB to RS, like the 2 + 4
model when a4 is larger than we have taken it in our exam-
ple, might give insight into the cases of interest for Gardner
physics [41,42]. In any case, our analysis of typical IRSB and
FRSB landscapes indicates that the highest energy signature
of RSB phases is in the overlap structure of the high-index
saddle points. Though measuring the statistics of saddle points
is difficult to imagine for experiments, this insight could find
application in simulations of glass formers, where saddle-
finding methods are possible.
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A second application is to evaluate in more detail the
landscape of these RSB systems. In particular, examining
the complexity of stationary points with nonextensive indices
(like rank-one saddles), the complexity of pairs of stationary
points at fixed overlap, or the complexity of energy barriers
[10,60]. These other properties of the landscape might shed
light on the relationship between landscape RSB and dynami-
cal features, like the algorithmic energy Ejs, or the asymptotic
level reached by physical dynamics. For our 1RSB example,
because Eq is just below the energy where dominant saddles

transition to a RSB complexity, we speculate that E,, may be
related to the statistics of minima connected to the saddles at
this transition point.
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APPENDIX: HIERARCHICAL MATRIX DICTIONARY

Each row of a hierarchical matrix is the same up to permutation of their elements. The so-called kRSB ansatz has k + 2
different values in each row. If A is an n x n hierarchical matrix, then n — x; of those entries are ag, x; — x, of those entries
are ap, and so on until x; — 1 entries of a;, and one entry of a,, corresponding to the diagonal. Given such a matrix, there are
standard ways of producing the sum and determinant that appear in the free energy. These formulas are, for an arbitrary kRSB
matrix A with a4 on its diagonal (recall g; = 1),

n k
o1
ilj}l}) ; Aah =daq — Z(XH_] — xi)ai, (Al)
ab i=0
1 a 1 a
. 0
lim —IndetA = + —log|aqs — (Xiy1 — xp)a;
n=on dg = Y@t —x)ai X1 [ zg():
k k
- Z (Xfl - xjjl) log | a4 — Z(xi+l —Xx;)a; —x;a; |, (A2)

j=1 i=j

where xo = 0 and xz; = 1. The sum of two hierarchical matrices results in the sum of each of their elements: (a + b)y = aq + ba
and (a + b); = a; + b;. The product AB of two hierarchical matrices A and B is given by

k

(@%b)g = agbg — Y _(xj41 — x})ajb;, (A3)
=0
i1 k
(a*b); = bga; + aqb; — Z(xj-H —xj)ajb; + (2x;y 1 — x;)aib; — Z (xjr1 —x;)aib; + a;b;). (A4)

j=0 j=i+1

There is a canonical mapping between the parametrization of a hierarchical matrix described above and a functional
parametrization that is particularly convenient in the twin limitn — 0 and k — oo [61,62]. The distribution of diagonal elements
of a matrix A is parameterized by a continuous function a(x) on the interval [0,1], while its diagonal is still called a,. Define for
any function g the average

1
(g) = /0 dx g(x). (AS5)

The sum of two hierarchical matrices so parameterized results in the sum of these functions. The product AB of hierarchical
matrices A and B gives

(a*b)a = agba — (ab), (A6)
(a*Db)(x) = (bg — (b))a(x) + (aq — (a))b(x) — / dy [a(x) — a())][b(x) — b(y)]. (A7)
0
The sum over all elements of a hierarchical matrix A gives
1
- (A8)

lim ZbAab =ay — (a).
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sio  The Indet = TrIn becomes

1
lim — IndetA = In(ay — {(a)) +
n—0n ag — |

a0) /' dx (ad — (@) — xa(x) + [ dya(y))
a) Jo .

A9
aq — {a) (A9)
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