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Part I: Directed polymer in a random potential

We consider the following energy functional T

M) = [ dr [”; u(r) + Va0 + 5 (25720 f<7>u<7>]

where u(7), 7 € |0, L] describes the polymer configuration trajectory, x > 0 is the
elastic energy coefficient, and f(7) is the external (depinning) force. We may assume
the periodic/fixed ends configurations u(0) = u(L)(= 0) for simplicity.

The random potential V (u(7), 7) is chosen to be Gaussian with zero mean and with
a translationally-invariant covariance

V(u, 7)V(u',7") =0(t —7") R(u — u)
where we assume the symmetric function R(u) to be at least four times differentiable
at u = 0. The notation ~~ - stands for the quantities averaged over the random potential.

To have a better defined problem, the polymer is considered to be confined inside a harmonic well
of curvature m? > 0, called the mass parameter, which flattens the line beyond an ’infrared’ length,
defined as



The limit m — 07 is of special interest, as the system becomes critical, with a non-
trivial roughness exponent arising as long as L,,, — oo.
Potential disorder induces yet another characteristic scale:

5 \1/3
L.:= (R+/(o)) Larkin length.

When m — 0 and L > L. the metastability effects due to pinning by multiple
extrema become important, inducing line roughness.

Our goal: To characterize the depinning threshold f. form — 0 and L — oo.

Our answer: f, < /201501 = f* with C ~ 0.46

Numerical simulations for R(u) = 0 cosu give f* ~ 1.64f..

Anatoly Larkin (1932-2005)



Outline of the main results:

(). For a given length L and a (uniform) force f(7) = f we count all energy
functional equilibria defined as solutions of w — (. Those include minima,
saddles, and maxima. The number A/ (L, f) of equilibria is random, and we show
its mean value behaves asymptotically as
2
L(r——];, >
N(L, f) ~e 2RO aslongas L — oo

We see that for f > f* = \/2r|R"(0)| the mean value (N (L, f)) is exponentially
small, hence no equilibria exists in a typical realization providing an upper bound.

(ii) In fact we consider a more general problem and show that for m > 0
N(L,m; f=0)~elaslongas L — o
where the growth rate r is given by
= oo (%)

and the scaling function g(z) can be explicitly calculated in several limits, and is

argued to be universal.
Cx, z=L,/L.>1, C=0.46
g(z) =~

1.3 8 __ Ly
S-T” exp a:—LC—>O

3%2’



Counting zeroes via Kac-Rice formula:

Mark Kac (1914-1984) and Stephen O. Rice (1907-1986)

Number N, ) of simple zeroes of a (smooth enough) function f(x) in z € (a,b)
can be found via

Neaw = [28(f(@)|f (z)] do



Counting equilibria for the “discretized” model:

It is more convenient to start from a discrete version of the model, passing to the
continuous limit in the end of calculations. In this way we replace the continuous
variable 7 by a discrete lattice index i = 1,..., K with K = L/a (for simplicity we
choose units such that the lattice spacing is a = 1). The energy of the polymer and
the correlations of the random potential in such setting are given by

K . K
Z[—U + Vi( Uz]‘|‘§z Uz+1 (1)

1=1 1=0
Vi(u)Vj(u') = 55 R(u — ') . (2)

Configurations of the polymer are described by vectors of transverse coordinates
ul' = (uy,...,ug), withu; € Rfori = 1,2,..., K. The periodic/fixed ends
condition now read ug = ux1(= 0). The effect of an external force field requires to

add aterm —ftu = Zfil fiu; to the energy.



Counting equilibria for the “discretized” model:

An equilibrium configuration is found as a solution of the system of K stationarity
conditions which can be conveniently written as

OiH(u) = [(m*Ix — %A)U]i + VN (u;) =0, i=1,..., K
where 0; = 0/0u; is the partial derivative, Ik is the identity matrix of size K and A

is the discrete Laplacian matrix for the underlying one-dimensional lattice, with the

only non-zero entries (e.g. for fixed ends boundary conditions) being
Ai,i = —2 ,i = 1, e ,K and Ai,z'—l = Ai—l,z’ = +1
In the continuum limit such a matrix approximates the standard one-dimensional
d2

Laplacian operator —— with Dirichlet boundary conditions.

The total number of solutions 4 of such equations such that u belongs to a subset
A of RE is then given by the multidimensional Kac-Rice formula:

Na= [, p(wdu where p(u)=|det (8;0;H)| T[], (OH)
with the Hessian being a K x K matrix given explicitly by

81(377'[ — [m2 + V;//(’LLZ)} 5@',]' — HAZ'J‘ . (3)



Counting equilibria for the “discretized” model:

Na= [, p(u)du where p(u)=|det (8;0;H)| [T/, (d:H)
To perform the disorder average we will use that:

(a) the potentials V;(u) and V;(u) are statistically independent for i # j

(b) the variables V/(u) are independent of V/'(u) for any i as an important
consequence of translational invariance and the Gaussian character of the random
function V;(u).

Moreover, after taking the average the mod-Hessian factor is obviously independent
of u, and the average of each of the K 0— factors can be done independently
over the distribution of the Gaussian variable V/(u) with the variance [V/(u)]? =
—R"(0). The corresponding Gaussian integral yields the constant Jacobian factor
| det (m?Ix — x A)|~* finally implying that
MOt _ |det((m2//§) 0;i—Aj+U; 57;]-)‘ |
|det((m2//<c) 5z’j_Az'j)‘
where the averaging goes over the set of i.i.d. mean-zero Gaussian random variables
U; = V;"(u;)/r with the covariance structure (U;U;) = 2D d;;, where the parameter

D = R%(f) = 21? , measures the strength of the disorder in the problem, and is

directly related to the Larkin length at m = 0.




Evaluating determinants via Gelfand-Yaglom formula:

Israel Gelfand (1913-2009) and Akiva Yaglom (1921-2007)

Related determinants of 1D Schroedinger operators to solving an initial value
problem.



Counting equilibria via functional Kac-Rice and Gelfand-Yaglom formulae:

-

where H is a random Schrédinger operator with the 'white-noise’ potential:
H———+U( ) U(Tl)U(TQ):QD(S(Tl—Tg)

with D = 2500 = L, and Hy =~

02H
duou’

det

OH |det (m2I + vH))|
J D
( du ) YT et (m?2I + kHy)

Gelfand-Yaglom:

Consider y(7) to be the solution of an Initial Value Problem:

Hy = -2y, y(0)=0, /(0)=1
Then m _ |ly(D)]
where yo(7) is the solution of a similar IVP for Hy,.

As is well-known, such IVP is characterized by an exponential growth of the solution
In every realization, characterized by the Lyapunov exponent:

v1 =limy oo +In|y(L)] > 0



Statistics of |y(L)|:

Although the Lyapunov exponent is non-random (self-averaging) as L. — oo, the
fluctuations of |y(L)| for L > 1 are extremely strong, and characterized by the
Large Deviation type of expression:

ly(L)|? ~expLA(q),  A(q) :=lmp oo tInfy(L)|2 =37 Log”

We need A(1) asr = A(1) — 1/L,,,. We compute it by mapping the Sch.Eq. to a
stochastic differential equation for the Ricatti variable z(7) = [y(T)]_lj—ﬁ, so that

%:m2/li—z2—|—U(7), U(Tl)U(TQ):QD(S(Tl—TQ)

and

y(L)[7 = exp (q f; =(0)dt)

The probability density P(z, 7) satisfies the Fokker-Planck-Kolmogorov eqn:
%77 =SSP, §:= d% (m2//<; — 2%+ Dd%)
and one can show that

WL = [ < 2[e*5+92) |00 > dz
The largest eigenvalue of £ = S + ¢z gives A(q).



Elastic d-manifolds in random media of N+d dimensions.:




Part ll. Hessians for manifolds in random media:

The manifold is parameterized by a N-component real displacement field u(z) € R¥
where z € L? C Z%, with the energy functional

Hlul =3, u(@) - (1 —tA)zy - uly) + >, V(u(z), )
where ¢t > 0, and A is the discrete Laplacian in the hypercube L¢ with periodic
boundary conditions, eigenmodes ~ ¢*** and eigenvalues A(k) (e.g. ind = 1,
A(k) = 2(cosk — 1) with k = 27n/L, n = 0,..L — 1). We will eventually consider

the limit of the continuum manifold with the standard Laplacian A = ZZ 1 8322 whose

spectrum is given by A(k) = —k=.

The potential V (u, ) is Gaussian-distributed random potential in R™Y x Z% with mean
zero and covariance

V(ul, SIZl)V(uQ,ZIZ‘Q) N B (M) 5d(£€1 — 332),

such that potential values are uncorrelated for different points in the internal space,
but correlated for different displacements.

As usual, p acts as a “mass" which, for the continuum model, leads to reducing the fluctuations

beyond the scale L 1/

We will only consider the mean-field type limit: NV > 1.



Manifold Hessian, discrete lattice:

Our first goal will be to study the mean eigenvalue density p(\) for NL¢ x NL¢
Hessian matrix

2 2
Kz jylu] = aui(x()aauj(y)}[[u] = 055 (pl — tA) gy + 5:1::!/%%‘/(“(37)7 z)

of the pinned elastic manifold. An important feature of such matrix is its (periodic)
block-band structure visualized below for d = 1:

C x{ —t1y 0 0  —tly |
—tly XU —tly 0 0
0 —tly XU —tiy 0
0 —tly
0
0 . 0 —tixy XUV —t1y
—tly 0 0o —tly X

where we introduced N x N diagonal blocks
XU = (u+20Iy + WO r=1,... L
containing random matnces with entrles
Wz(;) T au au V(u(aj) x)‘az Ty




Manifold Hessian, statistics:

If the Hessian is chosen at a generic point in configuration space, i.e. at an arbitrary
fixed u(x) the statistical translational invariance of the random potential implies the
Hessian matrix is statistically independent of the choice of u(xz), i.e. we may as well
choseitat u(z) = 0. The covariance structure of the random potential further implies
that entries of the matrices W (") are mean-zero Gaussian-distributed, independent
for different » and have the following covariance structure:

WIW = 6,4 B"(0) (650 + Siwdji + 8:65)

The matrices of such block-band type, with W (") in diagonal blocks replaced with
GOE matrices with i.i.d. entries, were introduced by Franz Wegner in his famous
studies of the Anderson localization, and are now known by the general name of
Wegner orbital models.

% Philip Anderson Franz Wegner



Manifold Hessian in the continuum:

In the case of a continuous manifold the Hessian matrix C becomes a matrix-

valued differential operator K acting in the space of IN—component vectors

f(z) = (fi(z),...,fn()" where, eg. z € [0,L]% by the following rule:
Kf = (ul — tAf + WE, W, (z) = 8u?;ujV(u(:v), z)

with appropriate boundary conditions. In particular, for d = 1 the operator /C can be

visualized in the following form of an NV x N matrix:

2
( —tdd? —|— |92 —|— lel(ilj) Wl,g(w) ... WLN(ZIJ) \
2
WLQ(CE) —t# + u + WQ’Q(CC) .. WQ’N(CU)
\ Wi n(z) . Wyw-1(z) —t5 4+ p+ Wyn(z) )
where

Wi, i(x1)Wii(x2) = 8(x1 — 22) % B"(0) (6:50u + 0irdji + 6116k
Models of such type are sometimes called the matrix Anderson models.

We will show that the associated profiles of the mean eigenvalue density for such
problem can be explicitly found as long as L. — oo after N — oc.



Manifold Hessian’s resolvent:

Leonid Pastur

Our main object of interest will be the disorder-averaged resolvent (Green’s function)
of the Hessian, calculated at the global minimal energy configuration ug = ug(x).:

N
G(z,y; M\ 00) = 7 2im (W)

Employing the replica trick, we first show that for V. — oo (the limit being taken for
a fixed value of L) the average Green’s function is given by

cth(z—y)
G(z,y; A, ) = fk A—preg+tA(k)—4ipB’(0)

where the value of the parameter p is determined by the following self-consistent

‘deformed semicircle’/Pastur equation for the diagonal part

G(z, ;A u0) = ip = fk A—/Leﬁ:—l—tA(}c)—llipB”(O)

which is essentially of the same form as one for the orbital model with lattice
Laplacian (Khorunzhii & Pastur '93).

The only quantity which contains all the information about the optimization leading to the ground state
g is the parameter ueg. Below ueg Will be calculated in the various cases (replica-symmetric, 1RSB
and FRSB) in the framework of the replica theory.

T,y




Addressing the global minimum via Statistical Mechanics:

J W Gibbs (1839-1903)

Given the energy function(al) H|u] associated with a manifold configuration u(x)
we introduce the inverse temperature parameter 3 > 0, and define the partition
function of the model as the (functional) integral

ZB = fe_B%[u]DU.
We further define the (Boltzmann-)Gibbs weights 7s[u(x)] = Zﬁ—le—BH[U]

associated with any manifold configuration u(z) and define the thermal averaged
value of any functional g[u] as (g[u])s := [ g[u]ng[u]Du.

In the zero-temperature limit 3 — oo the Gibbs weights concentrate on the set of
configurations delivering the global minimum ug(x) = Argmin {H|u(z)]} so that for
any well-behaving functional

lim o0 {g[ul) s = g(uo).
Although this fact is valid in every disorder realization, in practice one concentrates
on finding the disorder-averaged values (g(u)) 4. In particular, in this talk we choose
the function g(u) as the resolvent of the Hessian.




Spectral Density of the Hessian at a generic point:

With setting 1. = p the above expressions provides the mean resolvent and the
mean spectral density p(\) for the manifold Hessian around a generic point of the
disordered landscape.

lts generic feature is the square-root singularity at the spectral edges, which is thus
a universal characteristics of the mean-field type spectral densities for disordered
elastic systems of any dimension d. The shape as a whole is not universal and
essentially depends on the dimension and the type of the Laplacian matrix (discrete
or continuous). Interestingly, it turns out to be possible to find explicitly the spectral
density for the 1D matrix Anderson model of infinite length . — oo and the Laplacian
spectrum —A(k) = k?, —o0 < k < oo:

3
10()‘) — 27 (t Bllf(o))l/S Te (A — t1/33Bf>(_OI)JJ2/3) Y TC(A) — T\/(wlr) —1
where

wy = [1+vT+ A3 41— v+ A3,

The parameter free scaling function r.(A) is plotted below.



Spectral Density of the Hessian in 1D continuum case:

1 1 2 3 4 5

Scaling function r.(A) for the Hessian spectral density for the d = 1 continuum

model plotted versus A = t1/332;(’;‘)3§/3. The spectral edge A. is given in this case

by A. = —1. The function r.(A) reaches its maximum at A = 0 and then decays at

A>Tasr.(A>1)~ \/E_A The latter regime corresponds to the spectral density
d2

p(A) = o= t(i_m of the disorder-free operator 1 — - with the spectrum
A=+ tk?.




Spectral Density of the Hessian in 1D discrete lattice:

For 1D elastic discrete chain with Laplacian spectrum —A (k) = 2(1 — cosk),0 < k < 27
the shape of the spectral density for the associated disordered banded Hessian can be shown
to be of the form

.t A= ot
p(A) = 27 B7(0)" (A = ZtH’y) Y = B0y
but the function (A, y) does not have a simple form, apart from the case of weak disorder

y > 1. [

llllllllllllll

Blue: scaling function for the Hessian spectral density, (A, y) versus A = % for
Yy = B,t,—Q(O) = 10 (weak disorder). In the weak disorder limit, the central part converges to the
spectral density without disorder (indicated here in orange). The graph (A, y) has two spectral
edgesat A\ = —3y72/3and AlM) = 2 + 347%/3 and the two parts around the edges
converge, upon rescaling, to the density for the continuum model.



Hessian spectrum at global energy minimum: Larkin mass and RS phase:

The most important parameter in the theory is the "Larkin mass" p. > 0 which
controls the value of the parabolic confinement 1 below which the replica symmetry
breaking (RSB) occurs at 7' = 0. Its value turns out to be given by the positive
solution of

1 = 4B"(0)

1
fk (—tA(k)+pc)?
which is controlled both by disorder strength and the elasticity matrix. For example,

. ) . . B//(O) 2/3
for 1.D continuous system a simple calculation gives . = (7) :

Our analysis shows that in the replica symmeitric phase
Heff = b+ 4B"(0 fk tA(k)

and the lower speciral edge )\é_) of the Hessian (which we associate with the
spectral gap) as a function of u is given by

(=) _ 1
)\e — U — U —l_ 4B,/ fk |: —tA(k) fk m}

This formula immediately shows that for © > u. the Hessian spectrum is always
gapped (from zero). Upon expanding for © — u. one immediately finds the gap
vanishing quadratically at p..



Hessian spectrum at the point of global energy minimum, FRSB:

We consider random Gaussian potentials with the power-law class covariance
function B(q) = ¢*(c + ¢)~~Y,~ > 0, which also includes the (i) exponential
B(q) = g*e~“1 as the limit v — 400, and (ii) the log-correlated case for v — 1,
when B(0) — B(q) = ¢°In (1 + %), where g and € > 0 are given constants. We also
consider only the manifolds of dimenions 0 < d < 4 and N — oc.

As found in Mezard and Parisi '92 for . < p.., full replica symmetry breaking, FRSB,
always occurs for manifold of dimensions 2 < d < 4, whereas for 0 < d < 2 FRSB
occurs whenever 0 < y < 2.

Our analysis shows that in the full replica symmetry broken phase the parameter
te s ¢ freezes to p-independent value:

Meff = He T 4B//(O) fk #A(k)’ V,u < He
and the lower spectral edge freezes at zero: Ag_) =0, u < le.

Thus, the Hessian at the global minimum in the Parisi-FRSB
phase of the pinned manifoiold is always gapless.

Giorgio Parisi



Hessian spectrum at the point of global energy minimum, 1-RSB:

In constrast, for N — oo manifolds with d < 2 and v > 2 the 1-step replica

symmetry breaking occurs. In that case we find that the gap vanishes as (. — p)*
near the transition from below, with the super-universal exponent. For example, for
the continuum model in dimension d we get for ;1 = (1 — 9)

2
A = gt (439 (BOO)B0) - HERBO02) 40 (5)

Special marginal cases share the properties of both FRSB and 1-RSB. For
continuous manifolds those are :

(i) v = 1 for d=0: B(0) — B(¢q) = ¢°In (1 + %)
(i) v = 0 for d=1: B(q) = &
(iii) v = oo for d=2: B(q) = g?e~ ¢4

In particular, the 1-RSB Parisi equations in all those cases can be exactly and
explicitly solved, and the Hessian at the global minimum proves to be gapless for
all curvatures below the Larkin mass.



Complexity, Larkin Length, and Depinning Threshold for NV > 1:

(i). As N — oo for a given L? we can count all equilibria of the energy function(al)
defined as solutions of w = 0. We also can count separately all stable
equilibria i.e. local minima. The numbers A/ (L) of all equilibria/minima are random,
and we show the mean values behave asymptotically as

N(L, 1) ~ eNE Stot) ALY~ N L Bst(0)

where the complexity >4 () for minima is zero for ;1 > . whereas for 1 < . given
in terms of the Larkin mass pu. as

)y _ 1 1 2 1 p—tA(k)
st(p) = ) (Mc —p Tt fk m) - (fk Mc—tA(k)) fk pne—tA(k)

(ii) From this one can show that X (¢ — pe — 0) ~ (u — pe)® confirming the
third order nature of the spinglass-type transitions. Such calculation also allows to

naturally define the Larkin length so that N'(L, z — 0) ~ eV (/L) giving L, =
1
13s¢(0)] 4. After some calculation in the case of weak disorder ¢ > 1 one gets the

relation: 1
+2 4—d
Le~ (5tm)

which nicely agrees with earlier estimates in the literature.




(iii) Finally, we can also include a (uniform) force f(7) = f along a direction u; and
show that the depinning threshold for N = oo model is given by

foo = \/AB'(0) Ly “/?

Moreover, as long as the underlying system is of 1-RSB nature we argue that this
value is actually exact, i.e. valid for a typical disorder realizations.
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THANK YOU!



