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Abstract

We have studied two specific models of frustrated and disordered coupled
Kuramoto oscillators, all driven with the same natural frequency, in the presence
of random external pinning fields. Our models are structurally similar, but differ
in their degree of bond frustration and in their finite size ground state properties
(one has random ferro- and anti-ferromagnetic interactions and the other has
random chiral interactions). We have calculated the equilibrium properties
of both models in the thermodynamic limit using the replica method, with
emphasis on the role played by symmetries of the pinning field distribution,
leading to explicit predictions for observables, transitions and phase diagrams.
For absent pinning fields our two models are found to behave identically,
but pinning fields (provided with appropriate statistical properties) break
this symmetry. Simulation data lend satisfactory support to our theoretical
predictions.

PACS numbers: 75.10.Nr, 05.20.—y, 64.60.Cn

1. Introduction

Models of interacting oscillators have received much attention during the last few decades
[1]. They have been studied in many fields, including physics, chemistry and biology
[2]. One of the most successful models was proposed by Kuramoto [3], who assumed
that each oscillator moves in a globally attracting limit cycle of constant amplitude, with
interactions between the oscillators which are sufficiently weak to ensure that perturbations
will not move them away from their individual limit cycles. Only one degree of freedom,
the phase 6;, is then required to describe the dynamics of each oscillator. The phases
d

evolve according to 59,- = w +y. j Kijf(6; — 0;). Here w; is the natural frequency of
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oscillator i, K;; is the coupling strength between oscillators i and j and f(x) is a nonlinear
function, Kuramoto initially considered mean field coupling strengths K;; = K /N, where
N is the total number of oscillators, and f(x) = sin(x). This particular model has been
investigated intensively. Generally, for some critical (positive) value of K a phase transition
occurs from a state where all the oscillators run incoherently to a state where a degree
of synchronization emerges spontaneously. The details of this transition depend on the
the distribution of natural frequencies [4-7] and the nature of the interactions (namely,
short range interactions [8, 9], random site disorder [10] or even more complex types
[11]). Kuramoto-type models have also been studied extensively in the presence of noise
[4, 12, 13].

In the context of neural networks [14, 15] and Josephson junctions [16—18] one also
encounters Kuramoto’s equations, but usually with an extra term A;; in the argument of the
nonlinear function: %Qi = o; +)_; Kijsin(6; — 0; + A;j). The simplest case, A;; = « for
all (7, j), was studied in [19]. Here the degree of spontaneous synchronization was found to
be maximal when & = 0, decreasing monotonically to zero as « — %. A more complicated
case is the subject of [20]. However, the problem is far from solved for the case of quenched
bond disorder. Here only simulation studies [21, 22] have been published; these emphasize
the crucial role played by the disorder in determining long time properties of the model, as
measured by correlation functions.

The simplest models with random interactions and/or pinning fields are those where
all oscillators have the same natural frequency w;; here the latter can be transformed away.
If the matrix {A;;} fulfils certain symmetry criteria, then Kuramoto’s equations describe a
gradient descent process, enabling (upon adding Gaussian noise) an equilibrium statistical
mechanical analysis. Low dimensional versions of this system are equivalent to frustrated
XY models, used to describe Josephson junction arrays. Here the sum over interacting pairs
in the Hamiltonian is restricted to neighbours which form a plaquette, with 6; denoting the
spin orientation at site i, and A;; denoting the bond angle, such that Z(i., Deplag Aij = 27f.
For f = 1/2 one has the so-called fully frustrated model. The critical behaviour and the
symmetries of these low dimensional systems depend highly discontinuously on f [23].
Adding random fields gives rise to a complex phenomenology which is still the subject
of study. It would be interesting to investigate whether such features remain in mean-field
models. The effect of random fields has so far been analysed mostly in systems without
quenched disorder [24], or for m-vector spin glass models [25-27] (but for local uniaxial
anisotropic fields of a different nature than those discussed here). In [28] one finds a mean-
field model with disordered bonds and pinning fields, but with simpler site permutation
symmetries and disorder distributions, and more limited analysis than in the present
paper.

Our paper is structured as follows. We first define two mean-field models with disorder
in bonds and pinning fields, and their order parameters. The first is of a conventional
type, with pairs of oscillators trying to either synchronize or anti-synchronize, depending
on the sign of their interaction. The second model is less conventional; here oscillator
pairs prefer phase differences of either 7 /2 or — /2. For both models the presence of
random pinning fields increases energetic conflicts and frustration. In section 3 we solve
both models in equilibrium, using the replica method; we make the replica-symmetric
ansatz and calculate the conditions for replicon instabilities. In sections 4 and 5 we study
the effects of global symmetries. In section 6 we present results (phase diagrams and
the temperature and field strength dependence of observables) for a number of specific
choices for the pinning field distributions, and validate our predictions via numerical
simulations.
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2. Model definitions

We study systems of N coupled Kuramoto oscillators (or XY spins) with external pinning
fields, described by Hamiltonians of the form

2K
H = —ﬁ;cos(ei —0,+A;)) —hXi:cos(G,- — ) (1)
where 6; € [0, 2] denotes the phase of the ith oscillator. We introduce disorder by drawing
the pinning angles ¢; independently at random from a distribution p(¢), and the relative
angles A;; independently at random from a distribution P(A), with f dA P(A)cos(A) =0
(to ensure that the bond disorder will retain significance for N — o00). This system will
generally exhibit competition between alignment to the pinning fields and the realization of
prescribed relative angles between pairs. We simplify the bond average by choosing binary
{Aij}: P(A) = 18[A — A*] + 18[A — A* — m]. Without loss of generality we may take
—% < A* < % However, only for A* € {O, %n} will it be possible to calculate the disorder-
averaged free energy for the system (1) in terms of a standard replica mean field theory; these
two cases are the subject of our paper:

2K

modell: H=-——"— Z Jijcos(8; —6;) — h Zcos(e,- — ) )
N i<j i
2K ,
model II. H = —— Z Jij sin(6; —6;) — h Zcos(e,- — ) (3)
N i<j i

with J;; € {—1, 1}. In (2) energy minimization will translate for any oscillator pair (i, j) into
the objectives

Jij =1 0; —0; — 0 (mod 27)
Jij=—1: 6;,-0; > 7 (mod 27)

(describing ferro- and anti-ferromagnetic interactions). A triplet (i, j, k) is bond-frustrated if
and only if an odd number of the relative angles involved equals —1. In (3) energy minimization
will translate for any pair (i, j) into the objectives

Jij =1 0; —0; — /2 (mod 2m)
Jij=—-1: 6, —0; > m/2 (mod 27).

Now every triplet (i, j, k) is bond-frustrated.

Itisnota priori clear whether and how the solutions of models (2) and (3) should be related.
For instance, finding the ground states for N = 3 and 7 = O reduces to minimizing Hy(6;, 6;) =
J1 cos(01)+J, cos(0y)+J3 cos(6; —6,) and Hy (0, 6,) = J; sin(0;)+J, sin(6,)+J3 sin(6; —6,),
respectively (rotation invariance allows us to put 63 = 0), with J; € {—1, 1} (chosen randomly).
Solving this simple problem reveals that the ground state energy E; of model I is dependent
on the bonds {J;}, E € {—1, —3}. Averaging over the bond realizations gives E; = —2. In
contrast, for the ground state energy of model II one finds Ey; = —% 3, independent of the
bond realization.

Pinning fields break the global rotation invariance of (1) which is present for 4 = 0.
Any nonzero value of the average pinning direction (¢)s can be transformed away, via
0; — 6; + {¢)y, so without loss of generality we may choose (¢)y, = 0. In this paper we
restrict ourselves, for simplicity, to reflection-symmetric pinning field distributions, where
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p(¢d) = p(—¢) forall ¢ € [—m, r]. However, the free energies of our models ((2) and (3))
are both invariant® under the transformation
1 b4 1 b4

@ = sU+mp(9=r=F)+50=np(p—r+7) )
forany n € [—1, 1]and A € [0, 2], so we solve implicitly for a larger family of models. For
high temperatures we expect the symmetries of p(¢) to be inherited by the solutions of our
models. We define a complex (single-site) disorder-averaged susceptibility x, upon adding
small perturbations to the external pinning angles ¢;:

1 0
X =— e—idi
iNh - dp;

Here (---) and [---] denote equilibrium and disorder averages, respectively. For perfectly
linear single-site response, i.e. (e'%) = x e'?, definition (5) would give x = x/h. Evaluating
(5) for systems with Hamiltonians of the form (1) gives

X = % Z [(sin(6; — ¢;) e@=9) — (sin(6; — ¢y)) (e!®~#))]. (6)

i

CR )] (&)

3. Equilibrium analysis

3.1. Solution via replica theory

We calculate the disorder-averaged free energy per spin f = — limy_ o(8N) 'log Z for the
Hamiltonian (1) with P(A) = %8[A — A"+ %8[A — A* — 1], using the standard procedures
of conventional replica theory [30]. This gives

_ 1 n -
— _ fim I o | g By, HE)
f= im i log/ / D:[l a6 }:

e B, HOY) — eﬂh D i COS(OF —0) l_[COSh |:2’3T§ ; cos (910( _ 9};{ + A*):| )

i<j

Expansion for large N, however, only leads to an expression in terms of the usual single-site
replica order parameters if sin(2A*) = 0, i.e. for A* € {0, Z} ((2) and (3)). Here

_ 1
F=—lim —extr{®[{§™, ¢"}] + V[{G™}]} O
N—-O0n
Ol = 230D i+ BK oS’ (AN 3 D lar
o af wk off
+2BK>sin*(A*) Y " [as% 455 — 405 53] ®
af
BY[--] = <10g/d0 M(9|{Q**})> ©
¢

with (xx) € {(cc), (s5), (s¢), (cs)}, and with
M(0| {q**}) — eﬂh > cos(0%—¢)—i Zaﬂ[q;;; 08 () cos(Bp)+qgy cos(by) sin(Bp)]
o1 Laplash sin(@) sin(©p)+355 sin(6,) cos(¥p)] (10)

3 The transformation (4) implies ¢; — ¢; + L+ 1T; %, where 7; € {—1, 1}. The variables A and {r;} can be gauged
away by putting 6; — 6; + A + 7; 5 in combination with J;; — J;; cos(5 (7 — 7;))-
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3.2. Replica-symmetric solutions

We now make the replica-symmetric (or ergodic) ansatz (RS) [30] for the saddle points. Our
models (2) and (3) are then both found to be described by five remaining order parameters
{OQce, Qcs, Gees Gss» es ), and effective single spin measures M (8|x, v, u, v, @):

MiBlx, y, 11, v, ) = ePheo OO BK 2001445~ OSOI 2 Qs ~4i) sin(20)]

« ePK cosOV20xV2 et u—iv) /s +K sin(0)V2(yv 2o +(u+iv) /s ] (11)

Mu(Blx, y, u, v, ¢) = ebh 0B (B I200~1+41s—4ec] OS2I Qus i) 5in(20)]

« ePK 08 (0)V2[x /2 /G5 +H(iu+v) /Ges HBK SIn(O)V2[yV 2 /Gec+({—0) /G5 | (12)

(apart, in both cases, from a prefactor e/#¥ )’l1-dec=4ss1) We abbreviate

_ _ 4 @MELx. . u.v.9)
(o) = [ Droypupv-(pon, = S

with the Gaussian measure Dx = (271)’% e2*". The five order parameters are to be solved
from the following saddle-point equations:

Qcc = (((cos*(©)):D)g Qcs = ({({cos(0) sin(0)) )¢ 13)
Gec = (((c0s())2))g gss (({sin(©))2)) g (14)
ges = (((c0s(6))+(sin(0)). ) - 15)

Their physical meaning is

1 S 1 S —
Oce = ngnooﬁZwosZ(e,-)) Qs = N“inooﬁZ“OS(@f)Sin(@f” (16)

1 L

1 R — 1 S —

T o N2 I T - 3 )2
Gee = Jim — Z (cos(6))) ges = Jim Z (sin(6;)) (17)

S e P —
Ges = Jim 3 {cos(@)) sin(@))- (18)
To compactify future notation we define the following shorthand

Vee = (€087 (0))x — (cos(6)); Vss = (sin®(6))« — (sin(6))2 (19)
Yes = (€0s(6) sin(6)), — (cos(6)).(sin(6)).. (20)

Similarly we can work out the RS free energy per oscillator, by insertion of the RS ansatz
into (7). This results in

f=extrg, g.) f{ Qs Gus)] 1)

fl---1=BK*U — é/DnyDuDv <log/ dOM@|x, y,u,v, ¢)> 22)
®

with the measures (11) and (12), and with
Ut =2Q0cc(Qcc — 1) +202 — qee(Gec — 1) — qss(qss — 1) — 2¢2 (23)
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Un = —20cc(Qec — 1) = 1 =202 + qec + Gss — 2Gecqss + 27, (24)

The nature of the extremum in (21) follows from the high-temperature state. Expanding for
B — 0 gives f[---] = —% log(2m) — 1Bh? + 28K ? extr{U} + O(B?), with

7 2 2 1 2 2 2
Uy = Qcc — Qe + ch - E(qcc + qss) ~Yes
Un = _ch + QO — % — chs —{qccqss t qzs'

For B — 0 we must find the paramagnetic solution Q.. = % and Qs = Gec = gss = qes = 0,
so the nature of the desired extremum in (21) is

I: min w.r.t. {Qce, Qcs}, max W.r.t. {qec, gss» Ges) (25)

II: min w.r.t. {gcs, Gec — G55}, max w.r.t. {OQcc, Ocs, Gec + Gss)- (26)

Finally, for RS solutions we can also work out expression (6) for x in the limit N — oo:

xes 1 Y B .
7 - ) (1 gcc st) <<<2 COS(2¢) (ycc ySS) + Sln(2¢)ycs>>>

¢

1
—i < <<COS(2¢)VCS — 5 8InQ2) (Vee — )/m)>>> - 27)
¢

3.3. The AT lines

We determined the stability of our RS solution against ‘replicon’ perturbations: ¢,z —

Gop e With oG = ng, and oz = g, (for all o, B), a5, = 0 for all a, 3, 5 =

Y TIEZ = 0 for all &, and with all |r);;§| < 1. Detalls are given in appendix B. Our calculation
is more complicated than that in e.g. [25, 27], because, due to the pinning fields, we cannot
generally use rotational symmetry;replicon fluctuations can have a more complicated structure.
We found two types of AT instabilities (the physical RSB transition is the one occurring at the
highest temperature). The first is

models Land IL: (7/2K)* = (((vecvss = v3))),- (28)
The second AT instability is found to be model dependent:
model I: det{E — (T/2K)*I] =0 (29)
model II: det[E — (T/2K)*C] =0 (30)
with
1 0 O
cC=|0 -1 0 3D
0 -1

({Gra+r)+vall,  UGGE =y e+ v
E=| {({Oa=v)N, (E02+7) =73, (ate—vMs|. 62
((es Vee + Vss) Mo {(Vesee = vsWo ({(veevss + D)),
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4. States with global reflection symmetry

We inspect the effect of global reflection 6; — —6; on the order parameters (within the RS
ansatz) with the help of (16)—(18):

Q;c = Qe Q/CS = —0¢
qéc = {cc t]és = —{ecs Q;s = (ss

Invariance under this transformation implies Q. = ¢g.s = 0.

0! = —6; foralli: (33)

4.1. Implications for free energy and order parameters

For reflection-symmetric states the Gaussian variables {u, v} disappear from the problem, and
the measures (11) and (12) simplify to

MiBlx, y, ¢) = Ph OO~ (BE20u =145 ~ec] o502 K [cos(@)x 45in@)y /7 (34)
Mu(0]x, y, ¢) = ePheos@=9)=(BK)20c~ 105, —4c] 052025 K [cos(0)x T +sin(@)y e | (35)

These expressions show, in combination with p(¢) = p(—¢), that for any set of functions
{k¢} (with £ =0, 1,2, ...) one has

<<<ko(—¢) g)(kz(—e))*>>> = <<<ko(¢) g<kg(e>>*>>> . (36)

One is left with three order parameter equations:

Qce = ({((c0s®(©)): ) Gec = (((cos(©))2))g gss = (((sin(0))I))g (37)

Upon inserting Q.; = ¢.; = 0 into (21), (23) and (24), and using a saddle-point argument as
B — o0 in the entropic term, one obtains the RS ground state energies:

Jim AL 1/BK® = Gec + s +2Qce(Qee = 1) = 6 = 45 = 12Qcc = 1+ s — gl
,Blingo fll[ ) ]/,3K2 = qCC +qSS - ZQCC(QCC - 1) - ZqSSqCC - 1 - |2Qcc - 1 +QM - qCC|'

According to (25) and (26), we must, for model I, minimize with respect to Q.. and maximize
with respect to {g.., qss}, whereas for model II we must minimize with respect to g.. — ¢ss
and maximize with respect to {Q.., g.c + ¢ss}- For both models this leads to

gee T (4ss = 1 Qcc = %[1 +qcc — st] (38)

giving a finite ground state energy: extro_ 4. g. limﬂﬁoo(,BKz)’lf[Qcc, qss>qcc] = 0. To
find the RS ground states of our two models from the family g.. + ¢, = 1, one would have
to inspect the next order in 7. In addition we should obviously expect replica symmetry to be
broken for low temperatures.

4.2. Implications for AT lines and RS susceptibility

Reflection symmetry also simplifies expressions (29) and (30) for the AT instabilities, due to
({VeeYesMe = ((VssVes) ) = 0. Upon rejecting solutions which are immediately seen not to
give the highest transition temperature, the AT lines of our two models are found to be the
solutions of the following equations, respectively:

(] = {é«mi er2 #0202 + Sz = v e+ y£>>>¢} 39
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o] = mon {20, + VTERTORT, Hoecr — 2 - )

For both models the left of the two arguments in the corresponding extremization problems
give the required maximum. To see this, one first notes that

WreerssDo = 3{{{vie + s = Gee = 7))y < 3{{lvie + v ))), 4D

(R I [ e W (78 e (0 8 (e 8 42)

For model I we subtract the right argument of (39) from the left argument and find

LA = RA = 2((ee — 760 — ({720, + V205 + Hlbvz — w2
> 5(((Vee = ¥55)* My = 0.

Thus the maximum in (39) is always realized by the left argument. Similarly, upon subtracting
the right argument from the left argument in (40), using (41) and (42), we find

LA = RA = 2{(2 ), + 2 02N, - ecriee

> V202N = 3l + v, = 3/2 = Diflyi + v, > 0.

Hence also the maximum in (40) is realized by the left argument. We conclude that

AT fine I [%T = Uz e, e o2l < Sz 20 @

arinert: [ 2 = (2, + 2,020, m

Finally, in reflection symmetric states with p(¢) = p(—¢) V¢, where we may use identity
(36), the replica-symmetric susceptibility (27) is found to be purely real:

2 L0~ g =g - <<<l COS(2¢) (Vee — ¥ss) +in(2) ve >>> 5)
,3 ) cc 58 ) cc s s ¢.

4.3. Reflection symmetry breaking transitions

Assuming reflection symmetry breaking to happen via continuous bifurcations allows us to
determine its occurrence by studying the relevant entries of the RS Hessian of the free energy.
Such transitions occur when

0% f[ Qecrgna /3 Q% 0% f[Qec.guvgie ]/ 3 Qesdcs
det| , 5 5 =0. (40)
0% f[ Qec.qugie ]/ 3 Qesdcs 0% f[ Qee.guna )/ 992
The matrix elements of the RS Hessian are given in appendix A. We deal with both models
simultaneously upon defining the variable t € {—1, 1}, where t = 1 for model [ and 7 = —1
for model II. This allows us to write
1 02 3?
f =41 — 8(BK)*\i Loy = —47 +8(BK)* 1,
BK? 907 BK? 0q;,
1 % f

- _ 2
BK2 90u0q, PR
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with

A= H(((sin®(20)), — (sin(26))2 )y
A = (([(sin®(0)). — (sin(©))21[{cos*(8))s — 3(cos())7] + [(cos*(F)).

— (cos(8))21[{sin*(9)). — 3(sin(6))7] + 2[(sin(6) cos(H)).

— (sin(6))x(cos(0))][(sin(8) cos(8)), — 3(sin(®))(cos(0)) 1))y
A3 = 2({((sin(26) cos(0))4(sin(0)) + (sin(20) sin(0) ). (cos(0))

— 2(sin(26)) . (sin(0)) «(cos(8)). ) .-

Insertion into (46) then reveals that reflection symmetry breaking transitions are marked by

the highest temperature for which the following functions E{ﬁfl(T) become negative:

model I:  X[(T) = (T/K)* — /(b1 —22)2 =22 — A1 — A2 47)
model I ZfN(T) = (T/K)* — /(A1 — A2)2 — A2 + A1 + Ao (48)

Since the {A;} are bounded, expressions (47) and (48) confirm that reflection symmetry will
always be stable for sufficiently high temperatures.

5. States with global rotation symmetry

For uniformly distributed pinning angles, p(¢) = (2mw) !, we expect the macroscopic state to
have global rotation symmetry for high temperatures. We inspect the effect of arbitrary global
rotations 0; — 6; + ¥ on the RS order parameters, using (16)—(18):

0] =6+ forall i: q.. +q., = Gec + Gss
/ 1 . 1
(Qcc ,_ E) — (005(2’#) _Sln(zw)) (Qcc - E) (49)
O sin(2y)  cos(2yr) Ocs
Yl —al)\ _ [(cosy)  —sin2y)\ [3(gec — gss)
q’s T \sinQ2y)  cos(2y) Ges ’

Invariance implies Q.. = % Ocs =qes =0, gec = q5s = ¢, leaving just one order parameter.
The invariant manifolds in order parameter space are

2
(Qcc - %) + Q?s = €] i(‘Icc - QSS)Z + les =€ (50)

with the invariant state corresponding to €; = €, = 0. We will also find instances of rotation-
invariant states without the pinning field distribution having rotational symmetry. Insertion
of the ansatz {QCC = % Ocs = qes = 0,qcc = qss = q} into our RS equations reveals
that (for nonzero /) the following condition is necessary and sufficient for the existence of a
rotation-invariant solution:

(cos?(¢))g = (sin®(¢))g. (51

Hence, unless explicitly stated we will in this section not assume p(¢) to be uniform, but
rely only on the two properties p(¢) = p(—¢) (assumed to hold throughout this paper) and
(cos(2¢))y = O (to guarantee the existence of a rotation-invariant state).
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5.1. Implications for free energy and order parameters
For rotation-symmetric states the measures (34) and (35) become identical:
M(G |x .Y, ¢) — eﬂh COS(97¢)+2,BK\/§[X cos(0)+ysin(6)] . (52)

One can eliminate ¢ from the measure (52), by rotation of the Gaussian variables (x, y),
leading to the following identity for any set of functions {k;} (with £ =0, 1,2, ...):

<<<ko(¢) ﬂ(ke(e))*>>> = <<<ko(9) ﬂ(k@w + ¢)>0>>> (53)

where (---), refers to averages calculated with the ¢-independent measure M (f|x,y) =
M(0]x, y,0). As a consequence our subsequent calculations for rotation-invariant states will
repeatedly involve various derivatives of the following generating function:

Z[x, y] — log/ de eﬂhCOS(9)+2ﬂKﬁ[XCOS(9)+ySin(9)] — 10g(2n’) +10g I()[E] (54)

with the shorthand E = B./(h +2Kx./q)* + 2K y./q)?, and in which ,[z] denotes the nth
modified Bessel function [31]. For instance:

1 9
Waz[% y1 = {cos(0)), (55)
: i Zz = (sin(6 56
W@ [x, y] = (sin(0))o (56)
;3—22[ 1= (cos?(0))o — (cos(0))s (57)
(2,8Kﬂ)2 552 x, y] = (cos o — {cos(8));
;8—22[); 1= (sin*(0))o — (sin(0))? (58)
QBK g2 ay2 T ° o
: 0 z — (sin() cos(0 in(0 ] 59
Wm [x, y] = (sin(6) cos(0)), — (sin(0))o{cos(0)), (59)
L e y] = (sin() cos2®))o — (sin(®))e(c0s*®))
(2,31(\/6)3 8x28y x,y = (S1n COS o Sin 0{COS )
— (sin(20))(cos(8))o + 2(sin(0))0(cos(9))g (60)
1 FE s .
TN 8x8y22[x, y] = (sin”(0) cos(8)), — (cos(8))o(sin"(0)),

— (sin(26))o (sin(6))o + 2(cos(6))o (sin())2. 1)

In order to work out the remaining order parameter equation for g, we apply the identity (53)
to k1 (0) = ky(0) = cos(0) and to k;(0) = kp(0) = sin(#), giving

(({(cos©@))7))), = (cos®(®))y(((cos(©))3) + (sin(#))(((sin(0)))) (62)
({{(sin@)2)}), = (sin*(@))s(((cos®))3)) + (cos™(@))(((sin(6));)) (63)

Thus the remaining order parameter ¢ is, for both models, to be solved from

1 2 . 2 1 2 : 2
q= 3 / DxDy({cos(8)); + (sin(6));)¢ = 3 / Dny[(cos(G))o + (sm(@))o]. (64)
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Using properties of modified Bessel functions, such as %I,, [z] = %(I,,H[z] + I,_1[z]) and
I,1z] = (z/2n)(I,—1[z] — L.+1[2]), the two relevant expressions (55) and (56) give

B(h+2Kx./q) L[E] BQ2Ky/q) LIE]

(cos(0))o = - — (sin(0))o = = =
° g IH[E] ° E  IlE]
After writing (x, y) in polar coordinates, one then finds (64) reducing to
T dy [ LIE(r 1)’
q 2/ K {7‘[H(’ I/’)]} (65)
0 2 0 Io[D(I’, I//)]
E(r,¥) = ,3\/4(11{2r2 +h? +4Khr/q cos(y). (66)

Inserting Q. = ges =0, Qcc = % and g, = qys = ¢ into (21), (23) and (24) shows that for
both models the disorder-averaged free energy per spin equals f = extr, f[g] — % log(2m),
with
s 1> 1 ("dy [® 12 _
flgl=-2BK"{g—=) — = — drre™2" log Ih[E(r, ¥)]. (67)
2 BJo 7 Jo

According to (25) and (26) the function f[g] in both cases is to be maximized, so the RS
rotation-invariant ground state is ¢ = %

5.2. Implications for covariances AT lines and RS susceptibility

Various terms involving the covariances y,. ((19) and (20)) can be simplified via (53). We
define ¥, = Yuxlg—o (i.e. as calculated with the ¢ = 0 averages (- --),). Focusing on the
terms occurring in (43, 44) and using (51):

(e )y = (3T e + 7007 + 75 + (0”@ ((3 Fee = 7)” = 7)) (68)
((rih)y = (3T ec + 7,07 + e} + (05 Qa3 Fee = 70)* = 72s)) (69)
(((y2)), = (sin* CeNo{(§ Toe — 720)7)) + (cos> 2o (V2 (70)
F (e = 16N = (5I0° D)) ((72,) + (005”2 {(§ T = Vs)?))- (71)

From (57)—(59), in turn, one obtains explicit expressions for the {y . }:

= 2 2 = 2rg
7 = 1 Iz[uH] B (h+2f§xﬁ) {12[:] B 112[:]} 72)
2 20 E] o) Il E] Io[c"]
= 2 2 = 2rg
s L DbIEL, B (2Iiy2ﬂ) {12[:] B 1,2[:]} (73)
2 21[E] ) LhlE] Ij[E]
_ B +2Kx/q)2Ky/q) {12[31 B 112[3]} 74)
B2 LlE]  IFIEl]

Combination of the above results with (43) and (44) gives the equations for the AT lines. We
note that for rotation invariant states the two expressions (43) and (44) become identical:

2 — 2r=172 21172
[Z} :/Dny [12[:] - 112[“]} + [1— 112[“]} .
K LIE] I;[E] I5[E]
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After transformation of the Gaussian variables to polar coordinates, this gives for the AT lines
of our two models the appealing result

[ET _ /” d_l/’/‘” 4 r ot [Iz[E(r, nl RIEC w)]T
K o 7 Jo DIER VI RIEF ¥)]
2rm 2
[1_M} } s

In a similar manner we work out expression (45) for rotation-invariant states:

%5 _ L Zag) = ([( 2 cos26) (v = ) +sin)y,

ﬁ 2 2 cc SS CcS ¢
B / ay o[ [Iz[a(r, w PEC vf)]}
=-—q- — drre: —

0

2 27 Jo LIEr Y] BIE®F )]

2

h? +4K?rq cos(2y) + 4hKr./q cos(¥)
X
h? +4K?r’q + 4hKr /q cos(y)

with the abbreviation (66). Note that lim;, .o E(r, ) = 28Kr,/q (i.e. independent of V), so
that for rotation invariant states one has

tim xes = B4~ q). a7

(76)

5.3. Rotation symmetry breaking transitions

According to (50) we can study rotation symmetry breaking bifurcations most conveniently
after the following transformation of the order parameters:

Qcc =3 +ercos(@) Qo = € sin(r)

gec =4 + € COS(wZ) 4ss =4 — €2 COS(wZ) ges = €2 Sin(w2)~
Reflection symmetry breaking transitions are already studied ((47) and (48)), so we restrict
ourselves to rotation symmetry breaking transitions which preserve reflection symmetry:

Qcc=%+€1 QCSZqCSZO Gec =q T € gdss = (4 — €.

Our interest is in continuous bifurcations of €; # 0 and/or €; # 0. We expand (21) around
the rotation-invariant solution, using the second order derivatives in appendix A. Due to
reflection symmetry, only second derivatives with an even total number of ‘s’ subscripts in the
corresponding order parameters can be nonzero. This gives for 0 < €1, € < 1 (with fry[- - ]
denoting the free energy of the rotation invariant state):

1 ,0%f 1 ,[d*f d°f % f
P - el = — + — - 4+ -

Sl = Juld 261 8Q%c 262 8‘Ic2c 8qu§ 0qcc0gss
f f

aQCCanC 8QCC8qSS

Hence the continuous rotation symmetry breaking transitions are marked by

aZf/anC 82f/aQCCanC - 32f/3Qcc3qu
82f/anc8QCC - 82f/anca‘Iss azf/aqi, + 82f/aq33 - 282f/8QCCa‘Iss

} + O

+€1€ {

det =0. (78
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We work out the second derivatives for rotation-invariant states, using (53). Given
p(@) = p(—0) and (cos(2¢))y, these are found to depend on the pinning field distribution
onlv through (cos(4¢))s. Again we deal with both models simultaneously upon defining

t € {—1, 1}, where T = 1 for model I and t = —1 for model II:
L o°f 4t — 8(BK)? (79)
BK2002 P

1 (02f 9%f 5 a2 f
m {@ ’ ﬁfs B 0Gcc0Gss
1 0% f 0% f
BK? {3Qccaqcc 000y

} = —47+8(BK)*m (80)

} =4(BK)’p3 )

where straightforward but tedious bookkeeping shows the quantities {p;, p2, p3} to be

p1 = H(1 = (cos(20)) — (sin(20))2)) + 1 (cos(4))(((cos(40))o — (cos(260)? + (sin(26)7))
(82)

p2={([(cos*(0))o — (c0s(6))7][(cos®(6))o — 3{cos(6))z] + [(sin*(6))o — (sin(6))2][(sin*(6))o
—3(sin(0))z] — 1[(cos(20))o — (cos(®))z + (sin())Z][ (cos(20))o
—3(cos(8)); +3(sin(®))2]) + (cos(d9))g((1[(cos(20))s — (cos(8));
+(sin(©))2][(cos(20))o — 3(cos(8)); + 3(sin(8));] — 2[(sin(8) cos())o

— (sin(6))o(cos(6))o [ (sin(6) cos(8)) — 3(sin(6))o (cos(6))o])) (83)

p3 = 2(((sin®(6))o (cos(6))g + (cos®(6))o (sin(6)); — (sin(20))o (sin(6))o (c0s(6))o))
+2(cos(46))e(((sin*(0))o (cos(0))? + (cos*(8))o(sin(6));
+ (sin(20)),(sin(0))o(cos(0)), — 2(sin2(9) cos(6))o(cos(0)),
—2(cos*(0) sin())o (sin(0))o)). (84)
Inserting the second order derivatives into (78), using (82)—(84), shows that rotation symmetry

breaking transitions which preserve reflection symmetry are marked by the highest temperature
for which the following functions become negative:

model I:  Ef(T) = (T/K)> —/ (o1 — p2)* — p3 — p1 — p2 (85)
model I S(T) = (T/K)? — /(o1 — p2)* — 03 + p1 + p2. (86)

What remains is to work out (82)—(84). For most terms we can use (54), (55)-(61) and
(72)—(74). One further object in p;, (({(cos(40)),)), can be calculated directly as follows:

d6 cos (46 + 4 atan | XD | gEcos(®)
((cos(@))) = <<f ( [f%ﬁ ) >>
2 Io(a)

_ <<[1 882Ky /a)’(h +2Kxﬂ)2} 14[E]>>

O I[E]

The final result of the exercise is, after transformation of (x, y) to polar coordinates,
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B 1/00 / dx//{ If[E(r,w)]}
pP1L = — drre” 2 1-— I T a——
4 Jo 0o T I[E(r, ¥)]
(cos(4¢)) e /Oodrre 2" / dy 14[5(7"#)]_122[5(&1#)]
o 7 [DIEC Y]  LBIE®F ¥)]

L1
4
8B 2K r /g sin(y)*[h + 2K r /g cos(Y)]*
x {1 0, 9) }

(87)

© L (Tdy _Iﬁ[a(r,w)l}{ _315[8@@1} 1
/od”e /0 n {1 EERT A R ETAT T

/°° ! / dy { Er )] LIEG, w)l} {Iz[s(r, V)]

X drre” 3

0 0o T Er, )l IOZ[E(r, w1 L lEF, ¥)]

3 3I2[E(r, w)]} {1 B 8ﬁ4[2Krﬂsin(w)]2[h+2Krﬂcos(w)]2} 88)
BIE(r, ¥)] EXr, ¥)

1
P2=§

e e [Ty [ BIEC]| FIEC )] /00 L
p3_/0 drre /0 P {1 Io[s(r,vm]}Ig[s(r,w>]+(°°“4¢”"’ , e

8 /” dy {1 _ Db[EC, 1//)]} {I,Z[E(r, 1200 ZIz[E(r, 1ﬁ)]}
o o[ Er 1) LIFIE, ¥)] o[E(r, ¥)]
8B[2Kr /g sin(y)*[h +2Krﬂcos(1/x)]2
) {1 2 ¥) }

(89)

The identity 1,41[z] = I,_1[z] + nL,[z](I1[z] — Io[z])/1[z] allows us to express any I,~2[z]
in terms of the trio {/y[z], I1[z], I>[z]}. Since the {p;} are bounded, expressions (85) and (86)
confirm that, if rotation-invariant states exist (i.e. if (cos(2¢))ys = O), rotation symmetry will
be stable for sufficiently large temperatures.

To round off our discussion we return to reflection symmetry breaking transitions. We
work out the {A;} occurring in (47, 48) for rotation invariant states, and find

e (W[ BIECYI] L /°° 4
k1_4/0 drre /0 - {1 Ig[E(r,lﬁ)]} 4(cos(4¢))¢ ; drre

8 /” dy {14[E(r, ¥ BIEC, 1ﬁ)]}
o ™ [LIEC Y]  LIE®F Y]
{1 8B 2K r /g sin(y)*[h + 2K r /g cos(Y)]* }
X —
E4(r, ¥)

(90)

L A _If[ao,w)]}{ _3112[30,@]}_1
Az_2/0 e /077{1 REG T RIEC g |20

/“ ’ / dy { E(rny]  IFEC 1ﬁ)]} {Iz[E(r, 12)

X drre: o= =

0 o T Er ] LIEE Y] LIE®, ¥)]

_ 3I7E®, w)]} {1 _ 8BY2Kr /g sin(Y)Plh +2Kr /g cos()]’
BIE@, ¥)] E4(r, )

} oD
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[T e [Ty [ BIEC Y| FIEG Y] /°° i
Ag_/o drre /0 - {1 Io[E(r,l//)]}Ig[E(r,l/f)] (cos(4¢)) ¢ ; drre 2

y /” dy {1 _ Db[EG, I/I)]} {IE[E(F, V)1 2L[EC, 10)]}
0o T LIEr W) L BIEF Y] DIE®T, ¥)]
{1 8B 12K r /g sin(y)[h +2Krﬁcos(1p)]2}
X — .
EXr, ¥)

Apparently, for rotation-invariant states we obtain the trio {A;, A2, A3} from {p1, p2, p3} by
making in the latter the replacement (cos(4¢))y — —(cos(4¢))4:

Li({cos(49))g) = pi(—(cos(4¢))y) i=1,23. 93)

The same is true for expressions (47) and (48) for the reflection symmetry breaking transition
lines, which are obtained by substituting (cos(4¢))s — —(cos(4¢)), in the expressions (85)
and (86) for rotation symmetry breaking transitions which preserve reflection symmetry.

92)

6. Solution for specific choices for the pinning field statistics

‘We now turn to specific choices of the pinning field distribution p(¢), restricting ourselves to
those with p(¢) = p(—¢). We start with the benchmark case 2 = 0, absent pinning fields.
Wherever possible we have tested our theoretical predictions against extensive numerical
simulations. We iterated the Langevin dynamics corresponding to the measure (1) with a
stochastic Euler method with time step At = 1073, for systems of size either N = 400 (with
the advantage of better equilibration within experimentally accessible time scales) or N = 800
(with the advantage of reduced finite size effects). All simulation results shown are averages
over ten experiments.

6.1. Absent pinning fields

For h = 0 the natural solution is the one with full rotational symmetry. Given the RS ansatz
we are left with one order parameter, ¢, and (65) and (67) reduce to

L 12 FIEM)]
q= E/(; drre? 7]&[3(1’)] 94)
a 2 < 1>2 1 N —1p2 — 1
=max{—28K"(g—=) — = drre 2" logIh|E(r)] — = log(2m) 95)
q 2 B Jo B

with E(r) = 28K ,/qr. There is a second order transition at 7. = K from a paramagnetic
state (¢ = 0) to an ordered state (¢ > 0), and no evidence for first order transitions. As
the temperature is lowered further, ¢ increases monotonically towards its maximum value at
T =0,asq = % — T/ /4K + O(T?). Close to the critical point we can expand ¢ in powers
oft =1—-T/T, and find ¢ = %l’ +O(t?)(r | 0). All this agrees with the results obtained
earlier for Gaussian interactions [32].

For i = 0 the RS susceptibility becomes yrs = ,3(% - q), according to (77), and obeys
limy 0 xrs = «/7 /4K and xgrs = 1/2T for T > K. Close to the critical point, expansion in
T =1—T/T. reveals that xgs = 1/2K + O(z?). xrs thus increases from the value JT /4K
at T = 0 to a cusp with value 1/2K at T > T, followed by monotonic 1/27 decay to zero
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in the regime 7' > T, (see also figure 1 ). Expression (75) for the AT instability simplifies
similarly for 7 = 0 to

quszmwe?z[MEM]_ﬁwonT+p_lﬂanq2_ ©6)
K 0 LIEM]  IFIEM)] IHEIQ)
From this it follows that the AT instability occurs at Tar = K. In both models replica
symmetry breaks as soon as we leave the paramagnetic region at T = 7. = K. Using the
properties 1,(z)/Io(z) = 1 —n?/2z + O(z72) (|z| — o0) of the modified Bessel functions
[31], we can also study the behaviour of both sides of (96) for 7 — 0. This reveals that the
degree of RS instability diverges near 7 = 0: limy_,o(RHS/LHS) = [~ drr~! e " = 0.
Finally we work out the functions (85) and (86) whose zeros mark rotation symmetry
breaking. For 4 = 0 it follows from (93) that the two types of symmetry breaking coincide,
i.e. Z{O{I = Zfelfl = Xr . All ¥ integrals are trivial, and (87)—(89) reduce to

Y R £ (-105)
o1 = 4/0 drre {1 I&[E(r)]} 97)
o) 2rm 2rm
pz:l/ drre_w{“%}{“@} 98)
2 Jo I1E(r)] I TE(r)]
o 1,2 LIEN)]) IFIE(M)]
& A e { Mam}ﬁEM] o
For T > T, = K one simply obtains (pi, 02, p3) = (i, %,O). Hence (T > K) =

(T/K)?—land (T > K) = (T/K)2+%. Near the critical point, expansionint = 1 —-7/K
reveals that (py, p2, p3) = (i % — 21, r) +0O(13%) so

t=1-T/K: S(T) = 2t + O(1?) Su(T) =3 =2t +O(?).
Thus for T > K the rotation-invariant RS state is stable (only marginal for model I at
T = T.), followed by restored stability for T < T.. Near T = 0 one has (p, 02, p3) =
(T/7/2K)(1, —1,2) + O(T?), so either 21u(T) does not exist, or Xy (7) = O(T?).

In figure 1 we show our results, together with those of homogeneously distributed pinning
angles (see below), by plotting ¢ and xgrs as functions of temperature, and testing them
against numerical simulations. We find reasonable agreement, given the CPU limitations
on system size and equilibration times. In spite of the differences between models I and II
at the microscopic level (notably in terms of frustration properties of spin loops), without
pinning fields there is no macroscopic distinction between their physical behaviour in the
replica-symmetric state, probably due to the overruling amount of frustration. The models
have identical ¢ # 0 and RSB transition lines and identical values of the replica-symmetric
physical observables, with a paramagnetic state for 7 > K, and a spin-glass state for 7 < K.
The only difference is the degree of stability of the rotation-invariant state against non-
rotationally-invariant fluctuations, since X1(7") # Xy (T'), which cannot be measured directly.

6.2. Homogeneously distributed pinning angles

Our second choice is the homogeneous distribution p(¢) = (27)~'. The Hamiltonian (1) is no
longer invariant under simultaneous rotation of all spins, but we still expect the macroscopic
state of the system to have global rotation symmetry. We cannot simplify equations (65), (67)
and (76) further:



Frustrated coupled oscillators with random fields 4493

0.5 = T T T T 0.6 T T T T

04 - B 05

q ' XRS

02t AN R 03

0.1 F B 02 3

0.0 1 i " n 0.1 ' ) ! )
0.0 0.4 0.8 12 16 2.0 0.0 0.4 08 1.2 16 2.0

T/K T/K

Figure 1. Theoretical predictions for the RS order parameter ¢ (left) and the susceptibility
XRs (right) as functions of temperature, for models I and II and with K = 1, in the cake of
homogeneously distributed pinning angles. Different curves correspond to different values of the
pinning field strength £, taken from {0, 1, 2, 3} (lower to upper in left-hand picture, upper to lower in
right-hand picture). Connected markers: results of numerical simulations with N = 400 (model I:
@, model II: O).

T 00 = 2
qZ/ dy drre%’z{ill[:(r’lm]} (100)
o 2m Jo LlE, ¥)]
N2 1 mdy [ s
flgl = —2BK*? (q——) - = —I/’/ drre 2" log Io[E(r, ¥)] (101)
2 BJo m Jo

Xrs 1 /” dy [ dr r et |:12[E(V, w1 IFIE(r, I//)]i|
— rre 2 -
o 27 Jo LIEr Y] BIE ¥)]
|:h2 +4K%r%q cos(2yr) + 4hKI’\/§COS(I/f)j|
X

h* +4K?%r2q + 4hKr /q cos(yr)

(102)

with E(r, ) = B\/4qK?r? + h* + 4K hr /g cos(y). For h # 0 one no longer expects to
find a phase transition from a ¢ = 0 to a ¢ > 0 state; this is clear upon expanding (100) for
B — 0, giving g = %(,Bh)2 + O(B?). For weak fields one has g = h?/8(T? — K?) + O(h?),

in the regime T > K. For strong fields one finds lim; .. ¢ = %, limh_,oo(]?/h) = —1and
limy,_, 0o xrs = 0. For T — 0, on the other hand, one finds

1 Tdy [ drre2” 5
g=~--—T — +O(T*) (103)

2 2

0 0 \/hZ +2K2r2 + 2K hr~/2 cos(y)
Td o ) h++2K 2

llm ARS = / _1/[/ dr re—ir [ \/— rCOS(I/f)] ) (104)
T—0 o 7 Jo [h2 +2K2r2 + 2K hr/2 cos(y)]3/?

Away from T, h € {0, co} we must resort mainly to numerical evaluation of our equations.
In figure 1 we compare the result of this exercise with numerical simulations, carried out
for N = 400 and h € {0, 1, 2,3}. The agreement is satisfactory, apart from the 7 = 0
and low-temperature results, where finite size effects and equilibration problems are most
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Figure 2. The phase diagram for models I and II, in the case of homogeneously distributed pinning
angles. Solid: the AT instability, signalling a second order transition from a replica-symmetric
paramagnetic state (RS) to a locally ordered state without replica symmetry (RSB), and possibly
to states without global spherical symmetry. The transition field strength diverges as 7/K — 0.

prominent. We note, in comparison with the phase diagram of figure 2, that the most serious
deviations, observed in the susceptibility curves, occur in the RSB region where y rg is indeed
not expected to be correct.

Next we turn to expression (105) for the AT line:

[TT_/” dy /‘”d 1y [lz[a(r, v RIEG, w)JT [ E(, me
= | = — rre 2 — +|(1l— 5———— .
K o 7 Jo BIEC Y] RIEC Y] BIE( ¥

(105)

For h — 0 we recover (96) with replica instability for 7 < K. Expanding (105) for
weak fields in the regime 7 > K gives (T/K)? = 1 — h?/2(T?* — K?) + O(hv/h),
which has no solution; hence weak fields strengthen replica stability for 7 > K (as
expected). For h — oo we find E(r,¥) — Bh, as a result of which we get, using
1,(2)/Io(z) = 1—n?/2z+0O(z7%) (]z] = 00), for the right-hand side of (105) the asymptotic
form RHS = T?/2h* + O(h—3) (h — o0), Hence for every nonzero temperature there is a
pinning field strength above which replica symmetry holds. Investigation of the limit 7 — 0
in (105) shows that we now end up with

[

1]

. RHS Ty [0 drre2"”
lim ——— = — :
-0 (T/K) o 7 Jo r2+in?2/K2+2rhcosy/K

_ 71,12/1(2 Ocd}" _ L2 _
=e 7 — e 2 Iy[hr/K~/2] = 0.
0

-
The field har(T) which marks the AT instability diverges as T/K — 0. For general fields
and temperatures the integrals in (105) are evaluated numerically. This gives rise to the phase
diagram shown in figure 2.

For homogeneously distributed pinning angles, where (cos(4¢))s = 0, it follows from
(93) that the two types of rotation symmetry breaking coincide: X[5(T) = E{iﬁ(T) =
2ru(T). The constituents of (85) and (86) become '

00 T 2rm
m:l/ drre—%”/ d—w{l—M} (106)
4Jo 0o Iy[E@r, ¥)]
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1 [ 1,2 [T dy { IP[E(r, 1ﬂ)]} { 3IE, 1ﬁ)]}
—— | drre? el PR Ll L SEN O SR Ll A 2 107
& 2/0 e /0 7 2IE( Y] RIE( ¥)] (1on
e} T =) 2rm
p3 =/ drr67%’2/ 4 {1 _ blat I/’)]} 112[“(” L2l (108)
0 0o T LlE@ )] ) ITIE(r, ¥)]

Since |1,[z]/Iolz]| < 1 it is clear that p; € [0, 1], p» € [—1, 1] and p3 € [0, 1]. Hence,
given the existence of the square root, one immediately obtains from (85) and (86) the bounds
((T) = (T/K)* — 1 and Ty (T) > (T/K)? — 2. Thus the rotation-invariant state is stable
for T > K (modell) and T > %\/5 (model II). For weak fields we may again, in the regime

T > K, expand in powers of h. This gives
T7° h? 3
(M) =|—=| -1+ —=——=5+0W 109
1(T) [K} g T o) (109)

2
T 1 ,

Weak pinning fields stabilize the rotation-invariant state for model I, but do not affect the
stability for model II. For strong pinning fields we expand in powers of A~' and find
2in(T) =(T/K )2+ O(h™?), so rotation symmetry is stable for any temperature.

For arbitrary pinning field strengths and temperatures, the integrals in (106)—(108) are
evaluated numerically. This reveals that for all nonzero temperatures and all field strengths
2ru(T) > 0, implying (in combination with the lack of evidence of first order transitions,
and within the RS ansatz) the prediction that the system is always in a rotation-invariant
state. There are no further RS transitions, and the phase diagram is given by figure 2. Again,
models I and II differ only in the degree of stability of the rotation-invariant state against
non-rotationally-invariant fluctuations.

6.3. Inhomogeneous distributions: p(¢) = %8[45 — o]+ %8[45 + o]

Finally we turn to pinning angle distributions of the form p(¢) = %5[(]) —al+ %8 [¢ +«a], with
a € [0, r]. By varying o we can control this distribution to be either unimodal or bimodal.
One now has (cos(2¢))s = cos(2«) and (cos(4¢))s = cos(4a). Hence, according to (51) we
can have rotation-invariant solutions only when « € {m /4, 3t /4}; in the latter cases one has
(cos(4m))y = —1, so as far as rotation-invariant solutions and their stability are concerned the
a € {r/4, 37 /4} models behave identically. For o ¢ {m/4, 37 /4} there is generally only the
overall reflection symmetry ¢; — —¢; to be exploited, and we therefore must resort mainly
to evaluating our equations numerically.

In view of the above discussion we concentrated on o € {O, T %}, covering bimodal
(a = %, %) and unimodal (o = 0) distributions, and models with rotation-invariant solutions
(¢ = Z) as well as cases without (@ = 0,%). We tested our theory by comparison
with numerical simulations. The general effect of random pinning fields is to break the
symmetry between our models, and the values of otherwise identical order parameter pairs
such as {g.c, gss} and {Q., O,s}. The agreement between theory and simulations is generally
satisfactory, except for the susceptibility when measured at low values of T and %, where one
faces equilibration and replica symmetry breaking difficulties.

6.3.1. p(¢) = 38[¢ — im]+18[¢ + 1n]. For a = m/4 one still has rotation-invariant
solutions to our RS equations, and all results obtained earlier for p(¢) = Q2m)~! relating to
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q (100), the free energy per oscillator (101), xgs (102) and the AT line (105) can be taken
over, without alteration. The difference with p(¢) = (27)~' lies in the stability against
fluctuations which violate rotational symmetry. Since here (cos(4))s = —1, we now obtain
the symmetry breaking transitions as the zeros of the following functions (using (93)):

ST = (T/K)? — \/(m(—l) — p2(=1))? = p3(—=1) = p1(=1) = p2(=1) (111
ST = (T/K) - \/(,01(+1) — p2(+1))2 = p3(+1) = pi(+1) — p2(+1) (112)
(T = (T/K)? — \/(;01(—1) — p2(=1))% = p3(=1) = p1(=1) + pa(=1) (113)
TEUT) = (T/K)* — \/(/01(+1) — p2(+1))% = p3(+1) — p1(+1) + p2(+1) (114)
with

LT LTy _If[s(r,wn}
‘”(K)W/o drre /0 e {1 RIEG. )]
I /w / dw{ma(nm] If[a(r,w)]}
+—K drre: — — - ==
PR A o 7 |BIEG. W] LRIEC ¥)]

y {1 _ 8BY2Kr /g sin(¥)P[h + 2Krﬁcos(w)]2}
B4 (r, )

L ”dw{ If[smw” 31%[8@1#)]}
=— | drre by SR Lo 20 ) § I Lk £
oali) 2/0 e /0 7 BIEr ¥)] RIE(r )]

1 /‘” _1,2 /” dy {Iz[E(r, V) IEHE(, 1ﬁ)]} {Iz[E(r, V)l
K drre — —

0 o ™ [LIEECE Y] LIEC W LLIEC )]
3 3IE, w)]} {1 B 8ﬁ4[2Krﬂsin(w)]2[h+2Krﬂcos(w)]2}
BIE(r, ¥)] EXr, ¥)

(115)

(116)

B /"O 12 /” dyr { LIE(r, 10)]} IFEr )]
p3(k) = drre 2 — 11— — T
0 0o T LlE(, ¥)1] IGIE(, ¥)]

/°° _er/ﬂ dw{ L&, w)]}{ I}MEr Y)]  2DL[E(r, w)]}

+K drre 2 —1l = —= T — —

0 0o T LIEF WY U IGIEr ¥ DlLE(, ¥)]
{1 8B4 2K r/q sin(y)]*[h +2Krﬁcos(w)]2}

X — .

~ (117)

E4(r, )
The inequality |1,[z]/o[z]] < 1 allows one to obtain the crude bound 7'/K < 3 for the zeros
of (111)—(114). For strong fields one has

(p1, P2, p3) = I'B—hK(l, ~1,2)+O(h™?) (h — 00)
and thus Ef’fl’ref(T) = (T/K)* + O(h™?), confirming stability of the rotation-invariant state.
For weak fields we may again for T > K expand in powers of h. This reveals that those
terms in {p1, p2, p3} which are proportional to k are of subleading order O(h—3) as h — 0.
Hence we revert back to expressions (109) and (110). Apparently, the effect of switching on
the pinning fields is again to stabilize the rotation-invariant state.
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Figure 3. Theoretical predictions for the RS order parameters g.. and gy as functions of
temperature, for model I with K = 1, in the case of pinning angle distribution p(¢) =
%S[qﬁ — %n] + %8 6+ in] (where the theory predicts that g.. = gss). Different curves correspond
to different values of the pinning field strength #, taken from {1, 2, 3} (lower to upper). Markers:
results of numerical simulations with N = 400 (g..: ®, gss: O). Error bars in the measurements
are of the order of 0.02; the deviations observed are mainly finite size effects. Note that the property
qce = (ss 18 the fingerprint of rotation-invariant states.

Numerical evaluation of (111)—(114) showed that for all nonzero temperatures and
field strengths 2% (7) > 0. This implies (in combination with the lack of evidence
of first order transitions, and within the RS ansatz) the nontrivial prediction that for
p(@) = 18[¢p — tm] + 38[¢ + 7], which is a distribution without rotation invariance, the
system is still always in a rotation-invariant state. This statement and its quantitative
consequences are confirmed convincingly for model I by the simulation data shown in figure 3;
similar results can be shown for model II. We conclude that for p(¢) = %8[4& — in] +
%8 [¢ + in] the phase diagram for both models I and II is identical to that of homogeneously
distributed pinning angles, i.e. figure 2.

6.3.2. p(¢p) = 6[¢]. For p(¢) = 8[¢] we no longer have rotation-invariant solutions,
and analysis becomes more complicated. Given the assumption of reflection symmetry
(Q¢s = qes = 0, whose stability we calculate below) we are left with three RS order parameters,
{Occs Gee» qss}, and with the effective measures ((34) and (35)) which now become

M1(9|x y) _ eﬂh cos(@)+(ﬂK)2[2Q(.(,f1+qﬂ7q(,(,|cos(20)+2ﬂK[cos(@)x\/ﬂﬂin(f))y\/cﬁ| (1 18)
My (6)x y) — eﬂh cos(0)—(BK)*[2Qcc—1+4ss —qa]COS(29)+2,3K[COS(@)X\/(K+Sin(0)y\/qT]. (119)

The remaining order parameters are to be solved from

Qce = ({((cos®(©)): ) Gec{{((cOS(0))I))g dss = (((sin(0))2))g- (120

At the RS ground state we know that g.. + ¢, = 1 and Q. = %[1 + geec — qss)- Due to
p(¢) = 5[] the RS susceptibility (45) simplifies to

XRS = ,3(1 - QCC - st)~ (121)
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For strong pinning fields one finds limj,_, oo Q¢ = limy_ 0 goc = 1 and lim,_, o g;s = O.
Hence limj,_, o xrs = 0. In the high-temperature regime an expansion in powers of § shows
the solution of (120) to behave as

Qu=3+0")  qo= 1N +0B°)  gu=0@B. (122)
Hence ygs = 1/2T + O(T3) as T — oo.

The expressions for the AT line(s) ((43) and (44)) and reflection symmetry transitions
((47) and (48)) cannot be simplified further, except in special limits and in the special case
described below. For i — oo one trivially extracts from these equations that both replica
symmetry and reflection symmetry are stable for all finite temperatures; the same is true for
high temperatures and arbitrary field strengths (as expected).

Yet, analytical progress can be made for model I. Here, in line with (122), our
order parameter equations allow for solutions with g, = 0. Given the identification
Gss = limy_ oo N7! >~ (sin(6;))?, such solutions imply that (sin(6;)) = O for all i. This
can be understood as a result of the action of the pinning fields, which for p(¢) = 5(¢)
drive the phases towards ¢; = 0. Insertion of ¢, = 0 as an ansatz into (118) gives
(sin(0)), = (sin(@) cos(#)), = 0, confirming g;; = O self-consistently (this is not possible for
model II). This results in considerable simplifications, such as y.; = 0 and y,, = (sin?(9)).,
and reduces the computational effort in the various numerical integrations. One now has only
two order parameters, Q.. and g, to be solved from

Qcc = / Dx (cos?(6)). Gec = / Dx(cos(9))2 (123)
with
My(0]x) = P cosONn+2Kx /Gec +(BK)*12Qcc~1~gec] cos(26) (124)
The ground state has Q.. = g, = 1. The equation for the AT line of model I becomes
T 2
<ﬁ> :max{/Dx[(cosz(Q))* — (cos(9)>§]2,/Dx(sinz(e)ﬁ}. (125)
Similarly we can for ¢g;; = 0 simplify the constituents {A;} of (47) to
A= Z/Dx(sinz(é?)cosz(@))* (126)
Ao = 2/ Dx (sin?(9)).[(cos?(9)) — 2(cos(6))?] (127)
Ay = 4/ Dx (sin*(0) cos?(8))+(cos(8))s. (128)

These are to be inserted into (47), whose zeros mark reflection symmetry breaking. We
now also have a third type of transition: destabilization of gs; = 0. The condition for this,
32 f1l---1/0g% = 0, with appendix A can be written as

(T/2K)> =f1)x<sin2(9)>i. (129)

Clearly, for h — 0 (absent pinning fields) the g,; 7# 0 bifurcation occurs at 7 = K, and
coincides with a bifurcation of g.. # 0 and with the AT line. Comparison with (125) shows
that the critical temperature 7. defined by (129) obeys T, < Tar. Hence the AT instability
does occur for ¢g; = 0 and is thus given by (125). Numerical analysis reveals that along
the line (125) one always has [ Dx[(cos?(0)). — (cos(0))2]* < [ Dx(sin*(9))Z, and hence
Tar = T, (the two transition lines coincide, in agreement with [26, 27]).
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Figure 4. The phase diagrams for models I (left) and II (right), in the case of p(¢) = S[¢], Solid
line: the AT instability, signaling a second order transition from a replica symmetric state (RS) to
a state without replica symmetry (RSB). For model I the AT line coincides with the line marking
a continuous bifurcation of gg; # 0 solutions of the RS order parameter equations.

Numerical solutions of (43) and (44) and (129) lead to the phase diagrams in figure 4.
The g, # O transition for model I coincides with the AT line. The RS stabilizing effect of the
pinning fields is apparently much greater for model II than for model I. Numerical evaluation
of the conditions ((47) and (48)) marking the breaking of reflection symmetry shows for both
models that this does not happen at any finite temperature.

The results of comparing the solutions of our RS equations (obtained numerically) with
simulations are shown in figures 5 and 6. It is clear from these figures that, due to the
breaking of global rotation symmetry by the external pinning fields, there is now a profound
difference between the macroscopic behaviour of our models. Energetic conflicts are resolved
differently. With the exception of the susceptibility, the agreement between theory and
numerical experiment is good, taking into account finite size effects which lead as usual to a
smoothing of the second order phase transition marking g, 7# 0 bifurcations. Comparison
with the locations of the AT lines in figure 4 suggests again that the serious deviations in the
susceptibility are due to replica symmetry breaking; yrs cannot be expected to be correct in
the RSB region.

6.3.3. p(¢) = 38[¢p — 37| +18[¢+1m]. Our final example is a bimodal distribution which,
due to (cos(20))g = —1 # 0, again does not allow for rotation-invariant states. According
to (4) (with n = A = 0) this choice is related to the case p(¢) = 5[¢] by a simple gauge
transformation, and our models must have identical free energies and phase diagrams. As a
consistency test we will try to extract this property from the RS saddle-point equations. Given
reflection symmetry, the two effective measures (34) and (35) now become

M (9|x, y + %) — eiﬂh Sin(@)+(BK)*[2Qcc — 1+qss —Gec] c08(20)+2B K [cOS(0)X \/Gec+5iN(0) ¥ /G55 | (]30)
My (9|x’ p== %) = e:tﬂh sin(9)*(/5K)2[2ch*1+61vv*Qrc|Cos(29)+2ﬂKlcos(é)x\/qTﬂin(f))y\/cﬁ]. (131)

We see that our models can indeed be mapped onto those obtained for p(¢) = 5[¢]. We

introduce the transformation 6 = :I:(%rr — 9’) (permutation and reflection of axes), which,
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Figure 5. The theoretical predictions for the RS order parameters {gss, gcc, Qcc} and the RS
susceptibility, x rs as functions of temperature, for model I with K = 1, in the case of p(¢) = §[¢].
Thick solid lines: theoretical predictions. Markers: results of numerical simulations with N = 800.
Different curves correspond to different values of the pinning field strength £, taken from {1, 2, 3}
(indicated by squares, circles and triangles, respectively).

via the order parameter equations (120), induces a corresponding transformation of the order
parameters:

Qcc =1- Qéc qce = C];s qss = C];c (132)
The effect on the measures (130) and (131) is that the latter can now be expressed in terms of
the measures (118) and (119) describing the distribution p(¢) = §[¢] studied previously:

T , s l
M, (9|x, v+ E) — My(®| %y, x) My <9|x, y, iz) — My(@'|+y, x).

Since operations such as (x,y) — (Z£y,x) have no physical consequences, and since
all observables and transition lines are (within RS) constructed from the measures (130)
and (131), we conclude that the macroscopic physics of the cases p(¢) = J&[¢] and
p(@) = %8[(1) - %n] + %8[(1) + %n] are indeed identical. The relations (132) map the order
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Figure 6. The theoretical predictions for the RS order parameters {gss, ¢cc, Qcc} and the RS
susceptibility x rs as functions of temperature, for model Il with K = 1, in the case of p(¢) = 5[¢].
Thick solid lines: theoretical predictions. Markers: results of numerical simulations with N = 800.
Different curves correspond to different values of the pinning field strength &, taken from {1, 2, 3}
(indicated by squares, circles and triangles, respectively).

parameters of the present bimodal distribution to those of the case p(¢) = 8[¢], and both
cases have identical free energies and identical phase diagrams. In particular, the g;; = 0
solution of model I for p(¢) = §[¢] corresponds here to a solution with g.. = 0 (again for
model I only), and the RS susceptibility becomes yrs = B(Qq — gcc). The equivalence of
the p(¢) = 8[¢] and p(¢p) = 18[¢ — 1n ]+ 18[¢ + 1] models is also immediately obvious
in numerical simulations (which we do not show for brevity).

7. Discussion

We studied models of frustrated coupled Kuramoto oscillators in the presence of random
pinning fields. To simplify our problem we assumed that the natural frequencies of all
oscillators are the same and that the pinning field distribution is reflection-symmetric, i.e.



4502 A C C Coolen and C Pérez-Vicente

p(¢d) = p(—¢) (a simple gauge transform allows one to map the present models to those
with larger families of pinning field distributions). We calculated the disorder-averaged free
energy using the replica method for two types of random pair interactions (model I and
model II, the first with standard ferro- and anti-ferromagnetic interactions and the second
with chiral interactions), which differ in the level of frustration. In terms of, e.g., oscillator
triplets, model I is partially bond-frustrated, whereas model II is fully bond-frustrated. For
small system sizes the two models have significantly different ground state properties. Our
main interest here was to understand the difference(s) in physical behaviour between the two
models in equilibrium, in the thermodynamic limit. At the mathematical level our two models
are found to differ in the details of the effective (replicated) single-spin measure, but they have
the same types of order parameters. Within the replica symmetric ansatz, one finds different
expressions for the AT instabilities; more unexpectedly, the two models are also found to differ
in the nature of the extremum of the free energy.

We inspected the effects of different types of symmetries which our models could inherit
from the pinning field distribution. Global reflection symmetry leads to a simplified measure
and a reduced number of order parameters. Reflection symmetry breaking transitions are
found to be possible at most in the RSB regime. In the case of global rotation symmetry, only
one order parameter remains (within RS), and the effective measure, the free energy, and the
AT lines are identical for both models. We analysed our order parameter equations in detail
for four specific choices for the pinning field distribution, and tested our predictions against
computer simulations. Without pinning fields, our two models behave identically to a standard
long-range XY model with nonchiral Gaussian interactions [32]. The same is found to be true
for uniformly distributed pinning angles. The agreement between theory and simulation is
quite satisfactory, modulo finite size effects, except for the susceptibility at low temperatures,
where RSB effects in combination with equilibration difficulties play a major role. We
then studied inhomogeneous pinning angle distributions, of the form p(¢) = %5[(]) — o] +
%8[(}3 + «]. For the special value o = % one finds, remarkably, that both of our models are
again always in a rotation-invariant state (in spite of the fact that the pinning field distribution
lacks rotation invariance); this is confirmed by simulations. For ¢ = 0 the symmetry between
our two models is broken. They now differ significantly in terms of the location of the AT line,
which for model I in addition coincides with a further order parameter bifurcation, as in
[26, 27]. The a = 7 case can be mapped onto the « = 0 one, by a suitable gauge
transformation. Again, there is a good agreement between theory and simulations.

As a next stage it would be interesting to explore the behaviour of these models for
oscillators with random distributions of natural frequencies, as well as in the presence of more
general chiral interactions. In both extensions/generalizations the standard equilibrium replica
formalism can no longer be used; in the first case one has to rely on dynamical formalisms
[5, 6], whereas in the second case one has to call upon renormalization tricks [20].
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Appendix A. Derivatives of the RS free energy

First and second order derivatives of f[---] in (21) with respect to RS order parameters
are calculated by working out the following relations, where y and y’ denote any two



Frustrated coupled oscillators with random fields 4503

order parameters from the set {Q.., g«} (the disorder variables {x, y, u, v} generated by
the differentiations are subsequently eliminated via integration by parts):

1 af U 1 dlogM(---)
T (e )

1 9f U 1 92 log M(---)
BK2dydy'  dydy’  P2K? aydy’ |,

+<8logM(o~)8logM(~~)> _<8logM(~')> <8logM(~')> >>>
dy ay’ . Iy . ay’ My

Appendix A.1. First order derivatives

éEJETzqgw—wmm%mnmw

# ;g; = 4{Qcs — (((sin(0) cos(0))s))g}
ﬁﬁiizzmmwwﬁm¢—%J
ﬁﬁiizzmmmme¢—%a
ﬁ;i£=4mmmwm@mwmm¢—%a
#% = —4{Qcc — (((c0s?(6)):))g}

# aagis = —4{Q.; — ({((sin(8) cos(8))+N)g)
ﬁﬁgiznwmmmmm—%g
55$Z=zmmmme¢—%J
ﬁﬁggz_ummmmmmw»mm—%ﬁ

Appendix A.2. Second order derivatives for model 1

1 82f1
BK2 902
1 A
BK2 902,
1 0% fi
BK2 000 Qs
1 %A

BK? 00ccdqec
1 9%h

,3K2 0Qcc0gss

=4 — 4(BK)*((({cos*(20))« — (c0s(20))2))e

=4 — 4(BK)*(((sin*(20)). — (sin(26))7))y

= —4(BK)*({((sin(26) cos(20)). — (sin(26)).(c0s(26)).))

= 8(BK)*({((c0s(26) cos(6))(cos(8)). — (c0s(26)).(cos(6)); )

= 8(BK)*({((cos(26) sin(8)). (sin(8)). — (cos(20)).(sin(6))2))
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1 %A
BK?3Qc0qes

1 9%f
Wansa‘Iu‘
1 02 fi
BK20Qc584ss
1 3% fi
BK20Qcs84cs

1 3%f
BKZ0q%

1 9%f

1 3%f;

BK? 0q2

1 324
BK? 3qcc0qss

1 3%f
BK? 0qcc0qcs

1 3f

,BKZ 8qSSanS

= 8(BK)*({((c0s(26) cos(6)) . (sin(6)) . + (cos(26) sin(0)).(cos(6))
2(cos(26))(sin(8)) (cos(0)): )¢

= 8(BK)*({((sin(26) cos(8)). (cos(6))« — (sin(260)).(cos(6)):))g
= 8(BK)*({((sin(26) sin(6)). (sin(6)). — (sin(26)).(sin(6))2))

= 8(BK)*((({sin(26) cos(6)).(sin(8)). + (sin(26) sin(8)). (cos(8))«
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=2+ 8(BK)*(([(sin*(0))s — (sin(®))1[(sin*(8)). — 3(sin(®))21))¢

4+ 8(BK)*(([(sin*(8))« — (sin(8))Z1[{cos>(8)). — 3({cos(6))7]

+[(cos®(0)), — (cos(8))Z1[(sin*(0)). — 3(sin(8))3] + 2[(sin(f) cos(H)).
— (sin(8)).(cos(8))«1[(sin(8) cos(8)). — 3(sin(8))(cos(8)).1))¢

= 8(BK)*({([(sin(8) cos(8)) — (sin(8)).(cos(8)).]

X [(sin(®) cos(0) )« — 3{sin(0))«{cos(9))«1))¢

=8(BK)*(([(sin(8) cos(8)) — (sin(6)).(cos(8)).][(cos” (B)). — 3(cos(6)):]
+[(sin(0) cos(0)) — 3(sin(6)). (cos(6)).1[(cos>(©)). — (cos(@))21))

= 8(BK)*(([(sin(8) cos(8))« — (sin(8))«(cos(8)).1[(sin*(0)). — 3(sin(9)):]

+[(sin(8) cos(8)). — 3(sin(8)).(cos()).][(sin*(0)). — (sin(6)):1))s-

Appendix A.3. Second order derivatives for model 11
1 92
Wﬁ% = —4 — 4(BK)*({{{cos?(20)), — (c0s(20))2 )¢
1 azf[] _ 2 .2 . 2
FRTI0. — —4 — 4(BK)*(((sin®(20)), — (sin(20))2))y
1 82fII _ 2 . .
PRI T0. 0. —4(BK)*(((sin(20) cos(20)), — (sin(20)).(cos(20)). )4
1 82fu

BK? 0Qcc0gce
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92 fu

= —8(BK)*({((cos(26) sin(8)). (sin(8)), — (cos(20)).(sin(6)); )
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ﬁKz a Qccaqss
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1 % fu
BK? 0Qccdqcs
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BK? 30m0dee S R
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IBKZaQCSaqSS ’ ) * * ¢
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+[(sin(0) cos(0)). — 3(sin(0))(cos(®)),1[(sin*(0)). — (sin(®))71))¢
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,BK 3qu3qu

+[(sin(8) cos(8)). — 3(sin(8)).(cos()).][(cos’(6))« — (cos(@))Z1N)g-

Appendix B. Derivation of the AT instability

Appendix B.1. Calculation of the RS Hessian for replicon fluctuations

We calculate the Hessian of the disorder-averaged free energy per oscillator by expanding
(7) in powers of the fluctuations {§g**, §G**} around the RS saddle point. We use pairs of
Roman indices (ab) and (de) to label the four combinations {cc, ss, cs, sc}, and abbreviate
the corresponding functions in the obvious way as a(6), b(0), c(0), d(@) € {cos(h), sin(9)}.
We put ¢35 = 2i(BK)*k}5 and 8f[---1= f[---1— frs[-- -1, and obtain:

n 3 : ss cc sc cs ab1?
_mgf[. -] = 2sin®(A%) % [8a558a5; — 8a55045% ] + cos”(A®) azb % [8q25]

_ abs ab . ) J do M(O|{k™ +5K™})
202 kipddig + e <l°g{ [ d6 M O[{k™)) } >¢

ab af
(B.1)
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with
M(@|{k*)) = P Y O8O —@)+2BK)? Y Yo Kiya(0u)b(0p)

Working out the fraction in the last term of (B.1) gives

[d6 M(B|{k™ +5k™)) , [ 460 M(O|{k™* Da(6.)b(0p)
=1+2(BK Skyp
Faom@) 2R T g e

228Kt Y Y sketsite L 4O MOUR DaCb@pd(6;)e@) |
af

afyd ab,de /dGM(HHk**})

Upon expanding log(x) = x — %xz + - - -, and upon introducing the shorthand M (8|RS) =
M(0| {k:;fg }) we arrive at
n

—ﬁKzaf[---] =2$in2(A*)Z 89558955 — 8q550q5,] + cos*(A” )ZZ 894

ab  of
23y 5kg§5q +2BK Y Y Skipskys

ab of afyd ab,de
» <fd0 M (BIRS)a(0,)b(0p)d (6, )e(Vs)
[d6 M(6RS)
~ deM(OlRS)a(Oa)b(Oﬂ)deM(0|RS)d(9y)e(95)>
¢

/ do M(6|RS) [ de M(8|RS)
We work out the last of the above quadratic terms for fluctuations around the RS solution, for
small n. We abbreviate Dxyuv = Dx Dy Du Dv, and denote by M (0) either the measure (11)
(for model I) or (12) (for model II):
ooy = [ Dxyuv [T, [ d6 M(6;)] a(6a)b(0p)c(8,)d (0s)
¢ [ Dxyuv[[do M©®)]" ,

B [ Dxyuv[[T, [ d6, M(6;)] a()b(0p) [ Dxyuv [T, [ d6 M(6:)] c(8,)d (6s)

[ Dxyuv[[do M©®)]" [ Dxyuv|[[do M(©®)]" ¢'
Restricting ourselves to replicon fluctuations, i.e. 8¢5 = 8kX: =0, Skap =, 8¢ap =0
and ) p Skap = > p 8¢ap = 0, we can proceed by inserting a string of Kronecker symbols

(and complementary symbols 8,5 = 1 — 845) to do the bookkeeping of possibly identical
combinations of replica indices:

5a55ﬂy + 8ay 5/55 + 8@5/3), + (Sayglgg + gay(slgg + gm;é/gy + gmggaygﬂggﬂy
giving, for n — 0, and upon using again the replicon properties:
(- )¢ = Sasdpy (([{a(0)e(0)): — (a(0)).(e(6)):1[(b(0)d(0)).
—(b()):(d(0))1))g + 8psdpy (([(L(B)e(0))«
— (b(6))+(e(0)):1[(a(0)d(0)), — (a(0))«(d(6))+1))g-

The remaining terms give identical contributions to the fluctuations around the RS free energy,
after the summation over (y, §; de), and the result can be written as

1= {8q568q45] sin>(A*)Ca.de + 05" (A*)8ab de ]
a#p ab,de

— 28Gupdkls Sab.ae + 4(BK) 8kl 8kis Eapae} + - - (B.2)

ﬁK2
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with the two 4 x 4 matrices (note: ab, de € {cc, ss, cs, sc})
Cab,de = aab,ssade,cc + 8ub,cc5de,ss - 8ub,cs8de,sc - 8ub,sc‘8de,cs (B3)
Eab.ae = (([{(0(0)e(0)) — (b(0)):(e(0))1[{a(0)d(0))x — (a(0)).(d(0))IN)g- (B.4)

The replica indices have become irrelevant labels, and for n — 0 and within the subspace
of replicon fluctuations, the spectrum of the Hessian reduces to that of the following 8 x 8
matrix:

" <cos2(A*)I+sin2A*C -I > B5)

—I 4(BK)’E

(apart from an overall multiplicative constant), with the building blocks C' = {Cyp 4.} and
E = {Eu.4.} givenin (B.3) and (B.4) and with the 4 x 4 unit matrix I, g0 = Sab.de-

Appendix B.2. Replicon instabilities

Requiring (B.5) to have a zero eigenvalue (replicon instability) leads us to the condition

. <:1:> " (0) ) {[cosz(A*)I+sin2(A*)C]33 =y
y 0/ |z =4(BK)’Ey. ’

Equivalently, det{4(8K)?*[cos’(A*)I + sin>(A*)C1E — I} = 0. For our two models, I
(A*=0)and II (A* = %n), this translates into, using C? = I,

model I: det[E — (T/2K)*I1 =0 (B.6)

model II: det[E — (T/2K)*C] = 0. (B.7)

In the representation where the entries of our matrices are ordered as {cc, ss, cs, sc}, and with
the assistance of (19, 20), we find our matrices C and E acquire the form

0 1 0 0 chc chx YecVes  VeeVes

C= 1 0 0 0 E— )/CZS VSZS VssVes  VssVes
= = 2
0 0 O -1 YecVes  VssVes  VecVss Yes

00 -1 0 VecVes VssVes Vi VecVss

*(B.8)

One observes that |0) = %«/5(0, 0,1, —1) is an eigenvector of both C' (with eigenvalue 1) and
E (with eigenvalue ( ((yccym — yczs)) ) ¢), and therefore also of the matrices in (B.6) and (B.7).
This leads us to the first replicon instability condition, for both models:

(T/2K)” = (({veevss = v2))),- (B.9)

The remaining eigenvectors of the matrices in (B.6) and (B.7), namely E— (7 /2K )>I (model I)
and E — (T/2K)*C (model II), must be orthogonal to |0), and thus in the space spanned by
the following orthogonal eigenvectors of C' (with eigenvalues {1, —1, —1}):

1) = 1v2(1,1,0,0) 2) = 1v2(1,-1,0,0) 13) = 1v2(0,0, 1, 1).

On the basis {|1), |2), |3)} the matrices (B.8) reduce to the following 3 x 3 ones
1 0 O

cC=|0 -1 0 (B.10)
0o 0 -1
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(Goa+v)+vad)y  UG0E =N (et vds
E=| ({Goa-vI)y  (G0a+vd) —val)y (@e e —vahs
(

(Ves Vee + V) D)o {(Vesee = vsMo {{(veerss + D)),
(B.11)

The remaining replicon instabilities thus follow upon inserting (B.10) and (B.11) into the
conditions (B.6) and (B.7). The physical RSB transition associated with the combined replicon
instabilities is the one occurring at the highest temperature.
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