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CHAPTER

‘Two-community noisy
Kuramoto model

This chapter has been submitted and is based on: [93]

Abstract

We study the noisy Kuramoto model for two interacting communities of oscillators,
where we allow the interaction in and between communities to be positive or negative.
We find that, in the thermodynamic limit where the size of the two communities tends
to infinity, this model exhibits non-symmetric synchronized solutions that bifurcate
from the symmetric synchronized solution corresponding to the one-community noisy
Kuramoto model, even in the case where the phase difference between the communities
is zero and the interaction strengths are symmetric. The solutions are given by fixed
points of a dynamical system. We find a critical condition for existence of a bifurcation
line, as well as a pair of equations determining the bifurcation line as a function of the
interaction strengths. Using the latter we are able to classify the types of solutions that
are possible and thereby identify the phase diagram of the system. We also analyze
properties of the bifurcation line in the phase diagram and its derivatives, calculate
the asymptotics, and analyze the synchronization level on the bifurcation line. Lastly
we present some simulations illustrating the stability of the various solutions.



CHAPTER 5

5. Two-community noisy Kuramoto model

§5.1 Background and motivation

The motivation for studying the two-community noisy Kuramoto model is two-fold.
On the one hand, the suprachiasmatic nucleus (SCN) in the brain of mammals is
responsible for biological time-keeping and consists of two communities of cells that
exhibit synchronization [I34]. On the other hand, there are recent studies of interact-
ing particle systems with community structure, that reveal vast richness in behavior
[34, 12, B5], 27]. The noisy Kuramoto model consists of a collection of oscillators with
a mean-field interaction that favors alignment subject to external noisy [114].

The SCN is a cluster of neurons responsible for dictating the rhythm of bodily
functions, most significantly the sleep-cycle. Malfunctioning of the SCN leads to a
variety of health problems, ranging from epilepsy to narcolepsy. Remarkably, the
network structure of the cluster is similar in all mammals, with the universal feature
that it is split into two communities. In humans each cluster has a size of about 104
neurons. It seems that this two-community structure is ideal, both for the robustness
of the rhythm of the cluster not to be disturbed by unusual light inputs, as well as
for the cluster to be adaptable enough to re-synchronize when there is a change in
the light-dark cycle it is exposed to. As we will see below, this is reflected by the
mathematical properties of the two-community noisy Kuramoto model, for which the
interplay between positive and negative interactions introduces new features. The
negative interaction, studied before in [63], [64], seems to play a key role in the
appearance of a negative correlation between the neurons in the two communities in
the SCN, resulting in new emergent behavior such as phase splitting [65].

In the mathematics literature there have been recent studies on bipartite mean-
field spin systems [34], as well as on the Ising block model [12] and the asymmetric
Curie-Weiss model [35], [27], where the splitting into two communities introduces in-
teresting features, for example, the appearance of periodic orbits. These are discrete
models which makes them hard to analyze. What makes the Kuramoto model con-
sidered here hard to analyze is that the interaction between phase oscillators in the
Kuramoto model is non-linear.

Also in [120] the authors consider the two-community noisy Kuramoto model.
They find an intricate phase diagram, with the system being able to take on a variety
of different states. This confirms the observation that a simple modification in the
network structure can greatly increase the complexity of the system. The results in
[120], however, depend strongly on a Gaussian approximation for the phase distri-
bution in each community (explained in [122]), which allows for a reduction of the
dynamics to a low-dimensional setting. In this paper we do not rely on any such
approximation.

We have recently studied the noisy Kuramoto model on the hierarchical lattice
[52], finding conditions for synchronization either to propagate to all levels in the
hierarchy or to vanish at a finite level. This analysis came about by writing down
renormalized evolution equations for the average phases in a block-community at a
given hierarchical level in the hierarchical mean-field limit. In the present paper we
allow for negative interactions across the communities, a situation we did not consider
in the hierarchical model.
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§5.2. Basic properties

In Section we introduce the noisy Kuramoto model on the two-community net-
work (see Fig. and show that the empirical measures defined for each community
evolve according to a McKean-Vlasov equation in the thermodynamic limit. We
also give the steady-state solutions to these McKean-Vlasov equations and conjecture
which values the phase difference between the average phases of the two communities
can take in the steady state. In Section [5.3] we present results on the critical con-
dition for synchronization in the case of symmetric interaction strengths and equal
community sizes, first without disorder and then with disorder. By disorder we mean
that the natural frequencies of the oscillators are taken from a distribution while
without disorder means that all oscillators are assumed to have a natural frequency
of zero. In Section we prove the conjecture from the previous section for a simpli-
fied version of the model where we take the interaction strengths to be symmetric and
prove the existence of non-symmetric solutions in this case. Here symmetric solutions
are solutions in which the synchronization level is the same in both communities while
non-symmetric solutions are solutions where the synchronization level are non-zero
and not the same in both communities. We also characterize the bifurcation line at
which the non-symmetric solutions split off from the symmetric solutions, and ex-
pound a collection of results on the (asymptotic) properties of the bifurcation line
in the phase diagram. Furthermore we analyze the synchronization level along the
bifurcation line. Some of the proofs in Section [5.4] are numerically assisted. Finally,
in Section we present some simulations illustrating the stability of the various
solutions as well as the possible transitions between various steady-states.

§5.2 Basic properties

In Section [5.2.1] we define the model, in Section [5.2.2] we take the McKean-Vlasov
limit, and in Section we identify the stationary solutions.

§5.2.1 Model

We consider two communities of oscillators of size N7 and Ny with internal mean-
field interactions of strength N1 and ’;‘, respectively. In addition, the oscillators in
community 1 experience a mean-field interaction with the oscillators in community 2

of strength % and the oscillators in community 2 experience a mean-field interaction

of strength ]I(,? with the oscillators in community 1. Here we will take K1, Ko € R to

be positive and L1, Ly € R\ {0}.

5.2.1 Definition (Two-community noisy Kuramoto model). The phase angles
of the oscillators in community 1 are denoted by 6; ;, ¢ =1,---, Ny, and their evolu-
tion on S = R/27 is governed by the SDE

6y () = wiidt + 52 SRR sin(6y k(8) — 01,4(t))dt
+ ST sin (0, () — 014(8))dt + VDAW, 4(t). (5.2.1)
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CHAPTER 5

5. Two-community noisy Kuramoto model

Figure 5.1: Schematic picture of the two-community network, with community 1 consisting
of N1 yellow nodes and community 2 of N2 red nodes. The interaction between yellow nodes
has strength K1, between red nodes strength Ko. Yellow nodes feel red nodes at strength L1
and red nodes feel yellow nodes at strength La. Not all the interaction links between the
communities are drawn.

The phase angles of the oscillators in community 2 are denoted by 65 ;, j = 1,--- , Na,
and their evolution on S = R/27 is governed by the SDE

6y ;(t) = wa jdt + 52— ST sin(0a,(t) — 02,5(1))dt
e ST sin(01 k(1) — 02,5(1)dt + VDAWa (). (5.2.2)

Here, the natural frequencies w;;, ¢ = 1,..., Ny, of the oscillators in community 1
are drawn independently from a probability distribution g (dw) on R and the natural
frequencies ws ;, ¢ = 1,..., Na, of the oscillators in community 2 are drawn independ-
ently from a probability distribution ps(dw) on R, while D > 0 is the noise strength,
and (lei(t))po,i =1,...,Ny, and (Wij(t))t>O,j = 1,..., Ny, are independent
standard Brownian motions. For simplicity we take u1, 2 to be symmetric and have
the same mean which we can assume to be zero without loss of generality.

The model can alternatively be defined in terms of an interaction Hamiltonian
and a weighted adjacency matrix, given by

1 N N N
HN(91, . ,(9]\7) = _N Z Z Ai,j COS(@j (t) — ez(t» + Z Hi(t)wi (523)

i=1
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§5.2. Basic properties

with
[0 Ky ... Ky Li Ly ... L]
K 0 ... Ky Ly Ly ... L
D Ly Ly .. Ly
VN K K . 0 L Lo Ly
A:= (AZ’])Z’]:L“"N - Ly Lo ... Lo 0 Ky ... Ky

Ly Ly ... Ly Ky 0 ... K
Ly Ly ... Ly Ky Ky ... 0]

_[Kil. L41

= k) (5.2.4)

where 1 = all 1’s and 1, = all 1’s, except for 0’s on the diagonal. The model then
reads

dc9,»(t):89,L,HN(01,...,9N)dt+DdWZ-(t), i=1,...,N, (525)

where N = N1+ N,. Here, we identify phase angle 6; with the oscillators in community
1 when ¢ € [1, N7] and with the oscillators in community 2 when i € (N7, Ny + Na].
This representation of the model illustrates the network structure of the underlying
interactions and in principle the adjacency matrix can be replaced by a matrix arising
from a random graph model and has recently been addressed by a number of authors
[16, 28] [38], [82], [100]. This however significantly complicates the calculations since the
interactions are no longer expressible in terms of a closed function of the empirical
measure. The representation via the Hamiltonian may also provide a method for
studying the stability properties of the stationary states.

The following order parameters allow us to monitor the dynamics in each com-
munity:

ri, (BeVr B = LS it (®), (5.2.6)
ra.Ny (t)eV2 N2 () = LSV eif2u(t), (5.2.7)

where 71 v, (¢) € [0,1] and ro n,(t) € [0,1] represent the synchronization levels, and
¥1,n, (t) and 99 N, (t) represent the average phases, in community 1 and 2, respectively.
Using these order parameters, we can rewrite the evolution equations in (5.2.1) and

EZD) s

d91,i (t) = wl’idt + ]\Iéi\}\}z T1,N; (t) Sil’l(’(/)l)Nl (t) - Hl’i(t))dt
3, (1) sin (v, () — 61,4(1))dt + VDAWy () (5.2.8)

and

deg’j (t) = Wg’jdt + %T‘Q’Nz (t) Sin(@bQ’NQ (t) - 92}j (f))dt
2oy N (8) sin(i w, (1) — 02,5())dE + VDAWa 5(8).  (5.2.9)

107

G YALIVH])



CHAPTER 5

5. Two-community noisy Kuramoto model

§5.2.2 McKean-Vlasov limit

We assume that the sizes of the communities are related to one another by setting
Ny =a1N and Ny = asN, a1 + as = 1. In the limit as N — oo, we expect the angle
density of oscillators in each community to follow a McKean-Viasov equation. Define
the empirical measure for each community (6 € S,w € R):

N

1
v, (A0, dw) = > 80110y (40, dw), (5.2.10)
L=t
1 &
Z/NQ,t(do, dw) = Fz Z 5(92,],(t)7w21j)(d9, dw). (5.2.11)
j=1

5.2.2 Proposition (McKean-Vlasov limit). In the limit as N — oo, the em-
pirical measure vy, +(d6,dw) converges to vy (df,dw) = pi(t;0,w)dfdw, and the
empirical measure vn, .(df,dw) converges to vo4(df,dw) = po(t;8,w)dd dw, where
p1(t;,0,w) evolves according to

Op1(t;0,w) Bazpl(t;ﬁ,w) 0

ot D) 902 T [01(t;0,w)p1 (80, w)] (5.2.12)

with
(% (t, 0, CU) =w + O[1K1’I"1 (t) Sil’l(l/)l (t) — 0) + OZQL1T2 (t) sin(¢2 (t) — 9), (5213)
and pa(t; 0,w) evolves according to

pz(at ) _ = p28<92 ) _ %[vz(t;ﬁw)pz(t;&w)] (5.2.14)

with
Ug(t; G,w) =w + QQKQT'Q(t) SiIl(’(/)Q(t) - 0) + 011L2T1 (t) sin(d)l (t) - 9) (5215)

Here, r1(t), r2(t), ¥1(t) and ¥a(t) are defined by

ri(t)er® = / v1,4(d6, dw) €', (5.2.16)
SxR

ro(t)e¥2® ::/ vo.1(d, dw) . (5.2.17)
SxR

The convergence is in C([0,T], M1(S x R)) and takes place for any T > 0. Here we
consider annealed convergence with respect to the natural frequencies.

Proof. The proof is analogous to that in the case of the one-community noisy Kur-
amoto model in [33] with straightforward modifications. O
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§5.2. Basic properties

§5.2.3 Stationary solutions

The stationary solutions of the McKean-Vlasov limit in Proposition give the
possible states the system can assume in the long time limit. These are presented in

the next proposition.

5.2.3 Proposition (Stationary solutions). In the casesry =19 =0 and ri,r9 >

0, the stationary density p1(0,w) solves the equation

_D&@pi(hw) 0 [v1.(6,w)p1 (0, )],

0 2 0602 00

which has solution

Al(ﬂ,w)

PO Ao

where

4w

with

%
Al(e,w)=Bl(9,w)(e%w/§%+(l_eT)/o %

)

2w0  2aLyrs cos(y — 0) n 2001 K7y cos(yr — )

Bi(0,w) = exp [T + o) o)

The stationary density p2(0,w), solves the equation

_ DIp0,0) 016, w)pa(6, )]

0 2 007 00

which has solution

A2 (9, (U)

p 97 w :77
0 ) = 10406, 0)

where

4w

Ag(t‘),w)Bzw,w)(eD/SdgéJr(lehljw)/oe&izw)

BQ(¢a w)
with

2wl 2aqLary cos(yr — 0) n 200 Korg cos(ve — 0)

)

Bg(ﬁ,w) = exXp {T + D D

In addition, the following self-consistency equations must be satisfied:

n =V ) = [ () [ dbcos(in — 0)m(6,)
R S

= Vi) = [ () [ a0cos(s = 0) pa(o).

0=Ul"(r1,m2) == ul(dw)/s dfsin(¢ — 0) p1(6,w),

0=Us*(r1,m2) ==

— 5

15 (dw)/S dfsin(ye — 6) p2(6, w).

|-

]

(5.2.18)

(5.2.19)

(5.2.20)

(5.2.21)

(5.2.22)

(5.2.23)

(5.2.24)

(5.2.25)

(5.2.26)
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5. Two-community noisy Kuramoto model

Proof. Note that in the case When ri =19 = 0, both stationary densities are uniform
on S, i.e., p1(0,w) = p2(0,w) = 271" which satisfies and m The proof
in the case when 71,79 > 0 is analogous to the calculatlon given in [40, Solution to
Exercise X.33]. O

5.2.4 Remark. In the simplified version of the model we will consider below, we
are able to prove that solutions of the type r; = 0 and ro > 0 (or vice versa) are not
possible, but it is difficult to prove this in the general case considered above.

In order to understand the steady-state phase difference between the communities,
we proceed heuristically as follows. For the stationary solutions we assume that
ri(t), ro(t),
¥1(t), 2 (t) reach their steady-state values r1, 72,11, 19 as t — 0o and assume that the
parameters of the system are such that rq,79 > 0. For the synchronization levels the
possible steady-state values are computed by solving the self-consistency equations
in (5.2.26). For the average phases we use standard Ito-calculus to compute their
evolution

N,
= 0%,
Aty (2) Z mit 5 > Wj(d%,p% m € {1,2}. (5.2.27)
e = 06,

From the definition of the order parameters we have

M

1
Dy~ Nt D cos(m (t) = Om (1)), m € {1,2}, (5.2.28)

and
gz}f: :Nm:m(t) St (@ (t) = Om.s () (5.2.29)

T N @®)? Sin (Y (t) — Om,j(t)) cos(Pm (t) — Om ;(t)), m € {1,2}.

Substituting (5.2.28)—(5.2.29)) and (5.2.8)—(5.2.9) into (5.2.27)), setting N,,, = N
and taking the large-N limit, we get the equations

dep1(¢) :<K1a1 /d@/ w1 (dw) cos(hy(t) — 0) sin(y1(t) — O)p1(¢;0,w)  (5.2.30)

Lloz

+ # / a0 / 111 (dw) cos(th (1) — 0) sin(ta(t) — O)p (£ 0, w)

/R 11 (dw) w cos(¢ (£) — B)pa (6, w)

+ g /SdH/RMl(dw) sin (1 (t) — 9)p1(t;9,w)>dt7
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§5.3. Symmetric interaction with fixed phase difference

dipy (t) = <K2a2 /d@/ p2(dw) cos(a(t) — 6) sin(a(t) — O)p2(t;0,w)  (5.2.31)

LQOZ

+ 2— D [ 00 [ na(d) costia(t) = 6)sinn (1) ~ O)pa(ts0.0)

/ 1i2(dw) w cos(ta(t) — B)pa(t; 0 w>>d

+ g/SdQ/R,uQ(dw) sin(y2(t) — 9)p2(t;9,w)> dt.

Due to the last two self-consistency equations in ([5.2.26)) the last line of ([5.2.30f) and
(5.2.31)) is zero. For the steady-state average phases in the case when u; = ps = do,
we must therefore simultaneously solve the equations

o= /COS(% — 0) sin(y1 — 0)p1(0,0)do (5.2.32)
S
L
% /S cos(p1 — 6) sin(yy — 0)p1(6,0)d6,
0 :K22a2 /cos(w — 0) sin(tpy — 0)p(6,0)do (5.2.33)
S
L
% /S cos(thy — 6) sin(y1 — 0)p2(6,0)d6.

Since the system is invariant under rotations, we can set one of the two angles to zero.
If we set ¥ = 0, then we see that the equation for w5 is satisfied by taking 1o = 0
or ¢o = w. The above calculation is not rigorous, but does suggest the following
conjecture.

5.2.5 Conjecture (Steady-state phase difference). In the system without
disorder, the phase difference v = 1o — 11 between the two communities in the two-
community noisy Kuramoto model with Ky = Ko = K and L1 = Ly = L # 0 in the
steady state can only be ¥ =0 or ) = .

The intuition for this conjecture is that the system will try to maximize the interaction
strength between oscillators in order to achieve the highest synchronization in each
community. This will be achieved at v» = 0 when L > 0 and at v» = m when L < 0.
The other combinations (¢p = 0 with L < 0 and ¢ = 7 with L > 0) should also be
possible, but should not be stable. For an illustration of stability properties obtained
via simulations, we refer the reader to Section

§5.3 Symmetric interaction with fixed phase differ-
ence

In this section we pick Ly = Lo = L, K1 = Ko = K, a;y = as, D = 1. In Section
[6-3:1] we consider the case where the natural frequency of the oscillators is zero, and
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CHAPTER 5

5. Two-community noisy Kuramoto model

in Section the case where the natural frequency of the oscillators is drawn from
a symmetric distribution p on R.

§5.3.1 Without disorder

Here we take pu; = po = do. This simplifies (5.2.19) and (5.2.23) to
exp [Lrg cos(1pg — 0) + Kry cos(ih; — 9)}

= 5 do exp [er cos(1pg — @) + Kry cos(h — gb)]
exp [Lrl cos(¢1 — 0) + Krag cos(ihy — 0)}

- Jsdo exp [Lrl cos(p1 — @) + Kro cos(ipg — q’))] .

The self-consistency equations for r; and ro in can be written in the form

(@1 costpy + by sinyy) 2, 12
- . W(M) (5.3.3)

by si
ry = (as cos g + gsmT/Jz)W( a3+ 12 ),

2

where W (x) = QVI(I),JZ € (0,00), with

_ J5 d6 cos e®cos?
- fS d@ ez cos (% ’

p1(0)

, (5.3.1)

p2(0) (5.3.2)

V(z) x € [0, 00). (5.3.4)
The definitions of aj, as, b; and by will be given below. The function V' (z) is the same
function that appears in the self-consistency equation of the one-community noisy
Kuramoto model [53, Equation 2.2]. To see why the self-consistency equations can

be written as in (5.3.3)), note that
/deeacose-i-bsinO _ 271_10( /a2 + b2)’ (535)
S

with I, (z) := 5= [ df(cos )™ exp(z cos§) the modified Bessel functions of the first
kind, so that

b d 2raly (Va2 + b2)
df cos et cosOtbsing — = on7 (/g2 4 p2) = VT L2 5.3.6
/ L omlo(\/a? 1 7) el (5.3.6)

/da sin § @ cosO+bsing — gmo( a? +b?) = 2mbli(Via? +6%)

A b VT

Here we have used the identity Io(z) = I1(z) given in [2, 9.6.27]. Using and
the trigonometric identity cos(a — b) = cosacosb+sinasinb, a,b € R, we can rewrite
the self-consistency equations for r; and ro as

_ (ay costpy + by sinepy)I;(v/af + b3)

r , (5.3.7)
1 VAR (Val + )

” (a2 COS'IZ}Q +bg Sin¢2)11(\/a% +b%)
2 = )

Va3 + b3 To(y/a3 + b3)
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§5.3. Symmetric interaction with fixed phase difference

where
a1 = Krycosyy + Lracoss, by = Krysinyy + Lrgsins, (5.3.8)
as = Krycosips + Lrycospy, by = Krosinas 4+ Ly sine.
Note that
a2 402 = K?r? + L*r2 + 2K Lryry cos 1, (5.3.9)
a3 4+ b3 = K?r3 4+ L*r} + 2K Lrrq cos 1), (5.3.10)

where we recall ¢ = 19 — ;. The most suggestive form of the self-consistency
equations is in terms of K, L and the phase difference 1):

K L
- (Kry + rgcosilf (\/Kz +L2T§+2KLT1TQCOS¢)a

K L
ry — (Krqo + r1c05w (\/Kz +L2rf+2KLr1r2cosw> (5.3.11)

and is obtained by substituting the expressions for aq,as,b; and by into (5.3.3).

5.3.1 Proposition (Properties of V).

(a) V(0)=0
(b) V'(0) = 3.
(¢) = V(x) is strictly increasing on [0, 00).
(d) = — V() is strictly concave on [0,00).
(e) V(x) < 5 forx € (0,00).
(f) limg oo V(z) = 1.

)

(g) V(—z) = =V (x) for all x € (0,00).

Proof. Properties 1, 2, 3 and 6 are easily verified. Property 4 is proven by applying
Lemma 4 in [105] (see Appendix for a comprehensive proof). Property 5 is a
direct consequence of properties 1, 2 and 4. For Property 7, use — cos(6) = cos(m — 6)
to write

B J5 d cos Be” cos(m—6)

—x) = 3.12
V( :E) fS d6 e cos(m—0) (5 3 )

By performing the change of variable ¢ = 7 — 0, we get V(—z) = =V (). O

5.3.2 Proposition (Properties of W).
(a) limg o W(z) =
(b) z+— W(x) is continuous and strictly decreasing on [0, 00).

(¢) limy—oo W(z) = 0.
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CHAPTER 5

5. Two-community noisy Kuramoto model

Proof. Properties 1 and 3 are easily verified. For property 2, note that
B 2V’(x)x —V(x)

W' (z) . , (5.3.13)
so we need to verify that V'(z) < Y(®) ~ This is true by properties 1 and 4 in
Proposition [5.3.1 O

In the case without disorder Conjecture [5.2.5| can be proven.

5.3.3 Proposition. Fiz ¢y = 0 and assume that uy = ps = dg. Then the order
parameters of the system are either ri,79 =0 or ri,79 > 0 and ¢ € {0,7}.

Proof. Here the set of self-consistency equations ([5.2.26]) simplify to

= /S d6 cos(thr — 0) pa (6), (5.3.14)
ry = /S A0 cos(s — 0) pa(6), (5.3.15)
0= /S A0 sin(e1 — 0) pa (6), (5.3.16)
0= /S A0 sin(ibs — ) pa(6). (5.3.17)

Since the system is invariant under rotations we can set one of the average phase angles
to zero. So take ¥ = 0 such that ¥ = 15. To determine which phase differences are
possible we are left to solve

exp [Lrg cos(¢g — 0) + Kry cos 0}
0= /d@ sin 0
S

(5.3.18)
Jsdo exp |:L’I"2 cos(tpa — 0) + Kry cos 9}
= Lrysine W(\/K?r% + L2r3 4+ 2K Lriry cos ) ,
exp [Lrl cos 0 + Kry cos(hg — 0)}
0= / d6 sin(ip, — 6) (5.3.19)
s Js do exp [Lrl cos ¢ + Ky cos(thy — ¢)}
= Lrysiny W(\/K%% + L2r2 + 2K Lrirg COS”L/)).
Let us first consider the case when r; = 0. In this case (5.3.14]) becomes
exp [Lrg cos(tg — 0)]
0= /d@ cos 6 (5.3.20)
s Js do exp [Lrg cos(1pg — ¢)}
and (5.3.15)) becomes
exp {Krg cos(thy — 9)}
ro = /d9 cos(1p2 — 0) =V (Krq), (5.3.21)
s

Js do exp |:K7'2 cos(1g — gf))}
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§5.3. Symmetric interaction with fixed phase difference

which is exactly the self-consistency equation for the one-community noisy Kuramoto
model without disorder, and can be divided into two cases: Either K < 2, in which
case 7o = 0, making (r1,72) = (0,0) the only stationary solution, or K > 2, in
which case there is a unique 72 > 0 solving . By making the change of
variable ¢ = ¥y — 0 in and using the trigonometric identity cos(¢s — ) =
€os Yo cos ¥ + sin s sind in , we see that , in this case, is only solved
by ¢ = 5 or 12 = 37“ In order to satisfy the self-consistency equations, these angles
must satisfy (5.3.18) and (5.3.19) with r; = 0:

. exp [Lrg cos(1hg — 9)}
0= /d9 sin @ ) (5.3.22)
s Jsdo exp [LTQ cos(¢2 — 9)}
exp {Krg cos(tg — 9)]
Js do exp {KTQ cos(thg — ¢)} -

0— /S d0 sin(y — 0) (5.3.23)

The second equation is satisfied for all 1, but the first equation is incompatible with
Yo = 5 as well as ¢y = 37” so that the solution r; = 0 and ro > 0 is not possible,
leaving only the solution (r1,7r2) = (0,0). Note that in this case the average angles
are not well defined.

Let us next consider the case when r; > 0 (so that we must also have ro > 0).
The allowed angles have to satisfy (5.3.18) and (5.3.19) simultaneously. These are

satisfied only when sin = 0, so that ¢ € {0, 7}. O

5.3.4 Theorem (Critical line without disorder). Fiz ¢ = ¥s — 1p1 € {0,7}.
Then the parameter space {(K,L) : K,L € R?} splits into two regions:

a) In the region K+ Lcosy < 2, there is precisely one solution: the unsynchronized
solution (r1,7r2) = (0,0).

b) In the region K + Lcosv > 2, there are at least two solutions: the unsyn-
chronized solution (r1,r2) = (0,0) and the symmetric synchronized solution
(r1,7m2) = (r,7) for some r € (0,1).

Proof. For part a), note that (0,0) always solves the self-consistency equations in
(5-3.11)), due to property 1 of Proposition[5.3.2and the fact that ay, as, by, bs are zero
when (r1,72) = (0,0). The calculation given in the proof of Proposition when
r1 = 0 shows that a solution of the form r; = 0 and r5 > 0 is not possible, and due
to symmetry the same is true for solutions with ro = 0 and r; > 0. To have strictly
positive rq,ry, we use property 5 in Proposition to get

Kri+ Lrycosv)
T1 e

2 )
K L
o w. (5.3.24)
2
Adding these equations, we get
K + Lcosy > 2, (5.3.25)
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-2f 1

-6} U :

Figure 5.1: Regions appearing in Theorem ¥ =0 (left) v = 7 (right). Part a): the red
region (labeled by a U); part b): the green region (labeled by an S).

which is the condition to have positive synchronized solutions and defines the critical
line. Let us next consider the case ¢y = 0 and ry,72 > 0. Then the self-consistency

equations in (|5.3.11]) reduce to

Kr+L
r = ww(K?ﬂl + LTQ) = V(Krl + LT2)7
Kro+ L
ry — %W(mg 4 Lr) = V(Krs + L), (5.3.26)

If we consider symmetric solutions so that r; = ro = r, then these two equations are
identical and correspond to the self-consistency equation for the one-community noisy
Kuramoto model with the replacement 2K — K + L, which has a positive solution
when K 4+ L > 2. The same can be done when ¢ = 7 and yields K — L > 2 as critical
condition. g

It is tempting to conclude that the two-community model is the same as the one-
community model with the replacement 2K — K + L cost. This is, however, not the
case as we will see in Section [£.4l

§5.3.2 With disorder

In this section we identify the critical line when we include disorder. We simplify the
system by taking the distributions from which the natural frequencies are drawn in
the two communities to be the same, i.e., y3 = po = p. Then the self-consistency
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equations in (5.2.26)) read

Vl 1, 7"2 do
S

=V (r1,ra) /d@/ pw(dw) cos(vhe — 0) p2(0,w), (5.3.27)
s R

p(dw) cos(¥1 — ) p1 (6, w),

%\

0= Ul (riira) = [ 0 [ pld)sin(un — 0)pi (6.,

S

=

0=Us(r1,m2) /d@/u (dw) sin(vg — 0)p2 (0, w).

S

=

In light of Conjecture [5.2.5 we will restrict the following theorem to the two cases
1 =0 and ¥ = m. Define

1
X = /Ru(dw) 0T a0 (5.3.28)

5.3.5 Conjecture (Critical line with disorder). ¢ = ¥y — 1)1 € {0,7}. If the
disorder in the two communities is drawn from a symmetric unimodal distribution u,
then the parameter space {(K,L) : K, L € R?} splits into two regions:

a) In the region K + Lcostv < x~ 1, there is precisely one solution: the unsyn-
chronized solution (r1,7r2) = (0,0).

b) In the region K + Lcosy > X', there are at least two solutions: the un-
synchronized solution (r1,r2) = (0,0) and the symmetric synchronized solution
(r1,7r2) = (r,1) for some r € (0,1).

Heuristic Proof. Following the method used in [IT14] for the one-community model,
we Taylor expand the self-consistency equations for 1 and 72 in the two variables rq
and ro. The equations in ([5.3.27)) read, to first order,
= V{(0,0) 4+ 0r, VI (r1,72) | (41 ,r2)=(0,0)71
+ arzvl (71, r2)|(r1 r2)=(0,0)T"2 0(7“1 + TQ), (5.3.29)
V’L(O O) + 671‘/” (7"1, T2)|(r1,r2 (00,0071
+ 00, V3' (11, 72)|(r1 ) =0,0)72 + O(F +73).

We can verify that V}*(0,0) = VI'(0,0) = 0, and calculate the derivatives at zero.
This leads to

ry=rKx+rsy / p(dw) L{cos(vh1 = 92) + 2wsin(ys — ¢2))

+ 0% +7r3), (5.3.30)

R 2(1 + 4w?)
ro =19 Kx + 11 /Ru(dw) Llcos(v; - g}(li iiz:)m(ﬁ& —¥)) +0(r2 +732).

Adding these equations, we get
r1+ 1o = (r1 +12) (K + Lcos(v; —12)) x
+ (r2 — r1)2L sin()1 — )2) / p(dw)
R

w

2, .2
+ O . .3.31
2(1 + 4w?) (ri+r3). (5.3.31)
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Since we are considering the case where p is symmetric, the last term vanishes and
we obtain the critical line in Theorem This shows that below the critical line
the self-consistency equations are a contraction, making (r1,7r2) = (0, 0) a fixed point.
In order to show that solutions of the form r; = 0 and ro > 0 are not possible, we
would have to repeat the calculation used in the proof of Proposition for the
general case. This turns out to be non-trivial, but we expect that it is possible to
prove this for symmetric, unimodal p by proving that py (6 +v2,w) = p1(—0+1s, —w)
(in the case that 1 = 0) and using this symmetry to show that the first and third
equation in cannot be simultaneously satisfied when r; = 0 and ro > 0. If p
is symmetric and unimodal, then it is conjectured that the analog of V/*(ry,rs) and
V4'(r1,7r2) in the one-community noisy Kuramoto model is concave [see Conjecture
[3.12], Chapter 3 in [80]]. We assume that this conjecture also holds in this case for
both V{*(r1,72) and VZ*(r1,72), at least for symmetric solutions. In the case ) = 0 the
symmetric solution r; = ro > 0 reduces the system of self-consistency equations in
to a single equation that is analogous to the one-community noisy Kuramoto
model self-consistency equation [80, Proposition 3.10, Chapter 3] with the replacement
K — K+ L. In the case ¥ = m we can perform a change of variable in the integral of
the second line , namely, ¢ = 15 — 0, to see that the equations again reduce
to the equation for the one-community case with the replacement K — K — L. Thus,
we see that in both cases we can apply the conjecture in [80, Conjecture 3.12] to
ensure that the line K + Lcosty = x ™! is the critical condition for symmetrically
synchronized solutions, which settles the conditions in a) and b).

For part b), we must still show that the symmetric solution is possible above
the critical line. Due to the reduction of the system to the one-community noisy
Kuramoto model, both for ¢y = 0 and for ¥ = 7, we see that the symmetric solution
indeed exists above the critical line.

§5.4 Bifurcation of non-symmetric solutions

In this section we consider the system with the same parameter specifications and
simplifications as in Section [5.3} but without disorder and with ¢ = 0. The analysis
with 1) = 7 carries over after the replacement L — —L in the self-consistency equa-
tions in (the resulting modified phase diagram is shown in the right panel of
Fig.|5.6). The proofs in this section rely on numerics.

The self-consistency equations can be visualized as a vector field, in which the
solutions to the equations appear as fixed points, by plotting

Vg = V(K71 4 Lig) — 1, V(Kry 4 Liry) — r3). (5.4.1)

For a certain range of parameters non-symmetric solutions appear, as seen in Fig.
The non-symmetric solutions appear to be saddle-points, having a stable and an un-
stable manifold under the vector field representing the self-consistency equations.
Note that this vector field does not represent the dynamics of the system, since the
self-consistency equations contain only the stationary densities. By plotting the pos-
sible solutions as functions of K while keeping L fixed, we see that the non-symmetric
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Figure 5.1: Self-consistency vector field (5.4.1) for K =5 and L = —1.

solutions bifurcate from the symmetric solutions, as is seen in Fig. for the case
where L = —2. The symmetric solutions correspond to equal amounts of synchroniz-
ation in the two communities. This is also the only solution possible between K = 4
and K = 4.9953.... At K = 4.9953..., the non-symmetric solutions appear, cor-
responding to one community having a larger synchronization level than the other
community. Due to the symmetry of the system, both communities can have a higher
level of synchronization in the non-symmetric solution.

In Section [5.4.1] we prove a necessary and sufficient condition for the existence of
non-symmetric solutions. In Section [5.4.2] we show that the non-symmetric solutions
are ordered and are such that the symmetric solution is wedged in between the two
non-symmetric solutions. In Section we analyze the (asymptotic) properties of
the bifurcation line as well as the synchronization level along the bifurcation line.

§5.4.1 Existence and characterization of
non-symmetric solutions

5.4.1 Theorem (Characterization of the bifurcation line). The existence of
non-symmetric solutions requires L < 0, in which case the bifurcation point K* =
K*(L) is the unique solution to the equation

2K 2K
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Tl(K),Tg(K)

Figure 5.2: Solutions to the self-consistency equations in (5.3.11)) for different values of K
when L = —2. Drawn are the pairs of symmetric solutions (solid), and the pairs of non-
symmetric solution (dashed and dotted).

and the synchronization level at the bifurcation point is given by

2K*

(5.4.3)

Proof. We assume that a non-zero symmetric solution exists, so that r; = ro = r and
r = V((K 4 L)r), which is the case when K + L > 2. Let (K*,r*) be a bifurcation
point for fixed L. We will show via a perturbation argument that this bifurcation
point exists and is unique. At the bifurcation point the non-symmetric solutions split
off from the symmetric solution since V is continuous. This allows us to perform a
perturbation around r*, namely,

r*+e=V(K(@*+e¢e)+ L(r" —9)), (5.4.4)
r*—0=V(K({* —90)+ L(r* +¢)), (5.4.5)
where € and ¢ are small, either positive or negative, and are related, as will be shown

shortly. We Taylor expand around the point (K + L)r* and use r* = V((K + L)r*),
to get

e~ (Ke— LOW/'((K + L)r*), —0 ~ (Le — K&)V'((K + L)r*), 610, (5.4.6)

where by ~ (here and in the rest of the paper) we mean that the ratio tends to
1 asymptotically. Abbreviate C* = V'((K + L)r*). Then the equations in ([5.4.6))
combine to give

LC* 2
g~ (m) g, (547)
which implies
LC* = £(KC* - 1), (5.4.8)
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T

Figure 5.3: Visualization of the procedure to determine the bifurcation point. (Here C is a
constant determined in order to plot the tangent line and is not C*.)

and ¢ ~ +4. Using the negative sign would require the following two equations to be
satisfied:

= V(K + L)), (5.4.9)
1
K+1L

= V'((K + L)r). (5.4.10)

However, these equations cannot be satisfied simultaneously With r* > 0. Indeed, the
first finds the intersection point of V' with the line of slope K + T Passing through zero.

But due to properties 1 and 4 we know that V has slope =+ + + before this intersection
point. Thus, the two equations that must be satisfied at the bifurcation point are

P = V(K + L)), (5.4.11)
1
K-L

=V'((K+ L)r"). (5.4.12)

For fixed L, these equations determine both the value r* = r*(L) of the synchroniz-
ation level at the bifurcation point and the internal coupling strength K* = K*(L)
at which the bifurcation occurs The first equation finds the intersection point of V/
and the line with slope =+ + T Passing through zero. The second equation requires the
derivative of V' at this point to be m. Due to the concavity of V' (Property 4 of
Proposition , this gives the relation

1 1

41
K+L K—-1L' (5-4.13)

which implies that L < 0, as claimed. To visualize the procedure for determining the
bifurcation point, we plot the appropriate lines in Fig. 5.3 It is clear that the slope
of the thickly dashed line must be less than that of the solid line, which gives L < 0.
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We can find an expression for the derivative of V' in ([5.3.4]) by writing

df cos? g ercos?
Js
fS d@ ex cos o

V'(z) = —V2(x). (5.4.14)

For the first term in the right-hand side we can use the identity from [I3], Eq. (2.21)],
so that in our case

1
K+L
where we have used ([5.4.11)) for the second term. This reduces (5.4.12)) to

/ 2K

To find r* = r*(K*, L), we must find K* = K*(L) that solves (5.4.11)). Substituting
(5.4.16) into (5.4.11)), we obtain (5.4.2]).

We will first prove that, given r, there is a unique K*. In order to do this, we
solve the equation

V'((K+ L)yrt)=1 (r*)?, (5.4.15)

for L to find
2K

where we have taken the negative since we are dealing with the case L < 0. In order
to have a real solution, we require

2
K>-——. 4.1
> 2 (5.4.19)

The equation for the bifurcation point in (5.4.2)) reads

V(fr(K)r) =T (5420)

fr(K) =K —|K? - 12_1(7&2. (5.4.21)

Clearly, K — f,(K) is strictly decreasing on (12, 00) for r € (0,1). Since z — V()
is strictly increasing, K — V/(f,(K)r) is strictly decreasing on (125, 00). However,

in order to satisfy (5.4.20) with r € (0, 1), by property 5 in Proposition we must
have

where

fr(K) >2, (5.4.22)
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ie.,
2 21 —1?) 1
K ( , ) ( —) 4.2
(fpioar) <05 (5.4.23)
2 1
K (7 ) [—1) 4.24
€l re 7 (5 )
Moreover,
1
Kh_rgofr( )= T3 (5.4.25)

For fixed r € (0,1/v2), V(f,(K)r) decreases from V(:2:5) to V(2r) as K increases
to 202 while for 7 € [1/v2,1), V(f(K)r ) decreases from V(725) to

1—2r2
V(i%=) as K increases from
show that

from

1—7r2

ﬁ to co. In order to prove uniqueness, we need to

V(1) 5 s vVen, re©1Va) 5.426)
V( = ) =T V(_er) rel/v2,1). (5.4.27)

1—
Uniqueness follows because is be a unique K* satisfying , due to \%4 decreasing
continuously from the upper to the lower bounds in and and the
line r being wedged between the bounds (note that r V( fr(K ) ) 1ntersects r
exactly once). The curves V(1255), r, V(;==) are plotted numerically in Fig.
which shows that the bounds in and the upper bound in hold for all

€ (0,1). The lower bound in is immediate from property 5 in Proposition
Indeed, we see that the bifurcation point exists and that K* is unique given
r. We will show later that r* is also unique given K by showing that 2 9% > 0 in
Theorem [E.4.4 O

)

r
1—r2

);m; V(

2r
1—r2

V(

Figure 5.4: Plot via MATHEMATICA of V(-2
as functions of r.

) (dashed), r (solid) and V(1===) (dotted)

17‘2
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The uniqueness of the bifurcation point corroborates the picture in Fig. [5.2

5.4.2 Remark. Note that can also be solved for L* = L*(K). The way
this should be understood is that, after one of the variables K and L is fixed, the
bifurcation point for the other variable is determined. A plot of the bifurcation point
as a function of K and L is shown in Fig. 5.5

Figure 5.5: Plot of (K,L) — r*(K, L) along the critical line.

§5.4.2 Ordering of non-symmetric solutions

Due to the symmetry of the system, if (1, r3) is a solution to (5.3.11) with ¢ = 0, then
s0 is (rg2,71). When non-symmetric solutions exist, we have the following ordering of
the synchronization levels in the two communities.

5.4.3 Theorem (Ordered solutions). Fiz L and take K > K* where K* is the
bifurcation point obtained by solving . Furthermore take only positive solutions
so that ri,ro,r > 0. Without loss of generality, consider a non-symmetric solution
with r1 > ro. Then

ro <71 < Try. (5.4.28)
Proof. The symmetric solution r solves the equation
r=V(r(K+L)). (5.4.29)
To prove that r < ry, we consider the self-consistency equation for rq,
= V(rl (K + L:—?)) (5.4.30)

and recall that we must have L < 0 for non-symmetric solutions to exist. Since
2 <1, we know that K + L2 > K + L and, due to the fact that z — V() is strictly
increasing, also r < r1. Note that we are not quantifying the difference vy — ro. The
strict inequality follows purely from the fact that :—f < 1, making it impossible to
match the solutions for r and r;. Similarly, we can show that ro < r. O
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Figure 5.6: In the light red region there is one pair of solutions: unsynchronized. In the
light green region there are two pairs of solutions: unsynchronized and symmetric synchron-
ized. In the light blue region there are three pairs of solutions: unsynchronized, symmetric
synchronized and non-symmetric synchronized.

§5.4.3 Properties of the bifurcation line

We cannot solve (5.4.11)) analytically for K*. We can, however, plot numer-
ically, which refines the phase diagram in Fig. for 1) = 0, as shown in Fig. In
this section we first list some basic properties of r*(K) and its derivatives, defined as
the solution of when we eliminate L with the help of . After that we
state a theorem on the asymptotic properties of the bifurcation line L*(K) defined

implicitly by (5.4.2).

5.4.4 Theorem (Properties of K — r*(K)).
(a) limg o r*(K) = 0.
(b) limg oo r*(K) = 1.

(c) T(K) ~ /552 as K |2

(d) 1-r*(K) as K — oo.

1
TR
(e) 25 >0 for all K > 2.

(f) azg;(QK) <0 forall K > 2.

Proof. We use (5.4.19) to get

0<r(K) <y ——2, (5.4.31)
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from which property 1 follows by taking the limit K | 2. The inequality in ([5.4.19))
also implies

li%rllK*(r) = 00. (5.4.32)

If both K — r*(K) and r — K*(r) are continuous, then property 2 follows. To
show that K — r*(K) is continuous, we apply the implicit function theorem (IFT)
to calculate the derivative

(K, ) = V((K — K2 - 1_25)2)7“) — (5.4.33)

which we find by rewriting (5.4.20). From the conditions for the IFT [70], we have
that, in order for K — r*(K) to be continuous, we need that
2K[(r*)? =1+ K(1— (r*)?)? #0, (5.4.34)

which we obtain by differentiating h(K,r) with respect to r and setting the derivative
to zero. From this we obtain the following bound on r*(K):

=r*. (5.4.35)

1—+v1+4
r*(K)>\/1—2K+K d

In order to rigorously show that this bound is satisfied, we can use the sequence of
(iteratively defined) upper bounds xugk) (x), k € Ny, for V(x) given in [I18, Theorem
4], which converge to V' (z) as k — co. Here we will use

—1
1 1\2
ll(zl) = (V — 5 + (V + 5) + $2> ) (5436)

as suggested in[I18] Equation (22)]. If substitution of the right-hand side of (5.4.35])
for r into fT(K)Tugk)(fT (K)r) — r makes it less than 0, then we know that the bound
in (5.4.35)) is satisfied. To see why, note that then

Fre (B al® (fre (K)r) =17 > (K, r%). (5.4.37)

Now, if fre (K)r* ul® (f,« (K)r*) —r* <0 for all K, then so is h(K,r*), so that r*

does not satisfy h(K,r*) = 0 and the solution satisfies r* > r*. Using xugk) (x) with

k=2,
x

94—z

e
as an upper bound, we get that the bound in (5.4.35)) is at least satisfied for K €
(2, Kr—2), where Kj_» = 15.8684. By increasing k, we see that the upper bound of
this interval increases and we expect that in the limit as k — oo, (5.4.35)) is satisfied
on K € (2,00). Numerically, we indeed see that this bound is satisfied, as shown in

xugm(x) = , (5.4.38)
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Fig. (this figure shows that K*(r) < %, which is the same as (5.4.35))). For
the continuity of » — K*(r) we require, again by the condition for the IFT, that

O+ h(K*, 1) #0, (5.4.39)

which is satisfied by all K* > 0 and r* € (0,1), so that property 2 is proved.
We know that limg o 7(K) = 0 (by property 1), so that we can expand V' around
0 in the self-consistency equation ([5.4.20f). This leads to

limn -0y () = 2. (5.4.40)

The corresponding asymptotic equation can be solved for r*(K) to obtain property
3. Property 4 follows from a similar calculation, by using the expansion of V' around
infinity, and gives

1
T 2 e ) (K (K)

This equation gives rise to a cubic polynomial in r*(K), which can be solved and
gives

1—r*(K) (5.4.41)

L () ~ % _a —gf)K _a t;}/{g)B, (5.4.42)

where

1/3
B= (8K3 — 2TK? + 3V/3/2TK* — 16K5) . (5.4.43)

The complex parts in the right-hand side of (5.4.42)) compensate one another, making
it real. Taking only the leading order terms in K, we obtain the asymptotics in
property 4. We can calculate dxr*(K) by differentiating (5.4.20)), i.e.,

87"*([() N CT*( K? — 13{5«2 - K- (1_1*2)>
oK K? - 2 - 2 b K2 - 255 (/K2 - 255 - K)
(5.4.44)
where in the right-hand side we have abbreviated r* = r*(K), and
c=V/(frr (K)r"). (5.4.45)
It follows from (5.4.12) that
1 1
c= = , (5.4.46)
K — L K _|_ /KQ _ 1E£2
which simplifies ([5.4.44]) to
* *2 2 2K *2
*K T'(l—'f‘ ){(K— K — _7_*2)(1—T )_1}
o (K) _ ! . (5.4.47)

0K 2K{2 —r*2 — K(1 —r*%)2}
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Due to the inequality in [I3] Equation (2.4)], we have that

1 2
— <1 - K< ——, (5.4.48)
fr=(r(K)) fr=(r(K))
which makes the numerator positive. The denominator becomes zero when
2 — p*?
K=——. 5.4.49
(1 _ T*2)2 ( )
Rewriting the lower bound for r* in ((5.4.35)), we get
2 — 2
K< ——=, 5.4.50
(1 — r*2)2 ( )

which ensures that the denominator of is never zero. For values of K satis-
fying the derivative is positive. This we find by substituting a pair of values
r*(K), K, calculated numerically, into , and proves property 5 because the
derivative does not change sign in the range of K. To prove property 6, we take the
derivative with respect to K of and substitute the expression for the first
derivative. This leads to a lengthy equation with denominator

2K
2
AR K2 = {2

which is positive by the same argument as for the first derivative. Setting the numer-
ator to zero and solving for K, we find that there are no solutions when r is between
zero and the appropriate root of a 9th order polynomial in r, which numerically is
0.946819. Between this value and 1 there are two solutions, for which the numerator
is zero, given by the solutions to the two roots of a quartic polynomial in K. We can
plot these solutions together with the upper and lower bounds for K*(r) and com-
pare them with the true K*(r), calculated numerically, as shown in the right panel

of Fig. (.7

— K(1—r*%)?}, (5.4.51)

i 130
0.06 [ ]
o 004f 1201 ]
)
* 0.02 q 3 110 ]
- h
S S i =< qof ]
3 -7
L —0.02T , ]
/ 90 [ ]
[ / b
-0.04 !
I 1 I I I I I 80 I
2 4 6 8 10 12 14 0.92 0.98 1.00
K r

Figure 5.7: Left: Interpolation of the first (solid) and second (dashed) derivatives of r*(K).
Right: Comparison of the numerical solution for the bifurcation pomt K*(r) (red, dotted)

== (solid), and with the
solutions to the numerator of the second derivative being zero (short dashed and dash-dotted).

with the upper bound (1 T2 3 (long dashed) and the lower bound 1
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§5.4. Bifurcation of non-symmetric solutions

The right panel of Fig. suggests that the second derivative also does not change
sign. Numerically solving for a pair (K, 7*(K)), and substituting this into the numer-
ator, we see that the second derivative is negative. This is confirmed by the left panel

of Fig. O

To confirm the asymptotic solutions for r*(K) in properties 3 and 4, we plot them
and compare them to the numerical solutions in Fig. [5.8

The next theorem gives the asymptotics of L*(K) implicitly defined by in
the limit as K — oo and close to (K, L) = (2,0).

1.10 7

I I I I I I d I I I I I L
2.00 2.02 2.04 2.06 2.08 2.10 2.12 2.14 60 65 70 75 80 85 90
K K

Figure 5.8: Comparison of the numerical solution for the bifurcation point r*(K) with the
asymptotic expressions for r*(K) given in properties 4 and 5 of Theorem|5.4.4}, for K close
to 2 on the left and for K large on the right.

5.4.5 Theorem (Asymptotic properties of the bifurcation line). The deriv-
ative of L*(K), defined implicitly by (5.4.2)), has the following properties:

(a) limg 00 aLa*I((K) = —1.

. aL*
(b) limgy P = 5.

Proof. We begin by proving the existence of the limits, for which we need the following
lemma.

5.4.6 Lemma (Derivatives of K — L*(K)). Foral K > 2,
(a) 25 <.

92 1 *
(b) £ <.

Proof. In order for L*(K) to be continuous by the IFT (in a similar way as in the
proof of Theorem [5.4.4)), we require that

L*(K) > —\/K + K2 — /K2(1 + 4K). (5.4.52)

We will see, numerically, that this bound is satisfied because it lies below another
lower bound of L*(K). To rigorously show that this bound is satisfied, we expect
that it is possible to use the same procedure as outlined for the bound on r*(K) in
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(5.4.35). Now we start by differentiating (5.4.2) with respect to K and solving for
Ok L*(K). This leads to

OL*(K) (K —2)K3 4+ 2K2L*(K) — 2(K — 1)KL*(K)? 4+ 2L*(K)3 + L*(K)*

oK (K —2)K3 —2(K — 1)KL*(K)? + L*(K)*
(5.4.53)

Setting the numerator, which is a quartic polynomial in L*(K), equal to zero and
solving for L*(K), we find one solution that lies above the critical condition for L
when fixing K, —K 4 2. The expression is too lengthy to present here and does
not lead to any useful insight. Taking the derivative with respect to K of ,
substituting the expression for the first derivative and setting the resulting
numerator to zero, we are left with solving a 7th order polynomial for L*(K). Again
the expression is lengthy and does not lead to any insight. Only one of the solutions to
the 7th order polynomial lies above the critical line. Comparing these two solutions,
one coming from the quartic polynomial and the other from the 7th order polynomial,
we see numerically that the first is a lower bound for L*(K) and the second is an upper
bound for L*(K), as seen in the right panel of Fig. This lower bound is an upper
bound for the right-hand side of , so that the conditions for the IFT are
satisfied. The expression determining when the denominator of both the first and the
second derivative is zero, obtained by setting their respective denominators to zero
(which makes the derivatives diverge), is the same, and the only solution falling above
the critical condition is upper bounded by the lower bound for L*(K) found above
(as the solution to the quartic polynomial), so that the derivatives do not diverge.

L*,(K), L*//(K)

Figure 5.9: Left: Interpolation of the first (solid) and second (dashed) derivatives of L*(K).
Right: Comparison of the numerical solution for the bifurcation point L*(K) (red, dot-
ted) with the upper bound/solution to the 7th order polynomial (dashed) and the lower
bound/solution to the quartic polynomial (dot-dashed), as well as the critical condition for L
when fizing K, —K + 2 (solid).

The right panel of Fig. [5.9 suggests that both the first derivative and the second
derivative of L*(K) do not change sign as a function of K. Substituting a pair of
values K, L*(K), solved for numerically, we confirm the statements in Lemma m
This is also corroborated by the left panel of Fig. O

130



§5.4. Bifurcation of non-symmetric solutions

5.4.7 Remark. For the mathematical reader the numerical assistance in the argu-
ment above might not be satisfying. We suspect that the proof can be made rigorous
by using the sequences of upper and lower bounds in [I18, Theorem 4] on V' in ,
in order to get upper and lower bounds for L*(K) that give a tighter wedge than the
one in the right panel of Fig.

Due to Lemma and the fact that L*(K) is bounded below by —K + 2, we
have that the limits exists.
We now turn to the proof of Theorem [5.4.5] Abbreviate

g(K,L) =r"(K,L) - V((K 4+ L)r*(K, L)). (5.4.54)

By the implicit function theorem, we have

OL*(K) Org(K, L)

o . 4.
oK OLg(K, L) o
Compute
4K* 2
K2_12)2 K2-[2
(K, L) = 27«*)([( L)
§K22 2 22 2
e ey ) (5:450)
< (V2((K + D (K. L)) = § = 45((K + L) (K, 1) ))
and
2K L
Org(K,L) = — (K2 — L?)2r*(K, L)
2K*L *
+<_(K+L)(K2_L2)2T*(K’L)+7" (K7L)) (5457)

« <V2((K+L)T*(K7L)) -1- %S((K-i—L)T*(KaL)))»

where S(z) = ﬁgg
For property 1, we make the Ansatz L*(K) = —aK +¢, K — oo where ¢ = ¢(K) =

o(K) (which is confirmed in Fig. [5.6)). Taking the limit K — oo, we get zero for the

first terms in the right-hand sides of (5.4.56)—(5.4.57)), i.e.,

4K)? 2
2__72)2 2_712
lim LD KRR (5.4.58)
K—o0o 92 1— 2K
\/ KZ_I12
9K L
lim =0, (5.4.59)

K—oo (K2 . L2)2 1— K22£(L2
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where we have used the expression for r*(K, L) from (5.4.3). The multiplication
factors in the last line of the right-hand sides of (5.4.56))—(5.4.57]) are the same, so we
are left with calculating the limit as K — oo of the quotient

4K2 _ 2
(0 (ot 0y e b )
- , c=o(K).
( I e c>>

(5.4.60)

A straightforward but tedious calculation (with the help of MATHEMATICA) shows
that this limit is —1.

For property 2, we must find the limit of —% as we approach the point
(K, L) = (2,0) along the line L*(K). We make the Ansatz L*(K) = (K —2)b+ o(1),
K | 2. Making this replacement in the expression for the derivative and doing a

Taylor expansion around K = 2, we obtain after a tedious calculation (with the help
of MATHEMATICA),

. 3 b
}%ﬂ% Oxg(K, L)|p=(k—2p = —VK — Q(ﬁ + m) (5.4.61)

for the terms in the numerator and

K -2
lim O1,9(K, L) | j—(r oy = —~———" 5.4.62
lim L9(K, L) =k —2)b W ( )

for the terms in the denominator. Combining ([5.4.61)—(5.4.62)) we obtain
1
b= —1(3 + 2b), (5.4.63)

SO thatb:—%. O

Properties 1 and 2 are confirmed by the left panel of Fig It seems that K — L*(K)
for large K does not have an asymptote, since when we take the limit after the
replacement L*(K) = —K + ¢ we get an equation for the bifurcation point that reads

- iev(efi-l) 546)

The only solution to this equation is ¢ = 1, which is not possible because it would
place the asymptote below the critical line. This suggests that ¢ = ¢(K) grows as a
function of K, but that this growth is sublinear.

§5.5 Simulation

Fixing the phase difference is not physical, since the system will relax into a steady
state and will choose the angles that are the least costly energetically. Studying the
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dynamics of the transitions between states or the stability properties of the possible
states are both difficult tasks. However, we expect that the non-symmetric state is
either unstable or metastable and using simulations we can observe what type of trans-
itions one might expect between the possible states. To see this, we take the initial
distribution for both populations to have mean 7, but choose the second community
to have a slightly larger variance initially, meaning that the synchronization level
starts lower. The outcome of the simulation can be seen in Fig It seems that the
community with less synchronization initially is suppressed by the community with
more synchronization, until the ‘push’ from the latter becomes too strong. This is
reflected in the angles, which stay relatively close together for a while, before moving
apart. This type of transition seems only to occur when the parameters are chosen
such that the non-symmetric solutions discussed above exist.

We expect that the most stable state is the symmetric solution with the largest
synchronization level (i.e., the largest effective interaction strength). For example,
if K =5 and L = 2, then the symmetric solution with phase difference ¢ = 7 has
ry = rg = 0.724 ..., while the symmetric solution with phase difference ¢» = 0 has
r1 =19 = 0.918.... The first state is unstable/metastable, the second state is stable.
The transition from the one to the other is shown in Fig

6F -

sk -

= o6l -
N»

1,2(t)

02 7

S
S}
w
IS
w
o
(S}
w
N
v

Figure 5.1: Simulation of 1000 oscillators per community with K =7 and L = —2. The time

step is set at dt = 0.01. The left image shows the synchronization levels, the right image the

phase averages.
1.0 T

T T T - 6F ,:

0.0 - . . . . . 0

Figure 5.2: Simulation of 1000 oscillators per community with K =5 and L = 2. The time
step is set at dt = 0.01. The left image shows the synchronization levels, the right images
the phase averages.
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To be clear, these simulations are not meant to prove any stability properties
or transitions, but are useful for determining what types of stability properties or
transitions we may expect. They also suggest that much interesting work remains to
be done.

Appendix

§5.A Concavity of ratio of modified Bessel functions
of the first kind

Recall that )
In T er o8t o690 d6

V(z)= RS (5.A.1)
The first derivative of (5.A.1)) is
2Tz cosf 2Tz cosf 2 2Tz cosf 2
5‘V(m):f0 e do [;" e cos 9d6‘7(f0 e cos 0 df) (5.A.2)
® (IQWeICOSGdG)Q ’ o
0
We can rewrite
27 27 N N
/ e cos 0 df :/ e2ucosle3rcost o5 0 dh (5.A.3)
0 0

2m 1/2 2m 1/2
< (/ e® cos 6 de) (/ e® cos 6 C082 0 da) ,
0 0

where we have used Holder’s inequality in the second line. Taking the square on both
sides, we obtain

27 2 27 27
(/ % cos 6 COS@d@) < / ewcose de/ e® cos @ COS2 ede’ (5A4)
0 0 0

which proves that (5.A.2)) is non-negative. We evaluate (5.A.2) at x = 0, to get

2r X mw 1
0.V @m0 = 757 = 5 (5.4

For the second derivative we rewrite

[ f"(@,0)d0 ([ f'(=,0)d6)*
[ £, 0)d0 (] f(z,6)d6)>”

where f(z,60) = e*°? and the prime refers to the derivative with respect to x. The
integrals are always from 0 to 27. Taking the derivative of the first term, we find

[ F(@,0)d9 [ f"(x,0)d0 — [ f"(w,0)d0 [ f'(x,0)d6
([ f(x,0)d0)? ’

0, V(x)=1—11 = (5.A.6)

r (5.A.7)
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while for the second we find
ffm&d&xffodé)ff”xQdO ff’m@d&)
ffx,@ dé ffsc,@ de)? '

Using a common denominator, we can write the difference as

2 _ "
0:V(zx) = (ffm@d& /fx@de /f (x,0)d

—3/f(x,9)d9/f’(m,0) de/f"(x,e) a0 +2( /f’(x,e)de)B} (5.A.9)

26:/6“050d9

making the desired expression into

viw = [ [ ey -3 [rwog [rwo s v2( [ 1w

=2

(5.A.8)

To continue, we first let

5 A 10)
With the functions
arccosy : (—1,1) — (0,7), arccoss : (—=1,1) = (m,2m),
we can perform the change of variable u = cos#, i.e., § = arccos u and
—d
T (5.A.11)

V1—u?

Here we get

27 T 2m
de de dé
/ (cosB)Fe “05920 :/ (cos6)*e “05920 +/ (cos@)e “05926 (5.A.12)
0 0 T

— _ /_1 ukezu du
1 cv1 —u?
/1 k _xu du
= u et —.
1 cvV1—u?

where we have used arccos; for the first integral and arccoss for the second. Note
that, when k& = 0,

/ m =1 (5.A.13)

With the change of measure

dv(u) = ﬁdu (5.A.14)
we obtain
V' (x) = {/_11 ude™ dv(u) —3/_11 ue™ dv(u) /_11 u?e™ dv(u )+2(/_11 ue™ du(u))g]

(5.A.15)
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and defining m = m(z) = f_ll ue™ dv(u) we get
V' (z) = [/ ™ dy(u) — 3m/ ™ dv(u) + 2m } (5.A.16)
Note that, due to (5.A.13)), and since f_ll 3m?ue®™ dv(u) = 3m3, (5.A.16) equals

1
/ (u —m)®e™ dv(u). (5.A.17)
-1

We can check this by writing

/1 (u —m)3e™ dv(u) = /1 (u® — 3mu? + 3m2u — m>)e™™ dv(u) (5.A.18)

—1 —1
- [/ e dw(u —Sm/ e dv(u) + 2m?|. (5.A.19)

To complete the proof we state [I05, Lemma 4], suitably adapted.

5.A.1 Lemma. Let v be an even probability measure with support on [—1,1], and
suppose that v is absolutely continuous, i.e., dv(c) = f(o)do, with f non-decreasing
on [0,1]. Then v € P, the class of all probability measures on R with compact support,
is such that

/1 e (m — o)Pdv (o) > 0, (5.A.20)
~1
where [ ok du(o)

m=m(k) = W’ (5.A.21)

and k = Jm+ h, where J is the mean-field interaction strength and h is the magnetic
field strength of the spin system.

With the identification
oc=u, k=z, p=3 (5.A.22)

and taking out a negative, we complete the proof. To get the strict inequality we note
that the equality in the lemma does not hold for our choice of v(u).
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