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We utilise the graphon—a continuous mathematical object which represents the limit of conver-
gent sequences of dense graphs—to formulate a general, continuous description of quantum spin
systems in thermal equilibrium when the average co-ordination number grows extensively in the
system size. Specifically, we derive a closed set of coupled non-linear Fredholm integral equations
which govern the properties of the system. The graphon forms the kernel of these equations and
their solution yields exact expressions for the macroscopic observables in the system in the thermo-
dynamic limit. We analyse these equations for both quantum and classical spin systems, recovering
known results and providing novel analytical solutions for a range of more complex cases. We
supplement this with controlled, finite-size numerical calculations using Monte-Carlo and Tensor
Network methods, showing their convergence towards our analytical results with increasing system

size.

Introduction — The physical properties of interacting
systems are strongly affected by the connectivity of their
components. For instance, network topology plays a de-
cisive role in the rate of disease spreading in infectious
disease models [I] whilst systematic studies have been
undertaken into the affect of connectivity on the syn-
chronisation of oscillators [2H5].

In interacting spin systems, the same ideas hold true:
frustration causes the manifestation of exotic phases of
matter such as a spin liquids [6] and small-world ef-
fects alter the underlying universality class of ordered-
disordered phase transitions [7]. The difficulty of solv-
ing the many-body problem (especially in the quantum
regime), however, means a more general characterisation
of how network topology influences strongly correlated
systems is unknown.

When disorder is absent and the average co-ordination
number becomes large, interacting many-body systems
fall into the mean-field universality class and become
amenable to simpler, mathematical and computational
approaches [8HI2]. Despite mostly being applied to
translationally-invariant systems, the mean field ap-
proach is known to be valid for an infinite multitude of
networks, whether homogeneous or heterogeneous [13].
Whilst it is only exact in the thermodynamic limit
and when the average co-ordination number grows pro-
portionally with the system size [14], mean-field the-
ory can provide meaningful physical predictions for low-
dimensional systems [I5, [16]. Within the field of graph
theory, network structures—whether heterogeneous or
homogeneous—with an extensive co-ordination number
are well-characterised. Their thermodynamic limit is suc-
cinctly described by the graphon [I7, [I§], a continuous
mathematical object which represents the limit of a se-
quence of adjacency matrices as the number of vertices
tends to infinity and the average co-ordination number
grows extensively.
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Here we utilise the graphon in the study of interacting
spin systems. This allows us to formally take the ther-
modynamic limit and derive an exact, continuous the-
ory for the limit of sequences of discrete Hamiltonian on
graphs of increasing size and average co-ordination num-
ber. Specifically, we take a very general spin Hamilto-
nian defined over an arbitrary graph and, for sequences
of dense graphs whose limit is known to converge to a
given graphon, derive a coupled set of integral equa-
tions which exactly describe the equilibrium physics of
the limit of the corresponding sequence of Hamiltonians.
The graphon forms the kernel in these integral equations
and the Physics of the system can be directly studied as
a function of this object.

Taking several classical and quantum example models
we demonstrate the utility of these integral equations:
i) verifying previous results on all-to-all spin systems,
ii) proving the existence of a finite-temperature phase
transition in the classical Ising model for any graphon
and iii) deriving analytical solutions for the equilibrium
observables of spin models on novel non-trivial, hetero-
geneous networks. We reinforce our analytical solutions
with large-scale, finite-size Monte Carlo and Tensor Net-
work simulations. Whilst the spin systems we treat in
this work are commonly studied due to their relevance
as models of real-world magnetism, they also find appli-
cation in many other branches of science, including the
political, social and biological sciences [T9H21].

Hamiltonian — Our starting point is L qubits placed on
the L vertices of a graph GG. The graph is specified by
an L x L symmetric adjacency matrix Ag, with elements
Ay, which dictate the (weighted) connections between
vertices (qubits) v,v" € [1...L],[1...L]. The Hamiltonian

reads
1 L
H(GpL) = I E Ay E G360 |+ E he6y).
’U,’UIZI a=zx,y,z veV
o>’ a=zx,Yy,z

(1)

with J% h® € R, and 6% the Pauli spin operator acting
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along the a-spin-axis on vertex v. Our focus is on graphs
where 0 < A4, ,» <1 and Zv’v, Ay X L2. When the
graph is unweighted (A, ,» € {0,1}) then we refer to the
graph as ‘dense’ because the the average co-ordination
number diverges with system size. The factor of % in
H(GpL) is necessary to ensure a finite, non-trivial en-
ergy density. A variety of well-known models—including
the Curie-Weiss [22] and Lipkin Meshkov Glick [23, 24]
models—are contained within our Hamiltonian. The re-
striction 0 < A, ,» < 1 and the homogeneous nature of
the field strengths, however, precludes our Hamiltonian
from including disordered models such as spin-glass sys-
tems [25] 26].

Theory — In this work, by utilising tools from graph
theory and mean-field theory, we formulate an explicit,
exact, continuous description of this system in thermal
equilibrium in the thermodynamic limit. In order to
describe our continuum formalism we must first intro-
duce the concept of a graphon. This can be done by
taking the vertices v = 1...L of a graph G and per-
forming the change of variables: z = v/L € [0,1]. We
then define Wg, (z,y) : [0,1]2 — [0,1], a real symmet-
ric stepped function over the unit square such that for
a given (z,y) € I, x I, where I, = [(v—1)/L,v/L]
then Wg, (z,y) = A, ,. Equipped with a well-defined
metric for the similarity of two graphs, it can be shown
that for certain sequences of graphs (Gr)ren the limit
limy 00 We,, (z,y) converges to a well-defined symmet-
ric function Wz, y) known as the ‘graphon’ [I7, [1§]. In
the Supplemental Material (SM) we discuss these met-
rics in detail and provide theorems on the convergence
of graph sequences under these metrics. Importantly, it
is also possible to move in the opposite direction and
given a graphon W(x,y) construct sequences of finite
graphs whose limit is W (x,y). These finite graphs can
be constructed via one of two methods: ‘stochastic’ or
‘weighted’ sampling of W (x,y) and we use G7 and GV
to refer to their respective realisation over the vertices
v = 1....L. They can be constructed by defining the
quantity

P, = L2/ W (z,y)dzdy, I, =[(v-1)/L,v/L].
IUXIV/

2)
The adjacency matrix of the unweighted graph GE is
then defined by setting A, ,, = 1 with probability P, .
and A, ., = 0 otherwise. The adjacency matrix of the
weighted graph G} is defined by setting A, , = P, ..
A given sequence of such realisations is guaranteed to
converge to the graphon W(z,y) in the limit L — oo
[27].
With the definition of the graphon in hand, the central
result of this paper can be presented.

Theorem 1 Let (Gr)ren = (G1,Ga,...) be a sequence
of finite-size graphs generated as stochastic or weighted
realisations of the graphon W(x,y). Then for a given
inverse temperature T = 1/ the macroscopic properties
of the equilibrium states of the sequence of Hamiltonians

H(GL)reny = (H(Gh), H(G3),...) converges and are de-
termined by the solution of the following coupled integral
equations

a(py— _ga [ W(zy)A(y) tanh(BA(y)) o
== [ AGy) @+h@

with o = z,Y, 2, A(z) =
+/ (A% (@))2 + (W (2))2 + (A*(2))2 and the three func-
tions A*(z), with a € {z,y,z}, each being continuous,
real-valued and defined over the domain [0,1].

In order to prove this theorem and arrive at Eq. we
state the following intermediate theorem

Theorem 2 Let f(H) = —Liﬁln(Tr(exp(—ﬁH))) be the

free energy density of a d* x d* many-body Hamiltonian,
with 8 € R>g and d the dimension of the local Hilbert
space. Let G5 and GY be the stochastic and weighted
realisations on L wvertices of a graphon W (z,y) respec-
tively. For an arbitrary set of real, finite values for the
parameters {J*, JY, J* h* h¥ h*} the following is true

\F(H(G)) - f(H(GY )| = O(L™1?), (4)
which vanishes in the limit L — oo.

This theorem is a significant generalisation of theorem 1
in Ref. [28] which proved this result solely for sequences
of Erdés-Rényi graphs, which correspond to the constant
graphon. The proof of theorem [2| (which can be found in
the SM) relies on more general statistical properties of
random graphs.

With theoremin hand, theoremfollows by: i) focus-
ing strictly on the sequence (GY)ren = (GV,GY,...) of
weighted finite realisations of W (x, y), ii) applying mean-
field theory (which is exact here in the thermodynamic
limit) and iii) taking the continuum limit of the resulting
equations by invoking the definition of the graphon. The
SM contains full proofs of both theorem [1| and theorem
2

If we can solve Eq. for the functions
{\*(x), \Y(x), \*(z)}, then we have determined the
equilibrium physics of the limit of the sequence
(H(Gy), H(G2),...). The functions {A\*(x), \Y(z), \*(x)}
are a change of variables from the continuum limit of the
spin degrees of freedom in the Hamiltonian. They di-
rectly encode the physical properties of the equilibrium
state: the magnetisation on site v in the thermodynamic
limit is specified by (o®(z)) with x = limy_,. 7 and is
related to the A functions by

_ A%(z)tanh(BA(z))
I (5)

(0%(2)) =

The total magnetisation along a given spin direction is

.1 o L\ (z)tanh(A(x
M* = lim —Z(U )z—/o ( )A(x)( ( ))dac
(6)




The validity of the mean-field approximation here means
we can compute multi-point correlators as products of
on-site expectation values.

How <can we solve Eq. ) and find
{A%(x), \¥(x), \*(z)}? In general there is no ana-
lytical solution and we will be restricted to numerical
methods. Nonetheless, there are certain cases where
they can be solved analytically. Consider the case the
graphon is degenerate, i.e. W(z,y) = Y., fi(z)fi(y)
where n is finite and f;(x) : [0,1] — [0,1]. Substitution
into the above equation tells us A\*(z) = Y1, ¢ fi(x)
where ¢ are real-valued coefficients which depend on
the field strengths A%, couplings J* and the inverse tem-
perature 3 but do not depend on x. These coefficients c{'
are the solution of the set of 3n coupled equations which
result from the substitution of \*(z) = Y., ¢ fi(z)
into Eq.. For a given set of J% h® and value of
we therefore have a closed form for A\*(z) and various
observables in the system. In our examples in the
main text (further examples, including non-degenerate
graphons are considered in the SM) we focus on n = 1
as they can be manipulated to yield closed forms for the
equilibrium properties of the system.

Classical Ising model — We first set J* = JY = h* =
hY = h* = 0 and J* = —1, realising the classical
Ising model with zero field. Utilising sgn(z) tanh(8|z|) =
tanh(z), our integral equations reduce to

Xo() = / W(e,y) tanh(BX*(0))dy.  (7)

The Zs spin-flip symmetry is encoded in the fact that if
A*(x) is a solution to the equation then so is —\*(z).
Moreover, there is clearly always the trivial solution
A?(x) = 0 Vz which corresponds to the disordered param-
agnetic state with 0 magnetisation. Applying Banach’s
fixed-point theorem [29] to Eq. tells us that, with
certainty, when 5 < sup,cjo ] fol W (x,y)dy this is the
only solution. For larger values of 3, however, there ex-
ists a non-trivial solution which corresponds to a ferro-
magnetic phase. For instance, when 8 — oo we have
N (z) = fol W (z,y)dx # 0 Va. Thus, following this anal-
ysis, we know that \*(x, 8) cannot be smooth and contin-
uous over z € [0,1] and 8 € [0, oo] and there must exist a
finite-order transition between the ferromagnetic solution
and the paramagnetic solution at some critical tempera-
ture. Our continuum description has therefore allowed us
to prove the existence of a ferromagnetic—paramagnetic
phase transition for the Ising model on any dense graph—
with a corresponding analytical upper bound on this tem-
perature. A similar argument can be applied to a number
of the limits of Eq. .

Now let us treat some explicit examples. We first
consider W(x,y) = p whose stochastic realisations are
Ggr(p): the Erdés-Rényi graph over L vertices where
each edge appears independently with probability p. Ob-
serve from Eq. that in this case M\*(x) = A\* =
ptanh(SA*) and is independent of z. Substituting this

FIG. 1.
graphons: W (z,y) = zy and W(z,y) = 7. a) Total Magneti-
sation density M* versus inverse temperature 8 for L — oco.
Black dashed-dotted lines give the asymptotic derived by
taking the large g limit of the respective closed-form equa-

Magnetisation of the classical Ising model for the
1

tions. Red circles correspond to Monte Carlo simulations
of finite, L = 800, randomly sampled graphs G37 derived
from W (z,y) = xy. Bottom) Percentage difference in M* for
the exact result in the thermodynamic limit versus finite-size
Monte Carlo simulations at several L (crosses are L = 100,
triangles L = 200, squares L = 400 and circles L = 800). For
each 8 and L, 100 stochastic samples G7 are realised and the
data (both top and bottom plots) is averaged over these. Fur-
ther details are provided in the SM. b) On-site magnetisation
o*(z) versus 8 and z for the graphon W(z,y) = zy in the
thermodynamic limit.

into Eq. @ gives us the familiar self-consistent equa-
tion M* = tanh(BpM?#) for the magnetisation M?* of the
classical Ising model under the mean-field approximation.
The edge probability p re-scales the temperature in the
all-to-all model and the randomness of the model has no
effect on the macroscopic physics in the thermodynamic
limit—a result which has been proven to be general for
spin systems on Erdés-Rényi graphs [22] 28].

We consider the, more complex, separable graphon
W(z,y) = =xy, whose stochastic relatisations dictates
that each pair of spins v and v’ interacts with a strength 1
with probability (vv’/L?) and strength 0 otherwise. One
can also choose to directly interpret the deterministic re-
alisation of the graphon, where each pair of spins inter-
acts with a strength (vo’/L?). Both interpretations lead
to the same physics in the thermodynamic limit—this
follows directly from theorem |[2| From Eq. we derive
(see SM) o%(x) = tanh(fBcx) and M* = w
c is the real-valued solution of the equation

where

12¢2 — 72 +24eln (1 + e 2) — 12PLy(—e %) = =~

and PLs is the PolyLogarithm function of order 2. The
critical inverse temperature f. is 5. = 3: the supremum
of the LHS of the above equation for ¢ € [0, o0].

In Fig. [1] we plot the total magnetisation M* and the
local magnetisation o*(x) versus 8 based on our analyti-
cal solution. We also perform finite-size Monte-Carlo nu-
merics for M7 for increasing system size (by constructing
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FIG. 2. Properties of the ground state of the transverse
field Ising model on the graphon W(z,y) = /zy. Results
for the constant graphon are included for reference. a) En-
ergy density versus transverse field strength h. Orange line
represents the analytic solution in the thermodynamic limit.
Markers represent numerical calculations averaged over 100
finite stochastic realisations of W (x,y) = \/zy on L = 400
sites. Inset) Percentage difference between the ground state
energy calculated on L = 100,200 and 400 (cross, triangle
and circle marker respectively) site random-exchange reali-
sations of W (z,y) and the exact solution for L — oco. b)
Total transverse (unfaded) and longitudinal (faded) Magneti-
sation densities of the ground state. Inset) Two-point cor-
relator (0*(1)o”(2)). c) Von-Neumann Entanglement En-
tropy (EE) of W(z,y) = /zy averaged over 100 stochas-
tic realisations on L = 400 sites. The partition is between
the first «L sites of the system and the remaining (1 — x)L
sites. The red curve corresponds to the entanglement en-
tropy at © = 2/3 for h = 0 — 1. Dotted black line is the fit
EE(z = 2/3) = —0.136 log,(h—0.5) —0.089. d) Analytical re-
sult for the on-site magnetisation o®(z) versus transverse field
strength h and position x for the graphon W (z,y) = \/zy.

stochastic realisations of W (x,y)) and demonstrate con-
vergence to our analytical solution. We compare these
results to the graphon W(z,y) = i. As the tempera-
ture increases both systems undergo a second-order phase
transition characterised by typical mean-field exponents.
For the graphon W(x,y) = xy, however, the conver-
gence to a fully ferromagnetic state at zero temperature
is slower. This convergence can be determined analyti-
cally by expanding Eq. for large 8 and substituting
into M? = w, yielding M?* =1 — MHT@) There
is thus a direct linear convergence of the magnetisation
to unity with temperature T = % versus the exponen-
tially fast convergence associated with the homogoneous

W (x,y) = const. case.

This slow convergence is a result of the ‘left boundary’
of the system. In Fig. ) we see that the local magneti-
sation at small values of x, where the spin-spin couplings

are very weak, is very small even deep in the ferromag-
netic regime. This ‘boundary effect’ means the T = 0
state has a finite magnetic susceptibility to changes in
temperature, ie. 2 |r_5 = —2In(2). In the homoge-
neous case we have dg—ghﬂzo = 0. Whilst both systems
are mean-field in terms of their universal behaviour, they
exhibit very different physics in the ferromagnetic regime.

Transverse field Ising model — We now consider a quan-
tum example: the transverse field Ising model. Our in-
tegral equation is (setting J* = JY = hY = h* = 0 and
h® = —h,J* = —1 in Eq.

() = /01 W (x,y)\*(y) tanh(ﬁW) )

h? + (A (y))?

Y.
9)

We focus on the ground-state by taking the limit § — oo.
We can again use Banach’s fixed-point theorem here to
prove the existence of a disordered-ordered phase transi-
tion with an upper bound of the critical field strength h,
given by the supremum of the marginal of the graphon.

We now consider some specific examples. First, tak-
ing the Erdés-Rényi graphon W(z,y) = p straightfor-
wardly yields the solution M* = /1 — Z—; consistent with
a rescaled TFI model with all-to-all coupling [2§].

There are, however, other, less trivial graphons for
which an exact analytical solution for the ground state
properties can be found. Consider the separable case
W(z,y) = \/zy. Some algebra on Eq. @ (see SM) leads

to (o%(x)) = A and (0*(z)) = — VT with

N N
V2 — 1
g:{ 2\ J14+(1-3nVIt6h h<i, (10)

0 otherwise.

Integrating the expression (see SM) for the transverse
magnetisation then gives the following closed form for
the total transverse magnetisation density

6h h<i
M?® = { 3h+1/2+9h2+(2—6h)y/1+6h 2’ (11)
1 otherwise.

The total longitudinal magnetisation density can also be
obtained in closed form (see SM). Our methodology has
yielded an analytic expression for the magnetisation (in
the thermodynamic limit) of the transverse field Ising
model on a complex, highly inhomogeneous graph struc-
ture.

In Fig. [2] we plot these solutions alongside those for
the constant graphon. The left boundary of the system,
which has very weak z — 2z coupling, modifies the physics
of the system and makes it more susceptible to the trans-
verse field than the all-to-all case. The transverse-field
susceptibility versus site-index z can be derived from Eq.
yielding limy, o W| = §(x), where 6(x) is the
Dirac-delta function. There is a singularity in the sus-
ceptibility on the left boundary of the system at 0 field-
strength in the ferromagnetic regime. This is not present



in the all-to-all model. Critical exponents for the mag-
netisations at the phase transition can be found via ex-
pansion of the analytical results and these are consistent
with the mean-field universality class and equivalent for
the two graphons.

In Fig. [2] we also provide finite-size simulations of the
ground state on random-exchange realisations of W (z, y)
using Density Matrix Renormalization Group (DMRG)
[30] calculations on a Matrix Product State ansatz. We
reach system sizes on the order of ~ 100 spins, observ-
ing convergence to our analytical solution. We verify
this convergence for local observables and non-local ones,
where exact, analytical results can be obtained via the
mean-field approximation.

Importantly, from these tensor network numerics we
can go beyond mean-field theory and obtain the entan-
glement entropy of the ground state on a finite system —
something currently inaccessible to our continuous for-
malism. This is non-zero and diverges logarithmically
with the transverse field strength as criticality is ap-
proached: h — 0.57. We also find the entanglement
only depends on the ratio x = N/L, where N is the parti-
tion size. This scaling is reminiscent of the entanglement
properties of the all-to-all transverse field Ising model
[23]. Here we observe it in a heterogeneous dense graph
system, suggesting a possible universal mechanism un-
derpinning the scaling of entanglement entropy in these
models.

Conclusion — We have successfully utilised tools from
graph theory to derive a set of integral equations which
describe the physics of generic spin models with a large
density of interactions in the thermodynamic limit—
whether classical or quantum. Our formalism straightfor-
wardly reproduces known results and, most importantly,
can be used to uncover the equilibrium properties of more
complex systems. We observe how inhomogeneity in the
underlying graphs alters the magnetic properties of the
system.

Our work opens a up a number of further avenues for
future research. Firstly, extending our formalism to de-
scribe the out-of-equilibrium dynamics of a spin system
on a dense graph is a natural direction. Whilst an analyt-
ical solution is known for the all-to-all case (W (z,y) = 1)
on the Lipkin-Meshkov-Glick model (a model whose dy-
namics was recently realised on a quantum simulator
[24]), our graph-theoretic approach could open up so-
lutions for a whole range of dense graphs. The quan-
tum fluctuations which deviate finite-size results from the
mean-field case would be stronger here.

Secondly, graphon estimation is the process of estimat-
ing the continuous graphon W (z, y) from which a given fi-
nite graph G could have been drawn from [31H33]. There-
fore when studying spin models on a large, connected
structure (the structure need not necessarily be dense,
graphon estimation can be done for quasi-sparse graphs
too [32] B3]) one can estimate the graphon W(z,y) and
solve our equations to obtain an approximate solution to
the equilibrium physics of the system.
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I. APPENDIX
A. Appendix A: Proof of Theorems 1 and 2.

We restate the Hamiltonian from the main text

L
H(Gy) = % S A (Z J%;’&f}) + 3 hess,
v’ =1 e veV
v>v' «
(s1)
where all definitions are retained and a = z,y,z. We
now prove Theorems 1 and 2 from the main text, which
are restated below.

Theorem 1 Let (Gr)ren = (G1,Ga,...) be a sequence
of finite-size graphs generated as stochastic or weighted
realisations of the graphon W(xz,y). Then for a given
inverse temperature T = 1//3 the macroscopic properties
of the equilibrium states of the sequence of Hamiltonians
H(GL)reny = (H(G1), H(G2),...) converges and are de-
termined by the solution of the following coupled integral
equations

ol = g [ W@ X () tanh(BAW) e
AY(x) J /O AW dy+h(S,2)

with o = z,Y, 2, Ax) =
+v/ (A% (2))2 + (W (2))2 + (A*(2))2 and the three func-
tions \*(z), with a € {x,y,z}, each being continuous,
real-valued and defined over the domain [0, 1].

Theorem 2 Let f(H) = —Liﬁln(Tr(exp(—ﬁH))) be the
free energy density of a d* x d¥ many-body Hamiltonian,
with f € R>¢ and d the dimension of the local Hilbert
space. Let G7 and G be the stochastic and weighted
realisations on L vertices of a graphon W(x,y) respec-

tively. For an arbitrary set of real, finite values for the
parameters {J®, JY, J* h* hY h*} the following is true

[F(H(GD) = fHGE)) = OL™2), (S3)

which vanishes in the limit L — oo.

We will first prove Theorem [I] by assuming that Theo-
rem[2)is true. Then we will prove Theorem [2|to complete
the proof.



We first perform a mean-field treatment of H(Gyp) for
some arbitrary graph G with adjacency matrix elements
Ay and take L — co. Let 6 = (6%) + 6%, substitute it
into the Hamiltonian and ignore terms of order 62. The
result is (up to a constant):

o)

GL)=)Y H,=)Y 69 ((ZAWJ
) (34)

v, v'=1
Within this mean-field approximation the equilibrium
state of the system is given by

L
- @ ol
Tr(exp(—

v=1

exp(—

p(B) =

®pv

(35)
Where the reduced density matrix on each site p, is,
explicitly (in the basis spanned by the eigenstates of %),
the following 2 x 2 matrix:

Tr (exp

where we have defined \, = 1/(\%)2
30 = (S dur2103) ) 4 1

By taking the expectation values (c%) associated with
pv we find the \§ variables must obey the following self-
consistency relation:

+ (A2 + (\2)% and

JO‘AU,U/ A tanh(ﬁ)\v/ )
Ay

>+w,(m)

with v = 1...L and o = x,y,2. The set of values {\S}
with v = 1...L, a = x, y, z which solves the 3L non-linear
equations described by Eq. thus fully characterise
the mean-field equilibrium state associated with H.
Now we wish to take the continuum limit of Eq. (S7).
First, we define the following: = = v/L, de = 1/L,
A = A¥(x) and A\, = A(z). We assume that the
adjacency matrix has been generated as a weighted

B L Ay — AZtanh(BA,) —(AZ —iXY)tanh(BA\,) realisation of some graphon W(z,y), ie. A, =
Po=on, =7 +IM)tanh(BA,) A, + Aztanh(BX,), ) L*[p, ., W(z,y)dedy, I, =[(v—1)/L,v/L]. Substi-
(S6) tuting this all into Eq. gives us
|
JO‘LQ(IIUX]v, W (z, y)dwdy) A% (z) tanh(BA(y))
A (z) = — > dx + h® (S8)
) Ay)
y=1/L,2/L,....L
[
Now we take L — oo which implies via
Lz(fli’X],W(x,y)dxdy> — W(z,y) and the sum-
mation becomes an integral. We can then write down N A (z) tanh(BA(z))
the coupled, continuous mean-field equations o%(z) = (S10)

i) = [ DG A,y
(S9)
with  « = z,y,z and  A(z) =
V(A% (2))2 4+ (A¥(z)2 + (A\*(2))2.  These govern our

system in the thermodynamic limit of the sequence of
graphs generated from the graphon W (z,y). Whilst we
explcitly used the weighted realisation G of W(z,y),
Theorem 2 tells us that the equilibrium properties of
the system that arise as the solution of Eq. . are
equivalent for both G}V and GS as L — oco. Thus these
equations govern the properties of any sequence of finite
graphs which converge to W(x,y) — not just weighted
ones.

The equations in Eq. (S9) are coupled, non-linear
Fredholm integral equations with the graphon acting as
the kernel. From the solution set {\*(z), A*(y), \Y(2)} to
these equations we can obtain the on-site magnetisations

and the total magnetisation density is M = fol o(x)dx

In order to complete the proof of Theorem 1 we need
to prove Theorem 2 which was assumed at the end of
the last section. We recall a Lemma proven in Ref. [2§],
which we will be helpful in completing the proof.

Lemma 1 Let (AL)LEN = (Al,A27...) and (BL)LEN =
(B, Ba,...) be two sequences of many-body Hermitian
matrices. The matrices Ar, and By, in the sequence have
size d¥ x d¥, with d fized and the dimension of the lo-
cal Hilbert space. Let Dy = Ar, — Br, and M\, be the
largest (in terms of the absolute value) eigenvalue of Dy,.
1 \Bul = O(L®) then |f(AL) — f(BL)| = O(L*Y),
which vanishes for k <1 as L — oo.



We begin by defining the following operator:

Dy := H(GY) - > Df
a=z,y,z
S 55 W ra~a
Z Z Aj5070; Z Ajj 0765 |
a=z,y,z 1,5=1 1,j=1

1<J 1<J

(S11)

where Afj are the matrix elements of G¥ and AXJV are the
matrix elements of GV, finite stochastic and weighted
realisations of some graphon W(z,y).

We proceed to evaluate the eigenvalues of the operator
D¢. As such, consider its eigenstates |of,...,0%), where
G |of,...,0%) = pilod,...,0%), with p; = £1, depend-
ing on whether the ith spin is pointing ‘up’ or ‘down’ in
that basis. We will define p;; := p;p; and consider the
eigenvalue

(o, ...,0F| D} o, ...,of) =
1 L
Z Z Aljﬂl] Z AI/;/P%] ) (Sl2>
7,7=1 1,7=1
1<J 1<j

We we will proceed to show that, independent of the
eigenstate |07, ..., 0%}, this eigenvalue grows, at most, as
L'? in the large L limit. From there we can invoke
Weyl’s inequality to show that the eigenvalues of Dy, grow
asymptotically as L'/? and subsequently invoke Lemma
1 (from above) to complete the proof of Theorem 1.

To prove the L'/? growth of Eq. , we begin with
the Hoeffding inequality. This states that for indepen-
dent random variables Y7, ...,Y,, for which a; < Y; < b;
then the sum S, :=Y; + Y5 + ... + Y, is bounded as

2t?
P(S, —E(Sy)| > 1t) < 2exp< ST (@i = bi)2>’
(S13)
with the factor of 2 stemming from the fact we have in-
corporated both the upper and lower Hoeffding bounds
together. We will apply this bound to Eq. (S12).

Let us construct the set X := {X;;} which consists
of the % random variables X;; := Afj tij (we have
i,j = 1..L and i > j). Observe that since A7 € {0,1}
(the graph G7 is simple) and y;; is either 1 or —1, we have
that —1 S Xij S 1. AISO7 E(XZJ) = ]E(Ai),u” = Aguij,
where E(A?.) denotes the expected value. In our case,
however, all of the X;; quantities are not independent—

the sign of X;; is determined from the sign of X;; and
X};. This can be dealt with by applying the Hoeffding
bound to the X;;’s with positive and negative sign sepa-
rately.

A given eigenvector |0¢, ...,0¢) will consist of a num-
ber of spins pointing up (o; = +1) and and the remain-

der pointing down (o; = —1). Define M = Zk 10k,
then it can be checked that of the L(Li parameters
Mijs W‘Zﬂ are positive and LEM® e negative. We

therefore partition the set X := {X;;} into two sets as
follows

o = {Xijlpi; = 1},
o o= {Xyjlps; = -1}

We would like also to keep track of the values A}’}/ [ij, SO
we partition the set {y; A} } into

zh = {py A g = 1},
P = {piy Al g = —1}

We can now invoke the Hoeffding bound on each set sep-
arately, since each set now consists on independent ran-
dom variables. We have two sums on which to invoke the

M +L —2L L 7M
bound: S4 := Zl 1 Aand SB =Y, _F  aP,
where we use xl and xf to refer to elements from x
and xP respectively. Likewise we will use z! and z2 to
refer to individual elements of z4 and z” respectively.

Then observe that, due to E(X;;) = AE//MJ we have

M2

(M) =%+  z and E(S¥) = Zl o
Equation (S13) then gives two bounds:

P (]S4
P(|s®

2
—E(sY)| = t) < 26XP(L2+1\37§2L)

—E(SB)| > t2) < 2exp( 25\242)

We combine these bounds to obtain:

L L
P i A% = > pi A | >t + 1
ij=1 ij=1
1<j 1<J
—213 —2t3
<4 — 1 S14
= eXp(L? A2 —2L> (L2 M2> (514)

Since we fixed the magnetisation M of the eigenstate

in deriving the above bound, we should take the union

bound over ( 1 Li M)) eigenstates with magnetisation M.
2

We will denote an eigenstate with magnetisation M as

|oar), resulting in the new bound



Ue ||y m

loar) i,j=1 ij=1
1<j 1<J

Now observe that the following is true

L —2t3 . —2t2
L+ m)) PN —or ) P\ e

L 3+ t3
ol ).
where L € N, |M| < L and t1,t; € RT.
This leads us to the following
UUP Z/"LZ] Z,Ufzg V;{Zt1+t2
M |or) 4,j=1 i,j=1
1<) 1<J
L 1+ 13
cuaonf()en(£55)
(S17)

where the union bound has again been used. Now observe
that if t; +to = O(L?) then t7 + t3 = O(L?"), where
v € R. Using the fact () ~ /=2L for large L, and

also that using 2% = e we then arrive at

yye Z pij A Z pig Al | > O(L7)

M |oar) =1 =1
1< 1<J
2 2y—2
2(L+1)4/ T eXP (LIn(2) — O(L*7?)) ,
(S18)
which vanishes unless v < % This leads us to
(0%, ..., 0% D% |0, ....,0%) = O(L?) VM, o). (S19)

Now from Weyl’s inequality we know that the eigenvalues
of the operator D, = H(GY) — H(GY) are therefore
bounded as O(L'/?). From here we can invoke Lemma 1
with k = 1/2 and Theorem 2 is proven.

B. Appendix B: Analytical solution of the classical
Ising model for W (z,y) = zy

We wish to solve Eq. with W(z,y) = zy, i.e. iden-
tify the function A*(z) which solves

3@ = [ aytanh(aX @)y (520)

Zum Yzttt §4<

L
L+ M)> eXp(L? M2 2

—2t2

L) xp<L_2t;42>. (S15)

(

We start by observing that A*(z) = f(8)x, where f(0)
is a real valued function of 8 that is independent of x.
Substituting this into Eq. (S20) and defining ¢ = 8f(B)
gives us

1
%Z/o y tanh(cy)dy, (S21)

We can perform the integration here analytically. First,
perform integration by parts and expand into exponen-
tials:

1
/ytanh(cy)dy
0
1 (1 g
:2<ly2tanh(cy)] —f/ yQSechQ(y)dy>
c 2 o 2 Jo

1 [ ¢ tanh(c?) ¢ 2yte W
_c2( > —/0 et (652)

Now the integral on the RHS can be dealt with by ob-
=32 (=1)""lne=2"* giving us

serving that

m n=1
1

02/ ytanh(cy)dy

0

c? tanh(c? = ¢
_ 5 ( ) _ Z(_l)nfln‘/o 2y2€72nydy

n=1

B ¢ tanh(c?) B i (=1)"(1 +e~2"(1 4 2cn(1 + cn))
B 2 2n? '

3
Il
-

(S23)

We can evaluate the series by splitting up the numer-
ator and using known results,

1
02/ ytanh(cy)dy
0
1 72 1
= In(1 _2°——PL e~2¢). (S24
5 g4z T g (1 eT) — 5 5PLa(—e). (524)

We can then use this result to reduce Eq. - ) to Eq.
. ) from the main text:

1

1
5= (12¢* = 7% 4 24cIn(1 4 %) — 12PLy(—e ™)) .
(S25)
Additionally, it is straightforward to observe that

= fol o*(x)dx = fol tanh(cz)dx = M



C. Analytical solution of the ground-state of the
transverse field Ising model for W(z,y) = \/zy

We wish to solve Eq.
W(z,y) =

(9) in the main text with
vTy and 8 = oo, i.e:

=2 ||

again observing that this implies A\*(z) = \/zg(h) where
g(h) is some real-valued function of h gives

(526)

—1, (S27)

1
Y
— 7 d
J, v

which we can solve for g(h) (we restrict h and g(h) to
be positive real without loss of generality) by a series of

J

substitutions. Yielding

2(2h° — 2h2\/h2 + g2(h) 4+ g*(h)\/h% + g2(h)) _
3g4(h) ’
(S28)
which has the solution
V2 _ 1
o = 1% V1+(-30VIT6h h<l, (529)
0 otherwise.

as in the main text. The transverse and longitudinal
magnetisations are determined by the integrals M* =

1 2z _ _ gV _
Jo h2+92( = dxr and M In \/mdx respec

tively. The first, by direct integration, yields Eq. (11) in
the main text. The second can be done by an extensive
series of trigonometric substitutions and results in the
following closed form expression

(1+s)(2w/(175)(4+18h274s)79h (2In(3)+21In(h)— 21n(7\/2728+\/2+9h2725)))

M?*(z) =

where s = (=1 + 3h)v/1 + 6h.

D. Appendix C: Further example graphons

In this section we consider further graphons which were
not treated in the main text but frequently appear in the
literature on graphons.

Stochastic  block models - The Stochastic Block
Graphon is typically utilised in statistical analysis of net-
works because they are useful in uncovering clustering in

J

T08AZ(—1+2h) , (S30)
otherwise
[
networks [35]. The graphon can be expressed as
p11 if (z,y) € X7 x X,
if X1 x X
Wiy = P2 T @y eXxXy, (S31)
pee  if (2,y) € Xi x X,

with p;; = p;; and the X; specifying disjoint sub-domains
of [0,1] such that U¥ ;X; = [0,1]. We write AX; to
indicate the width of the interval X;. The continuous
mean-field equations then take on the following form

k Di; A% (y tanh(ﬁ\/ (A (y

O+ FW)P)

dy+h*  VzeX;. (S32)

N ==r Z/x o)

Jj=1

Observe that we can immediately infer from this that
A%(x) is constant across each of the domains X;. We can
thus define A$ = A\*(z) Va € X; and reduce Eq. (S33) to

" i AijijA;* tanh (8,/()? + (\)2
P VO + ()7 + (32

(S33)

+ (>\-”(y)2

+(x)?) .

+(X*(y))?

(

a series of equations which become increasingly compli-
cated to solve as the number of clusters does. In the case
of a single cluster we recover the case of an Erdds-Rényi
graph.

Growing uniform attachment — The growing uniform
attachment graphon is given by W(z,y) = 1 — max(z,y)
[36]. The graphs which are finite realisations of this

,eraphon will consist of nodes in which the average con-

nectivity of a node varies uniformly across the graph.
Such graphs are therefore highly inhomogenous in their
average vertex connectivity. Substituting Wi(z,y) =



1 — max(z,y) into Eq. and differentiating the left
and right hand sides twice with respect to x leads us to
the following coupled second-order ODEs

d*\ () Ja () tanh (8/A% ()2 + A (2)2 + A*(z)2)

dx? VA (2)2 + W (2)2 + N* ()2 7

(S34)

with @ = z,y, 2, boundary conditions A*(1) = 0 and
M‘ =0 — 0 Va.

dx 1T

Mazimally irreqular graph — The maximally irregular
graph is the finite connected graph where each site (other

J

10

than one pair) has a different co-ordination number to
any others [28]. Taking the thermodynamic limit of the
adjacency matrix results in the graphon

1 z4+y<l1

S35
0 otherwise. (835)

W(l‘,y) = {

and the integral equations in Eq. reduce (upon dif-
ferentiation) to the following three coupled first order
ODEs

A\ (z)

A¥(1 — x)tanh(ﬂ\/()\w(l —x))2+ (A1 —2))2+ (A3 (1 —12))?

= —Ja

, a=uz,y,2, (S36)

dx VORI —2)2 + (W1 —2))? + V(1 - 2))?

with boundary conditions A*(1) = 0 Va. Such equations are known as functional differential equations and have been
studied extensively in both Mathematics and the applied Sciences [37].

E. Appendix D: Numerical details

Classical Ising model — For the finite-size data plotted
in Figure 1 of the main text we used Monte-Carlo simula-
tions. Specifically, for a given L we drew a finite random-
exchange realisation of the graphon W (z,y) = zy and for
a given temperature S utilised the Metropolis-Hastings
algorithm to generate Ngamples = 5000 for the Magneti-
sation Density M*. We used a Markov chain length of
250 between each sample and threw away the first 1000
samples. For each L we took 100 stochastic realisations
of the graphon W(z,y) and averaged our results over
this. There are thus two sources of statistical error in
our simulations: the error from sampling a finite num-
ber of stochastic realisations and the error from taking
a finite number of Monte-Carlo samples. In Fig. [l we
plot the standard error on the mean from both of these
sources, the values are negligible in comparison to the
scale (0 — 1) of Fig. [I|in the main text.

Transverse Ising model — For the data plotted in
Figure 2 of the main text we used the Density-Matrix-
Renormalisation-Group (DMRG) algorithm to find the
ground-state of the transverse field Ising model. For
a given L we drew a finite stochastic realisation of the
graphon W (z,y) = /zy. Then, for a given field strength
h we took a random Matrix Product State with a small
bond dimension x and successively performed DMRG
sweeps, letting the bond-dimension double every 4th
sweep until the energy converges to within 0.1% of that
for the previous bond dimension. There is thus only one
source of statistical error in this simulation: the error
from sampling a finite number (100) of stochastic reali-
sations. In Fig. [1| we plot this error as a percentage and
observe that it is on the order of 0.1%. The ordering of
the sites (from left to right) of the Matrix Product State
was taken to be identical to the ordering v = 1...L of the

(

sites of the graph.

F. Appendix E: The Graphon as the Limit Object
of Dense Graph Sequences

We provide mathematical details on how the graphon
W is the limit object of a sequence of dense graphs
(Gn)nen where n is the number of vertices. This Ap-
pendix closely follows Ref. [38], although the theory on
graph limits was first developed in Ref. [I7]. The in-
terested reader should consult either of these for more
detail.

Consider two simple graphs F' and GG, where we define
the number of vertices of F' to be k and that of G to be
n. A homomorphism from F to G is a map which pre-
serves edges. This means that given an edge (i, j) € E(F)
(here E(F) is the edge set of F'), and a homomorphism #,
there is always an edge (h(i),h(j)) € E(G)— the set of
edges of G. Let hom(F, G) indicate the number of homo-
morphisms from F' into G. The homomorphism density
t(F,G) is then defined to be

hom(F,G)
Y

HF,G) = (S37)

n

The homomorphism density is the probability of a ran-
dom map from the graph F' to the graph G being a ho-
momorphism, since n* is the total number of maps from
a graph with k vertices to a graph with n vertices.
Suppose that instead we are given a graphon, such as
W¢e — the stepped graphon corresponding to the graph
G which is defined as Wg(z,y) = Ay for (z,y) € [(v—
1)/n,v/n] x[(v'—1)/n,v’/n] (with A being the adjacency
matrix of G). In this case, the homomorphism density is
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Supplementary Figure 1. a) Standard error on the mean for
the Monte-Carlo calculations of MZ* for the classical Ising
Model on stochastic finite-size realisations of W(z,y) = zy.
Top plot is standard error on the mean from 5000 Monte-
Carlo samples of M* at a given 8 and L. Data points are
averaged over 100 stochastic realisations of W (z,y). Bottom
plot is the standard error on the mean from the 100 stochastic
realisations of W (z, y), averaged over the 5000 samples taken
for each realisation. b) Relative standard error on the mean
(standard error on the mean as a percentage of the mean)
for the ground state energy of the transverse field Ising model
calculated via DMRG. Standard error is that originating from
the 100 stochastic realisations of W (z,y) = \/Zy at a given h
and system size L.

defined to be

t(F, We) :/

Wiz, x; dz; S38
- (i) T] doi - (538)

(i,J)EE(F) i€l:k

Here the same definition holds for any arbitrary graphon
w.

The homomorphism density with reference to a finite
graph F' indicates the relative likelihood of the graph G
or more generally graphon W containing an instance of
F inside of it. If two graphs or graphons have similar
homomorphism densities for all simple graphs F', then
these graphs are similar. The definition of convergence
of a sequence of graphs hinges precisely on this concept.

Definition 1 (Convergent Graph Sequence) A se-
quence (Gy) of simple graphs with V(G,) — oo as
n — 0o converges if the subgraph densities t(F,G,,) con-
verge for all simple graphs F'.

The above definition gives allows us to precisely define
in what sense W can be considered a limit object.

Theorem 3 (Lovasz, 2012 [38]) Let (G,) be a se-
quence of simple graphs with V(G,) — co. If (Gy) con-
verges, there exists a graphon W such that t(F,G,) —
t(F,W) for all simple graphs F.

11

The above theorem tells us that if the sequence
(G,) converges, then there exists some limit object—the
graphon—which captures the limiting homomorphism
density counts of the sequence of graphs for all simple
graphs.

There is a second, equivalent, definition of convergence
which us allows us to define W as an appropriate limit of
a sequence of dense graphs. This definition utilises the
cut distance of two graphs.

Definition 2 (Cut Distance) Given two graphons W
and W', define the cut distance between them to be
S (W, W’)

:= inf su
N s})

/S W (0(a).0(0) = W/(5(@). 1)
(S39)

where the infimum is taken over all vertex re-labelings
¢ of W and v of W'. The supremum is taken over all
measurable subsets S and T of [0, 1].

The cut distance is a metric on the space of graphons
(up to weak isomorphism). It maximises the difference
between the integral of the two graphons on measurable
intervals S and T which together form a box S xT'. This
step can be thought of as maximising the difference in
edges between those vertices contained in S x T'. The
infimum is then taken on that chosen interval over all
measure preserving maps, in order to ensure that the cut
distance is zero for weakly isomorphic graphons. The
following theorem can then be proven from the above
definitions.

Theorem 4 (Lovasz, 2012 [38]) Given a sequence
(Gr) of simple graphs with |V (G,)| — o as n — oo,
the sequence is said to converge to the graphon W if
do(We,,,W) — 0 as n — oo.

This theorem provides alternative definition for the
graphon as a limit object. In this definition, we envisage
instead the pixelated adjacency matrix of the sequence
of simple graphs G,, approaching (via the cut distance)
that of the limit object W.

Importantly, the above definitions and theorems can
be generalised to sequences of weighted graphs by requir-
ing the graphs to have uniformly bounded edgeweights.
Moreover, we emphasise that these limits only make sense
for sequences of dense graphs, because it can be shown
that sparse graph sequences always have as their limit
the graphon W (x,y) = 0 for all z and y.

[1] M. D. Shirley and S. P. Rushton, [Ecological Complexity
2, 287 (2005),
[2] S. Lozano, L. Buzna, and A. Diaz-Guilera, The Euro-

pean Physical Journal B 85, 231 (2012).
[3] X. F. Wang, [International Journal of Bi-
furcation and Chaos 12, 885 (2002),


http://dx.doi.org/https://doi.org/10.1016/j.ecocom.2005.04.005
http://dx.doi.org/https://doi.org/10.1016/j.ecocom.2005.04.005
http://dx.doi.org/10.1140/epjb/e2012-30209-9
http://dx.doi.org/10.1140/epjb/e2012-30209-9
http://dx.doi.org/10.1142/S0218127402004802
http://dx.doi.org/10.1142/S0218127402004802

https://doi.org/10.1142/S0218127402004802

[4] A. Zakharova, M. Kapeller, and E. Scholl, Phys. Rev.
Lett. 112, 154101 (2014)!

[5] F. A. Rodrigues, T. K. D. Peron, P. Ji, and J. Kurths,
Physics Reports 610, 1 (2016), the Kuramoto model in
complex networks.

[6] K. Takano, K. Kubo, and H. Sakamoto, Journal of
Physics: Condensed Matter 8, 6405 (1996).

[7] P. R. A. Campos, V. M. de Oliveira, and F. G. B. Mor-
eira, Phys. Rev. E 67, 026104 (2003).

[8] A. Georges, G. Kotliar, W. Krauth, and M. J. Rozen-
berg, [Rev. Mod. Phys. 68, 13 (1996).

[9] G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko,
O. Parcollet, and C. A. Marianetti, Rev. Mod. Phys. 78,
865 (2006).

[10] A. I. Lichtenstein, M. I. Katsnelson,
Phys. Rev. Lett. 87, 067205 (2001).

[11] P. A. Pearce, |Journal of Statistical Physics 25, 309
(1981),

[12] D. Yamamoto, Phys. Rev. B 79, 144427 (2009).

[13] F. L. Metz and T. Peron, Journal of Physics: Complexity
3, 015008 (2022).

[14] F. G. S. L. Brandao and A. W. Harrow, (Communications
in Mathematical Physics 342, 47 (2016).

[15] K. Sheshadri, H. R. Krishnamurthy, R. Pandit, and T. V.
Ramakrishnan, Phys. Rev. Lett. 75, 4075 (1995).

[16] R. V. Pai, J. M. Kurdestany, K. Sheshadri, and R. Pan-
dit, Phys. Rev. B 85, 214524 (2012)|

[17] L. Lovész and B. Szegedy, Journal of Combinatorial The-
ory, Series B 96, 933 (2006).

[18] P. J. Wolfe and S. C. Olhede, [arXiv Preprint: 1309.5936
(2013), 10.48550/ ARXIV.1309.5936.

[19] A. Lipowski, D. Lipowska, and A. L. Ferreira, Phys. Rev.
E 96, 032145 (2017).

[20] D. Stauffer, American Journal of Physics 76, 470 (2008),
https://doi.org/10.1119/1.2779882.

[21] J. Majewski, H. Li, and J. Ott, Am. J. Hum. Genet. 69,
853 (2001).

[22] A. Bovier and V. Gayrard, Journal of Statistical Physics
72, 643 (1993).

[23] J. I. Latorre, R. Orus, E. Rico, and J. Vidal, Phys. Rev.
A 71, 064101 (2005)!

[24] K. Xu, Z-H. Sun, W. Liu, Y.-R. Zhang, H. Li,
H. Dong, W. Ren, P. Zhang, F. Nori, D. Zheng, H. Fan,
and H. Wang, Science Advances 6, eabad935 (2020),

and G. Kotliar,

https://www.science.org/doi/pdf/10.1126 /sciadv.aba4935.

12

[25] K. Binder and A. P. Young, Rev. Mod. Phys. 58, 801
(1986).

[26] R. Harris, Y. Sato, A. J. Berkley, M. Reis, F. Al-
tomare, M. H. Amin, K. Boothby, P. Bunyk, C. Deng,
C. Enderud, S. Huang, E. Hoskinson, M. W. John-
son, E. Ladizinsky, N. Ladizinsky, T. Lanting,
R. Li, T. Medina, R. Molavi, R. Neufeld, T. Oh,
I. Pavlov, I. Perminov, G. Poulin-Lamarre, C. Rich,
A. Smirnov, L. Swenson, N. Tsai, M. Volkmann,
J. Whittaker, and J. Yao, |Science 361, 162 (2018),

https://www.science.org/doi/pdf/10.1126 /science.aat2025.

[27] We point out that the Hamiltonian in Eq. is invariant
under Ag, — Ag, A, J* — J%/c. This degree of free-
dom on the graphon and the P, ,/ is trivial as it does not
affect its functional form — which is what governs the
resulting equilibrium physics.

[28] J. Tindall, A. Searle, A. Alhajri, and D. Jaksch, Nature
Communications 13, 7445 (2022).

[29] M. Nazam and M. Arshad, International Journal of Anal-
ysis 2016, 9843207 (2016).

[30] S. R. White, Phys. Rev. Lett. 69, 2863 (1992).

[31] S. Chan and E. Airoldi, in Proceedings of the 31st Inter-
national Conference on Machine Learning, Proceedings
of Machine Learning Research, Vol. 32, edited by E. P.
Xing and T. Jebara (PMLR, Bejing, China, 2014) pp.
208-216.

[32] C. Borgs, J. Chayes, and A. Smith, in |Advances in Neu-
ral Information Processing Systems, Vol. 28, edited by
C. Cortes, N. Lawrence, D. Lee, M. Sugiyama, and
R. Garnett (Curran Associates, Inc., 2015).

[33] J. Xu, in |Proceedings of the 35th International Con-
ference on Machine Learning, Proceedings of Machine
Learning Research, Vol. 80, edited by J. Dy and
A. Krause (PMLR, 2018) pp. 5433-5442.

[34] M. Fishman, S. R. White, and E. M. Stoudenmire, Sci-
Post Phys. Codebases , 4 (2022).

[35] E. Abbe, |Journal of Machine Learning Research 18, 1
(2018)!

[36] C. Borgs, J. Chayes, L. Lovész, V. Sés, and K. Veszter-
gombi, European Journal of Combinatorics 32, 985
(2011), homomorphisms and Limits.

[37] J. Hale and S. Lunel, Introduction to Functional Differen-
tial Equations, Applied Mathematical Sciences (Springer
New York, 2013).

[38] L. Lovasz, Large networks and graph limits (American
Mathematical Society, Providence, RI, 2012).


http://arxiv.org/abs/https://doi.org/10.1142/S0218127402004802
http://dx.doi.org/10.1103/PhysRevLett.112.154101
http://dx.doi.org/10.1103/PhysRevLett.112.154101
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2015.10.008
http://dx.doi.org/10.1088/0953-8984/8/35/009
http://dx.doi.org/10.1088/0953-8984/8/35/009
http://dx.doi.org/ 10.1103/PhysRevE.67.026104
http://dx.doi.org/ 10.1103/RevModPhys.68.13
http://dx.doi.org/10.1103/RevModPhys.78.865
http://dx.doi.org/10.1103/RevModPhys.78.865
http://dx.doi.org/10.1103/PhysRevLett.87.067205
http://dx.doi.org/10.1007/BF01022189
http://dx.doi.org/10.1007/BF01022189
http://dx.doi.org/10.1103/PhysRevB.79.144427
http://dx.doi.org/10.1088/2632-072X/ac4bed
http://dx.doi.org/10.1088/2632-072X/ac4bed
http://dx.doi.org/10.1007/s00220-016-2575-1
http://dx.doi.org/10.1007/s00220-016-2575-1
http://dx.doi.org/10.1103/PhysRevLett.75.4075
http://dx.doi.org/10.1103/PhysRevB.85.214524
http://dx.doi.org/https://doi.org/10.1016/j.jctb.2006.05.002
http://dx.doi.org/https://doi.org/10.1016/j.jctb.2006.05.002
http://dx.doi.org/10.48550/ARXIV.1309.5936
http://dx.doi.org/10.48550/ARXIV.1309.5936
http://dx.doi.org/10.1103/PhysRevE.96.032145
http://dx.doi.org/10.1103/PhysRevE.96.032145
http://dx.doi.org/10.1119/1.2779882
http://arxiv.org/abs/https://doi.org/10.1119/1.2779882
http://dx.doi.org/ 10.1103/PhysRevA.71.064101
http://dx.doi.org/ 10.1103/PhysRevA.71.064101
http://dx.doi.org/10.1126/sciadv.aba4935
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/sciadv.aba4935
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/ 10.1126/science.aat2025
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.aat2025
http://dx.doi.org/10.1038/s41467-022-35090-y
http://dx.doi.org/10.1038/s41467-022-35090-y
http://dx.doi.org/10.1155/2016/9843207
http://dx.doi.org/10.1155/2016/9843207
http://dx.doi.org/10.1103/PhysRevLett.69.2863
https://proceedings.mlr.press/v32/chan14.html
https://proceedings.mlr.press/v32/chan14.html
https://proceedings.neurips.cc/paper_files/paper/2015/file/7250eb93b3c18cc9daa29cf58af7a004-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2015/file/7250eb93b3c18cc9daa29cf58af7a004-Paper.pdf
https://proceedings.mlr.press/v80/xu18a.html
https://proceedings.mlr.press/v80/xu18a.html
http://dx.doi.org/10.21468/SciPostPhysCodeb.4
http://dx.doi.org/10.21468/SciPostPhysCodeb.4
http://jmlr.org/papers/v18/16-480.html
http://jmlr.org/papers/v18/16-480.html
http://dx.doi.org/ https://doi.org/10.1016/j.ejc.2011.03.015
http://dx.doi.org/ https://doi.org/10.1016/j.ejc.2011.03.015
https://books.google.com/books?id=KZTaBwAAQBAJ
https://books.google.com/books?id=KZTaBwAAQBAJ

	The Thermodynamic Limit of Spin Systems on Random Graphs
	Abstract
	Appendix
	Appendix A: Proof of Theorems 1 and 2.
	Appendix B: Analytical solution of the classical Ising model for W(x,y) = xy
	Analytical solution of the ground-state of the transverse field Ising model for W(x,y) = xy
	Appendix C: Further example graphons
	Appendix D: Numerical details
	Appendix E: The Graphon as the Limit Object of Dense Graph Sequences

	References


