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Abstract: We introduce a connection between a near-term quantum computing device, specifically a Gaus-
sian boson sampler, and the graph isomorphism problem. We propose a scheme where graphs are encoded
into quantum states of light, whose properties are then probed with photon-number-resolving detectors. We
prove that the probabilities of different photon-detection events in this setup can be combined to give a com-
plete set of graph invariants. Two graphs are isomorphic if and only if their detection probabilities are equiv-
alent. We present additional ways that the measurement probabilities can be combined or coarse-grained
to make experimental tests more amenable. We benchmark these methods with numerical simulations on
the Titan supercomputer for several graph families: pairs of isospectral nonisomorphic graphs, isospectral
regular graphs, and strongly regular graphs.
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1 Introduction

The problem of graph isomorphism (GI) lies at an interesting point in the landscape of computational com-
plexity theory. Though algorithms have been recently proposed which run in ‘quasi-polynomial’ time [3, 27],
it is still an open question in theoretical computer science whether there exists a polynomial-time algorithm
that can determine whether two graphs are isomorphic; indeed, graph isomorphism is likely to belong to the
class of NP-intermediate computational problems. Two other well-known problems which have similar sta-
tus in the complexity landscape are integer factoring and the discrete logarithm problem. Famously, while
no classically efficient algorithm for these two problems is known, they can be solved in polynomial time
on quantum computers [36, 37]. Quantum algorithms with a superpolynomial runtime advantage have also
been proposed for linear systems [16, 26], semidefinite programming [11, 12], knot invariants [19, 20, 42], and
partition functions [2, 23, 40], among many others. Boson sampling is a strong candidate to demonstrate the
quantum computational advantage [1]. Zhong et al. measured a sampling rate that is about 1014-fold faster
than using state-of-the-art classical simulation strategies and supercomputers [43]

Given these other success cases, it is natural to hypothesize that may also be useful for the graph isomor-
phism problem.

Over the last several years, several works have explored this problem, with quantum algorithms for tack-
ling graph isomorphism proposed based on quantum annealing [15, 21, 44] and quantum graph states [32].
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However, the bulk of quantum algorithm proposals to distinguish non-isomorphic graphs have utilized the
time-evolution of a quantum walker to calculate ‘graph invariants’ or ‘graph certificates’ which, ideally, pro-
duce identical results for two graphs if and only if they are isomorphic. Of the algorithms proposed, they
differ mainly in the number of particles involved, the presence of interactions, localised perturbations, and
construction of the GI certificate [7, 17, 18, 33, 41]. It has subsequently been proven using this approach that
conventional quantum walk algorithms, both discrete-time and continuous-time, with interactions and per-
turbations, cannot distinguish arbitrary non-isomorphic graphs [31, 33, 34].

To test the distinguishing ability of proposed quantum GI algorithms, a common benchmark has become
their capacity to distinguish nonisomorphic strongly regular graphs (SRGs) with the same graph parameters.
This provides an analytic approach to investigate the effectiveness of graph isomorphism proposals; if a par-
ticular certificate will always fail to distinguish two non-isomorphic SRGs, this can be shown to be because
all elements of a certificate, as well as their multiplicities, are functions of SRG family parameters [22].

In this work, we present an approach to graph isomorphism which uses a near-term quantum compu-
tational device, namely a photonics-based Gaussian boson sampling apparatus [25, 29]. For this method,
graphs are encoded into quantum-optical states of light — specifically Gaussian states — which are then sub-
jected to photon-number-resolving measurements. Mathematically, we show that the resulting measurement
outcome probabilities can be combined to give a complete set of graph invariants. Two graphs are isomor-
phic if and only if these graph invariants are equal. We also present several ways that these measurement
probabilities can be combined and coarse-grained to obtain new quantities which can be used to distinguish
nonisomorphic graphs. Finally, we perform classical numerical simulations of our proposed method on the
Titan supercomputer. Using these results, we are able to distinguish 3852 out of 3854 nonisomorphic graphs
using only a subset of measurement events. The remaining two graphs were distinguished by failing to satisfy
a necessary condition introduced here as well.

2 Main results summarized

Our main result is a necessary and sufficient condition to distinguish isospectral nonisomorphic graphs by
virtue of comparing the probabilities of the measurement patterns of the graphs encoded in a Gaussian boson
sampling (GBS) apparatus. We discovered the vital role played by a matrix function called the hafnian [14],
applied to an adjacency matrix, for the GI problem. It leads to a complete set of graph invariants. The hafnian
belongs to the family of matrix functions such as the determinant, permanent and pfaffian [6]. It has been
established that photon detection probabilities can be expressed in terms of the hafnians of a collection of
graphs related to the original graph [9]. Multiphoton detection probabilities are handled by introducing a
new matrix product related to the Kronecker product and by showing how the output probabilities depend
on the hafnian of the graph adjacency matrix as well. We further strengthen our graph invariant results by
introducing the so-called symmetrized graphs invariants and showing that they correspond to coarse-grained
measurement events in GBS. The measurement events are given by the stratification according to the total
photon number and partitioned into the orbits of the permutation group. Their hafnian-based coarse-grained
probabilities are again sufficient to distinguish isospectral nonisomorphic graphs. We extend these insights
by deriving necessary conditions for isospectral graphs to be isomorphic by comparing the coarse-grained
partition-averaged photon distribution from the Gaussian boson sampler.

Our method differs from previous quantum GI algorithm proposals. A great majority have utilized quan-
tum walks, either using discrete-time quantum walks (DTQWSs) [7, 18] or continuous-time quantum walks
(CTQWS) [22, 31, 33, 34]. Although the graph invariants constructed via quantum walk propagation on graph
structures have shown success in distinguishing various families of SRGs, it has been proven that this dis-
tinguishing power is not universal — there will always exist graphs which (current) quantum walk-based
algorithms cannot distinguish [38]. In order to execute a quantum walk-based algorithm in a universal quan-
tum photonic platform, it is necessary to implement a non-Gaussian operation as a vertex-dependent shift
or via multiple interacting walkers. This is a major obstacle with the current and near-term technology our
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proposal does not suffer from. GBS is a Gaussian circuit followed by an array of photon-number-resolving de-
tector (PNR) representing a non-Gaussian element. Unlike non-Gaussian unitary transformations, the PNRs
are available in the state-of-the-art laboratories.

The most comprehensive simulations of quantum methods for GI were performed in [17] and [33]. We
successfully tested three types of isospectral graphs: pairs of isospectral nonisomorphic graphs (PINGs) as
the first examples of such graphs [5], isospectral regular graphs [30] and mainly SRGs. There are numerous
resources available detailing the SRG families containing more than one non-isomorphic graph [13, 39]; as a
result, SRGs have become a common benchmark in studying the distinguishing powers of the GI algorithms.
Note that there may be other graph classes (such as k-equivalent graphs) which have been proven to be harder
to distinguish than strongly regular graphs for particular quantum GI algorithms [38] — however, SRGs re-
main an ideal testing set, simply due to the large number of relatively small non-isomorphic graphs present
in specific families [13, 39]. The largest tested and distinguished family by our approach was SRG(35,18,9,9)
containing 3854 isospectral graphs. This family is supposedly tested in [33]. However, the size of the family
is mistakenly taken to be only 227 graphs (see Table I.). The same error appears in [17]. Ironically, another
SRG family considered there (SRG(35,16,16,8)), that happens to be complementary to SRG(35,18,9,9) and thus
containing 3854 graphs as well, is counted properly and analyzed (see Table 1.).

Section 3 contains all necessary definitions and previous results used in the paper including a detailed
GBS description and a formal introduction of SRGs. Section 4 contains the main result and is split into four
subsections: In 4.1 we gather several supporting results followed by the main results in Sections 4.2, 4.3
and 4.4. Section 5 contains the simulation results and Section 6 concludes with a scalability discussion and
other open questions. In Appendix A we informally introduce the hardware setup (Gaussian boson sampler)
where studied graphs are encoded. In Appendix B we present the GBS quantum GI algorithm applied to vari-
ous SRG families and other isospectral graphs. In Appendix C we summarize with a table the most important
symbols and their meaning.

3 Notation and preliminaries

In the following text the symbol J; , denotes an all-ones rectangular matrix of size k x £ and J; = Jj k. The

following notation is extensively used: 0% = 0x,...x = (;’;,, and o) _ = g,ii :;ii .Lettingn = (nq,...,ny),x =
(x1, ..., xy), we occasionally write Hf‘fl ()Q; = al{" and Hfﬁl ai'ifji = aj{"}‘? The symbol a stands for ‘defined’

and a positive-definite matrix A will be denoted by A = 0. Recall that any Gaussian n-dimensional real dis-
tribution with zero mean, denoted as Gy, is given by

1 1 7+1

T n — ex [_7x 2 X].
Qnivdetz P12
Here, X' is a positive definite matrix which is the covariance matrix of the Gaussian variables X1, ..., Xn.

Since X is positive definite, there exists a unique positive definite matrix A such that & = A?. Let
us change the variables y = A7 lx. That is, x = Ay. Hence the determinant of the Jacobian is det A. As
detX = (det A)? we get that the density distribution for (Y1, ..., Y,) is the standard normal density distri-
bution o 1)% exp [—%yTy]. Therefore Y, ..., Y, are independent standard random variables. Assume that

T,

A = [a;j] is a positive definite symmetric matrix. Then

n
Xi = Zainj, ie [n]
j=1

and

n n n n
E[Xin] = E[( Z aipr) ( Z aquq)] = Z aipain[Yp Yq] = Z a,-pajp = 2,'}'.
p-1 g-1 p.g-1 p-1



DE GRUYTER Graph isomorphism and Gaussian boson sampling =—— 169

Observe the well known fact that the odd moments IE[]'LT':1 X™i], where (mq,...,mpn) € Z% and 2?21 m; is
odd, are zero. A polynomial p(x), x = (x1, ..., xn) € R" is called symmetric if for each permutation o : [n] —
[n] = (1,..., n) we have the equality p(x) = p(xs), where X5 = (X4(1)5 - - - » X5(n))-

Denote by &, the symmetric group of bijections ¢ : [n] — [n]. Denote by Pn C R™" the group of n x n
permutation matrices. So P(0)x = X.

Recall that two square matrices A, B are permutationally similar, if B = PAPT, where P is a permuta-
tion matrix. In this case P! = PT. Two Gaussian distributions corresponding to positive definite covari-
ance matrices 2,2 € R™" are called isomorphic, if 2 = P' ZP for some permutation P = P(0). That is
x"(Z)x = x} (2) x4, where 0 € Gy, forall x € R™.

Denote by Hy D 3, n D H,, y the real space of N x N hermitian matrices, the closed cone of posi-
tive semidefinite hermitian matrices, and the open set of positive definite hermitian matrices. For F € Hy
denote by A1(F) = --- > Ay(F) the N eigenvalues of F. Recall that the spectral norm of F is given by
|F|l2 = max(A;(F), -Ay(F)). For X, Y € Hy wedenote X < Yand X < YifY-X € 3, yor Y - X € H,, y,
respectively.

3.1 Gaussian Boson Sampling

Definition 1. Let C = [c;;] € R*™*?M be a symmetric matrix and let M,y denote all partitions ¢ to unordered

disjoint pairs. Then
hafc ¥ Z H Cuv 1
CEMom (uv)eg
is the hafnian of C [14].

Given a detection event n, its measurement probability was shown in [25] to be

1 In| 1~TC
(n)= ———=o0_ ez “7|__, @
P n!\/detog AP l4-0
where n! = nylx -~ xmytand v L (B,8) = (B1, .., Bars Brs-- - Byy) € C*M which we view as a column
vector (even though B is a complex conjugate of a complex B (entrywise), we consider B; as a new variable).
We denote
0 Iy
Xom = . 3
w2 ] .
Then
0q = Loy - XomC0) ™ (4)

and 0 = 0 — I)/2 is the covariance matrix in Eq. (62).

Note that in order for o to be a covariance matrix, C has to satisfy certain restrictions which will be elab-
orated on later. We call a GBS detection event corresponding to the measurement pattern n a (n1,...,nuy)
of an M-mode matrix C of size 2M pure if n; = n;, Vi, j and mixed otherwise. Forn = (1, ..., 1) Eq. (2) reduces
to (63) [25].

3.2 Graphs: eigenvalues, isospectral graphs, strongly regular graphs and graph
isomorphism

We now recall briefly some well known results on graphs that we use in this paper. An undirected simple
graph consist of a set of n-vertices V = {vy, ..., va} which we identify with [n]. The set of edges E(G) = E =
{e1,...,em} is the set of unordered pairs e = (u, v) where u # v € V. We say that e connects u and v, or e is
adjacent to u and v. A simple path in G is an ordered subset of E: (11, u>), ..., (U, Ux,1). A graph G is called
connected if for each pair of vertices u # v there is simple path such that u; = u and u;,; = v.
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A compete graph on n-vertices is denoted by Ky, so the cardinality of its edges is |[E(Kx)| = n(n - 1)/2.
Given a simple graph G on n-vertices then E(G) is a subset of E(K,). Hence m < n(n — 1)/2. The complement
of G, denoted as G, is a graph on [n] vertices with the edges E(G®) = E(K») \ E(G). Thus the complement of K,
is a graph with no edges, the null graph. Given a subset W C V the induced subgraph G(W) = (W, E(G(W)),
where E(G(W)) is the subset of edges in V that connect two vertices in W. A clique is a subgraph G(W) which
is a complete graph on W. A graph G is called regular (or k-regular) if each vertex v € V is adjacent to exactly
k-edges. A graph G is called bipartite if V is a union of disjoints subsets of vertices V1, V, where the edges E
connect vertices in V; to vertices in V5.

The adjacency matrix A(G) = A = [a;;] is an nx n symmetric matrix with zero diagonal whose off diagonal
entries are zero or one. Then a;; = 1 if and only if (i, j) € E(G). If we relabel the vertices of G, i.e., apply a
bijection ¢ : [n] — [n], then the new adjacency matrix A is PAP " for some permutation matrix P € Py. As A
is real symmetric it has n real eigenvalues, counted with their multiplicities: 11(G) = A1 2 -+ - 2 An(G) = An. As
A is a nonnegative matrix the Perron-Frobenius theorem yields that A; > |A,|. If G is connected equality holds
if and only if G is bipartite. If G is connected then A; > A5, that s, A; is a simple eigenvalue of G. Furthermore,
if G is a k-regular graph then A; = k. Since Py, is a subgroup of the group of orthogonal matrices, it follows
that the eigenvalues of G do not depend on the labeling of the vertices of G.

A graph H on n-vertices is called isomorphic to G, if H is a relabeling G. That is, if A(H) = PA(G)P" for
some P € Pyn. Thus a necessary conditions for two graph to be isomorphic is to be isospectral, i.e., to have
the same sequence of eigenvalues. That is, A(G) and A(H) have the same characteristic polynomial. Hence
we can check in polynomial time if G and H are isospectral. As we pointed out in Introduction, the problem
of graph isomorphism (GI) lies at an interesting point in the landscape of computational complexity theory.

In studying the graph isomorphism problem, it is convenient to consider a class of graphs known to
be classically intractable to distinguish. An important tractable feature is the graph eigenvalues and the first
examples of isospectral graphs were pairs of isospectral nonisomorphic graphs (PINGs) [5]. The smallest con-
nected example of a PING is on six vertices, see Fig. 1. PINGs may have some tractable features enabling one

Figure 1: PING on six vertices.

to easily decide that they are not isomorphic.

One of best known positive results in graph isomorphism is the following result of Babai-Grigoryev-Mount
[4]: Let k be a fixed integer. Assume that G and H are isospectral, and the multiplicity of each eigenvalue is
at most k. Then there exists a polynomial time algorithm that decides if G and H are isomorphic.

The situation gets complicated for graphs with symmetries such as strongly regular graphs (SRGs), de-
fined as follows [24].

Definition 2. Let G(V, E) be a regular graph of degree k consisting of N vertices and adjacency matrix A,
that is neither a complete graph (A # Jy — Iy) nor a null graph. G is then said to be strongly regular with
parameters SRG(N, k, A, p) if every pair of adjacent vertices have exactly A common neighbours, and every
pair of non-adjacent vertices have exactly y common neighbours.

Recall also that an SRG graph has three distinct eigenvalues: simple eigenvalue A; = k, and other two eigen-
values with high multiplicity: at least one eigenvalue of multiplicity at least (n — 1)/2.

Lemma 1. Letv; € V be a vertex in SRG(N, k, A, p). Then k(k—A - 1) = u(N - k - 1). Thus the SRG parameters
are not independent.
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Proof. Consider a vertex v in a graph with parameters SRG(N, k, A, i), and count in two ways the number of
edges from vertices adjacent to v to vertices non-adjacent to v. O

If multiple non-isomorphic strongly regular graphs share the same set of SRG parameters, we refer to this
graph set as an SRG family, often simply denoted by the SRG parameters (N, k, A, u). Graphs within the same
SRG family share various properties that are dependent only on the SRG parameters. The spectrum is rather
special, consisting of just three eigenvalues with known multiplicities. SRG families contain non-isomorphic
graphs which are isospectral, and difficult to distinguish using common classical measures [24].

4 Graph isomorphism via Gaussian boson sampling

4.1 Multiphoton contributions in GBS — supporting results

We start with the exploration of how to interpret Eq. (2) for the detection events n where n; > 1 for some i. This
corresponds to a multiphoton contribution of the output probability function. The multiphoton contributions
play a vital role in our analysis.

Definition 3. Assume that A = [a;;] € R™™ and in total m; x m, matrices B = [B;;] where each B;; is an
n; x n; matrix. Then the reduced Kronecker product C = A@B will denote a block matrix C partitioned as B
and the blocks are C = [a;;B;;].

Remark. The dimension of A@B is the dimension of the matrix B. Then A@B is a submatrix of the Kronecker
tensor product of two matrices A ® B = [a;;B]. The matrix B in this paper will always be assembled from
Bjj = Jn,n; € R™™ where n is a measurement pattern. In this case we will write B = Jj, € R/l where
n| = Z?ﬁ 1 ;. Note that if n is a pure event then the reduced Kronecker product @ becomes the ordinary
Kronecker product A ® Jn,. Also note that if dim B;; = 1, Vi, j the reduced Kronecker product becomes the
Hadamard (Schur) product.

Example. Letn = (3, 2, 1, 4) and A an adjacency matrix of a simple weighted graph (without loops). Then

a; dai ass Ay A1 Q14 A4
0 a;p damn ass a1y A14 A14 A1y

aip dai ass Ay A1 QAis A4

a2 A ap 0 azs | Qa4 Qa4 Qa4 Ay
AP = a2 dpp an azs | Qa4 Qa4 Qa4 Aoy

aiz aiz aiz | Az as 0 azy Aszy  A34 A3y

aig Ai14 Qg ayy  A2g4 azy

iy A1 iy Azy A4 asy O

Ay QA1 A1y Azy A4 asy
iy A14 A1y ayy Aoy aszy

The reason for introducing a new kind of structure is a compact expression for the probability of measurement
of a mixed multiphoton event n as a hafnian function not unlike Eq. (63) forn=(1, ..., 1).

Definition 4. A 2M x 2M-dimensional real symmetric matrix R will be called GBS encodable if we can find a
covariance mattix o such that

R=X2M(H2M—U(_)1). (5)

Ref. [9] introduced a necessary criterion for R to be GBS encodable. For some real symmetric R not satisfying
the conditions a general procedure was created to produce a matrix related to R that is GBS-encodable. It

consists of taking R — R ¥ (R@R)where 0 < ¢ < 1/|R|,.
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Even though this procedure is always guaranteed to succeed in creating a Gaussian covariance matrix, it
is not a necessary condition. Here we strengthen this previous result by loosening the requirements on R.

Lemma 2. Let G € Hy and assume that G = (Iy - F)™! - 11y. Then

1. G>Oifandonlyif||F|, < 1.

2. Suppose that N = 2M, F = ?1 ?2 . Then the following conditions hold
21 22
1 (I O
G>-0, G+= =0 6
- "2 [o —HM] = (©)

ifand only if |F||2 < 1 and F5;, > 0.

Proof.

. Clearly we need to have that (Iy—F)™! = 0. This equivalent to A; (F) < 1. The assumption that (Iy—F)™* = 1Iy
is equivalent to Ay((Iy - F)™%) > % This is equivalent to Ay(F) > —1. Therefore the claim follows.

I 0
. Use (1) to get the assumption that G = 0 is equivalent to || F||, < 1. The assumption that G + 1 [ (1;4 I } =0
—Im

0 O
is equivalent to (Iy — F)™! = [O | This is equivalent to
M

0

110
Iy = (Iy - F)2
N = (Iy-F) [0 I

} (Iy - F)? = 0.
This inequality is equivalent to

12A1((HN_F)% [g H(;J (HN—F)%)=A1((HN—F) {8 Hﬂ).

Observe next that

@y —F) [0 0}2[0 ~F1,

0 Iy 0 Iy-Fy
Hence
0 O
12A({y-F =1-Ay(F
2 1((1\1 )[0 HM:|) m(F22)

is equivalent to Ay;(F55) = 0, that is F», > O.

O

Corollary 3. Let R € R?M2M pe g nonzero real symmetric matrix with the following partition to M x M blocks:

R R . . . , .
R= [Rll R;j . Then there exists a Gaussian covariance matrix ¢ such that cR = X,y [y — (0 + %Hz wlifand
1
only if:

1. R11 = R22 and R12 = R21.
2. Ry, = 0.

1
3 ce(o, W)'

Part (3) follows from the observation the singular values of R and X, R are the same. Hence ||R||; = || XomR]|2.

Remark. The previous lemma was presented for the sake of completeness. In the rest of the paper we use
the construction of GBS-encodable matrices introduced already in [9].
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For future reference we recall the following straightforward result [9].

Lemma 4. Let M be even and C = A @ A a real symmetric matrix of dimension 2M x 2M. Then
haf [c(C + k)] = cMhaf? A, @)
where ¢ > 0 and k € R.

Lemma 5. Assume C = [c;] € R>M<2M is g symmetric and GBS-encodable matrix. Then the probability of

sampling in the GBS event, Eq. (2), can be expressed as

1
n)= ———haf[CpJ, ] 8
p(n) n!\/m [CpTy ] (8)
Proof. To prove this equality we assume that C = A & A where A is an arbitrary symmetric matrix of order M.
Let p(n) be defined by the right-hand side of (2). We will show that p(n) = p(n). Consider J 2jn| @S @ 2M x 2M
block matrix [Jn,,n,] where n,y = n;. Hence CpJ5|q) = ApJ|n| © A®J|n- We now consider the quadratic form
~T(CpT 2|n)y and focus on BT (AgT in)B (the ‘second half’ is treated in exactly the same way). We substitute

Bi— (@15 .., i) )

in (2). We define its action for the quadratic form to be

BTAB= BiBiay — > (@i +--+ i)y + -+ + @y )ty = @' [aInin]a = &' (AT ), (10)
i i

.....

variables Ei and the corresponding a;,,,) and write

1 M LT :
- | | d e2® ARIa) 11
n!\/detog 3 et ey =0 ()

It remains to show that p(n) = p(n). Indeed, the higher-order partial derivatives in (2) result in the same
expression as the first-order ones in (11) whenever we set @ = B = 0 at the end of the calculation. This is a
consequence of the elementary properties of the differential operator, namely,

axkl ,,,,, Xk1f(zzli1xkl) = anl ----- ankf(zzilxké)’ vk (12)

pn) =

and the chain rule for the n-th derivative given by Faa di Bruno’s formula for (f o g)™(x) in the special case
of g(x) = x + K where K is a constant:
FfP(x+K) = h(x + K) 13)

whenever f™(x) af h(x). Now we put all the pieces together. The RHS of (12) is identified with (11) through
n

(Xg1s - ,xknk) = (Oggyeees aknk) (or its conjugate) for a given 1 < k < M and so f(Zfil Zzilakg) =

e2® (AdJm)a Byt then, according to the LHS of (12) we may write (1) as

- 1 1,T
B0 = o [ gt 42505 1)
The RHS of (14) is identified with the LHS of (13) by setting x = ay;, n = ny and K = >_j%, ay, for a given k.
Since "
1pT
h(B1) = —-ef AP

dpy

forms p(n) and from (11) we get

1, T
[T 0w *® “*5%| = haf[A¢T ]
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we may conclude that p(n) = p(n) due to f(")(Bl)\ Bi=0 = f(")(ozk1 + K)| g4, -k-0- This follows from (13) and the
definition of h(x). O

Interestingly, many of the detection events have probability zero:

Lemma6. Let C = c(A @ A) € R*M2M gnd let n be a detection event where |n| = "M n;. If there is any

n; > |n|/2 then p(n) = 0.

Proof. Here we may assume ¢ = 1and so C = A®A. The probability expression (Eq. (8)) contains haf [A¢J ]
andifn; > |n|/2 then A@J | contains a zero matrix of size greater than | M/2 | (placed in the lower right corner
of AJ|n|), see Definition 3. The hafnian of such a matrix is zero. This follows from the hafnian definition
(Def. 1) where the hafnian of a 2M x 2M matrix is a sum of products of M entries a;;. Since i < j and none
of the indices repeats for any summand then inevitably at least one of the a;;’s in every summand equals
Zero. O

We prove several useful properties of the reduced Kronecker product .
Lemma7. Let C = [c;;] € R*™2M gnd ¢ € R. Then

haf [(cC)p T, n] = c™ haf [CTyn]
where |n| = > M n;.

Proof. From Def. 3 we find (cC)®J 2in| = c(CpJ 2in| ). This trivially follows from [(cc;j)B;;] = [c(c;;Bj;)]. We then
observe that dim [CJ;|, ] = 2|n| and the claim follows. O

Remark. For n; = 1, Vi we recover haf [cC] = ¢ haf C since |n| = M.

Lemma 8. Let A, B, C be matrices and assume that A} C and B¢ C are defined. Then (A @ B)p(C @ C) =
(ApC) @ (BpO).

Proof. The ordinary Kronecker product satisfies (A @ B) ® C' = A ® C' @ B ® C’. By removing columns and
the corresponding rows from A, B on both sides of the expression we arrive at the claimed result. O

Lemma 9. Let P; be a permutation matrix. Then the following diagram commutes for any matrix A and a de-
tection event n

where Py is another permutation matrix and m = ri(n).

Proof. Following the lower route, the spanning basis = (81, . .., i) of A becomes 7(B) = (B (1), - - - » Br(i)
for A. The new basis is then expanded by considering

Bty = @agiy1s -+ - s Aniymyy) (15)

and so 7(a) is a spanning basis of AgJ im|- Going through the upper route, we observe that B — a by the
action of

Bi— (@i, ..., aip,). (16)
Then, a permutation matrix exists transforming (16) into (15). Its construction is straightforward. The reorder-
ing (permutation) (1, ..., @in,) = (@15 -+ -5 An(iin,,) i followed by setting n,) = my. Naturally, the

overall transformation is an action of a permutation matrix we denoted by Pj. O
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We use another result from [9] to prove the following lemma.

Lemma 10. The matrices 0, of two isospectral graphs G1, G, encoded as adjacency matrices A1, A, of
dimension 2 M satisfy
det OQ,Gl = det UQ,GZ .

Proof. In order to encode an arbitrary graph we take two copies of a graph’s adjacency matrix [9]. Also, it is
advantageous to rewrite (4) as

1 _ 1 _
Oy, = z(HZM + XomA)Iom - XomA) ™' = E(HZM - XomA) oy + XomAy). (17)

The matrix A; commutes with X, [9] and so the eigenvalues of X,;A4; are products of eigenvalues of the
constituents. Furthermore, using the second equality in (17) and 0 g, = 04, + Ioi/2 we conclude by a di-
rect calculation that the eigenvalues of 0 ¢, and ¢, coincide. The claim follows from the fact that the
determinant is a product of eigenvalues. O

4.2 GBS and a complete set of graph invariants

Remark. We will use the transformation A — C = A @ A for the application of GBS to the graph isomorphism
problem. We recall C € R*"*2M By ‘doubling’ A, one copy is conveniently spanned by (81, . . ., B) whereas
the second one by (8, ..., B,,). Moreover, to make the matrix C GBS-encodable (see Def. 4) we simply take
R = ¢(C +klp) = c(A @ A+ kll,p) where O < ¢ < 1/(||A||2 + k) for k = 0. The additional multiple of an identity
on the diagonal does not affect the hafnian of A ® A as follows from Lemma 4 but it will become useful in the
next sections.

GBS and Moments of Multivariate Gaussians

The moments yn,,...,n,, (&) of a (zero-mean) 2M-dimensional multivariate real normal distribution A (0, X)
are given by the following formula:

1,7
Hny,..., nzm(z) = a)\{n|e§X Z‘X|x=0’ (18)

where X is the covariance matrix. This follows from the fact that exp [%XTZX] is the moment-generating func-
tion of the multivariate normal.
Let R = ¢(A @ A + kI, 1) be GBS encodable for k sufficiently high so that R = 0. Then

1 In| 1~TR
TN ma 556 e 19)
is exactly the moment pn(R) of the 2M-dimensional (zero-mean) multivariate normal distribution A/(0, R) if
we ignore the prefactor (n!\/M)‘l. For clarity, we have changed variables so that x; = B; and xp.; = Bj
forj=0,...,M.

From the above equations, it is clear that the different photon-counting probabilities of a GBS setup are
directly related to various moments of a multivariate normal distribution. Importantly, however, they do not
give us all moments (Un,....,np,nmer,...,non (R)), but rather the smaller set
(Uny,....ny11,...,n (R)). This is something we need to be careful of. In [10] the authors relate these moments to
the matching of the prism graph induced by the graph G.

The moment-generating function factorizes:

exp[2x " Rx] = exp [SOX™) T (4 + kIy)x™] x exp [S (xXPM) T (4 + kI)xM)], (20)

p(n) =

where we have used the notation x™ & (x1,...,xy)and x2m & (Xpe1s -+ - » Xou). We set ¢ = 1 (since we omit
the determinant prefactor where it otherwise plays a role) and also k = 0. This step will cost us the positive-
definiteness of A but at the moment this is just a formality to properly define the moment generating function.
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We would have set k = 0 afterwards anyway to recover the correct probability expression. The moments of
this factorized distribution are then

Moo migensoomose () = 051 [ exp [1¢™) TAx™M] x exp [1 (M) TA x| @)
Rewriting, we find
Mty (A) = [O17 exp [ ™) T AXMT] | _o [0171, exp [3 ()T AXEM]| oy
= }1n1 ..... YIN(A) X HnNﬂ ..... nzN(A)p (22)

where un,.,...,n, (A) and pn,,.,,...,n, (A) are moments of the M-dimensional normal distributions N(0, A).
Connecting back to photon-counting probabilities, we recover ¢ and conclude that, for the considered

case of block-diagonal R,

n
cnl

p(n) = ————pp,,.., ny (A). (23)

Finally, we note that the moments are exactly the hafnian of some appropriate matrix, so

clnl clnl
n=——haf[A%?@J, ] = ————haf 2 [ApJ ], 24
p()n!\/ma[ B an)] n!\/ma[®|n\] (24)

where the second equality also follows from Lemma 4 and 8.

Proposition 11. Suppose we have two isospectral graphs G, and G,. Assume we can encode the adjacency
matrices A; of either graph into a Gaussian boson sampling setup. Then these graphs are isomorphic iff the
hafnians are related by a permutation, haf [A1$J |,,|] =haf[A, @] |m(n)| 1, for all n. Furthermore, the permutation
71 must be the same for all n.

Proof of =-:. Suppose G; and G, are isomorphic. Equivalently, their adjacency matrices are related by a per-
mutation
A; =P A,P, (25)

where P, = 6; ;) for some permutation 7. If we encode these adjacency matrices directly into the co-
variance matrices of two Gaussian states, then graph isomorphism is equivalent to the multivariate normal
distributions corresponding to these two Gaussian states being related by a permutation of coordinates:

N(0,A1 &A1) =N(0,(PTA2P) & (P A,P) = N(0, (PT*) T (4, & A2)(PP?)). (26)

All moments of these 2 M-dimensional distributions must correspondingly be related by the permutation 7 &
m,

Hny,eoony, nainseees "zM(Rl) = Ha@m)(ny e s pg s g1 50ees nzM)(RZ)’ v (nly ey n2M), (27)
where R; = A; @ A; are made into GBS encodable matrices (we keep on omitting the c factors). Looking back
to Eq. (22), we have

) A2 Mty @2)s - Y (11, ), (g, - o5 nop). (28)

.....

These moments must be equal for any choices p = (nq, ..., ny) and q = (npg.1, ..., Npr). Thus, we conclude
that
haf [A1®J|p‘] haf [A1®J|q‘] = haf [Az@J\n(p”] haf [A2®J\rr(q)|]' (29)

In particular, for p = g = n, where n is arbitrary, we get haf > [A;J |,,|] = haf?[4,p] | n(,,)|]. We now use the
fact that adjacency matrices A contain only Os or 1s, so haf [A@J |n|] = O for any possible A or n. This leads to

haf [A1®J‘n|] = haf [A2®J\n(n)\]’ vn, (30)

which proves the statement.
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4.2.0.1 Proof of «<:
Eqg. (30) immediately implies Eq. (29), even when the hafnians are not positive. Furthermore, Eqns. (25)-(29)
are all equivalent. Hence, the graphs having adjacency matrices A; and A, are isomorphic. O

GBS and Symmetrized Moments of Multivariate Gaussians

In this part we find a new criterion for isomorphism of two isospectral graphs by showing that symmetrized
moments are also complete invariants for graph isomorphism:

Theorem 12. Let G, and G, be two isospectral graphs on an even number of vertices M. Denote by p,(n) and
p»(n), the probabilities corresponding to G1 and G, given in Eq. (2). Then G and G, are isomorphic if and only

if the symmetrized sums
Z v p(ng)

06,

are the same for the two graphs for all possible n.

To avoid a notational clash in this section we use n, instead of o(n) used in the previous sections. We start
with the following result.

Theorem 13. The following statements are equivalent for two Gaussian distributions with zero mean and pos-
itive definite covariance matrices X, 3’ € R™":

The two Gaussian distributions are isomorphic.

The matrices X and &' are permutationally similar.

The matrices 2~ and (2')™! are permutationally similar.

For each homogeneous symmetric polynomial p(x) of even degree the expected value of p(x) is the same for
the two Gaussian distributions.

5. The symmetrized moments of the two Gaussian distributions are the same.

W N~

Proof. For a given Gaussian distribution with zero mean and the covariance matrix X let us denote by Hy the
distribution with the following density

he) = 3 expl-xT P (0)5 7 P(o)xl. (31)
’ oeS,

By Gy we denote the density function of the normal distribution exp [-x " =~ 1x].

Clearly if X and X’ are permutationally similar then hz(x) = hs/ (x) for each x. So we need to prove the
other direction. Let p(x) be a monomial le -+-xi of even degree. We denote m = (my, ..., my). Consider
the moments

I’le(m) = ]EGZ[XTI o 'er{ln])
M (m) = g, [XT" -+ Xp].

Then 1
M (m) = -0 > pe,(mo).
06,

We call up,(m) the symmetrized moments of Gs. Clearly, uy,(m) = up,(mo) for each o € &y. Thus if two
Gaussian distributions are isomorphic, then Hy = Hj: and the corresponding density functions are the same.
In particular, the moments of Hs and Hy are the same.

Our first main result is the claim that if the moments of Hy and Hy are the same then Hy = Hy. It is
not true that the equality of the moments yield that the distribution are the same. However, it is true for all
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distributions that have the form of Hy. Indeed a sufficient condition is M(u) = E[exp [(u, X)]] is a well-defined
vector for all u € R" [28]. This condition is satisfied for Hs, where X is a positive definite matrix.
It is left to show that if Hs = Hy, then X and X’ are permutationally similar. We first analyze the behavior
of the n! numbers
exp[-x" PT (o)1 P(0)x], (32

for a fixed but arbitrary vector x € R" and 0 € G,.

Let orb X' be all pairwise distinct matrices of the form PT(0)ZP(0) for ¢ € &p. Recall that | orb 2| divides
n! and n!/|orb 2| is the cardinality of the automorphism group, i.e., all ¢ € &, such that P'(0)ZP(0) =
2. Let A1, A, be two real symmetric matrices of order n. Define two corresponding quadratic forms f;(x) =
xTA1x, f>(x) = x" A,x. Assume that A; # A,. Then fi(x) = f>(x) if and only if h(x) = x" (41 - A>)x = 0.
Hence for generic, (randomly selected x) we have that f;(x) # f>(x). Similarly: let A4, ..., Ay be k pairwise
distinct symmetric matrices. Set f;(x) = x " A;x for i € [k]. Then for generic x, f;(x) # fj(x) for i # j. Since any
two pairs of matrices in orb X are pairwise distinct it follows that for a generic x we will have exactly | orb X|
distinct values in (31) and each value is repeated n!/| orb 2| times.

Assume now that for each x € R" in (31) we have the equality hs(tx) = hs/(tx):

S (expl-x"PT@2 ' P(o)x])" = 3" (exp[-x" P(0) (&) P(o)x])" (33)

0c6, eSS,

for some fixed t > 0. Fix x in general position. Then for ¢t = 1 we get that the number of distinct values in (31)
is |orb | for £ and | orb 3’| for 3, respectively. Let

a(o) = exp[-x" P(0)" (2)' P(0)x], (4)
a'(0) = exp[-x" P(0) " (') ' P(0)x] (35)

for 0 € Gy. In the equality (33) set t = vk for k = 0, 1, ..., n!. Thus we have the equalities:

Z a(o)k = Z a'(o)k

[JSIGHY [JSIG

for k = 1,...,n!. These equalities yield that the two multisets {a(0), ¢ € &} and {a’(0), 0 € &y} are the
same. Hence the n! moments of discrete distributions equally distributed on n! points given in (32) for 2 and
X' are the same. Hence these two multisets are the same. First it yields that | orb X| = | orb 2’|. Moreover there
exists P(0) such that x" PT (0)2"'P(0)x = x " (2')"'x. Moreover, for each %; = PiTZPi in the orbit of X (under
the action of the group of permutations) we have a permutation Q; such that x " QI-T(ZI’-)‘1 Q;x = XTZi‘lx. Now
if we change x to y we still have the same equality y ' P (0)Z"1P(0)y = y " (2’)"ly. This finally shows that
PT(0)z'P(0) = 5'. So indeed the covariance matrices are permutationally similar. O

Let e; = (61, .., 6;m), where §; ; is the Kronecker delta function. Assume that n = (ny,...,ny) € 7ZM Let
B = [b; ;] be a real symmetric matrix and recall the “n-th moment corresponding to B” from the beginning of
this section as

|n| |n]
gxn exp [%XTBX] 1 o7 1 TBX)‘"V2

o~ (mpjDiox (2 (36)

’J(n’ B) =

x=0

(If B = 0 then E(X! ---XZ’,IM), the n-th moment of the Gaussian distribution given by the covariance B, is
equal to u(n, B) up to a multiplicative constant.)

To proceed, we also recall the generalization of the classical Leibniz’s formula of the derivative of the
product of m functions in one variable:

m m

) m @ oo \_om
(Hf’) Z (al,az,...,am>Hfi ’ (al,az,...,am) a!'x...xam!’
i=1 S ai=n

A1yeney am€ZLy, i=1
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Assume now that f; = «++ = fm = f(x) = f(x1,...,xy). Then for n = (ny,...,ny) € ZM we denote by
o" = oft.-- o). Forn,a ¢ 7ZM 1et (Z) = H?ﬁl (Z:) Then Leibniz’s formula yields the multilinear Leibniz’s
formula:

neemy _ h - a;
M- Y <aa> [T &

" ai=n
where
(v o) M)
a,a,...,am 1 \3Lj @2 A
and a; = (a;1,...,a;y) and i € [m]. We now apply this formula for f(x) = %XTBX and m = |n|/2. Then in

(37) we need to consider only the case where |a;| = 2 for each i € |n|/2. So

|n|/2
_ 1 n a; T
KB Gy, 2 (e ays) 20230 09

M2 gimn,|ay |=...=| @) 2] =2 i=1

We have two kinds of a;. Namely, either a; = 2e,, or a; = ey +e4, where 1 < p < g < n. Let us discuss briefly all
possibilities for the decomposition of nas n = Zl.zll/ % a;. We claim that the set {ai,...,ap),} corresponds
to the following multigraph G = G(ay,..., ap, /2) with multiple edges and self loops. Each a; = ey + eg,
where 1 < p < g < n corresponds to an edge {p, q}. Each a; = 2e, corresponds to a self loop on vertex p
(the degree of a self loop is 2). So A(G) = [cpq(G)], the adjacency matrix of G, is a symmetric matrix whose
entries are nonnegative integers with the following properties. Each diagonal entry cpp(G) is an even integer.
¢pp(G)/2 is the number of a; of the form 2e,. For 1 < p < g < M the integer cpq(G) is the number of a; of the
form ey, + eq4.

Let 2k = ZQ/I: 1 Cpp be a nonnegative integer. That is, the set {ay,..., a2} has k vectors of the
form 2ep for all possible p € [n]. Assume that k = 0. Then {aj, ..., @), } correspond to a given multi-
graph G = G(a,..., a|n|/2) with no loops. If one permutes the vectors a,..., |y, One obtains the

same loopless multigraph G, whose degree sequence is n = (ny,..., ny), where n; = Zg’: 1 Cip- Let G(n)
be all loopless multigraphs G whose degree sequence is n. We arrange the edges of G in a fixed (say lex-
icographic order): (1, 2),...,(1,M),(2,3),...,(M - 1, M). For example the sequence of edges on 3 ver-
tices (2, 3), (1, 3), (1, 2), (1, 3) is arranged as (1, 2), (1, 3), (1, 3), (2, 3). It corresponds to a degree sequence
n=_3,2,3).

We denote by 8, all M x M symmetric matrices with zero diagonal. Assume that A € 8§y 0. Note that for
f =1/2(x" Ax) we get that 07 = 0 for each i.

Lemma 14. Let A € 8y,0. Then

[n|/2
1 n a
u(n, A) = Z ( ) H(a f). (40)
6@, 1) EG () H15p<qsn cpq(Glay, ..., a\n\/z))! ai, az, ...,y i1
Proof. Given a decomposition Zl‘.fll/ 2 a; = n, corresponding to the graph G(a, . . . , a,|;,), how may different
decompositions are there? Since the edge {p, q},1 < p < g < M appears cpq(G(ay, ..., a),)/;)) times, the
: S (In|/2)!
number of different decompositions is Moo Spa(Gl@r, N Use (39) to deduce (40). O
For a given k € [|n|/2] denote by
k
Fiem) = {Grs - -0 i) eNK1<ji<- < <M, ZZeh <n}.
-1
For each (ji,...,jx) € Fi(n) and i € [M] denote m;(ji,...,j;) the number of j; that are equal to i. So

Z?il mi(jla cee ’jk) =k.
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Lemma15. Let A € 8y and t € R are given. Assume that |n| is even. Then

p(n, thy + A) = u(n, 4)  (41)
In|/2

M k
k d;!
R S T A T e T o2 o

(1 j)EF(M) =1

Here u(0, A) = 1.

Proof. We consider the formula (39). Suppose we have {ay, ..., a2} satisfying: (i) |a,;| = 2 for each [, and,

(ii) Z;Z'l/ 2 a; = n. These terms define G = G(ay,..., ap /2)- In how may different ways can we represent n
corresponding to G(aq,..., apy /2)? We can do it by permuting the factors a;, ..., Ajn|/2- As in the proof of
Lemma 14 it is
(1ml/2) .
[iepegerr Coa(G@y, -, @2 T 1 (Cop(Glar, - .., @y 2))/2)!

The entry cpq(G(ay, . . ., ajn|;;)) stands for the number of times the edge {p, g} appears. The number of self-
loops (p, p) is cpp(G(ay, . . . , @jn|;2))/2). Dividing by (|n|/2)! we see that the contribution of G(ay, . . ., @},2)
is

1
hepeqen Cpa(Glas, ..., @) TILy (cpp(Glay, . .., @y 12))/2)!

In|/2
n i T
0% (1/2(x ' Bx)).
X(al,az,...,an/z> [] o“(1/26" Bx)

i=1

Let k be the number of terms in {ay, . . ., @)/, } of the form 2e;. The contribution of all terms {ay, .. ., @2}
for which k = 0 is p(n, A). Let us assume that k € [|n|/2]. Without loss of generality we can assume that
a; = 2e;, forl € [k]. So a; = e, + e, p(D) < q(D) for I > k. Clearly, 0%f = t for I € [k]. Hence HL af = tk,

The sum of all /
k [n|/2
1 n-2 lel € H 6alf,
H15p<qu Cpq(G(ak+1, e a‘n‘/z))' Apiseees a\n|/2

I=k+1
where a; = e, + e, f;[)r 1>kandn-2%F, e, = ‘lf,‘(/fl a, is exactly y(nk— 23K, ej, A). It is left to
. . . n;! . _ ) .
justify the coefficient [];_, A TPy e front of u(n - 23", ej,, A). This comes from

the equality

1 n
H15p<qu cpg(Glay, ..., a|n\/2))! H?;I:l(cpp(G(al, cees a\n|/2))/2)! <a1’ az,..., a|"|/2)

M
n,~! 1

(E mi(jl, e ,jk)!zmi(jl """ fk)(n,- - Zm,-(]'l, “ee ,]k))'> H15p<qu Cpq(G(ak+1, vy a‘n‘/z))l

k
% n-2 21:1 €, .
Ais15 -+« Ajn| /2
We need to see this equality on the level of the derivative with respect to the variable x;. Let m; = m;(j1, ..., ji).

If m; = 0, then (n - 2 Z,"(=1 e;); = n; for the coordinate i we have obvious equality. Assume now that m; > 1.
The factor m;! is equal to (c;;(G)/2)!.

Then on the left-hand side of the above equality we the factor
On the right-hand side we have the factors:

n,-!
@N"im;!

n,-!

2y (g~ 2mp)i 2

We are now ready to give the proof for the main result of this section.
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Proof of Theorem 12.. We write the symmetrized sums of u(n, A) as

psym(n, 4) = > u(n, PT (0)AP(0)). @)

eSS,

Now assume usym(n, A1) = usym(n, A,),Vn for two isospectral graphs Ai, A,. Then from (41) we get
Usym(n, B1) = Usym(n, B2), vn. Finally, Theorem 13 yields that B; and B, are permutationally similar and
soare A; and A,. O

Example. Let us illustrate Lemma 15 and Theorem 12 on an example of a graph whose adjacency matrix is
A @ A of size 2M = 6 for orbit of n = (2, 3, 3). Since |n| = 8 it is clear that only the fourth power (|n|/2 = 4) of
(x™)T A()xM survives an encounter with the partial derivatives. So, following Lemma 15, we write

1 0° (M)\T anys _ 1 0° YA (M) 12k (( Y (MNT 4 o (M)Né—k
74l axoded X ) AWK ‘WW% ) E IO T AXTD (432)

P 36a12a13a3; + 6tar;(3(ad; + als) + ads) + 18t2an,a13 + 9L ass. (43b)

Each t coefficient corresponds to a polynomial of the matrix entries in the exponential of some u(n -
2 Zg‘:l e;,, A) = u(m, A). In accordance with Eq. (41) we get, for example for t?,m=(2,1,1)since

1 o M\ T 4 ()2
— ——(x Ax ‘ =d12d13.
16 0x20x20x3 Ca ) x0 271
As the final step, we symmetrize the orbit represented by n (in this case the orbit size equals 3) which causes

a permutation of indices in (43Db).

It is advantageous to stratify the measurement events of an M-mode interferometer according to the total
photon number |n| = 0. Once M and |n| are fixed, all possible detection events can be split into the orbits O;
(equivalence classes under permutation) that partition the set of all events for a fixed M and |n|. We choose the
class representative to be a detection event n = (n]-)j:1 such that n; < n;, Vi, j and denote by Gn its stabilizer.
Clearly Gn C¢ G = &y and the orbits are generated by the left action of the coset G/Gn. In order to find
the orbits with a great number of detection events (presumably the most likely ones) we count the orbit size

according to |On| = |Sul/|Gn| = (i, x 1M x,)» where k; are the multiplicities of the j-th photon events satisfying

Zf:o jkj = |n| and ¢ < M. The probability of measurement of a given pattern (ny, ..., ny) is given by p(n) in
Eq. (8) (or, more precisely, by its doubled version, Eq. (24), see Lemma 4 and the remark on page 175), where

Z?ﬁ 1 i = |n|. Hence the probability of orbit On for a graph G reads

|n| |On]
P6(On) = ————C 5™ haf? [A¢ . (4a)

|
\/detO'Q,G n: neon

How does the number of orbits increase with |n|? This is equivalent to the question of integer |n| partition,
that is, in how many ways one can write

A+ +Am = |n|, (45)

where the order of the sum plays no role and the number of parts is 1 < m < M. We naturally order the
parts such that A; < A;,, Vi. Suppose M = |n| first. No closed formula is known but the generating function
for integer partition provides the number of orbits for a given |n|. Also, very precise estimates have been
uncovered and the growth of the number of orbits is exponential in |n|. For M < |n|, not all number partitions
can be realized and the counting is given by the generating function for the number of integer partitions into
exactly M parts. Note that we only partition even numbers in this paper, since GBS assigns zero probability
for odd |n|.

Corollary 16 (of Lemma 6). pg(On) = O whenever p(n) = O for the orbit representative n.
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Curiously, if we try to coarse-grain the probability distribution further and introduce the partition probability

|On|

df 1
pe(n) s p) = —— i E haf? [ApJ ], (46)
n s.t. |n| fixed det Oa.6 ny+-+ny=\n| n ne0,

where the first sum on the RHS is over the partitions of |n| and the second sum over the orbit elements. We
find

Lemma 17. pg, (|n|) = pg,(|n]) for all |n| whenever the graphs G, G, are isospectral.

Proof. Any undirected graph G on 2M vertices can be encoded as a pure covariance matrix whose circuit
decomposition consists of an array of M single-mode squeezing transformation S(r;) (0 < k < M) followed by
an M-mode linear interferometer U [9]. For each S(r;) we find

v 2mt tanh" ry |2n) (47)

S(ry) |0
( k)| > /7coshrk Z 2nnl
and so
M (lnl\/:\?ﬂzd !
Q) S0y = Z > (e, .., |(n, M), (48)
k=1 n/2=0 i=1

where |(n, M)) carry all completely symmetric representations of su(M) (each representation labeled by n/2).
Given A;(A) and 0 < ¢ < 1/||A||; for G’s adjacency matrix A ([9], see also Lemma 2) we can write cAy = tanh ry.

Therefore a;n(r1, ..., ry) = ain(A1, . .., Ayr). Since the interferometer U preserves the number of particles |n|
the partition probability p;(|n|) is unaffected by it. Then
("™ ("™
pon)= > laml,.co,mdl = D @i, ..., A
i=1 i=1

However, the RHS is independent on the graph (depends only on A, common for isospectral graphs) and the
claim follows. O

Remark. Note that the similar argument does not hold for the less coarse-grained probability p;(On) in
Eq. (44) since the interferometer ‘mixes’ the orbits.

Even though the coarse-grained probability, Eq. (46), cannot be used to distinguish nonisomorphic graphs,
not all hope is lost. Possible strategies and the closely related problem of scalability is discussed in Sec. 6.

4.3 Modifying the results for C = A @© A and beyond

Given A of even order consider p(n, C) in (2) and u(n, C). If for the two graphs A and B we have the equalities
for the symmetrized sums
> pne,A®A)= Y p(ns, B B),
0E6, 0ES,

what can we say? If instead of considering just the matrix A we will consider the matrix A & A then we can
conclude that our bigger graph is a disjoint union of two isomorphic graphs. So if the union of two isomorphic
graphsis isomorphic to the union of another two isomorphic graphs, then the two graphs are also isomorphic.
If we consider the functions u(m, A®A). Note that m = (my, ..., myy) = (n,n’)wheren = (ny, ..., ny), n’ =
(Mps1s - - - » N2pr). It now follows that

p((n,n"),A® A) =p(n, Apn’, A).
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Hence, if v = (x, y, X, ¥) then

exp [%'YT(C @ O]

1
= exp [E(X(M))TAX(M)}

1 1, — 1,._ _
exp [5 0/ TAy™] exp [ ") T Ax™] exp [ ™) "ay™).
Therefore, if we have equalities for the symmetrized sums, we get a whole hierarchy of necessary conditions

by considering A® for k > 2.

4.4 Partition-averaged photon distribution as a necessary condition for graph
isomorphism

The main result of this section will be a simpler necessary condition for isospectral graphs to be isomorphic.

Definition 5. Let A be the adjacency matrix of an M-vertex graph G and 1 < k < M. Then we call the partition-
averaged photon distribution of the k-th detector the function

|On‘ |OH|
df 1 1 2
()6 = E np(n) = ————— E nichaf “ [ApJ ] (49)
( neo, ( Vdetog,g n! neoy, "

and its coarse-grained version reads

|On|

1 1 2
-—— Y Y mehaf? AT (50)
\/m M+t ny=| | n neo,

Remark. The complexities of coarse-grained probability p;(On) in Eq. (44), of the partition-averaged photon
distribution of the k-th detector (49), and its coarse-grained version (50) are NP-hard, as we need to sum on
the number of elements in O, which may be of order M!.

((ni))e

Theorem 18. The partition-averaged photon distributions introduced in Definition 5 of two isomorphic graphs
are identical up to a permutation of output modes which can be verified in polynomial time in M.

Proof. Given partition-averaged photon distribution of a graph G we replace it by a distribution (71}, k € [n],
where 0 < fi; < -+ < fiy. Clearly, this rearrangement can be done in O(M?), actually O(M log M), time. Two
isomorphic graphs will have the same rearranged partition-averaged photon distribution. O

Lemma 19. Let G, and Gj; be isomorphic graphs. Then the output probability distribution from GBS with en-
coded graphs is related by a permutation.

Proof. Consider pure events first where we present two proofs. A graph A is isomorphic to A iff there exists a
permutation 7z such that A = P} AP;. Ignoring the prefactor ¢! /(n!./det 0¢) in Eq. (24) (it is identical for A
and A - see Lemma (10)), it follows that A%? @ J 2|n| is als0 a permutation of A®? %] 2|n| Since @ = ® for pure
detection events (see Remark below Def. (3)). Hence haf [A®? ® J 2‘,,|] =haf[A®? @] 2|,,|] and the probability
expressions are invariant.

We prove the same statement by using Eq. (2) where C = c(A ® A), C = c(A ® A) and we can ignore c here
by setting ¢ = 1. We introduce P & Py @ Py and write

a;%e%’YTA@Z'Y - a}:%e%(P'*/)TA@Z(Pw) (51)

But that implies that the probability of a pure event remains the same since P by definition merely relabels
the output modes and the partial derivatives do not care:

oIl 3PN TAT(Py) _ ylnl 3y T APy 52
B.B B.B (52)
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For mixed detection events the situation is different. If one of the n;’s in

T ,®2
oMl g2 (Y AT (Py)
B.B
is different from the rest, the corresponding partial derivative breaks the symmetry and unlike the pure case

one concludes that N N
1 B2 1 D2
a}}"l\?ef(}"‘/) AVE(Py) 4 aL"LeQ‘Y ATy (53)

However, if we permute the derivative variables (symbolically written as o 5 a(P £0,(P B-))’ we find the

desired equality
1 T 42 1., T P2
aLn‘[s . ﬁe;(P'r) A®2(Py) _ al"\ﬁeﬂ APy (54)

Next, using map (16), we rewrite the both sides of the last equation as

M M
T 2 D T 2

[T 06y’ @m0 < T 0y 020 47 500, (55)

i=1 i=1

where § & (a, @) and P a Pr ® Py was introduced in Lemma 9. We used Eq. (8), Lemma 8 and Lemma 9
(the upper route in the commutative diagram to go from the LHS of (54) to the LHS of (55)). But since
P8)T (A2 2| ,,‘)(158) = ST(IAJT(AW@J 2| n|)13)6 and P is a permutation, the hafnian is preserved and the
output probability distribution is merely permuted.

To conclude the proof we notice that the overall detection probability is a sum of invariant (for pure
events) or permuted (for the mixed ones) probability distributions where the permutation is the same for all
mixed n’s. O

To simplify the notation in the rest of the section we write hafé (n) = haf?[A @®J, ,,‘] in Eq. (50). Given the strat-
ification into orbits, it is advantageous to collect n; together with the factorial coefficients and the (squared)
hafnians of a graph G to N and haf, respectively, and rewrite (50) as

1

N hafg, (56)

where ng is M-tuple of numbers.

Example. Let us illustrate (56) for a graph G on M = 4 vertices and for |n| = 2. There are two orbits repre-
sented by (0, 0, 0, 2) and (0, 0, 1, 1). Since the graph is doubled, we have M = 4 detectors and then

[hafé (2000)]
hafZ (0200)
hafZ (0020)
hafZ (0002)
hafZ (1100)
hafZ (1010)
hafZ (0110)
hafZ (1001)
hafZ (0101)
| hafé (0011)

2/21 0 0 0
1 0 2/21 0 0

n [ ——
67 Jdetoge | O 0 2/20 0

0 0 0 2/2!

(57)

O O R B
O = O =
SO r R O
= O O =
= O L O
= = O O

We can clearly identify the sums on the RHS of (50). Note that due to Corollary 16 the hafnians of the (0, 0, 0, 2)
orbit are zero and so are the corresponding contributions to ng.

The following proof is best viewed together with the above example.
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Proof of Theorem 18. Lemma 19 shows that, if graphs G; and G, are isomorphic, then the ordered set of haf-
nians for one graph is a permutation of the same ordered set for the other graph. This statement translates
into a permutation of haf; introduced earlier: hafs, = m(hafg,). Note that the pure orbit elements are fixed
points of 7. Now we observe that the i-th row of N by construction coincides with the sequence assembled
from the i-th elements of all n (see (57)). So instead of swapping the rows of N we correspondingly swap these
sequences in the argument of all hafé forming haf. But this transformation is a permutation of the set of all
n’s for a fixed |n| since it preserves the photon number. Hence

N rz(hafg,) = Px(N) hafg,, (58)
where P, swaps the rows of N. Since Nhaf, = N m(hafg,) we get
Nhafg, = Pz(N) hafg, (59)

and thanks to Lemma 10 we can rewrite the equality as
1 1

———Nhafg, = ——
/det 00,6, G2 \/det 00,6,

But the LHS is ng, and the action of a permutation P, on the RHS implies that it is equal to 71(ng, ). Therefore

Pr(N) hafg, . (60)

ng, = nt(ng,)

which is the main result.

To conclude the proof we observe that it takes only a polynomial number of steps to uncover how the
partition-averaged photon distribution is permuted. We order ng, and ng, in an increasing order and if the
two ordered sets differ the graphs cannot be isomorphic O

One could be tempted to argue that the opposite is true (that is, if the partition-averaged photon distributions
the same then the graphs are isomorphic). The following counterexample shows that there is no hope for the
converse of Theorem 18.

Example (Counterexample based on SRG(16,6,2,2)). SRG(16,6,2,2) is the smallest family of SRGs containing
two isospectral graphs on 16 vertices. Let |[n| = 4 which can be partitioned in five different ways. Orbits rep-
resented by n = (1, 3) and n = (4) (zeros omitted) do not contribute in accord with Corollary 16. Calculating
Eq. (50) we find ((ny))g, = {(nx))g,- What about the less coarse-grained version, Eq. (49). Let’s check the
orbit of n = (1, 1, 1, 1) where |On| = 1820. Here the situations is quite interesting and generic for SRGs. The
sets of hafnians differ: hafs[G] = (0992, 1763, 260) and hafs[G;,] = (09g4, 1792, 236, 38) Where the subscripts
count the hafnian. Yet, we find (ny)¢, = (ny)e,-

Remark. Note that since the hafnian sets differ in the previous example we know that the graphs are not
isomorphic. It just can’t be concluded from comparing the partition-averaged photon distributions for |n| =
4 and it can’t even be concluded from (44) since pg,(0On) = pg,(0n) for all orbits for |n| = 4 (including
n = (1,1, 1, 1) again!). The first differences both in (n;)s and ps(On) appear for some orbits of |n| = 8.
Interestingly, (n; )¢ is always uniform for SRGs and when it differs for two nonisomorphic SRGs, it differs in
a magnitude.

Remark. Similarly to the partition (46), the coarse-grained partition-averaged photon distribution ((n;))¢ is
efficiently calculable.

5 Simulations for isospectral graphs

In the following section, we present the results of the GBS quantum GI algorithm applied to various SRG fam-
ilies and other isospectral graphs. The algorithm itself is presented in the Appendix B. Among other graphs,
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we examine the SRG(35,18,9,9) family, and show that, using various detection patterns, the GBS fully distin-
guishes all 3854 graphs in this family. Due to the large number of photon event permutations required to
calculate the probability of detection, and the classically intractable graph hafnian calculation, the results
were computed in parallel using the Python Hafnian library [8] and the Titan supercomputer *. Recall our
convention for GBS encodable graphs: C = c(A ¢ A) € R*M<2M yhere we set ¢ = 1 whenever we are allowed
to.

Example. Let us start with the smallest connected PING in Fig. 1. The hafnians of the adjacency matrices co-
incide so we have to look to all possible GBS-measurable submatrices. These correspond to all measurement
patterns with at most one photon per mode (in this example we won’t study the multiphoton contributions
coming from A@Jn). Hence, we can measure in total (2) = 15 graphs on 4 vertices as well as 2 vertices (the
subgraphs with an odd number of vertices have zero perfect matchings and therefore zero hafnian). The haf-
nians of the latter (let’s call them 2-hafnians) do not differ but the 4-hafnian sets do differ:

4-hafAGl = (0, 0, 0, 0, 0, O, 0, 1,1,1,1,1,1,1, 2) = (07, 17, 21), (613)
l}-l’lafAG2 = (08, 17). (61b)

Example. Consider another example of a PING [5] in Fig. 2, this time on nine vertices. Their hafnians are

Figure 2: PING on nine vertices.

zero since the number of vertices is odd but also all (8,6,4,2)-hafnians are identical (that is, all subgraphs
accessible to GBS have the same number of perfect matchings). We thus have to change the strategy and
systematically investigate multiphoton detection events by using the stratification according to the overall
photon number and analyze all detection events, both pure and mixed. This is the way we will proceed in the
upcoming examples. Here it turns out that the first differences between the two graphs happen for |n| = 6. Ta-
ble 1 on page 187 summarizes the result. The leftmost column contains all partitions of |n| = 6 (see (45)) where
each partition is represented by a naturally ordered orbit representative. The orbit size is in the second column
in accordance with the discussion preceding Eq. (44). In experimental terms, an orbit consists of a measure-
ment pattern and all of its permutations. The two rightmost columns contain the hafnians haf [A¢J),]. We
notice a difference in three orbits (greyed): (1, 1,1, 1, 2),(1, 1, 2, 2) and (1, 1, 1, 3) (the zeros omitted). Also
note that the last four rows corresponding to events which do not occur as predicted by Lemma 6. For another
graph G3, isomorphic to G,, we get the same hafnians for all orbits as an additional check.

Another interesting piece of information is the actual partition-averaged photon distribution for a given
orbit provided by (49) or (50) (we omit the determinants in this example). For non-SRGs the partition-averaged
photon distribution is typically non-flat. To illustrate (49) let’s choose an orbit where no difference was found:
On for n = (1, 2, 3). The first two plots in Fig. 3 are clearly different (that is, non-permutationally invariant).
In accordance with the result of Section 4.4, namely Theorem 18, this is enough to decide that the two graphs

1 https://www.olcf.ornl.gov/olcf-resources/compute-systems/titan/
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Table 1: All measurement patterns and their permutations Op (orbits) for the PING on nine vertices in Fig. 2 for |n| = 6. The
second column is the orbit size and in the last two columns we list the hafnians whose total number (the sum of subscripts)
equals |On|. Note that the notation we are using for the hafnian sets is defined in (61).

Orbit representative of On ~ |On| hafs[G1] hafs[G,]
(0,0,0,1,1,1,1,1,1) (2 (0695 113, 23) (0695 113, 22)
(0,0,0,0,1,1,1,1,2)  (2)(5)  (0sges241,43) (0585, 242, 43)
(0,0,0,0,0,1,1,2,2)  (3)(3) (O60s> 242, %12, 64) (0700, 242, 410, 64)
(0,0,0,0,0,0,2,2,2) 3) (0g4) (0s4)
(0,0,0,0,0,1,1,1,3)  (3)(}) (0500, 64) (0499, 65)
(0,0,0,0,0,0,1,2,3)  (3)3! (0478, 626) (0478, 626)
(0,0,0,0,0,0,0,3,3) 3) (027, 69) (027, 69)
(0,0,0,0,0,0,1,1,4)  (3)(3) (0252) (0252)
(0,0,0,0,0,0,0,2,4)  (5)(}) (072) (072)
(0,0,0,0,0,0,0,1,5)  (5)(}) (072) (072)
(0,0,0,0,0,0,0,0, 6) 9 (09) (09)

are not isomorphic. For a graph G3 isomorphic to G, we notice a mere permutation of bars in the rightmost
panel of Fig. 3 again in accordance with Theorem 18.
A similar conclusion follows from the analysis of (50) and the situation is depicted in Fig. 4 for |n| = 8

250
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Figure 3: Partition-averaged photon distribution, Eq. 49, for G1, G, and G3 ~ G, for the orbit of n = (1, 2, 3). The x axis labels
the detectors. Note that since we omitted the determinantal prefactor and set ¢ = 1 the distribution is not normalized.

Example. Regular isospectral nonisomorphic graphs appear to be somewhere between PINGs and SRGs in
terms of the difficulty to distinguish them. We analyzed a pair of graphs on ten vertices introduced in [30,
page 110, (a) and (b)]. Neither the coarse-grained photon distribution, Eq. (50), nor its probability equivalent
differ for the two graphs for any tested orbit of n. This is what we witnessed for all examined SRGs as well. But
there is a difference, most likely related to the fact that regular graphs have less symmetry than SRGs. First,
a difference in (n; )¢ but not in p(On) appears for some orbits of |n| = 6. For |n| = 8 both quantities differ in
an ever increasing number orbits. What makes regular graphs different from SRGs is that (n;)¢ is not uniform
(c.f. with the example and remark at the end of Section 4.4). This is more similar to the PINGs we mentioned
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Figure 4: Coarse-grained partition-averaged photon distribution, Eq. 50, for G1, G, and G3 ~ G, for all orbits contributing to
|n| = 8. The x axis labels the detectors. Note that since we omitted the determinantal prefactor and set ¢ = 1 the distribution is
not normalized.

previously. So we may get some information on the actual permutation operation from (ny)g, , if we cannot
find any difference for any n.

SRG(29,4,6,17)

[1,2,30,37] [3-29,31-36,38-40|

n=(1,1,1,1)
n=(2222)

n=1(2,22,2,2)
[3,5,12,18-20,31,32,36,38| [6,7,16,39][22,25,34,35)23,27]26,29|[15,21]10,11] [24,28]

9]
n=(222222)

|all distinguished|

Figure 5: The SRG(29,14,6,7) family of 41 isospectral graphs can be fully distinguished by considering orbit (2, 2, 2, 2, 2, 2). The
numbers in the rectangular boxes label the graphs according to [39]. Considering ‘smaller’ orbits (in terms of |n| or the number
of nonzero n;’s) typically leads to a partial separation. Orbit (2, 2, 2, 2, 2, 2) may not be the smallest one to distinguish all the
graphs.

Example (SRG(29,14,6,7)). Fig.5summarizes the path to distinguish all 41 isospectral graphs. As the starting
point we took orbit On for n = (1, 1, 1, 1). This orbit has no distinguishing power. This is indicated by a single
square box containing all graphs. One could start with a measurement event containing more single photons
but the problem is, as the number of vertices increases, the orbit size grows rapidly making the simulations
rather resource-expensive. Also, it is desirable to find the orbit with the smallest possible |n| distinguishing
all graphs to (i) heuristically assess the performance of our algorithm and (ii) make sure that the physical
resources needed to run the algorithm are not excessive. This is because the smaller |n| is the less squeezing
we need in an actual experiment. Sometimes, however, a smaller |n| does not guarantee a faster simulation.
In the current example the orbitof n = (2, 2, 2, 2, 2, 2) where |n| = 12 is much more computationally feasible
thann = (1, 2, 3, 4) where |n| = 10. Thisis because |On| = 475020 for the former but |On| = 11400480 for the
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n=(4,4,4,4)

n=(4,4,4,4,4)

n=(222222)

n=(2222,222)

n=(2222,222,2,2)

Figure 6: The SRG(35,18,9,9) family of 3854 isospectral graphs can be fully distinguished by starting with the orbit of n =
(4,4,4,4)upton=(2,2,2,2,2,2,2,2,2).

latter. So perhaps the orbit of n = (1, 2, 3, 4) distinguishes them all. Hence without exploring all alternative
routes we cannot claim optimality (here and in any other example).

Example (SRG(35,18,9,9)). The analysis of the biggest family of SRGs we studied is summarized in Fig. 6.
Starting from the top, the orbit representatives on the left indicate how successful they are in distinguishing
the graphs. The right box contains the number of newly distinguished graphs whereas the left box contains the
number of remaining graphs. The effect is cumulative so for example the orbit of n = (4, 4, 4, 4, 4) together
with n = (4, 4, 4, 4) distinguishes 2443 graphs. Our computational resources were not enough to distinguish
the two remaining graphs using Theorem 12. The necessary condition developed in Sec. 4.3 was used instead.

Example (SRG(16,6,2,2)). The two graphs can be easily distinguished by our method but in this case we
illustrate the probability function for all partitions and their orbits up to |n| = 14. In Fig. 7 we plot Eq. (44) for
orbits whose probability is nonzero (so their number is less than given by partitioning |n|). The x axis labels
these orbits and in the plot we indicate the actual partitioning by white and gray background. Even for a fixed
|n| some orbits are more likely than others. We observed that the probability is correlated to the size of the
orbit. This confirms our intuition from the paragraph before Eq. (44).

6 Open problems and Discussion
6.1 Open questions

Q1. Can we replace in Theorem 12 the quantity >, s /pP(no) with 7, s p(ng)?

Q2. The main result of this paper is a necessary and sufficient condition for two isospectral graphs to be iso-
morphic. We found a complete set of graph invariants. However, this is only half satisfactory because we
don’t know where the difference between two graphs ‘kicks in’. Without this knowledge we can use the
iff condition only in one direction. The ideal situation would be to have a deterministic or probabilistic
criterion for the existence of such a threshold orbit as a polynomial function of the graph size. The nu-
merical experiments are favorable as far as the polynomial growth goes — there is no indication that the
threshold value grows fast. As the SRG example at the end of Section 4.4 shows, this is actually a more
subtle problem: the set of hafnians may be different which is one sufficient condition as shown in Sec-
tion 4.2 but their sum of squares is forming p¢,(On) (the coarse-grained probability as another sufficient
condition) is the same. The latter often comes ‘later’, that is, for higher orbits than the former.
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Figure 7: Probabilities of various orbits. Each point is a probability of an orbit O, given by Eq. (44) for one of the graphs from
the SRG(16,6,2,2) family. The prefactor in (44) is 1/+/detog,c = (-1 + 4c2)'°(~1 + 36¢2))'/2 where we set ¢=1/6.9. Orbits
whose probability is zero are omitted.

Q3. When a threshold orbit n is reached we made the following observation: upon examining orbits m for
|m| > |n| satisfying m > n (m; = n;, Vi and at least one n; # m;) the set of hafnians is again different.
We call this a branching effect. It seems to be a probabilistic effect but from our experiments it holds
overwhelmingly. This results in a dramatic increase of orbits with different hafnian sets as we increase
|m| and greatly helps in the practical use of our algorithm. The intuition behind this behavior is that
when the hafnian sets differ for an orbit of n, then another orbit of m > n (obtained by adding two new
rows/columns or copies thereof to the adjacency matrix corresponding to n) contains as its subgraphs
all the graphs that already had different hafnian sets. The question to answer is how likely this effect is
to occur.

Q4. A problem closely related to the previous question is how long it takes to approach a true probability dis-
tribution within a given precision for a chosen orbit of interest. This is typically answered by the methods
that are standard in random graph and probability theory.

Q5. We did not address two related experimental points in this paper. The first one is the photon losses,
which will make the statistics of two isomorphic graphs different. Hence one needs to come up with cutoff
estimates for distinguishing nonisomorphic graphs. The second one is how easy to estimate probabilities
of photon counting experiments.

6.2 Scalability discussion

As discussed in the previous subsection, we don’t know at what point two non-isomorphic graphs start to dif-
fer when sampled using a GBS device. Presumably this critical |n| grows with the graph size and the numerical
evidence suggests that the growth is not exponential or even fast in general in the graph size. Nonetheless,
even a moderate rate of growth of the threshold orbit n with the graph size M could be fatal for large graphs.
This is because the physical interpretation of 0 < ¢ < ||A]|, that directs the amount of squeezing — a quantity
directly related to |n|. As we see from Fig. 7, the class with a (nearly) maximal probability (a single orbit in
fact) is n = (0))r and this is a generic case. We can tune the ¢ parameter by increasing squeezing such that the
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probability of a different (desired) orbit O, increases. This typically makes the vacuum contribution smaller
but still dominating the probability landscape. What happens is that the desired orbit’s probability ps, (On)
increases with respect to the vacuum and other lower contributions but the probability flattens and therefore
its values are inevitably impractically low to gather enough statistics reasonably fast. To put it differently,
there is no significant peak (or a concentration effect) for the desired orbit On. The situation is a bit alleviated
by a heuristic observation that beyond the threshold orbit On, where the difference in the hafnian set is first
observed, the orbits Om where n < m overwhelmingly add to distinguishability. But it is tempting to avoid
this ‘probability dilution’ altogether. The rise of the number of orbits for a fixed |n| is equivalent to the integer
partition problem briefly discussed towards the end of Section 4.2.

Let us look closer at this problem. Any graph G, can be encoded as a pure covariance matrix whose
circuit decomposition consists of an array of M squeezers S followed by an interferometer U on M modes.
Since the eigenvalues (more precisely the singular values) of A are related to the squeezing parameters, two
isospectral graphs, G4, G, have the same S - the fact already used in Lemma 17. The input to the interfer-
ometer is given by (48). Suppose that we know or suspect that a given |n| contains orbits that are different
if two graphs are not isomorphic. Since an interferometer is a passive unitary operator we know the input
state responsible for it — it is the state whose coefficients are a;,(r1, ..., ry) from (48). So the task becomes

to prepare such a state. This could be a computationally hard task. Even though ®£’I: 1 S(ry) 10) is factorized
|n|/2+M-1
the states Z( iz )

i1 Ain(r1, ...,y |(n, M)), living in the completely symmetric subspaces are, in general,
entangled. There are two problems, though. First, generation of such states could potentially require a cir-
cuit of a great depth. Second, even if n scales favorably with M, the number of coefficients a;,(r1, ..., ry)
can be overwhelming to work with for M >> 0 and so we may run into the issue of tractability to describe
the necessary unitary operation. If these issues were resolved we would gained a complete control over the
output distribution behavior. But we would also switch from GBS to a generalized (multiphoton) boson sam-
pling (BS) [1]. The orbit representative is a state with a given photon number per input mode. The difference
compared to BS is that we do not require the input/output state to be in the 0,1 subspace per mode. Hence we
arrived (by a detour) to the output probability function whose form is most likely governed by some perma-
nent function [35] — a form which will most likely be a variation on the reduced Kronecker product we have
introduced in Sec. 4.1.

The use of a fixed input photon distribution will dramatically change the odds of detecting the difference
in the probability distribution. We can take a look at Fig. 7 for, say, |n| = 14 and pg, (On) for all orbits in this
partition will be considerably higher with their mutual ratio preserved. We leave for a future exploration
the question if the probability distribution is always skewed (or even concentrated) such that some events
(preferably the ones where there is a difference) are overwhelmingly likely than the others. What can we do
if this is not the case? The thing we cannot do is to coarse-grain the probability more than in Eq. (44) due to
lemma 17. Then, one option would be to coarse-grain the probability more than in (44) but less than in (46).
The reason for this effort is to have a favorable scaling. Recall that the number of partitions of |n| grows
exponentially with |n|. If we partially coarse-grain a given orbit we may keep the scaling polynomial and
still detect a difference for non-isomorphic graphs. The question is how to split a given orbit. At this point
we can offer only certain heuristic rules based on our simulations.
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A Basic hardware setup

The basis for our graph isomorphism method is a near-term photonic quantum processor, specifically a GBS
apparatus. This apparatus consists of three main components. First, squeezed states are generated in M
quantum-optical modes. These states are then sent through an M-port linear-optical interferometer. Finally,
a photon-number-resolving measurement is performed on each of the M output modes. The first two steps
lead to the preparation of a zero-mean quantum-optical Gaussian state, which can be described efficiently
using a covariance matrix. For a single mode, the covariance matrix has dimension 2 x 2, and encodes the
covariances of the canonical quadrature operators (X, p) of that mode:

o = 2(&& + §&) - (&)(&), 62)

with E’k € {X¢, Pr}- For M modes, we have M pairs of quadrature operators and an 2M x 2 M covariance matrix
built from the set E’ €{X1, D15+ %X, Py}

Multimode Gaussian states themselves are of limited interest in quantum computing. While they can
be prepared with quantum hardware and exhibit entanglement, the covariance matrix scales linearly in the
number of modes, so they can be efficiently simulated classically. However, when we introduce the photon-
number measurement, the story changes. A single photon-number measurement in mode k will return a
nonnegative integer n; € N*, representing the number of photons which were detected. For measurement on
M modes, we denote the collective photon-number output pattern by n = (nq, ..., ny) and call it a detection
event. From [25], whenever n; = 1, Vi the probability of this detection event is proportional to a function
called the hafnian [14] (see Def. 1):

p,...,1)- —~ nafc, 63)

V/detog
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where the matrix C is obtained from o by basic matrix transformations (see Eq. (4)).

Unlike the simulation of Gaussian states, computing the hafnian is a #P-hard problem. In addition,
approximating the GBS photon-number distribution is believed to be computationally hard [25]. Thus, by
combining Gaussian states with photon-number measurements — representing the wavelike and particle-
like properties of light, respectively — we have a physical sampling apparatus whose behaviour is classically
hard to replicate. This paper explores the question of how we can leverage this GBS device for the graph iso-
morphism problem, specifically, how we set the squeezing and interferometer parameters to represent the
problem, and how to interpret the photon-number measurement outcomes to solve the problem.

B Algorithm

Algorithm 1 GBS graph isomorphism algorithm: returns the GI invariant of adjacency matrix A with respect
to orbit o, considering hafnians’ to the nth power.

1: function GBS_CERT(A4, o, n)

2 > Generate a list of unique permutations of the orbit

3 perms < unique_permutations(o)

4 result < array[len(perms)]

5: for p € perms do

6 > Generate the reduced Kronecker product of matrix A
7 Ap + kron_reduced(A, p)

8 > Append the hafnian to the nth power

9 result «+ append(result, haf(Ap)™)

10: end for

11:

12: > Calculate the sum of hafnians

13: hafSum «+ sum(results)

14:

15: > Calculate the mean photon distribution for the orbit
16: phDist < array[len(0)]

17: for i c len(perms) do

18: for j c len(o) do

19: phDist[j] < phDist[j] + permsli, j|*result[i]
20: end for

21: end for

22: end function
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Algorithm 2 Function to return the reduced Kronecker product of matrix A, given a sequence of integers n
indicating the multi-mode photon detection event.

1: function KRON_REDUCED(A, n)
2 rows <« array()

3 fori e len(n) do

4 forj=0, n[i] do

5: rows + append(rows, i)
6: end for

7 end for

8 return A[rows][rows]

9: end function

Algorithm 3 Function to return unique permutations of an orbit

1: function UNIQUE_PERMUTATIONS(orbit)

2 if len(orbit) = 1 then
3 > If orbit is length 1, return the value
4 return orbit[0]
5 else
6: > Else, store the list of unique elements in the orbit
7 elements «+ drop_duplicates(orbit)
8 for e € elements do
9 > Unique elements except e
10: remaining < elements - e
11: for p € unique_permutations(remaining) do
12: > Use recurrence to concatenate element e with all remaining permutations of elements
13: returne +p
14: end for
15: end for
16: end if

17: end function
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C List of symbols

In this appendix we summarize with a table the most important symbols and their meaning.
description notation defined at page
vectors n=nqy,...,n),x=x1,...,xy) page 3
partial derivative operator oz = ::,_ii ;;;i page 4
symmetric group of bijections o : [n] — [n] Gn o page 4
N x N hermitian, psd and positive definite Hy D Hin D Hirn page 4
hafnian haf C page 4
measurement probability of n p(n) page 4
covariance matrix 0g page 5
graph G page 5
i— th eigenvalue of G Ai(G) page 5
strongly regular graph with parameters SRG(N, k, A, ) page 6
all-ones |n| x |n| matrix Jin| page 7
reduced Kronecker product A@dn page7
moments of Gaussian distribution induced by X Uny,.onon (2) page 11
multinomial coefficients (a0 a,) page 15
symmetrized sums u(n, A) page 16
probability of orbit On pc(On) page 18
coarse-grain probability distribution pe(n)) page 19
k-mode partition-averaged photon distribution (ni)e page 20

coarse-grained version

((ni))e

page 20
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