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Abstract

We propose the variational quantum cavity method to construct a minimal energy subspace of
wave vectors that are used to obtain some upper bounds for the energy cost of the low-temperature
excitations. Given a trial wave function we use the cavity method of statistical physics to estimate
the Hamiltonian expectation and to find the optimal variational parameters in the subspace of
wave vectors orthogonal to the lower-energy wave functions. To this end, we write the overlap
between two wave functions within the Bethe approximation which allows us to replace the global
orthogonality constraint with some local constraints on the variational parameters. The method
is applied to the transverse Ising model and different levels of approximations are compared with

the exact numerical solutions for small systems.
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I. INTRODUCTION

The variational problem of finding an excited quantum state can be formulated as a
classical optimization problem constrained by the orthogonality conditions imposed by the
lower-energy eigenstates of the Hamiltonian. This is a computationally hard task even
for the ground-state problem in one-dimensional quantum systems. Exact diagonalization
algorithms are very helpful but they are limited to small systems due to the exponential
growth of the Hilbert space with the size of system [1]. For larger systems one has to resort
to approximation methods, e.g., the variational quantum Monte Carlo algorithms, to study
the low-energy states of the Hamiltonian [2-4]. On the other hand, one can always obtain

useful insights by studying some exactly solvable mean-field models [5].

The cavity method of statistical physics provides the framework and machinery we need
to deal with random optimization and constraint satisfaction problems [6-9]. In particu-
lar, the method provides a local message-passing algorithm to study single instances of a
problem on random and finite-connectivity graphs within the hierarchy of replica symmetry
breaking (RSB) approximations [8, [10, [11]. For instance, the cavity method can be used
to minimize the Bethe estimation of computationally difficult cost functions like the Hamil-
tonian expectation in a variational quantum problem; first the expectation is computed in
the replica symmetry (RS) approximation to obtain an energy function of the variational
parameters. Then, the parameters are considered as statistical variables to study their sta-
tistical properties within a higher level RS approximation, with equations that resemble
the one-step RSB ones. These equations are exploited in a message-passing algorithm to
optimize over the variational parameters. There are other applications of the cavity method
to quantum systems that work with the density matrices or the path integral representation

of the quantum partition function [12-16].

In this paper we use the variational quantum cavity method [17] to find approximate so-
lutions for the exited-states of the transverse Ising model. The main point of this study is to
write the overlap between two wave functions in the Bethe approximation, which is asymp-
totically exact as long as the trial wave functions can be represented by classical systems of
locally tree-like interaction graphs. This allows us to replace the global orthogonality con-
dition with some local constraints on the variational parameters and the cavity messages in

the Bethe expression for the overlap. In summary, given an appropriate trial wave function,



we evaluate the Hamiltonian expectation in the subspace of wave functions orthogonal to
the lower-energy states of the Hamiltonian and find an estimation of the optimal variational
parameters, all within the Bethe approximation and implemented by a local message-passing

algorithm.

Note that, usually, for large and disordered systems we do not have the exact ground-
state of the system. The best that we can do is to find a good variational wave function that
represent the low-energy state of the system. Obviously, an excited state that is orthogonal
to an approximate ground state does not necessarily provide an upper bound for the excited-
state energy. There are, of course, other ways to find the excited states that do not rely on
the orthogonality to a priori known ground state, but we found the above procedure more
amenable to the cavity method that we are going to use in this paper. Nevertheless, any
orthogonal set of quantum states defines a subspace of wave vectors that according to the
Courant min-max theorem [18] can be used to find some upper bounds for the Hamiltonian

eigenvalues.

In the next section we give the definitions and write the general equations. Section [Tl
is devoted to the mean-field approximation, where we take product states to represent the
low-energy eigenstates of the Hamiltonian. Then, in Sec. [Vl we consider more complicated
trial wave functions including the two-body Jastrow interactions. The numerical results are

presented in Sec. [Vl and the concluding remarks are given in Sec. [Vl

II. DEFINITIONS

Consider the transverse field Ising model with Hamiltonian H = — Z(ij)egq Jijoio; —
> hio? with index ¢ = 1,..., N that labels the sites in the quantum interaction graph
&, The o7"Y* are the standard Pauli matrices. In the following we will work in the ¢?
representation with orthonormal basis |g) = |o109---0n). Given a trial wave function
|W(P)) = >_,%(a;P)|g) depending on a set of variational parameters P, we write the

Hamiltonian expectation as

(U(P)|H|U(P Z|waP|E (@,  El)= Y eslonog)+ Y el (1)

(i7)€&q



where 62']‘(0'2',0'j) = _Jijgiaj and

i) = ~hiked U o) o )

Depending on the trial wave function we obtain different expressions for the non-diagonal
terms e;(a).

We consider u(c; P) = [¢(o; P)|* as a probability measure in a classical system and
compute the above average quantities within the Bethe approximation. For ¢ (o;P)
[T.ce, #a(c?; Pu), the classical measure is given by pu(o; P) o [, |¢a(c?*; Pa)|? with the set
of classical interactions &. = {¢,(0%)|a = 1,..., A}. Here da is the subset of variables that
appear in ¢,. Similarly we define 0i as the subset of interactions that depend on o;. The
cavity marginal p; ,,(0;) gives the probability of having o; in absence of interaction term
¢q. Similarly we define p,;(0;) as the probability of having o; in absence of the other

interactions involving o;. The equations governing these cavity marginals are:

Mi—m(Ui) X H ,Lbb—m'(Ui), (3)

bedi\a
,Ua—n'(o'i) X Z |¢a(gaa; Pa)|2 H :uj—m(o-j)' (4)
gaa\i jeé)a\i

These are the belief propagation (BP) equations [19] that can be solved by iteration starting
from random initial cavity marginals. In the replica-symmetric approximation we assume
there is a fixed point to the BP equations describing the single Gibbs state of the system
[7]. The above cavity marginals are enough to obtain the Bethe estimation of the average
energy.

Let us denote by |¥,,(P")) the nth trial wave function that minimizes the average energy
(U, (P")|H|V,(P")) conditioned on the orthogonality constraints (¥, (P")|¥,,(P™)) = 0
for m = 0,...,n — 1. The corresponding classical systems are represented by measures
tn(a; P™). In the following we are going to satisfy the orthogonality constraints within the

Bethe approximation,

(U (P (P™) = Y 0505 Py (0 P™) o o” (B AFAHE AR Sy M) — - (5)

where AF;, AF,, and AF;, are the free energy changes by adding variable node 7, interaction

node a, and link (ia) to the complex measure v, ,,(c; P", P™) o 9k (a; P")m(o; P™)
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[1, % (a%; PM)¢a(a?%; P™). These quantities are given by [7],

A= ] (o), (6)

o; a€di

e_AF“ = Z¢ da. Pn ¢a( da, Pm H Visa Uz) (7>

1€0a

e~ = Z Visa(03)Vasi(03), (8)

where the cavity marginals v;_,,(0;) and v,_;(0;) satisfy the BP equations for the complex
measure v, ,(a; P", P™). Thus, to have orthogonality it is enough to have e~ = ( for

some a. This defines a constraint on the parameter P given P™.

In summary, to estimate the average energy and to satisfy the orthogonality constraints

we need to know the BP marginals of the classical measure p,, and {vp,|/m = 0,...,n —
1}. In addition, we have to choose the set of constrained parameters A, = {a,|m =
0...,n—1} for the orthogonality constraints e=*fem = (. In this paper we will use a greedy

strategy to construct A,, by choosing the parameters that at least locally minimize the
energy expectation. Finally, the problem of minimizing over the variational parameters is

considered as a classical statistical physics problem

n — B n,m Por ok
z Z Z Tgp H I e Bort(E(@) (9)

P i {vn,m} m=0,...,n—1

where for §,,, — oo the Gibbs measure is concentrated on the optimal parameters. The
indicator functions Izp and I, ,,, ensure that the messages (i, {vy,m } satisty the BP equations
and the states n and m are orthogonal. Starting from n = 0, one can find the other states

one by one after solving the above optimization problem.

One may find an approximate solution to the above problem by a two-stage algorithm:
Given {P™|m = 0,...,n — 1} and an arbitrary set of the constrained parameters A,, we
run BP to find the set of marginals {v,, ,,|m = 0,...,n — 1}. These are used to fix the
constrained parameters in A, to satisfy the orthogonality constraints. Then we minimize
the average energy (E(g)),, over the remaining parameters. The above two stages are

repeated to converge the algorithm.



III. THE MEAN-FIELD APPROXIMATION

Let us start with the mean-field (MF) approximation, where the trial wave functions are

represented by the product states:
¥(g; B) o [] e, (10)

with complex parameters B;. This results to e;(0;) = —h;e” 2B cos(2B/0;) and the follow-

ing classical measure p(o; B) o< []; e . By superscripts R and [ we mean the real and

imaginary part of the parameters. Given the above measure we find

B cos(2B})
(€i(0:))p = — cosh(2BFY)’ (11)
<6ij(ai7 O-j>>ﬂ = _Jij tanh(2BZR) tanh(2BJR) (12)

We see that for non-negative h; the average energy is minimized by setting B! = 0.
Therefore, as long as we are interested in the ground state, we can set the imaginary parts
to zero. In this case, the variational problem reads

Zy = Z e_BOPt 2 (ij)eeq (€ig)u—DBopt Zi(ei>ﬂ’ (13)
B
The cavity marginals of the parameters in the Bethe approximation are
M;_;(B;) e Bopt{ei)u H (Z e_ﬁopt<6ik>#Mk_>i(Bk)> ' (14)
kedi\j \ By
For B, — oo and scaling M;_,;(B;) = e~ PortMi=i (B1) we find the minsum equations [19]:
Misj(B) = (e + Y min {{eiw), + Mioi(Bi)}- (15)
keoi\j ¢
The equations are solved by iteration starting from random initial messages. After each
iteration we subtract a constant from the messages to have ming, M,_,;(B;) = 0. Then we
find the optimal parameters by minimizing the local minsum weights,
B} = arg min {<6i>u +> min {(e;), + Mj—n‘(Bj)}} : (16)
i jeai

Note that in the MF approximation the orthogonality condition reads

(W (B")[ W (B™)) o Hcosh(BZ‘* +Bj") =0, (17)



thus, it is enough to have cosh(B!** + B™) = 0 for some i. This means B = —B™ and

BM — B™ = /2. Therefore, the nth excited state can be obtained by the following set of

constraints:
B+ B =0
]:[ — im im ’ 1
- nl _ pml _ 1 (18)
im im 27
form =0,...,n—1. The index i,, is chosen to minimize the local energy (e;,. (o;)),,. Then,

one can use the same minsum equations as above to minimize over the remaining parameters.

In this way we can find at most N orthogonal product states of minimum energies F,,.

Given the states |V,,(B™)) for m = 0,...,n, we can easily compute the Hamiltonian

matrix elements Hypy = (U,,(B™)|H| ¥, (B™)), which for arbitrary parameters read

cosh(B™ + B™)
Hmm’ = - ; !
11 ((Cosh(QBimR) cosh(2B" R))W)

cosh(B™ — B™)

i ; 19
cosh(B™ + BI'") (19)

X ¢ — Z Jij tanh(B™ 4+ B™) tanh(B}" + B;'n/) - Z h
(i) €€ '

One can diagonalize the Hamiltonian in the subspace spanned by the above states to obtain
the eigenvalues \,,. Then, using the min-max principle, we know that \,, is an upper bound
for the nth eigenvalue of the Hamiltonian. Indeed, we found that in this case A\, ~ FE,
for large N as the off-diagonal matrix elements H,,,  decay exponentially with the size of

system.

Notice that instead of imposing the orthogonality exactly we could ask for an exponen-

tially small overlap (¥, (B")|V,,(B™)) < " by demanding

cosh(B!"™ + BI")

<1 2
(cosh(2BE) cosh(2BM))1/2 Sesh (20)

for all 4, which can easily be imposed in the above minsum equations. Indeed to apply the
min-max theorem we do not need a set of orthogonal states [18]; according to the theorem,
the nth eigenvalue is given by ming, ., maxjy)es, . ,:(wjw)y=1 (¥ |H |[¢) where S, is any subspace

of dimension n + 1.



IV. BEYOND THE MEAN-FIELD APPROXIMATION

We can do better than the MF approximation by adding the local two-body or Jastrow

interactions |20] to the trial wave functions:

(; P) ocH@ o) T[] ¢iloiop), (21)

(ij)€€e

with
bi(0;) = ePi, Gij(0i,05) = ef57i7, (22)
For simplicity we are going to assume &. = &,. As a result, we obtain

9y = — e 2BloimEie0i 2K j0io cos(2Blo; + Z 2K{j0iaj). (23)

j€di

ei(oi, 0

The average energy is computed with respect to the following classical measure
11(a) o< I1; 19i(0) P TLiij ee, [9ij(0i, 05) 7. To estimate the average energies (ei;(0i, o)), and

ei(0;, %)), we need the following local marginals
9,4 d the foll local 1

1
,Uij(gijgj) = 7 |¢ZJ(UZ>UJ)| tisi(03) pjiog), (24)
Ni,ai(aiaaa) |¢z a;)|? H |35 ( Uwgﬂ)‘ 1j—i(0), (25)

JjEODI

given in terms of the cavity marginals

u~ﬂm>|@wn2II(§jwmm¢w|Mﬂwm). (26)
keoi\j Ok

For B; = 0 we can simplify the equations by taking the symmetric (or paramagnetic)
solution of the BP equations. This is of course exact for a tree classical interaction graph

&.. Then, the average local energies are given by

o cos(2K};)
i\0i, 0 = —h; —7 | 27
(e4(00 %)), II(m%@K@ (21)

jEOL v
<6ij(0i> Uj))M = _Jij tanh(?Kff) (28)

The resulting minsum equations are

isg(Kij) = I i (K ; 29
Mg (Kyg) = | im g el kgv eihn+ MiiKir)) (29)



and the optimal couplings are estimated by
Kzoj = arngin {(eij)hu + M (Kij) + M;oi(Kij) } (30)
ij
The orthogonality condition for two symmetric states reads

(WU (K)o 3 S K5 45570, o T cosh(KZ + KZ) =0, (31)
g (ij)€€e
using the symmetric solution of the BP equations. Thus, to have orthogonality we need

cosh(K7* + Kj7) = 0 for some link (ij). That is, for the nth excited state we have the

following set of constraints:

Krit 4 KmR =0

Lym = o ’ 2
o nl _ qgeml _w (3 )
tmJm tmJm 2
for m = 0,...,n — 1. The link (4,,j,) is chosen to minimize the local energy (e, ;..)un-

Then, one can use the same minsum equations as above to minimize over the remaining
parameters. The number of orthogonal states that we can find in this way is limited by
the number of the coupling parameters in the classical system which for a tree structure is

N — 1. The Hamiltonian matrix elements are given by

g H cosh(Ki’?* + KZ-’;?/)
e (cosh(2K7'H) cosh(2K 7 7))1/2

(ij)€€q

) cosh(K7* — KIW)

E Jijt th* K — E h; “ Y . (33

o TR , H <cosh(K-m* + K )) (33)
(i7)€&q i jEOL tj j

Similarly, we can make more general orthogonal states |V, (B", K")) and |V, (B™, K™))
by choosing B} such that for the complex measure v, e2i(BI+BIMoi+ Y gee. (KT +K)oios
we have e2fi = 0 for some 7. This gives

—(KM*+K™)oj., )
1k m o € “ * v i\O.
o2(B} +Bi):_H < j . i ])) (34)

jedi Zgj KK, Vj—n‘(aj)

The node i can be chosen in a greedy way to minimize (e;(d;,0%)),, in the mean-field

approximation. Here it is more difficult to minimize the average energy (E(c)),,, which
depends not only on the variational parameters but also on the BP cavity marginals p;_,;(0;).

More precisely, the minsum equations read

Mi—)j(Kijv/J/ij): min o pt Z ezk + Mysi( Kk, k) ¢, (35)
Bi {Kippir |k€di\i}: Ty p keoi\j
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FIG. 1. The ground-state and excited-state energies (Ey and E;) for the transverse Ising model on
a random tree (RT) of size N = 20 with random Gaussian couplings J;; of mean zero and variance
one in a uniform transverse field h; = h. The exact results are compared with the upper bounds
that are obtained by a minimal energy subspace spanned by product states (MFoMF'), symmetric

states (SoS), and tree states (ToT).

where f1;; = (ftij, ftj—;). Note that the minimum in the right hand side is conditioned on

satisfying the local BP equations. The reader can find more details in Ref. [17].

V. NUMERICAL RESULTS

Let us start with a small system to compare the above approximations with the exact
results for the ground and excited states. We take a random tree with random Gaussian
couplings J;; of mean zero and variance one in uniform transverse fields h; = h. This system
displays a phase transition from the ordered phase for h < h. with a nonzero Edwards-
Anderson order parameter ¢ = Y, (07)?/N to a disordered phase for h > h,.

As Fig. [IIshows, we obtain better ground-state energies with the product and symmetric
states in the ordered and disordered phases, respectively. While the product states allow for
a nonzero magnetization, the symmetric states have by definition zero magnetization and
therefore more appropriate to represent the disordered ground state. Indeed, an estimate
of the transition point can be obtained by comparing the ground-state energies that are
computed by the product and symmetric states. Figure[2ldisplays these energies for the one-
dimensional transverse Ising model with ferromagnetic couplings. Nevertheless, for small

system sizes we always obtain better energies for the excited state by a minimal energy
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FIG. 2. Left panel: The ground-state energy density (Ey/N) for the one-dimensional (1D)
transverse Ising model with uniform and ferromagnetic couplings (J;; = 1) obtained by the product
states (MF) and the symmetric states (S) in the thermodynamic limit. Right panel: The energy
gap F1 — Ej obtained by the product states (MFoMF) and tree states (TOT) for the same model
with N = 100 spins. In both the cases the gap is non-analytic at the corresponding phase transition
point, but it is non-vanishing close to the transition due to the local nature of the orthogonality

constraints.

subspace of the product states. In Fig. [ we also display the results obtained by more
general trial wave functions having a tree structure defined by & = &,. As expected, we
obtain much better upper bounds by introducing both the variational parameters B; and
K;j. FigureBlshows the results for a larger number of spins. Here, in the disordered phase we
find better upper bounds for the excited-state energy by the symmetric trial wave function.
This is due to the presence of very small couplings that reduce the cost of the orthogonality
constraint.

Finally, we present the MF results for the transverse Ising model in a two-dimensional
square lattice. In Fig. M we compare the upper bounds for the ground and excited states

with the exact ones in a small lattice.

VI. CONCLUSION

We generalized the variational quantum cavity method to study low-temperature excita-
tions of quantum systems within the Bethe approximation. We constructed orthogonal sets

of minimal energy quantum states, where the Hamiltonian matrix elements can be computed
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FIG. 3. The ground-state and excited-state energy densities (Ey/N and E;/N) for the transverse
Ising model on a random tree (RT) of size N = 1000 with random Gaussian couplings J;; of mean
zero and variance one in a uniform transverse field h; = h. We compare the upper bounds that are
obtained by a minimal energy subspace spanned by product states (MFoMF), symmetric states

(SoS), and tree states (ToT).
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FIG. 4. The ground-state and excited-state energy densities (Ey/N and F;/N) for the transverse
Ising model on a two-dimensional (2D) square lattice of size N = 4 x 5 with random Gaussian
couplings J;; of mean zero and variance one in a uniform transverse field h; = h. The exact results

are compared with the upper bounds that are obtained by a minimal energy subspace spanned by

product states (MFoMF).

exactly to obtain some upper bounds for the Hamiltonian eigenvalues. For more general trial
wave functions we have only an approximate estimation of the Hamiltonian matrix elements
but the estimation is expected to be asymptotically exact as long as the trial wave functions
are represented by locally tree-like classical interaction graphs. And finally, the method can

also be extended to include some appropriate global interactions in the trial wave functions

12



that are essential to deal with the fermion sign problem [21].
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