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We show that the variational quantum-classical simulation algorithm admits a finite circuit depth
scaling collapse when targeting the critical point of the transverse field Ising chain. The order param-

eter only collapses on one side of the transition due to a slowdown of the quantum algorithm when
crossing the phase transition. In order to assess performance of the quantum algorithm and compute
correlations in a system of up to 752 qubits, we use techniques from integrability to derive closed-
form analytical expressions for expectation values with respect to the output of the quantum circuit. We
also reduce a conjecture made by Ho and Hsieh [W. W. Ho and T. H. Hsieh, SciPost Phys. 6, 029
(2019)] about the exact preparation of the transverse field Ising ground state to a system of equations.
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I. INTRODUCTION

Impressive advances have recently led to the realization
of the first noisy intermediate-scale quantum (NISQ) com-
puters [1-3] and quantum simulators [4—10]. One promising
application of NISQ devices is the simulation of quantum
many-body systems [6,11-16]. Near-term quantum computers
will be limited by the number of qubits and the number of
gates that can be executed with high fidelity, while analog
simulations have to be executed within a typically short coher-
ence time. These restrictions make it challenging to map out
phase diagrams of strongly correlated materials, in particular
in the vicinity of quantum critical points. At these phase tran-
sitions, the correlation length diverges and representing the
system of interest with a finite device necessarily comes with
a loss of accuracy. Instead of pushing computational resources
towards the thermodynamic limit, classical methods typically
make use of data produced by smaller-scale computations and
combine those data points in an informed manner, as it is
done in finite-size [17-20] or finite-bond-dimension scaling
collapses [21].

Similarly, one may ask if data produced by a NISQ
quantum computer can be used to predict the location and
universality class of a critical point with an accuracy that goes
beyond the machine specifications. In this work, we provide
an example where this is indeed possible. More precisely,
we show that the variational quantum classical simulation
(VQCS) [22] algorithm admits a scaling collapse when tar-
geting the critical point of the transverse field Ising model
(TFIM). Instead of finite size or finite entanglement, the depth
of the quantum circuit plays the role of the relevant pertur-
bation away from criticality. To classically benchmark the
performance of the quantum algorithm, we adapt techniques
from integrability to the quantum computation setting. Specif-
ically, the quantum circuit can be mapped to a sequence of
quenches in the TFIM. We show how to describe the state
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after a series of such quenches and derive a closed-form an-
alytical expression for expectation values of local Gaussian
observables (like the energy) in a circuit of arbitrary depth
and width. This allows us to optimize the parameters of the
quantum circuit for a number of qubits that is inaccessible
to other classical simulation techniques but within reach of
a NISQ computer.

Importantly, assessing the physics of the optimal state
requires the evaluation of expectation values that are non-
Gaussian or nonlocal. Our key technical contribution is a
framework in which arbitrary observables can be evaluated
classically in polynomial time, provided the circuit is Gaus-
sian. Using this framework, we compute the order parameter
of the optimal circuit. We find that finite-circuit-depth data
of the order parameter collapses on one side of the phase
transition, in the phase that contains the initial state of the
quantum computer. The framework we develop can also be
used as a point of departure for quantum circuit design and to
benchmark quantum devices.

II. MODEL, ALGORITHM, AND METHOD

A. The VQCS algorithm

We study the VQCS algorithm that was put forward in [22]
as an adaptation of the quantum approximate optimization
algorithm (QAOA) [23,24] to quantum simulators. Gener-
ally, the strategy is to split a target Hamiltonian acting on L
qubits as

Hy(h) = H, 4+ hH,, (1)

where the ground state of Hj, |11), should be easy to initialize
on a quantum computer or simulator. The VQCS ansatz con-
sists in choosing a circuit depth 2p as well as 2p variational
parameters (y1, B1, ..., ¥p, Bp) and writing

[ (y, B)) = e Prfligminth . pmibith =it ) (2)
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We take the cost function to be the energy density

Fr(hy, B) = % (V(y, BIHr (WY (v, B)), 3)
where we have made explicit L, the number of qubits that
Hy(h) acts on. The VQCS algorithm proceeds by measuring
the cost function on the quantum computer or simulator and
feeding the input to an optimization routine running on a
classical computer. Once the optimal value

Fi(h;p) = I;liélFL(h; Y. B) “4)

is found, the corresponding quantum states can be prepared at
will using the optimal parameters (Yopt, Bopt) and observables
of interest can be measured.

B. Transverse field Ising model

In this paper, we choose as the target Hamiltonian the
TFIM

L
— ZZiZiH, &)
Hy=-> X, (6)

where X = (? (1,) and Z = ((1) _01) and where periodic
boundary conditions are imposed. To be precise, H; has two
ground states and we pick |¢;) = |0...0) with Z |0) = 4 |0)
to initialize the algorithm. The fact that H, and H, consist of
local commuting terms has two consequences: (i) The evolu-
tion (2) can be implemented on a digital quantum computer
without Trotterization and (ii) we can simulate the algorithm
directly in the thermodynamic limit. More precisely,

Fr(hyy, B) = Fu(hyy, B) )

for L, L’ > 4p. This is due to the fact that there is an exact
finite light cone for local operators, as illustrated in Fig. 1.
In the regime L > 4p the boundary conditions also become
irrelevant. Therefore, for a given p, a quantum computer with
L = 4p qubits captures the thermodynamic limit exactly and
this is the setting we will later choose in our simulation.’

Besides the energy, we are also interested in the scaling
behavior of the observables

(V¥ Vopts Bop)IZj 1Y (Vopt, Bopt)) » (8)
<¢(Voptv ,Bopt)|Xj|1/f(V0pta ﬂopt)) ) (9)

(¥ Yopts Bop)IX; Xj+e1¥ YVopts Bopt))
— my (h; p)%, (10)

where the position j is arbitrary due to translation invariance
of both the initial state and the circuit.

mz(h; p) =
my (h; p) =

mxx (€; h; p) =

'Empirically, we find that L, L' >
hold.

2p + 2 is sufficient for (7) to
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FIG. 1. Quantum circuit (2) for p = 1. The expectation value
of the energy density 4 involves only those qubits that are within
the light cone (dotted). Here Ux(B) = exp(ifX) and Uzz(y) =
exp(iyZ ® Z). A similar circuit provides the gradient

C. Exact solution of the quantum circuit

General techniques suffer from a cost per optimization step
that is exponential in the system size, limiting the availabil-
ity of data to L < 20. To study the fate of the algorithm
closer towards the scaling limit, we turn to techniques from
integrability. As we show in Appendix A, the energy F,
magnetization m, and overlap ¢ of |y (y, B)) with the exact
ground state of the target Hamiltonian admit closed-form
expressions.

In order to present these results, let us introduce the se-
quence of functions f;(k) for j =0, ..., 2p that satisfy the
recurrence relation

Jo(k) =0,

1 — itan(k/2) f>; (k)

foj(k) — itan(k/2) (11)
i L itank/2)foj (k)

faj1(k) = e i

(k) = .
S frjo1(k) + itan(k/2)
We then define
iKno(k) + f>,(k)
forih) = K0+ 1)

1 + iKjo (k) f2, (k)

. 1 h —cosk

with Kj,o(k) = tan —| arctan ———

2 sink

1
+ arctan ,
tan k ]

I+ = 2hcosk,
Eh(k)z{z_z(llthh) 2hcosk llzig (12)
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as well as the sets

NS:{M,

=-L/2,...,L/2 -1y,
= L2 L }

(13)
2nn
R = {T,n:—L/Z,...,L/Z—l},

and NS;,R; C NS,R the subsets of strictly positive el-
ements. Then the energy density Fy(h;y, B) of the state

[ (v, B))is

|fproj(k)|2

1
Fi(h;y, B) = Z Z gh(k)m

keNSUR

—%:2:8““

keNSUR

(14)

This expression for the energy density holds in arbitrary finite-
size L. As for the overlap with the ground state, an exact
formula is given in Appendix A.

In the thermodynamic limit L — oo, the X magnetization
is given by

L7 g0
my (h; ):1——f —————dk, (15)
e 7 Jx T+ 182y 0P
with
1 —itan(k/2)fo,(k)
fop(k) —itan(k/2)
The connected X X -magnetization correlation is given by
L[ goplk)e ™
() ‘n [ PR
1 / lg2p(k)Pe ™
T J_x 1+ |82p(k)|2

The Z magnetization is expressed as a Fredholm determinant

g2p(k) = (16)

2

2

a7

my(h; p) = det(Id — J). (18)
Here J (X, 1) is the function defined on [0, 7] x [0, 7],
2 p(X)sini 1

JO, @) =

(o 1) T fop(A) cosA —cospu

x[ T fop(k)sink ik —
0

COsSA —cosk

™ fop(k)sink dk:|,
0 COSu —cosk
(19)

where f denotes an integral in principal value and

_ L 1P
27 1+ | fop ()P

Finally, if the algorithm is initialized in |+---+) with
X |[+) = |+), then the relations (11)—(17) hold true with
folk) = m in (11) and with (14) multiplied by 2 and
summation only in NS. Crucially, all of these quantities can
be computed in time and memory that scale as polynomials in
p. Equations (11)—(20) are the central result of this paper.

A few comments are in order. First, as shown in
Appendix B, one can generalize the exact solution to allow
for rounds of exp(if Z?:l Y;Y; 1) gates in the quantum circuit

p(k) (20)
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FIG. 2. Difference between the optimal energy density in the
thermodynamic limit F; (h; y, B) after p steps and the exact ground-
state value, as a function of p, for A =1 (middle blue circles),
h = 0.9 (lower red circles), and 7 = 1.1 (upper green circles). The
inset shows the behavior # forh = 1.

(2). Second, in the case where the algorithm is initialized in
[+ ---+), it was conjectured in [22] that the ground state in
finite-size L can be exactly prepared with p = L/2 steps. In
our formalism, this conjecture translates to the statement that,
for fo(k) = m, the system of L/2 equations fyr;(k) = 0,
k € NS, for L real unknowns yi, f1, ..., ¥p, B, admits at
least one solution. Third, as explained in Appendix C, as
a by-product of our calculations we obtain the solution to
the long-standing problem of the full time evolution of the
order parameter after a quantum quench in the Ising model
[25-38]. Fourth, while we focus on the ground state in the
main text, it is possible to target excited states using a vari-
ant of (A28). Finally, to find the optimal solution, we use a
Broyden-Fletcher-Goldfarb-Shanno algorithm, supplying the
gradient of (14), for which an analytic formula is available.

III. RESULTS

All of the following results are given for the effective
thermodynamic limit L = 4p.

A. Energy

The optimal parameters y, B are fed into (14) to obtain the
energy of the lowest-energy state that can be prepared with the
quantum computer after p steps. The energy density is then
compared to the known value in the thermodynamic limit,

1 b4
Foo(h) = _E/ en(k)dk. 21
0

The results are plotted in Fig. 2 for three different values of
the magnetic field h =1, h < 1, and h > 1. We observe the
leading behavior

Ae *  ifh <1
F(sy,B)— Foh) = {1z ifh=1 (22)
g ifh>1,
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FIG. 3. (a) Magnetization in the X direction at the optimal angles
at circuit depth p as a function of h. Larger values correspond to
larger circuit depths. (b) Connected correlation of the magnetization
in the X as a function of ¢ for optimal angles at 4 = 1. The line
curving down at larger € corresponds to p = 188. (c) Susceptibility
in the X direction at the optimal angles at circuit depth p as a function
of h. Larger values correspond to larger circuit depths. (d) Logarith-
mic divergence of the susceptibility at # = 1. The logarithm is with
respect to base 10. The lines guide the eye.

with A, B, A some h-dependent constants. The factor f—z is

observed with precision ~107>. For & > 1, if we rescale the
Hamiltonian by a factor 1/A, the constant B reaches a finite
value.

We recall that the energy density of the exact ground state
in finite-size L would converge to its value in the thermody-
namic limit exponentially fast for & # 1, while at 4 = 1 the
energy difference would have the leading behavior — %25 with
vp = 2 the Fermi velocity and ¢ = % the central charge of the
conformal field theory describing the critical point [39—41].
We remark that for & < 1 the behavior (22) is qualitatively the
same in terms of the circuit depth p. In particular, the behavior
at the critical point could suggest a general leading-order
correction of ’l’;;)f

However, for 7 > 1 we observe a slowdown of the algo-
rithm that bears similarities with adiabatic slowdown near
criticality [42]: Adiabatically evolving across a critical point
typically requires time ~1/A? if A is the smallest gap of
the system. Since the quantum computer is initialized in the
symmetry-broken phase of the Ising model and the circuit
respects the symmetry, a slowdown when targeting 7 > 1 is
expected. Conversely, when we initialize the computation in
the paramagnetic |4 ---4) state, the reverse scaling (22) is
observed: The energy density converges exponentially fast for

h>1,as %pz for h = 1 and is proportional to 1/p for h < 1.

B. The X magnetization

We plot in Fig. 3 the expectation value my (h; p) of the X
magnetization and its susceptibility xx (h; p) = 9myx (h; p) at
optimal parameters (y, B) at circuit depth p, as a function of
h. We observe a logarithmic divergence %log p of xx(h; p)
at h = 1, signaling a phase transition. The susceptibility is
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FIG. 4. (a) Magnetization in the Z direction at the optimal angles
at circuit depth p as a function of A. Larger circuit depth corresponds
to smaller mz. (b) One-sided collapse of the magnetization curves
for 50 linearly spaced points between 4 = 0.95 and & = 1, using the
optimized exponents (see the text).

indeed known to diverge at the critical point with critical
exponent o = 0 [43].

We also show in Fig. 3 the expectation value mxy (¢; h; p)
of the connected X X-magnetization correlation at the criti-
cal point &2 =1, as a function of the distance ¢. The exact
known value is m$ec(€) = 2 . [44]. With a circuit depth
p = 188, this exact value is well reproduced for ¢ < 20 and
the critical exponent 2 is observed up to £ &~ 30. Our data for
various values of p suggest that the correlation length, defined
as the minimum distance ¢ for which myxx (£)/m$%™" < 1/e,
scales linearly as 0.44p. We remark that while being pro-
portional to the effective system size L = 4p, this correlation
length is smaller than the effective correlation length of the
finite-size ground state which we have computed to behave
as 0.44L. This suggests that it is difficult to create long-range
correlations with a VQCS or QAOA-like algorithm.

C. The Z magnetization and finite-circuit-depth scaling

We now discuss the scaling of the order parameter,
mz(h; p). The exact value in the thermodynamic limit is
known to be (1 —A%)'/8 for h <1 and O for h > 1 [44].
The behavior of myz(h; p) at optimal parameters (y, ), as
shown in Fig. 4, is qualitatively similar to the ground-state
magnetization in finite-size L due to the finite light cone
introducing a length scale less than or equal to 4p. As we have
observed in the preceding section, the correlation length &(p)
of the optimal states at circuit depth p is significantly smaller.
Nevertheless, since £ is linear in p, we expect the convergence
in p and & to be characterized by the same exponents.

If the circuit reproduces the finite-size ground state suf-
ficiently well, one may estimate the critical exponents by
directly adapting finite-size arguments to obtain a scaling
hypothesis for finite circuit depth scaling: Denoting by v
the critical exponent associated with the divergence of the
correlation length & ~ |h — h.|™" close to the critical point
h. and by B the critical exponent of the Z magnetization
mz(h; p) ~ |h — h.|P, there exists a scaling function ¢ such
that for large p and 4 close to A,

mz(h; p)pP"" = o((h — ho)p'). (23)
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There is however an important difference with finite-size
scaling. We observed in Sec. III A that the convergence of the
energy density as a function of p is qualitatively similar to
that in finite-size L for h < h, and h = h, only. For h > h, the
quantum circuit retains knowledge of the initial state and the
behavior in terms of the circuit depth significantly differs. As a
consequence, one should generally expect finite-circuit-depth
scaling to follow finite-size scaling only before the critical
point. Having established 4. = 1 from the X susceptibility,
optimizing the collapse using pyfssa [45] yields § = 0.122
and v =0.99, in good agreement with the known values
Bexact = 0.125 and vexer = 1, and such a one-sided collapse
is indeed observed for those values (see Fig. 4).

D. Structure of the optimal solutions

A key performance metric for variational quantum algo-
rithms is the structure of the resulting energy landscape: An
algorithm can only yield exponential speedup if the classical
optimizer does not need to call the quantum subroutine too
often and if local minima can be avoided. In this section we
describe the structure of the solutions (y, 8) that minimize
the energy density in the thermodynamic limit at fixed p.
We note that one can always add a multiple of 7 /2 to any
of the angles without changing the state, so one can choose
that they lie in [0, 7 /2[. We observe that for a circuit depth
p, there are 27 different sets of optimal angles (y, B) that
yield exactly the same energy density in the thermodynamic
limit L > 4p. This structure has been checked for p < 5, and
we conjecture that it holds true for all p. One half of those
minima are accounted for by the invariance of the energy
under mapping y; — 7 /2 —y; and B; — 7w /2 — B; for all
J» as can be seen by direct inspection of (14). Characterizing
the remaining solutions is the goal of the remainder of this
section.

Empirically, we find that the expectation values of the X
magnetization and the mode occupation numbers are identi-
cal in all of the “branches.” In particular, the absolute value
| foroj (k)| is branch independent. These observables share a
common trait: After a Jordan-Wigner mapping from the spin
to fermionic degrees of freedom (cf. Appendix A), they cor-
respond to quadratic fermion operators. Other observables
such as the Z-magnetization or the XX-magnetization cor-
relations vary among the different branches (cf. Fig. 5). In
particular, the phase of fyi(k) depends on the branch. This
branch dependence translates into the fact that at fixed finite
p, the optimal energy for the TFIM Hamiltonian coupled to
the observable of study would be discontinuous at vanishing
coupling parameter.

For h < 1, the distributions of expectation values become
more and more peaked for p — oo and converge to the same
value among the different branches, reflecting the fact that
all solutions converge to the same state. However, for 4 > 1,
our data suggest that this convergence could depend on the
observable. While this convergence is observed to hold for the
X X-magnetization correlation, our numerics suggest that, for
h > 1, the different branches could have different Z magneti-
zation even in the p — oo limit.

To summarize this section, the energy landscape pro-
duced by the quantum circuit at depth p is exponentially

(a): e (b),
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FIG. 5. Histogram of the Z magnetization m; of the optima
obtained from 250000 (80000) random initializations of the opti-
mization for p = 15 (p = 25) and targets (a) h = 0.9 and (b) h = 1.1.
The higher peak corresponds to p =25 in (a) and to p =15 in
(b). The angles are each initialized uniformly at random in [0, 7 /2].
The average over all samples is denoted by (mz). For h = 0.9, m
converges to the ground-state magnetization, while, across the phase
transition at 4 = 1.1, such convergence is not observed for p < 25.

degenerate. Apart from some observables that are quadratic
in the fermions, generic observables differ between different
optima. If the target Hamiltonian is in the same phase as the
initial state, these expectation values converge to the ground-
state expectation value.

E. Preparation time

An attractive property of the VQCS algorithm is the fact
that it is amenable to analog quantum simulation. In this case,
the parameters (y, §) are interpreted as real times and the
main criterion for the feasibility of the algorithm is the total
time

14 p
T(P) =) You+ D Bopo (24)
=1 j=1

where all yojpl and ﬂ({pt are assumed to be in [0, w/2[. If
T (p)  p, then the same scaling relation (23) holds, with p
replaced by T'. Since the optimal solution is not unique (cf.
Sec. IIID), we take T (p) to be the average total time over
different branches. Numerically, we find that, on average,
(Bapt)» (Vo) ~ 7 /4 such that T'(p) ~ Fp. This is maximal
in the sense that for every solution with T(p) > 7 p, there
exists a solution with 7'(p) = wp — T(p) < 7 p, and so one

can impose T'(p) < Fp.

IV. DISCUSSION AND OUTLOOK

We have shown that data obtained from small-scale quan-
tum computers or simulators can be used in an informed way
to accurately estimate the location and universality class of a
quantum critical point. To this end, we have taken the perspec-
tive of quantum computation as a series of quenches and used
techniques from integrability to obtain closed-form expres-
sions for the output of the VQCS algorithm. These methods
exceptionally allowed us to reach the quantum regime of
the VQCS and QAOA algorithms, otherwise inaccessible to
classical simulations and as of today still difficult to access
with actual quantum computers. The existence of this exact
solution to QAOA opens invaluable possibilities of testing and
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benchmarking the algorithm, as well as of gaining intuition
about its output such as the angles y and 8.

While these methods were necessary to argue about com-
putations with more than ~20 qubits, they raise the question
if similar scaling behavior extends to nonintegrable target
Hamiltonians. We stress that the outcome of the quantum
circuit is classically tractable independent of the target Hamil-
tonian, as long as the circuit is Gaussian. In this context,
especially 2 4+ 1D quantum critical points would be interest-
ing to investigate since a number of both digital and analog
quantum devices naturally realize a two-dimensional architec-
ture, while conformal data are hard to come by.

Regarding the slowdown of the algorithm across the phase
transition, one may allow the circuit to break the symmetry
of the target Hamiltonian, including gates like exp(i§Z). This
may allow the computation to circumvent the critical point,
potentially improving the scaling collapse (23).

Naturally, circuits providing quantum advantage on NISQ
devices will not be Gaussian and designing such circuits is
a major challenge. The energy landscape may be sufficiently
hostile that a random initialization and optimization proce-
dure is bound to fail; instead, usual contemporary approaches
include only a small number of parameters relying on phys-
ical insight like the adiabatic theorem, coupled-cluster wave
functions, imaginary-time evolution, or dynamical mean-field
theory [46—66]. Adding a new, classically tractable ansatz
to the toolkit may provide another useful starting point for
quantum circuit design.

We also mention that, for large p, VQCS can mimic adi-
abatic evolution, yet the optimal evolution times we find at
large p do not generally bear the structure of Trotterized
adiabatic time evolution. Our techniques could be adapted to
study the behavior of quasiadiabatic trajectories in the large-p
limit more generally.

Furthermore, it would be interesting to investigate the fate
of this particular algorithm under noise. In the presence of an
exponentially degenerate optimization landscape, small inac-
curacies may even be beneficial by lifting degeneracies, while
the linear depth of the algorithm circumvents an exponential
slowdown due to noise-induced barren plateaus [67]. We leave
these questions to future work.
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APPENDIX A: THE X AND ZZ GATES
1. Solution of the TFIM

We first recall a number of results on the diagonalization
of the TFIM that can be found in Appendix A of [29] and that
we briefly summarize here for self-completeness. The TFIM
is defined as

L
H(hy= =) Z;Zj; +hX;, (A1)

j=1

with periodic boundary conditions. It is diagonalized by per-
forming a Jordan-Wigner transformation on the spin operators
into fermions {c;, c;(} =4,

j-1
X;=1- ZC;cj, Z; = (c; —i—c;)l_[(l —2cfc),  (A2)
I=1
followed by a Bogoliubov transformation of the Fourier
modes

L
1 iy
k)= —= ) e (A3)
VL5
into fermionic operators {o;, ;, O‘Z;z} =4,
6, ;o
c(k) = cos Tah;k + isin ?ah;_k,
. o or .
¢'(k) = —isin 3"0(;,;_1( + cos ?ka,'l;k, (A4)
where 6] is defined by
h— ek

o —

(A5)

1+ h2 —2hcosk

The Hamiltonian conserves the parity of N = Zﬁzl cle ; and
so splits into two sectors, called Neveu-Schwartz (NS) and
Ramond (R). If N is even the momentum k in (A3) takes
values in NS, while if N is odd it takes values in R, both sets
being defined in (13). Denoting by |O)z‘NS the vacuum state
in these two sectors, the eigenstates of H (k) then read, for
k C NSork CR,

K)n = oy - -ahy JO)RNS, (A6)

with m even in the NS sector and odd in the R sector. The
Hamiltonian H (k) is then expressed as

H(h) = Z Eh(k)a}ikah;k

keNS
1
.
+ ek — 5 D k), (AT)
keR keNS,R

with &;,(k) defined in (12) and where the last sum of this
expression is performed on NS or R according to the sector
of the states on which the Hamiltonian is applied.

For h > 1 the ground state is |O)fs. For h < 1 the two
lowest-energy levels are |O)}js and “Z;o|0>5 and their energy
difference is exponentially small in the system size L. At
h = 0, the ground state is exactly twofold degenerate and its
corresponding eigenspace is generated by [0)®L and |1)®F,
with |0) and |1) the two eigenvectors of Z with eigenvalues 1
and —1. Their sum is in NS and so is proportional to [0))5;
their difference is in R and so is proportional to ag;0|0>§.
Hence one can choose the arbitrary phase of the vacuum states
so that the state |v;) introduced below (6) is

05 + arf10)

V1) = 7

(A8)
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QUANTUM COMPUTING CRITICAL EXPONENTS

PHYSICAL REVIEW A 104, 062614 (2021)

As it will be useful, we will denote pair states in the NS
sector by

k) = [k U (=k)), (A9)
with k C NS_, and pair states in the R sector by
k) = Ik U (—k) U {0D), (A10)

with k C R,

2. Coherent states

Given a magnetic field s, a complex number A, and a
function f, we define the so-called (fermionic) coherent states

[]‘[ f(k)} 1378

kek

US@A =AY

kCNS,

1]

kek

&) n- (ALD)

RA =AY

kCR4

The initial state |1;) can be written as a sum of two coherent
states in different sectors

WS (1,0) + w1, 0)
7 )

The crucial observation of our paper that allows us to derive
the exact formulas given in Sec. IIC is that a coherent state
stays coherent if one changes the magnetic field 4 to another
magnetic field 7. Namely, we prove the following.

Lemma 1. Let h, h be two arbitrary magnetic fields. We
have

V1) = (A12)

WS A, )= UBA, (A13)
with
1+ iKG, (k) f (k) Al

keNs, /1 +K,~?h(k) |

VAN = Y @ H=4 Y 3

gCNS gCNS, rCNS,

A=A

A

[Tkens, /1 + K3, (k) gcns,

Lg€q

A

- ]_[keNSJr \/H-T’%h(k) qc%+
[]‘[ f@)} 13)

q€q

q9€q

iy

qCNS,

with A, f defined in Lemma 1.

|

[ Ttikm@1 > T x

[ [k @1 ] | (1 +

and
- iK;, (k) + f(k)
ky= —m—2 2 Al5
F©) 1 +iK5;, (k) f (k) ( )
where we defined
oot
K;, (k) = tan . (A16)

We have an identical formula in the R sector.
Proof. We know the relations between the vacuum states at
h and h, derived in [29],

[T

keNS,

1+ iK,;h(k)ag;_ka;;k

/1 + K2 (k)

as well as the relations between creation operators at different
magnetic fields

10" =

0)}°,  (A17)

Qﬁ_gh

h h
k . + . 0 —Qk
ah,k 1S1n

oy = cos ~—k (A18)

This allows us to write, for r C NS,

1
F)n = [ [liKu () + ol _ ol ]

erNS+ V 1+ K;%h(k) rer ’ ’
[T 0+iKpoe o 110)5.

k € NS4
kér

X

(A19)

We deduce from this the formula for the overlaps between two
pair states at different magnetic fields

erqu iKljth (k)

[Tiens, /1 + K7, ()

where g L r = qUr — (g N r). The overlap between |7);, and
|g)n 1s zero if g is not a pair state. We now obtain

(A20)

Wl =

Hf<r>],;<q'|f>h|q>,~,

rer

{’Kf’(Tr()’) %f re q} 17);
rCNS, rer lKilh(r)f(r) ifr ¢ q
&) [T 11+ ik o7 |1
e L)
k e NS+
ké¢q
(A21)
|
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3. Energy and overlap
We note that the time evolution of a coherent state
WNS(A, f) with the Hamiltonian H (h) is directly given by

e HWGNS (4 £y = WNS(4, f), (A22)

with
f(k) — e—zits;,(k)f(k)’ A’ — Ae—itSNS’

and ENS the energy of the vacuum state |0)NS. A similar
relation holds in the R sector. Thus, applying 2p times Lemma
1 successively with 7 = oo and i = 0, one finds

NS(AZP ) f2p) + \IJR(AZI)’ fzp)

(A23)

¥y, B)) = ; (A24)
vy, B NG
with f, given by the recurrence (11) and ANS R by
p 2p—1
AV = exp |:—iL<Z,8j + y,)] [T I1
j=1 j=0 keNS,R,
ko ) k
X | sin 3 +i(—=1)’ cos Ef‘i(k) . (A25)

In order to compute the expectation value of H (%) of this state
and the overlap with the ground state at magnetic field %, one
performs another change of basis to 4,

"Ijh ( proj’ fPTOJ) + \IJR( proj’ fPTOJ)

) = , A26
1Y (y, B)) NG (A26)
with fir0;(k) given in (12) and

ANS R ANS‘R 14 iKhO(k)pr(k) ] (A27)

proj 2p RN A Y)
keNS,R,. 1+ Kyo(k)?

Under this form, the formula for the energy (14) is readily de-
duced. One also obtains the following formula for ¢(h; y, B),

the overlap with the exact ground state:
Py, 23
V2

¢(h;y. B) = exp [—ZL(Zﬁ,
j=1
NS h: _p_] : k . k k
o sy, By =TT [] |sin5 +icos5h500)
Jj=0 kNS,
k k
X |:sin§ —icos §f2j+1(k)i|

1 4+ iKpo(k) fop(k)

x
keNs, 1+ K7 (k)

One notes that the overlap with the spontaneously symmetry
broken ground state is given by

p
o(h;y, B) = exp [—iL(Z B; + mﬂ

J=1

(A28)

L Oy, B+ ¢ iy, B)
2 b
with ¢R defined similarly to ™5 with products in R_..

(A29)

4. The X magnetization

The magnetization in the X direction is the simplest to
determine, since X is local in terms of the fermions c;. One
first writes the state | (y, 8)) as a sum of two coherent states
at h = oo. Using the Jordan-Wigner transformation (A2) and
the Bogoliubov transformation (A4), one has

2

Xip=1-7 > o,

keNS

;kaoo;k> , (A30)

where (-) denotes an expectation value in the coherent state
WNS(A, £). A similar formula holds in the R sector. Using
then

(af L ooon) = M
R RO

one obtains the formula (15) in the thermodynamic limit. The
formula (17) for the connected correlation of the magnetiza-
tion in the X direction is obtained in a similar way.

(A31)

5. The Z magnetization

The magnetization in the Z direction is more delicate, since
Z is nonlocal in terms of the fermions. First, one notes that
since the operator Z changes the sector, one has

mz(h: p) = R[WR (AR, £,) 2,055 (43S, £2,)]

(A32)
= ﬂ{ Y s F(q)]

qCRy q€q
with

F(q) = §(q12;%5° (A5, fop)- (A33)
Expressing W' (A5S, f,) in terms of energy eigenstates, one
obtains a sum over the full Hilbert space of matrix elements
of the Z; operator between two eigenstates, also called form
factors. Their explicit expression is known and takes a partic-

ularly simple form at 7 = 0 [29,68-71],
§(q U {0}Ze[k)yS

2]

(—iyV 1, sin

LN ai=kj
]_[M, sin =

,  (A34)

with N the number of elements of g and k. If this number
differs in the two states then the form factor vanishes. In our
case, the two states have to be pair states, and in this case one
has the Cauchy determinant representation [38]

N G0 AP SR
R(G|ZelkIns = — 35— (det €) [ [sing;sink;.

Jj=1

(A35)

with N the number of elements of ¢, k > 0 and with the matrix

1
Cj=——"—". (A36)
cos g; — cosk;

062614-8
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Let us fix a ¢ C Ry with N particles. One has then
A oy
N! LN

F(g) =

N
(det C)? [ [lsing; sink; fo, (k).
Ki.....ky NS, j=1

(A37)

We now prove the following lemma [38], using techniques
introduced in [72].

Lemma 2. Given two functions f(A, u) and g(A, n), a set
K, and two sets of numbers {A;}},, {;}}_;, we have the
relation

= N! qf:jt [Z FOu, kg, 1 ,-)]. (A38)

keK

Proof. We write

N
detlf (ki k)] detlg(ki, )] = det [Z F i k)gths, »}

s=1

= D> =D7Clony -~ Chay:
OEGN

A
e (A39)
with C; = 0| (A, ko)g(ks, i)). Then

(lifjt[f()\i, k)l (lifjt[g(ki, )

= Y D (=1 F ks )glhs, o1y

51 yennss sne{l,...N} oceGSy
e f()‘Nv ksN )g(ksN’ MJ(N))~
Now, if s; =s;, changing o into o(ij) exactly multiplies

the summand by —1, which makes this contribution vanish.
Hence

(A40)

det[f (ki k)] detlgki, )]

=D > D F O keay)gkeays o)

1€y 0eSy

< f O, ke )8l vy Mo vy)- (A41)

One can now perform the sum over ki, ..., ky. The result is

independent of 7, which gives the N! in the lemma and the

determinant formula. |
Using Lemma 2, we obtain

F(q) = A}, det B, (A42)
with
4 sin g; fop(k) sink
B =— :
IR Z (cos g; — cosk)(cos g; — cosk) (Ad3)

keNs..

In our case, f,(k) obtained from (11) is a regular function of
k. Hence, in the thermodynamic limit L — oo we obtain (see

[381)
2 sin g;

B = 8 —

i = Folaidby mL(cos g; — cosgq;)

><|: ™ fop(k)sink ko T fop(k)sink dkj|
o cosq; —cosk 0 €Osqgj—cosk

+OUL™). (A44)

If i = j the second term is understood as being the derivative
obtained when ¢; — g;.

Let us denote by p(g) the so-called root density of g when
L — oo, namely, the function such that p(g)dgL is the num-
ber of elements in g between g and g + dg. It follows that one
has the Fredholm determinant formula

F(q) = ASS | [Lfap(@)] det [1d — JTpNI[1 + O™,

qeq
(A45)
with
2 p(A)sin A 1
Jlpl(A, p) = —
7 fop(A) cosA —cospu

» /”[ fpk)sink o, (k)sink }dk‘
0

cosA —cosk cosu —cosk
(A46)

We now return to (A32), which is a weighted sum of the
root-density-dependent quantity det[Id — J[p]] over all the
eigenstates. We have the following lemma, using ideas of [73].

Lemma 3. Let F[q] be a function of g and f(k) a function.
We define

1

F) =
) [Trens, [T+ 1 (R)I?] .

> Flal] [Uf@P1. (A47)

CNS4 geq

If F[q] = F[p] depends only on the root density p of ¢ in the
thermodynamic limit, then

(F) = Flp,] + o(L"), (A48)
with
1 |f())?
s(k) = ———"—. A4
pa(k) 27 14 |f(k)|? (A49)

Proof. Let us first treat the particular case where in the
thermodynamic limit F depends only on r, the number of
elements of g divided by L. We introduce the generating
function

= erNs+[11+ o 2 (0 7)wor]

qCNS, g€q
(A50)
By differentiating with respect to o, we see that
(r'y = TY0) +Oow™M. (AS1)

In addition, performing the summation on g, we obtain

- o |f()P
re= T [+ 5 7t

keNS,

(AS2)
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From this we find, for any j,

T J
<rf'>=( / ps(k)dk) +OoWw™).
0

As any regular function on [0, 7] can be approximated by a
polynomial with arbitrary precision provided its degree is high
enough, this establishes the result of the lemma when F is a
function of r only.

Let us now divide [0, 7] into m windows W, = [f;(k —
1), %k] for k=1, ...,m and consider F[ry, ..., r,] a func-
tion of g that in the thermodynamic limit depends only on
ry, the number of elements of g in W, divided by L. By
introducing I'(¢y, . .., o) as in (AS0) with « replaced by o
where k is such that g € W, we get similarly

) . Ji Jm
<r{1 . r;’l}’;”) — (/ ,Os) c.. (/ ps) + O(L_l). (A54)
Wi W

Hence the lemma holds whenever F is a functionof r, ..., r,
only. Since any regular functional of p can be approximated
with arbitrary precision by such a function F provided m is
large enough, the lemma holds for general F[p]. ]

Using (A45) in (A32) and Lemma 3, one obtains the for-
mula (18) for the Z magnetization in the thermodynamic limit.

(AS3)

APPENDIX B: COHERENT GATES

In this Appendix we show that exp(if Z?:] Y;Y;i1) gates
can be incorporated in the quantum circuit considered in this
paper, while still staying exactly solvable.

1. Change of Pauli matrices

Given a set of Pauli matrices X, Y, Z, the operators defined

by the rotation
X' =-X, Y=2 Z7=Y B1)

give another set of Pauli matrices. The Ising Hamiltonian
becomes

L
H(h) = — Z YIY/, — hX;. (B2)
j=1

Performing a Jordan-Wigner transformation as in (A2) with
fermions c}, one finds the relation

¢ =i(—=1ycl, (B3)

which results in
c'(k) = ic(r —k)'. (B4)
|

fky=e*fk) ifT;=X;,

fl) =

This results in the following relation for the corresponding
o), in (A4),

o .y = —Sgn(k)otoor - (B5)

We deduce that the coherent states \IJ,I:IS'R/(A, f) built from
these new fermions satisfy

WS, )y =wN @A, f), (B6)
with

F) = f(r — k). (B7)
An identical transformation holds in the R sector. By using
Lemma A, one can thus transform a coherent state at mag-
netic field % in the original set of Pauli matrices into another
coherent state at magnetic field / in the new set of Pauli
matrices. In particular, at & = 0, this allows us to apply a
exp(it Zle Y;Y; 1) gate to the state of the model.

2. Set of coherent gates

We obtain that the state of the quantum computer
is exactly tractable whenever it is initialized in a su-
perposition of coherent states (All) and time evolved
with the gates exp(it Z?:l X;), exp(it Zle Y;Yji1), or
exp(it ZJL:I Z;Z;1) in any order. We call this set of gates
coherent gates since they all map a coherent state onto a
coherent state.

To present the transformation rules, without loss of gen-
erality one can assume by linearity that it is initialized in
a unique coherent state, and since Lemma A shows that all
magnetic fields & are equivalent, one can assume that this
coherent state is prepared with 7 = co. Hence we assume it
is initialized in

) = WA, f), (B8)

with A a complex number and f a function on [0, r]. Under
the application of any coherent gates, the state stays coherent
but its parameters are changed

L
exp (it Z rj) ) = WS4, f), (B9)
j=1

with

—itan(k/2)(1 — e~¥") 4 [1 4 tan?(k/2)e~*"] f (k)

tan®(k/2) + e + itan(k/2)(1 — e—%1) f (k)

ifFj:Yij_H, (BlO)

itan(k/2)(1 — e~*") + [1 + tan®(k/2)e 4] f (k)

fk) = tanz(k/Z) + o4t —

itan(k/2)(1 — e=%") f (k)

if Fj = Zij-‘rl'
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APPENDIX C: THE Z MAGNETIZATION
AFTER A QUANTUM QUENCH

In this Appendix we show how the techniques developed
in this paper can be applied to quantum quenches in the Ising
model [26-38]. This problem consists in initializing the state
of the system |y (¢)) in the ground state of H (h() at magnetic
field Ao and time evolving it at > 0 with the Hamiltonian
H (h) at another magnetic field A.

Using (A17) derived in [29], one finds that the time-
evolved state is

WS AN, f) + R AR )

(1) = 7 , (CD)
with
ANSR _ 1 i
l_[keNs,R+ \ 1+ Khzho (k)
fik) = iKpp, (kye2er ), (C2)

The difficulty encountered before is that the form factors of Z;
between eigenstates of H(h) are rather complicated [29,68—
71] and do not allow for a resummation of the one-point
function of Z; when expressed as a spectral sum. The idea
is thus to perform a change of basis to 4 = 0, with Lemma 1,

WISANS £y + WR(AR, f)

= C3
[ (1)) NG ) (C3)
with
= 1 + iKon(k) f: (k)
A?]S,R =ANS,R ,
kel\l;,[R+ J14+ th(k)
Pk = iKon(k) + f; (k) (4

1+ iKon (k) fi (k)

Then one obtains exactly the formula (18) for the Z magneti-
zation after the quench, with f5, replaced by f;.
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