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The Schrieffer-Wolff transformation aims to solve degenerate perturbation problems and give an effective
Hamiltonian that describes the low-energy dynamics of the exact Hamiltonian in the low-energy subspace of an
unperturbed Hamiltonian. This unitary transformation decoupling the low-energy and high-energy subspaces
for the transformed Hamiltonian can be realized by quantum circuits. We give a fully quantum algorithm
for realizing the SW transformation. We also propose a hybrid quantum-classical algorithm for finding the
effective Hamiltonian on NISQ hardware, where a general cost function is used to indicate the decoupling
degree. Numerical simulations without or with noise and experiments on quantum computer ibmq_manila are
implemented for a Heisenberg chain model. Our results verify the algorithm and show its validity on near-term

quantum computers.
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I. INTRODUCTION

Understanding and controlling quantum many-body sys-
tems is of crucial importance in modern physics [1-3]. With
the exponential growth of Hilbert space, it is difficult to
perform accurate analytical calculations as the system size in-
creases. In most applications, a description of the low-energy
properties is sufficient, thus the study of the low-energy effec-
tive Hamiltonian (H.¢) plays an important role in many-body
physics [4]. The Schrieffer-Wolff transformation (SWT) was
originally proposed in Ref. [5], where the Kondo model is
obtained from the Anderson impurity model in the strong
coupling regime with a unitary transformation. SWT extracts
H.¢ from the exact Hamiltonian by decoupling the low-energy
and high-energy subspaces. It is regarded as the operator ver-
sion of the degenerate perturbation theory [6]. For instance,
with SWT one can infer that the half-filled Fermi-Hubbard
model is equivalent to the Heisenberg model in the strong
coupling limit [7,8], where the perturbation theory approach
becomes impractical [9]. Being widely applied and developed
in many kinds of quantum problems [10-24], SWT also has
different names across various fields: the Foldy-Wouthuysen
transformation in relativistic quantum mechanics [25], Froh-
lich transformation in electron-phonon interaction [26], and
k - p method in semiconductor physics [27].

SWT provides a systematic perturbative method for com-
puting Heg at any order [6]. The transformation is performed
by a unitary operator defined as U = ¢5, where S is an
anti-Hermitian operator and is called the generator. The coef-
ficients in the Taylor series of S can be derived order by order
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through an inductive formula, which is hard for high orders.
What’s more, the calculation is carried out in the space of the
whole system, which scales up exponentially and thus makes
such a procedure impractical on classical computers for large
systems. In most applications, only the second-order Hg [28]
is considered.

Quantum computation has attracted much attention in re-
cent years. It has been proved that quantum computers are ca-
pable of handling problems which are intractable for classical
computers [29,30]. While the fault-tolerant universal quantum
computer [31,32] may not be feasible in the near term, noisy
intermediate-scale quantum (NISQ) computers are possible
candidates for applications in various fields including many-
body quantum physics [33]. Starting with the variational
quantum eigensolver (VQE) [34], which is a variational quan-
tum algorithm [35], to estimate the ground state of a given
Hamiltonian using shallow circuits, many useful quantum al-
gorithms for NISQ computers have been proposed [36—39].

In this paper, we propose two quantum algorithms to re-
alize SWT and obtain the effective Hamiltonian. The first
algorithm constructs the unitary U directly using a quantum
circuit under the observation that U is composed of two re-
flection operators acting on the unperturbed and perturbed
Hamiltonians. The reflection operators effectively apply a
phase flip to the high-energy eigenstates, and U addition-
ally applies a conditional phase change to the state. This
method makes use of the quantum phase estimation (QPE)
algorithm to distinguish the states corresponding to low- and
high-energy eigenspaces, and thus may require circuit depths
exceeding the limits of hardware available in the NISQ era.
Therefore, we propose the second algorithm for NISQ de-
vices. It is a hybrid quantum-classical algorithm based on the
variational algorithm. The cost function is designed such that
it can reach the minimum when the evolution of a state within
the low-energy subspace of the unperturbed Hamiltonian is
independent of time. The parameterized cost function can be
measured using a quantum computer, and the parameters are
to be optimized with a classical algorithm. To demonstrate the
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effectiveness of our second algorithm, we performed numer-
ical simulations using QuESTlink [40] and gasm_simulator
as well as experiments on the IBMQ quantum computer
ibmq_manila, with the example of a four-qubit Heisenberg
chain with long-distance entanglement between the two ends.

This paper is organized as follows. In Sec. II, we give
a brief introduction to SWT. Next, in Secs. III and IV, we
describe the two quantum algorithms to construct SWT, re-
spectively. The proof-of-principle numerical simulations and
experiments are presented in Sec. V. This paper ends with a
conclusion in Sec. VI.

II. SCHRIEFFER-WOLFF TRANSFORMATION

In degenerate perturbation theory, we consider a Hamilto-
nian H = Hj + €V, where Hy is the unperturbed Hamiltonian
with well-separated low- and high-energy levels, and €V is the
perturbation which brings the split of the spectra. The SWT is
a unitary transformation that maps the total Hamiltonian H
to the low-energy effective Hamiltonian H.g, which acts on
the low-energy subspace of Hj and reproduces the low-energy
spectrum of H.

The unperturbed Hamiltonian Hy can be written into
low-energy and high-energy levels according to the spectral
decomposition

M N
_ 0)] 4 (0)\/ ((0) )] £(0)\/ +(0)
Ho =) ECe"Ne” [+ ) EP6")o”. )
i=1 i=M+1
with eigenvalues E](O) <o < Elg)) < E}S)J)r] << E,ﬁ,o).

Here N is the dimension of the system’s Hilbert space and M
is the dimension of the low-energy eigenspace of Hy, denoted
as . Define Py as the projector on &,

M
o= _ oo
i=1

and Qyp = I — Py is its complement.
The low-energy and high-energy spectra are separated by
the gap:

; @

A=EY, —EY. 3)
It is assumed that €V is small and satisfies
A
eV < > 4)
where || - || is the operator norm. Since the perturbation shifts

the eigenvalues of Hy by at most ||eV ||, there will still be
a positive gap between the low-energy and the high-energy
spectra.

So, the total Hamiltonian can be written as

M N

H =Y Elp)oil+ > Eildi)igil, )
i=1 i=M+1

with its eigenvalues E; < -+ < Ey < Ey41 < -+ < En.

Denote & as the M-dimension low-energy eigenspace of H

and define P as the projector on &, then Q =1 — P is its

complement. Thus the total Hamiltonian can be expressed as

a block-diagonal form

H =PHP + QHQ. (6)

P and P, can be connected with a unitary U,

UPU" =P, (7)
which is exactly the SWT. Likewise, we can find

UQU' = Q. ®)

It has been proved in Ref. [6] that U can be constructed by
reflection operators R, and R o,

U=,/RzR», €))

where R, = 2Py — I and Ry = 2P — 1. Note that in some
places U is defined as U = €%, where S is called the generator
of the transformation [15,41].

Using Egs. (6)—(8), the transformed Hamiltonian H' can be
reexpressed as [42]

H =UHU?'
=UPHPU +UQHQU"
= PUHU Py + QuUHU " Qy, (10

which indicates that H' is block-diagonal with respect to Py
and Qp. Project H' onto & yields the low-energy effective
Hamiltonian

H.s = RUHUP,, (11)

whose M eigenvalues are the same as the M lowest eigenval-
ues of H.

To obtain H.¢, one needs to find U. In the following, we
propose two quantum algorithms to find Heg. The first algo-
rithm is for universal fault-tolerant quantum computers and
the second one is a hybrid approach based on the variational
approach and thus is suitable for near-term quantum devices.

III. THE QUANTUM ALGORITHM FOR SWT

In many models, the Hamiltonian H can be decomposed
into Pauli terms

N

H = Zhio’i, (12)
i=1

and the term number N, increases polynomially with the sys-
tem size n, e.g., the Heisenberg model and Fermi-Hubbard
model [43]. For each o;, we can construct a density ma-
trix p; = (0; + 1)/2", thus o; = 2"p; — 1. Then, the effective
Hamiltonian in Eq. (11) becomes

Np
Her =y hi(2"PoU piU" Py — Py). (13)

i=1

Notice that p; is a quantum state which can be prepared with a
quantum computer, the idea is to apply U to the state, perform
projective measurement onto Py, and then obtain PyU p;U TPy
(by postselection according to the measurement result). For
large systems, p; is highly mixed and can be realized with
the Monte Carlo method. For instance, for o7 = Z ® I®"~1,
o = (of +1)/2" = |0)(0| ® (I/2)®"=D_ This state can be
sampled by initializing the first qubit in |0) and the others in
|0) or |1) with equal probability. For a general Pauli operator
o;, we can find a unitary V that satisfies o; = VUfV"', thus
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we have p; = V p:V7, which can be efficiently sampled with
a variance o ﬁ, where N is the number of sampling times.
The full tomography of each PyU p,U Py is unrealistic when
the system size is large, therefore we need an ansatz of the
effective Hamiltonian Heg = ZTE 4 8- 7. Here A is a subset of
Pauli operators that can be generated with prior knowledge
of H based on perturbation theory [44-48], renormalization
[49-51], etc. Then,

Ny
ge = ) WlTe(tPUpU Py) = 27" Te(xPy)].  (14)

i=1

where 7 is the qubit number. In general, we can realize the
projective measurement onto Py using QPE [52]: We use QPE
to measure the eigenenergy of the unperturbed Hamiltonian,
but the final measurement is adapted for distinguishing two
subspaces Py and Q, instead of specific eigenenergies. The
total number of expected values evaluated for constructing
Hg is Nj, x |A|. Therefore, by taking an ansatz in which
|A| is polynomial, the overall cost for reconstructing Heg is
polynomial. Next, we show that U is equivalent to an oracle
which does conditional phase rotations to some states.

Given an arbitrary state, it can be written in the basis of the
eigenspace of H,

N
= ail¢y). (15)
i=1

thus ¢ |W) = S ;ei|¢). As Rgp = 2P — I and P is the
projector on the low-energy eigenspace, R is effectively a
reflection operator that does a phase flip to the eigenstates
corresponding to the high-energy space, namely,

M
> ailgn) —
i=1

The same applies for R g, .
On a quantum computer, we could use QPE to realize the
unitary operator R »,

N

> ailgn). (16)

i=M+1

Ra|¥) =

1 21 N
ﬁ;x ®;ai|¢i>

N 2/—1

@ Y fiolk) @), (17)
k=0

I+)® ® W)

Uqpe
—

i=1

where [ is the number of ancilla qubits, Ugpg = Zi:ol |x)
(x| ® e~'* t is chosen such that eigenvalues of Ht are within
the interval [0, 277), and f;(k) = & Zi[_ol I =EDx A the
amplitude f;(k) is concentrated at k =~ 2 E !
phase flip to the states with E; > E,; o4 A /2, by applying the

unitary gate Zk’h Yik) (k| — Zk 7kf1;1 |k) (k| on ancilla qubits,
2(E, °)+A/2)z

, we could make a

where k;, = [

1 21 M
— [x) ® ( a;li) —
/2[ Z pa

x=0

7. Then we apply U, QPE to get

N
> ozi|¢,~>) (18)

i=M+1

up to a small error due to the finite resolution of QPE (i.e., 2/
is finite). Performing Hadamard transform and measuring the
ancilla qubits with result |0)®/, we get Eq. (16). We then apply
R, to Rgp|W) to get Rgp R 5 |WV).

As U = ,/Re,R, if eigenvalues and eigenvectors of

Ro,R 5 are i and |y;), i.e.,
R Rz W) = Bie”i|ys)), (19)

J
we have
.0

UIw) =Y Bie 7 |y;). (20)

J

Here, an arbitrary state |W) is written in eigenvectors of the
double reflection operator. Therefore, we could use QPE to

A
. L
realize the phase ¢'2:

1 2m—1
®m Py = —— A
+)®" @ |W) ﬁ§|x>®2jjﬁj|w,>

2m—1
B S S g ® vy, @1)
J k=0

where m is the number of ancilla qubits, UéPE =

Y2 )] ® (R R )t and gj(k) = o5 321 el +0x,
Because g;(k) is concentrated at k ~ —%f’, the phase 6; is
(approximately) stored on the ancilla qubits. We then ap—
ply the phase gate Zk lemidn |k) (k| before applying U, QPE
Thergefore the overall effect of all these steps applies a phase
of ¢/ to the state |;) and thus effectively realizes U | V).

To summarize, the whole procedure of this algorithm con-
sists of two phases to realize U |W): first, applying R (Rz,)
to a state and then U, which can be implemented with quan-
tum circuits of the same structure. The pseudocodes and the
quantum circuit can be found in Appendix A. This algorithm
has a gate complexity of O(2"(2!N, + 1) + m?), where N; is
the number of gates in the Trotterization, with details also
given in Appendix A. We define the error of this algorithm
as the 2-norm between the ideal and actual states. The total
eITor € is estimated as 2"1t2(2/*le, +¢;) + €,,, where ¢
is the error of Trotterization, € is O(1/+/2!(Eyy1 — Ep)t),
and €, is O(27™/?). €, can decrease exponentially with the
number of ancilla qubits, and to control the error we need
to take / > 2m. The detailed error analysis can be found in
Appendix B.

As this algorithm needs to apply a concatenated QPE,
which uses deep circuits and a reasonable number of ancilla
qubits for high resolutions of energy and phase, it is not feasi-
ble until large-scale error-protected quantum computers come
to exist. In the next section, we introduce a hybrid algorithm
which is suitable for near-term quantum devices.

IV. THE HYBRID QUANTUM-CLASSICAL
ALGORITHM FOR SWT

If UHU' is block diagonal with respect to Py and Qy,
we can infer that H is block diagonal with respect to P and
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0, where P = UTPyU and Q = UTQuU are projectors trans-
formed by inverse SWT. Under this condition, a state within
the subspace of & should remain in the subspace as it evolves.
Therefore, we can design a cost function as the following:

, 1< a
L0 =-—3" (6P U@e U B[6") . @2)
iJ

where |q§fo)> and |¢;0)) are the basis states in %, and U () is
constructed by a parameterized quantum circuit. We remark
that we can use the Monte Carlo method to evaluate the cost
function rather than measure each term in it. We find the
global minimum of the cost function £; min is —1, obtained
when H is block diagonal with respect to P and Q, i.e., U 6)
is exactly the unitary transformation U that realizes the SWT.
However, to minimize this cost function using a quantum
computer, one needs to implement e, which usually re-
quires deep circuits to achieve high accuracy.

Now we introduce an alternative cost function. When
U (5 ) =U, L, min = —1, and thus is invariant when the time
t changes. Therefore, we rewrite £, in the form of a Taylor
series about 7:

L;=A+Bt+Ct>*+D> +--- . (23)
Extracting the coefficients A, B, and C, we have
A=-—1, 24)

B=0, (25)

M
c= A%( OO |U@H U D)ol
i=1

M > > 2
= 2@ u@nU'@)|e)) ) (26)

LJ

The derivation is given in Appendix C. When U 6)=U,
because L; min is time independent, all the coefficients except
A must be 0.

In fact, we find that when C =0, £, = —1 exactly
holds for all ¢, which means the effective model is exact.
Technically, C = 0 is equivalent to the complete block diag-
onalization of H with respect to P and Q. The proof can be
found in Appendix D. It implies that if C = 0, the coefficients
of the higher order Taylor series must also be 0. Therefore, if
there exists U (éopt) such that C = 0, we know U (éopt) =U.
With this, we can reconstruct the cost function as the absolute
value of C,

L@) =|C|
1 M
= |2 v @HU @)

i=1

M
- Yl v@nut@l”) . en

iJj

which has the global minimum 0. Note that we make /J(é)
the absolute value of C to avoid the case where it becomes
negative with experimental noise.

Now we have the final version of the cost function. Starting
from an initial parameter set 6o, our hybrid algorithm opti-
mizes the set 6 such that E(é) reaches minimum after several
iteration cycles. In each cycle, L£(6) is measured using a quan-
tum computer, and a classical algorithm is used to optimize 6
based on L(é ). The iteration continues until £(§ ) reaches its
minimum. Then we obtain the corresponding U (6)as a good
approximation of U.

To implement the hybrid algorithm, the basis set {|¢i(0))}
of the unperturbed Hamiltonian Hy must be known. The
Hamiltonian H is decomposed into Pauli terms H = Zz hol,
thus E(@) has O(N,M) terms and each term has the form
(¢>fo)|U @)U T(é)|¢>§0)), which can be measured using a
quantum computer [53,54]. In the following section, we
demonstrate the hybrid algorithm using an example of a one-
dimensional Heisenberg model.

V. SIMULATION AND EXPERIMENT

We demonstrate the effectiveness of the hybrid algorithm
with experiments on an IBMQ quantum device. We choose
a spin model to verify our methods in Sec. IV. The system
is an antiferromagnetic Heisenberg chain with modulated in-
teraction strengths [55]. Two spins at the ends of the chain
are weakly coupled to other spins on the chain. If the chain
with two ends removed has a nondegenerate ground state
and an energy gap above the ground state, two end spins are
effectively coupled through the chain: According to the per-
turbation theory, two end spins are directly coupled in the
effective model. We will reconstruct the effective model of
the Heisenberg chain with experiments on IBMQ devices.

A. Model

The unperturbed Hamiltonian is the chain with two end
spins decoupled, i.e.,

(070 + 070y + 070fyy)s (28)

where N is the total number of spins. The perturbation is the
interaction between end spins and the rest of the chain, i.e.,

— XX y .y J 4
V =oj0; + 00, + 00,
. !

+oy_108 + 0j_ 108 + Of_ 05 (29)

Thinking that end spins 1 and N are removed from the
system, the Hamiltonian of spins 2 to N — 1 is Hy. Then, if the
ground state of Hy (without considering spins 1 and N) is non-
degenerate, the unperturbed ground-state subspace of all spins
is fourfold degenerate. Let |GS) be a state of spins 2to N — 1
and the nondegenerate ground state of Hy, the ground-state
subspace of all spins has the basis {|u) ® |GS) ® |v) | u, v =
0, 1}. If N = 4, the subsystem ground state is the singlet state
|GS) = %(lO) ® |1) —|1) ® |0)); in general, we can obtain
the ground state |GS) via VQE.
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With perturbation, usually the ground state splits into sin-
glet ground state and triplet excited states because of the
symmetry of the Heisenberg interaction. So, the effective
Hamiltonian acting in this low-energy subspace is equivalent
to Heisenberg interaction between spins 1 and N. The effec-
tive ground state of the subspace of spins 1 and N is then
JLE(|01)1,N — [10); »). The entanglement between two sepa-
rated spins comes from repeated nearest-neighbor interactions
in the Heisenberg chain.

B. Ansatz

Here we adopt an empirical ansatz to construct the trans-
formation U. If Hy and V commute, they are simultaneously
(block) diagonalizable by a unitary transformation, and U is
identity. So this commutative situation is trivial. If Hy and V
do not commute, we can express the commutator as a linear
combination of Pauli operators,

M
[HoV1=i) ajo!, (30)

where «; is a real scalar coefficient. Note that usually the num-
ber of Pauli operators M in the linear combination increases
polynomially with the system size. Given the commutator, we
approximate the generator S with an operator in the form [41]

M
n=> njo. 31
j=1

Supposing coefficients 7; are small, we can approximate
U = ¢° with the ansatz transformation

U@ =[Je"". (32)
j=1
where parameters 6; are optimized according to our algorithm
in Sec. IV.

Taking N = 4 in the model, we find that U has 12 terms.
By removing parameters that have little impact on the cost
function, U is simplified to six terms to reduce circuit depth.
Considering the symmetry of the system, we keep three pa-
rameters. Finally, the ansatz is

U(Q) _ 6102030491/2 1020'.40402/2 10'20'30'49';/2

eza] 0303 93/261'0'l 02‘(73302/261'01‘0'203701/2’ (33)

and the corresponding circuit is drawn as Fig. 5 in
Appendix A.

C. Measurement circuits

As mentioned before, one needs to measure the transition
amplitude ((]bl.(o)lU (5 YolU™ (6 )|¢j(.0)), where |¢;0) ) is one of the
four basis states of the ground-state subspace. We can measure
the transition amplitude using a Hadamard test circuit [53].
To minimize the gate number, which is important in NISQ
devices, we measure the transition amplitude in the following
way. We consider two cases. In the first case, when i=j,the
transition amplitude is the expected value of o/ in the state
U T(0)|¢>(0)) which can be directly measured: We prepare the

state |¢( ) ), then apply the transformation U T(9) and finally

TABLE 1. All possible combinations of |¢;0)) and G. |P) =
10) ® |IGS) ® |0)

(0 16") G
(P o |®) op
(D] oy|®) oy
(D] oi‘q;\jlcb) afo,@
(Plof oyl P) ojox
(Plof ooy |P) oy
(Ploy oyoy|®) oy

measure o', In the second case, when i # ], we always have
|¢(0)) G|¢(O)) where G =1, o7, o}, o705 Then the tran-
s1t10n amplitude becomes

(®”|U @)U @)]o")
= (¢ F°>|U(é)olUT(é’)G|¢.<°>>

= (50 Cu@o'u @) o)
(&% Uw>%NW) |¢%
— il =5 Uw)%/w>*ﬂGw@)
+ilp® v @ro v @)= ). G

According to the above equation, the transition amplitude be-
comes a linear combination of expected values of ¢/ in states
&6 ) and £C T 6”) [54]. We can measure these expected
values by preparlng these four states (up to the normalization
factor). In our case, because the transition amphtude is always
real, we only need to prepare states £S iG |¢( ). See Table I for

combinations of |¢i(0)) and G.

D. Implementation and results

Now we demonstrate our algorithm on an IBM quantum
device ibmq_manila, a five-qubit superconducting quantum
computer with readout error rates 2.02% ~ 3.53%, single-
qubit gate error rates 0.02% ~ 0.03%, and CNOT gate error
rates 0.55% ~ 1.23% during our experiments.

In each experiment, the initial parameter vector 6, was set
to zero and the SPSA [56] algorithm was used to optimize
parameters in each cycle of the iteration. The optimization
process continued until the cost function stopped declining
in several successive iterations. During the experiment, the
Clifford data regression (CDR) error mitigation technique
[57], which is a simplified version of Clifford data learning
[58], was used to improve the result. Each circuit was run for
10* shots.

The amplitudes obtained in quantum computer were used
to construct Heg. This is equivalent to the full tomography of
each Uc'UT in the subspace Fy. In this experiment, Heg is a
4 x 4 matrix with the element in row i and column j given

y (¢ \U@HU (0)]'"), which is also used to evaluate
the cost function. With Heg, one can use the VQE approach
to compute the low-energy spectra. However, considering the
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FIG. 1. Eigenvalues of H.; experimentally measured using ex-
perimentally obtained parameters.

case that the dimension of H.g is far less than H, we may
be able to efficiently diagnolize H to obtain the spectrum.
In this work we simply diagnolize H.; using a classical
computer.

The results are shown in Fig. 1. As the iteration goes,
the energies of the four eigenstates gradually approach the
correct values with significant fluctuations. This is largely
attributed to the high read out error of the quantum device,
as can be supported by Fig. 2, where we classically compute
the effective energy using the same set of parameters. We see
smoother curves and the results are more close to the exact
values.

We summarize the results in Fig. 3, where we show the
final energies obtained from both numerical simulations and
experiments. The numerical simulations in the noise-free case
were conducted using QuESTlIink [40], a packaged quantum
emulator, and a noisy case was considered and simulated
using gasm_simulator. The fidelity of the low-energy states
with respect to the exact reference state, calculated by diago-
nalization of H.¢ in each case, is reflected as the color of each
short line.

One thing needed to be noted is that to reduce the circuit
depth, we use a simple ansatz which can well approximate the
exact reference states but is not a perfect choice. As can be
seen from the second column in Fig. 3, there is a small gap
between the exact solutions and the simulated results. Better
results are expected with a more complex ansatz.

In addition, the error mitigation technique relies on a good
estimation of the noise. The CDR approach estimates the error

“geal O o s
“o. O 000000 o.\\o_._o_, e
00 oo

“g 8o.
- ’ o
000 OO Qe Oom OO

000" OO0

Energy (Ha)

\ 00O A
o0’ ~d
- ~Energy of ground state

Energy of triplet excited states
i T L

L L L L

5 10 15 20 25 30 35 40
Number of iteration

FIG. 2. Eigenvalues of H. classically computed using experi-
mentally obtained parameters.

5.5 1
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6
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©
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o i
w - 0.94
7.5
0.93
— 0.92
84 —
0.91
8.5 - - - - - 0.9
Exact Simulations Simulations Experiments
(no noise) (with noise)

FIG. 3. The final energies in the low-energy spectrum and the
fidelity of the obtained states with respect to the exact solutions.
From left to right: Exact energies, results from simulations with no
noise, simulations with noise model from ibmg_manila, and experi-
ments on ibmg_manila. Horizontal solid line shows the energy value,
with color indicating the fidelity with respect to the corresponding
reference state.

information by measuring a set of observables using a circuit
very close to the original one but with only Clifford gates. On
IBMQ, circuits are running in batches, so we performed CDR
circuits once in each batch. During the experiment, however,
the error fluctuates and deviates from the calibrated data and
thus weakens the effect of error mitigation. The third column
in Fig. 3 shows the final energies obtained from numerical
simulations on gasm_simulator with a simplified noise model
generated from the real-time calibration information of the
ibmg_manila device (a function provided by IBMQ). Error
mitigation was performed where the error information comes
directly from the real-time calibration data. We see that with
a better description of the error model, error mitigation per-
forms better and the final results are more close to the exact
values.

VI. DISCUSSION AND CONCLUSION

In this paper, we proposed two quantum algorithms to
realize the SWT. The first algorithm constructs the SWT using
a quantum circuit and evaluates the effective Hamiltonian
with projection measurement. This method scales polynomi-
ally with the problem size and is suitable for fault-tolerant
quantum computers. The second algorithm is a hybrid al-
gorithm applicable to NISQ devices. This method is based
on the variational algorithm, but instead of constructing a
cost function to minimize the energy, our cost function is
derived by using the block diagonalization property of the
Hamiltonian. By optimizing the parameters, the cost function
gradually approaches zero and the effective Hamiltonian can
be obtained directly from the elements of the cost function. To
verify this algorithm, we implemented it numerically and on
an IBM quantum device using the example of a Heisenberg
chain model with long-distance entanglement. The simulated
results are very close to the exact values, and on a noisy
device, we obtain the final states with over 95% fidelity. To
improve the results, some delicately designed error mitigation
techniques can be applied.

Note that this method is not limited to finding the ground-
state energy of a many-body system but is able to find any
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energy interval of interest as long as they have no energy-
level crossings with others under perturbation. The interested
readers can refer to Appendix E for a generalized description.
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APPENDIX A: THE QUANTUM CIRCUITS FOR THE TWO
ALGORITHMS AND PSEUDO CODES
FOR THE FAULT-TOLERANT ALGORITHM

Let C,(V2"") be a controlled-V gate with the ath ancilla
qubit as the control qubit. The pseudo codes are given in
Tables II and III.

The quantum circuit of the procedure is shown in Fig. 4.
The gate complexities are listed in Table I'V.

Figure 5 shows the quantum circuit used in our hybrid
quantum-classical algorithm.

APPENDIX B: ERROR ANALYSIS
FOR THE FAULT-TOLERANT ALGORITHM

Let |a) be the ideal state and |b) be the actual state. De-
fine € = |||a) — |b)|| as the error, where ||-|| is the 2-norm.
It is easy to see that € is invariant under unitary trans-
formations. Besides, ¢ is additive, i.e., the total error can
be upper bounded by the sum of errors through the whole
process.

1. The error in realizing the reflection operator
For R4, the controlled unitary gate is e’ Using the
Trotterization, we can realize U, such that ||U, — e || =
€, where ¢, < ”H,! e for the first-order Trotterization [60].

Therefore, ||(U;, — e )W) || <
O(LHEE )
nr

¢, which is estimated as
Next, assuming the time evolution e~"# is exact, we con-
sider the error ¢; between the actual state and the ideal state
of the whole system (including data qubits and ancilla qubits)
without projective measurement, which includes the error of
states with ancilla qubits in |0)®/ and the failure probability,
i.e., the measurement result of ancilla qubits is not |0)®.
Owing to the invariance under unitary transformations, the

TABLE II. Quantum algorithm for realizing R o | V).

1: Input arbitrary state |W), / ancilla qubits initialized to |0), V

2: |0)®’|‘1/)

Z ) @ V* Za,-ms,-)
=0 i=1
2l

N
Z ®e—1Et,\|¢)

N 2’ 12-1
5:—> — YO —= ES k) ® e |¢y;)
R ﬁ§§

21

i Y Flk) ® 1)
k=0

2

->

i=1

M 21 21
6: = Y oy filk)lk) ® I¢h) — Z a,Zf,(k)Ik ® [¢1)
i=1 k=0 i=M+1 =
2l 1
ch ®V*(Za,|¢, Z ailei)
—M+l
2’ 1
le ®(Za,|¢l Z il i)
i=M+1
N
9:— [0)* ® (Za,-|¢,»> - > alé))
i=1 i=M+1
10: — Zaw), Z ailgi)
—M+1
11: ()l']‘tput R9|W> Zz la |¢I) - Zl =M+1 al|¢l>

= e—iHr’ ki =1

2 ED+a/2)
2 -l .
> Initial state.

> Hadamard transform.

> Apply C,(V> ') (a=1,--- 1) gates.

> Quantum Fourier transform.

> Apply gate Y10 1K) (k| — Y20 |

k) (k| on ancilla qubits.

> Inverse quantum Fourier transform.
> Apply C,(V* ) (a=1,--- 1) gates.

> Hadamard transform.

> Measure the ancilla qubits with result |0)®’
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TABLE III. Quantum algorithm for realizing SWT.

1: Input arbitrary state | W), m ancilla qubits initialized to [0), V = R R .

2: |0)®”’|\I’) o> Initial state.
2m_|
33— — Z [x) ® |W) > Hadamard transform.
e
4 - — Z |x)®V*Zﬂ,|1//,
L2
= — ) ) ® ey > Apply C.(VX" ) (a=1,--- , m) gates.
Xj:ﬂ’«/ﬁz v pply Cu(VZ™) ( )g
om_y my
5 — ( e'zm k) ® e’
Zﬂ] ﬁ Zoj ; Ik) 2
m_y
= Z Bi Z gj()Ik) @ |¥;) I> Quantum Fourier transform.
zm |
6: — Zﬂ/ Z gik)k) ® e 2 |1//,) > Apply phase gate Zk i |k) (k| on ancilla qubits.
' k=0
Tl
Z [x) @ V* Z Be' 7 |1// ] > Inverse quantum Fourier transform.
- 1
8 —> —— Z Ix) ® Zﬁ, ) > Apply C,(V* Y (a=1,--- ,m) gates.
9: - 10" ® Z Bie' ¥ ij > Hadamard transform .
igj
10: — Z Bie' T 1y;) > Measure the ancilla qubits with result |0)®"

11: Output U W) = 3, B¢’ |1//]

0) —{H] 1
o @ QFT | | w | | QFT!
o) (s SR
o) ve Hyv2 |y Lyt ey e

—iHt

i

=
D B

A

T

FIG. 4. The quantum circuit to realize R and U applying to a state |W). To realize R, V = e and the number of ancilla qubits is
[. The W gate makes a phase flip for those k > k;;, ancilla qubit states |k), which is composed of at most / multiqubit controlled Z gates. To
realize U, V = R R » and the number of ancilla qubits is m. The W gate applies a conditional phase e to |k), which is composed of m

phase shift gates with phase shift — 3 Z.2/=1 on the jth ancilla qubit.

TABLE IV. Gate counting. Here N; is the number of gates in the Trotterization. We take the first-order Trotteriza-
tion to realize the controlled-V when implementing R,,. Then N, is O(2nN,ny ), where nr is the trotter number.

R&» U
Hadamard transform l m
Controlled-V O0(2!N;) 02" (2'N, +1?))
QFT o(1?) Oo(m?)
W < m
QFT™! o?) o@m?)
Controlled-V¥ O(2!N,) 02" (2'N, + 1))
Hadamard transform l m
Total OQ2'N, +1?) OQ™"(2'N, +12) + m?)
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q4 —
q34§ P Rz (1) - P Rz (02) —P
o)
q2 — g—Rx(g) a5 & Rz (-3) —{ H}— &
al - | H | [ H ]| Rz () Ra (=3) =
O Rz (63) -
----— Rz (§) @ Rz (03) - §—— Rz (- 5) —{H|— P
S5 &—H|— Rz (3) Ra (—2) |-
—--—{Re (%) —@ Rz (02) F—— Ra (-3) —{H] O Rz (61) P H |
& &—Hl— Rz (3) & Re (—5) —

measure (')

FIG. 5. The quantum circuit used in our experiments. In preparation, state [) is |¢>,~(0>) or %Wfo)) (up to a normalization factor)

.In
measurement, we measure the expectation of o!. The ansatz circuit is between these two blocks.
error between |a) and |b) in step 6 of Algorithm A is the same
as that in step 9. Therefore, kin—1 21
Za, Z filolky =" filolk) | ® 1¢).  (B2)
i= krh
where ! is the number of ancilla qubits and f;(k) =
M 21 Zz' 1 l(M—E[)X
= ; k)|k) ; 7
;a k—Of( k) ® 19:) ForM +1<i<N,0<E;jt <2m and let 2’27—,'“ be the best
- - [ bit approximation to E;t which is less than E;z. The differ-
2l—1 ence between 2” 27k and E;t satisfies 271(2, + &) = E;t such that
- Z a,Zf,(k)Uc ® |¢n), (Bl) 0<8< 4. Let 26, = 2k _ B = Z(k — k; — 2'5), when
i=M+1 k=0 2l ok — ks <2 we have -3 <6 <3,
|
. 2 . 2 2
1 — 202 1 sin2'6; 1 1 1
O =\ =@ | = |3 sma | (gz T T ) = el ®3)
—e Sin Oy 21Z(k — k; — 28)| 4(k — k; — 218)
where the inequalities | sin2/6;| < 1 and | sin 6| > %|9k| are used. Therefore, we have
kzh krhfl 1 k,],*l ]
Z ol < Y o oes < ) e
A — kg — 205 = Ak — k)
/"rh L] < 1 1 ) 11 B4
< _— = — — — < -
o 4k —k;)? A\ki—kin ki 4 ki — ki,
Similarly, for 1 <i< M, 0 < E;it <2 and let 2”" be the best [ bit approximation to E;t which is greater than E;z. The

difference between 2” k’ and E;t satisfies 27[(7 —4) = E it such that 0 < % Let 26; = M Eit = 2” 2 (k — k; + 2!8), when
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2" <k —ki < 27" wehave —Z < 6 < Z.

1
(R < ——————. B5
AP < s (BS)

Thus, we have

2—1 201 | 2l_q |
Nk <Y ——— e <Y
o Ak — ki 4 218)" o Ak — ki)
/21 1 1 Jk 1 1 n 1 1 1 (B6)
< — dk==(-= < .
ket =1 4k = ki)? 4\ 2 —1-k hkp—1-k 4k, — 1 —k

The upper bound of ¢; is

21 N 201 ki —1 201
H Za, Zﬁ(k)lk ®lp)— Y ail Y A0 | ®1e0) Za, Zﬁ(k)lk DLkl | ®1e0)

i=M+1 k=0 ki

21 N kip—1

= Za, 2) SOk | 1) — Y ai(zzﬁ(knk))@w
ken i=M+1 k=0
201 ken— :
= 4Z|a,| D Ift) +4 Z |oz,|22|f,(k>|2
ke i=M+1

N 1
1 1
<
= (Z| 2(E +A/2—Ey )t + Z ol 2 (Epy1—E —A/2) 1
i=1 - x|~ i=M+1 S —
1 1
< max , , (B7)

WEW+A)2—Ey)t 2 (Eyy1—ES —A/2)t
e B 1 w1
T 2

1,7(0)
w} ky (ZE 1, kyrr = LZEM*”J and ky; < ki, < kyaq. Therefore, we can estimate €; as

where k;, = [

0( ! ), (B8)
V2! (Epyr — Emt

which decreases exponentially with the number of ancilla qubits. The above derivation does not include the special cases ky; =
ken (kpg1 = ke, — 1). Note that

5 1 1—cos(Z(k— k:|:218)2l) 1 ;
| fi (k)] =W e cos (Z(k —k £28)) = 2( (k ki +£2°8)) <1, (B9)

where F,(x) is the Fejér kernel and F,(x) < n. For the two cases, | fM(kth)|2 | frvr1 (ke — D? = F21 (278) < 1. Then the

error is O + | or O + |a . If both cases are satisfied, the errorisO —_—
(( 2,(EMW};M)[) loyg %) (( 2,(IEMWEM)I) lowrs11%) (( Iy

loear|? + |otars11%). We can increase the number of ancilla qubits to avoid such cases.
As a result, the total error (including the failure probability) when realizing R4 |W) is 2/*!¢, + ¢;, which is denoted as eg.
Similarly, for R z,, €, is O(*—2— ”H‘)” e ), and € is O(M) The total error of R4, | V) is simplified as &g, too.
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2. The error in realizing U

For U, the controlled unitary gate is R 4,R 4. From Appendix B 1, we see the error of R R4 | V) is 2€g. Next, we assume
R #,R 2 is perfectly realized. Similarly as in Appendix B 1, we define

2m—1

=383 gk @7 ), (B10)
by=Y B Y gillk)®e T |y), (B11)

1 2" i +0))x

x=0

where m is the number of ancilla qubits and g;(k) =
—2m < 0; < 0 and let —k; be the best m bit approx1mat10n to ; which is less than 6;. The difference between —% and 0;
satisfies 271(—;—-,[, +6) =0;suchthat0 < 6 < 2%” Then

2 (Sl +8) 2" 2

kky ) _k, 2
, |1 1—e 1 sinm (555 + 5)2m 1 1 — cos (272"8)
g (k)" = oy |\ R = S - (B12)
1 _etZJT(T,,‘+5) 2 SIHJT( 2mf +5) 2 1 —COS(2”, (k k + 2 5))
iz i) wk 0 7 "
‘e et =2 —2cos(-Z= X :2—2cos(—(k—kj+2 5)). (B13)
2m 2 2m
Thus the extra error €,, due to the finite ancilla qubits is
2m_1 - 2m_1 o
B Y gk @ T ) =Y B Y gi(klk) @ e )
j k=0 j k=0
21— N
(sz > g o )
1
- J m 27 m
- — 22 1 — cos (& (k — k; + 279))
1
] 3
4 1—cos(Zk—k; +2"8)
g(Zl'Bj|2222m 2'2 (712 ! om )
F o sin (27(k —k; + 8))
1
m_1 2 m 2
> 4 SEtk—kj+2m8)% \°
A\LWF X s i ey
j k=0 2m( + )
m_1 >
1 2
— 2 -
_<Z|’Bj| 222'11 4)
J k=0
1 72 :
-(+%)
z Bl4
om/2+1 B14)
Therefore, the total error of the algorithm is given by
o ~ 2" eg + €
~ 2202 ) + €, (B15)

: 1A% :
where ¢, is O( ar ), €718 O( ), and €, is O(

Wil 7
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APPENDIX C: DETAILED STEPS OF THE TAYLOR EXPANSION OF L,
The Taylor series of e~ is
I—iHt — H’t* + O(P). (CD)

Substituting this into Eq. (22) yields

1 < ) 1 2
Li=-+ Z] 6|Ua — it = SH + 0)U o))
1 1
= =07 2 |1 - iV UHUT|9%) = S2(e” [UH*U|g”)
i=j
1 g 1 , 2
- ; ~itlg{"|UHU"|¢) = S [UHPUT|¢") + O
i#]
R
=~ 2 [ s a0+ o omy oY
i=j =
1 & 2
=27 |-l UHU P + o)
i#]
1 < R
= — 3 o0 = AU o)+ e U o)
i=j
1 U 2
— 2 2l uaUT o) + o)
i#]
- 2 (v O\ 16© M OluHU 6OV ) + 063 .
= =1+ \ L H 00 = 2l uavTePI | + 0. (€2)
= i,
[
APPENDIX D: EQUIVALENCE OF THE COMPLETE Define

BLOCK DIAGONALIZATION OF H
Hp = PHP, (D4)

Recall that P is the projector in low-energy subspace &
of H, Q is its orthogonal complement which represents the Hp = QHQ, (D5)
high-energy subspace projector. They can be written as

M M Hpg = PHQ, (D6)
_ 1OV O (77 _ N
P= Zl Ut )| = Z ¢)(gil, (D) Hop = QHP. D7)
i T| (0) (0)| Z The Hamiltonian can be divided into
Q= U'lg;”" N U = i) (@il (D2)
i=M+1 i=M+1 H = Hp + Hp + Hpp + Hopp, (D8)

and its square is

With Eq. (D1), C can be converted to
H* =Hj + HpHpg + Hj + HoHgp + HpoHp

M
= Z (i H?|¢i) — Z (¢l H1¢;) I + HpoHop + HopHp + HopHpg. (D9)
i=l So, we have
a a PH?P = H2 + HpoH, (D10)
=D (GilH? ) — Y (il H|$,) (b;1H|pi) = T Hpotiop:
i=1 ij Substituting Eq. (D4) and Eq. (D10) into Eq. (D3), we get
= Tr(PH*P) — Tt(PHPHP), (D3) C = Tr(PH*P) — Tt(PHPPHP)
_ 2 _ 2
where the trace operation acts on the Hilbert space of whole = Tr(Hp) + Tr(HpoHgp) — Tr (HP)
system. = Tr(HpgHgp). (D11)

043023-12



QUANTUM ALGORITHMS FOR SCHRIEFFER-WOLFF ...

PHYSICAL REVIEW RESEARCH 4, 043023 (2022)

Therefore, C = 0 if and only if Hpg is a zero matrix which
indicates H is completely block-diagonal with respect to P
and Q.

APPENDIX E: GENERAL CASE OF SWT

In a general situation, the unperturbed Hamiltonian is

K+M
ZE(0)|¢(0) ¢(0)| + Z E(0)|¢)(0) <¢(0)|
i=1 i=K+1
+ Z (0) |¢(0) (E1)
i=K+M+1
with eigenvalues El(o) < < Eéo) < E,((OJ)rl <o K
EI(QM E,((OJ)FA,]Jrl <-- < Elf,o). The projector onto the
0 0 0
eigenspace of eigenvalues E," € [EI(H)—I’ EY) m] reads
K+M
0)\/ 4 (0
=2 19"l (E2)
i=K+1

Here the energy gap is
) 0) O (0)
A =min{Ep}, — B’ Ex)y, — Exly}- (E3)

Through the same assumption Eq. (4), the total Hamiltonian
can be written as

K K+M N
H =Y Elp)pil+ Y Elp)dil+ D Elo)igil,
i=1 i=K+1 i=K+M+1
(E4)
with eigenvalues E; < --- < Ex < Eg <+ < Egay <

Exiyi1 <--- < Ey. The eigenspace &2 is spanned by
H'’s eigenstates with eigenvalues E; € (E,((OJ)FI —A/2, E,((OJ)rM +
A/2). Then the effective energy spectra, from Ex| to Exi,

can be obtained following the same method.
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