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The variational quantum eigensolver (VQE) and its variants, which is a method for finding eigenstates and
eigenenergies of a given Hamiltonian, are appealing applications of near-term quantum computers. Although the
eigenenergies are certainly important quantities which determine properties of a given system, their derivatives
with respect to parameters of the system, such as positions of nuclei if we target a quantum chemistry
problem, are also crucial to analyze the system. Here, we describe methods to evaluate analytical derivatives
of the eigenenergy of a given Hamiltonian, including the excited state energy as well as the ground-state
energy, with respect to the system parameters in the framework of the VQE. We give explicit, low-depth
quantum circuits which can measure essential quantities to evaluate energy derivatives, incorporating with
proof-of-principle numerical simulations. This work extends the theory of the variational quantum eigensolver,
by enabling it to measure more physical properties of a quantum system than before and to explore chemical

reactions.
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I. INTRODUCTION

The variational quantum eigensolver (VQE) has attracted
much attention as a potential application of near-term quan-
tum computers [1]. The VQE is an iterative algorithm to
construct a quantum circuit that outputs eigenstates and
eigenenergy of a Hamiltonian which describes the system
under consideration. Originally, the method was devised for
finding the ground state of a system [1]. It has subsequently
been extended for excited states by several proposals [2-5].
From the generated eigenstates, one can measure its asso-
ciated physical quantities, such as the particle densities and
transition amplitudes between the different eigenstates.

Though eigenenergy and associated particle density are
certainly important quantities, the wave function of a quan-
tum system has valuable information besides those. Quantum
chemistry calculations, which would be one of the most
promising applications of the VQE, often utilize such in-
formation. Among such, we focus on energy derivatives in
this work. Many time-independent physical/chemical prop-
erties can be defined as derivatives of the energy [6-9].
For example, the first derivatives of the energy with respect
to nuclear coordinates give us the forces acting on atoms,
which can be utilized for the task of locating energy extrema
on the potential energy surface (i.e., geometry optimization)
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[10]. The second-order derivatives give the force-constant
matrix that not only helps to locate and verify transition
states but also allows us to compute vibrational frequen-
cies and partition functions within the harmonic approxima-
tion [10,11]. The energy derivatives with respect to external
fields have to do with various spectroscopy: intensities of
infrared and Raman spectroscopy are proportional to the
cross derivatives with respect to vibrational normal modes
and external electric fields [11]; NMR chemical shifts can be
obtained using the cross derivatives with respect to nuclear
spin and magnetic fields [12,13]. Computing such deriva-
tives is a core part of simulations or analysis of molecular
spectra.

A simple way to compute energy derivatives is to use the
finite difference method and calculate them numerically. This
approach, however, suffers from high computational costs as
well as numerical errors and instabilities [7,9]. Say, the num-
ber of energy points needed to evaluate the forces increases
linearly to the number of atoms. This high computational
cost makes the numerical approach impractical in many cases.
Moreover, with near-term quantum devices, where noise is
inevitable, the numerical difference approach would give us
poor results. The other way—analytical approach—is there-
fore vital. The theory and program codes of analytical energy
derivatives indeed support the high practicality (and popu-
larity) of today’s molecular electronic structure theory [9].
Methods to calculate the derivatives of excited state energy on
classical computers has also been widely developed [14-34],
but still suffers from its high computational cost and relatively
low accuracy. The task of computing such derivatives on
quantum computers has been addressed in the traditional
methods which utilize the quantum phase estimation [35], but
not for the VQE.
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In this work, we derive the analytical formulas and explicit
quantum circuits to address the task of measuring the energy
derivatives. More specifically, we describe the methods to
obtain the derivatives of the energy with respect to the system
parameters up to the third order, from which one can extract
the physical properties. We also present a method to extract
the derivatives of excited state energy based on the technique
presented in Refs. [3,4]. The analysis on the computational
cost shows that the analytical differentiation provided in this
work can be more practical than a finite difference approach,
in a sense that one does not need to consider the best step size
to extract the energy derivative information with an optimal
precision. Proof-of-principle numerical simulations are also
performed to verify the correctness of the derived equation
and circuits. The presented methods extend the applicability
of the VQE by enabling it to evaluate more physical properties
than before.

II. VARTIATIONAL QUANTUM EIGENSOLVER

Here, we briefly review the algorithm of the VQE. In the
VQE, we construct a parameterized quantum circuit U (6) and
the corresponding ansatz state |y (6)) = U(6)|0)®", where
|0Y®" is an initialized n-qubit state and 6 = (6, ..., On,) €
RM is a vector of parameters implemented on the cir-
cuit with Ny being the number of them. A set of param-
eters 6 are variationally optimized so that the expectation
value E(0) = (Y (0)|H|¥(0)) of a given Hamiltonian H
is minimized. At the optimal point 6 = 6*, one naturally
expects

IE(0")
30, 0 M
for all a. Let
d
10.Y(0)) = 20, [ (6)). (2
The condition of Eq. (1) reduces to
Re(y(07)|H 0,9 (87)) = 0. (3

Higher derivatives of the wave function will be denoted by

a 0
1040p - - - 9P (0)) = —

— 4
a6, 00, @

d

20, [¥(0)),
to shorten the notation.

As stated in the introduction, many physical properties of
a quantum system are calculated from the derivative of the
energy with respect to the system parameter in a given Hamil-
tonian. The parameter can be, for example, the coordinates of
atoms or the electric field applied to the system. We denote
such parameters by an N,-dimensional vector x € R, In this
case, both of the Hamiltonian H and the optimal parameter
0* of the wave function at the specific value of x is also
a function of x, which will be denoted by H(x) and 6*(x),
respectively. Corresponding to the change of this problem
setting, we redefine the energy as,

E@©,x) = (Y(O)|HX)|¥(©O)). &)

Let the optimal ground-state energy be E*(x), that is,
E*(x) = E(0*(x), x). In the following sections, we show the
analytical forms of the derivatives such as %—T and %,

: 10X,

which are the essential quantities for extracting physical prop-
erties of the target system.

III. ANALYTICAL EXPRESSION OF DERIVATIVES

The derivation of the formulas presented in this section
is in Appendix for completeness, or you can also refer to
Ref. [36]. In the following, we use the following notation,

9 DE®*(x),x) 9 IE®.x)

= , 6
00, 00, ©)

an ij 0=6*(x)

and likewise for terms similar to this. In this manuscript,
the partial derivative symbols are meant to act only on the
term immediately on its right, rather than on all the symbols
appearing to its right.

A. Derivatives of ground-state energy

The analytical expressions for the derivatives of ground-
state energy are the following:

IE*(x) " 0H (x) *
3 = (YO )| ——1¥ (0" (x))), @)
Xi Bxi
0 0E*(x) _ 89;(x)iaE(9*(x),x) . iaH(x) .
a_x,-—axj = ox, 90, ox, + (¥ (0 (x))|ax,- o, [Y (07 (x))), 3
iiBE*(x) _239:()6) 00;(x) 00X (x) o iaE(G*(x),x)+Z 90 (x) 89,;*(x)i 0 JIE(O0*(x), x)
ox; 0x; Oxi _abAc 0x; 0x; dxy 00, 96, 00, — 0x; ox; 06, 30, X
00 (x) 39;()6)1 ad 8E(9*(x),x)+80j(x) 39;()6)1 0 0E(0*(x),x)
0xy dox; 06, 306, 0x; 0x; dxy 00y 00, ox;
+Z|:89;(x)iiaE(9*(x),x)+aej(x)iiaE(G*(x),x) 89;(x)ii8E(9*(x),x)i|
ox; 00, 0x; 0Xy ox, 00, 0x; 0x; ox; 00, dx; 0x;
. d 0 J0H(x) B
+(y(© (X))Ia—— [Y (07 (x))), )
x; 0x;  0xi
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where we assumed Mw;# = 0. Note that, in general, the
formulas for the dth derivative of E*(x) contains 6 derivatives
up to the dth in the form of 3{39'1 ‘; dqf forg=1,...,d. Also,
Wigner’s (2n + 1) rule [36] ensures that x derivatives of the
optimal parameter, 6*(x), up to the nth are sufficient for
calculating (2n + 1)th derivative of E*(x). In other words, for
dth derivative of E*(x), we only need |d/2|th derivative of

0*(x), where |y] is the floor function denoting the greatest
integer less than or equal to y. The term d%‘y) in the above
equation can be calculated by solving the response equation,

which we write down in the next section.

B. Derivatives of optimal parameters

The first and second derivatives of the optimal parameter,
6*(x), can be obtained from the following response equation:

0 0E(6*(x),x) 06, (x) 0 J0E(0*(x),x)
Za_ea 30, ax, 90,  ox;

9 E(O*(x),x) 9 96;(x)
00, 06, Ox, ox;

., (10)
b

—yDO*(x),x), (11)

b

where

ij) _ Ziiﬁﬁagi

Ve
b 00, 36, 00, dx; 0x;
d 0 OFE 90 a 0 0E
— ——. (12)
806 89a 8)(]‘ 3x,» 896 Bx,- 8.Xj

Equations (10) and (11) is obtained by taking the x derivative
of Eq. (1), and then exchanging the order of the partial deriva-
tives. By Wigner’s (2n + 1) rule [36], the above equations are
enough to obtain derivatives of the energy up to the fifth order.

IV. MEASUREMENT AND CALCULATION
OF DERIVATIVES OF GROUND STATE

In this section, we describe the methodology for calculat-
ing the derivatives of the ground-state energy, whose analyti-
cal expressions are shown in the previous section, when given
an optimal circuit parameter 6*(x) at some x that gives the
local minimum of E (0, x).

A. Notations and assumptions

In the VQE, we target a Hamiltonian which acts on an n-
qubit system and is decomposed into a sum of Pauli strings,
P={IX7Y,Z}®", as follows

> hp(x)P, (13)

PeP

Hx) =

where hp(x) € R. hp(x) is assumed to be nonzero only for
poly(n) terms. We also assume that 4p(x) is differentiable
to any order. For a quantum chemistry problem, the original
Hamiltonian has the following form:

Zh,j(x)c c;+ Z h,]kz(x)c c crer, (14)

i,7.k,l

H(x) =

where c; and ¢; are the fermion creation and annihilation
operators acting on the ith orbital, respectively. Equation (14)

is converted to the form of Eq. (13) by, for example, Jordan-
Wigner or Braviy-Kitaev transformation [37,38]. Note that be-
cause we always work in the second quantization formalism,
the effect of the change of the molecular orbital corresponding
to the change of molecular geometry is totally absorbed in
the coefficients /(x). Therefore, the change of the molecular
orbital does not explicitly appear in the following discussion.

To calculate the energy derivatives of such Hamiltonian,
first of all, we assume that the derivatives of Hamiltonian,
%, %%, and so on, can be calculated by the classical

i i OXj
computer, e.g., using the conventional quantum chemistry. In
other words, we are able to calculate the quantities such as
3"5;'”) and i 3’;‘; &) For quantum chemisry problems given
in terms of Hartree-Fock orbitals, these calculations corre-
spond to solving the coupled perturbed Hartree-Fock equation
[30,36].

Notice that under this assumption, we only need to con-
sider how to evaluate quantities Which involve the differenti-

9
ation with respect to 6 such as 30 36, a -, because the expec-

tation values such as Kaj g—i = (¢(9)|dx ai ag)f:)hﬁ(é)) at
6 = 6*(x), can be evaluated with the exactly same procedure
as the usual VQE, i.e., we can measure the expectation value
of each Pauli term which appears in 3% % ”g’;:‘). After the
measurement of all quantities which appear in Egs. (7)-(9),
one can compute the energy derivative using a classical com-
puter by summing up the terms.

The parameterized quantum state, |y (6)), is constructed
by applying a parameterized unitary matrix, that is, a parame-
terized quantum circuit, U (f) to an initialized state; | (6)) =
U (6)|0)®". Following [39], we assume U (6) to be a product
of unitary matrices each with one parameter,

U(0) = U, (6N,) - - - U2(62)U1 (6)). as)

We define each unitary U,(6,) to be generated by a generator
G, as U, = %% which can be decomposed into a sum of
Pauli strings;

Ga=_ 8auPa: (16)
"

where g,, € R and P,, € P. We often use this form of
parametrized quantum circuits, for example see Refs. [40—43].

B. Overview of the algorithm

The presented algorithm in this work for evaluating the dth
derivative is the following: (1) perform the VQE and obtain
the optimal parameter 0*(x); (2) compute derivatives of the
Hamiltonian, oH f,x ,forg=1, d on a classical computer;
(3) evaluate x derlvatlves of E s axq , for g=1,...,d at
6 = 0*(x) by the method described above (Sec. IV A); @)
evaluate terms involving differentiations with respect to 9,

% ‘?,:,]f (’;f ,forg=1,...,datf = 6*(x) on a quantum
device by the method descrlbed in the following sections
(Secs. IV C-IV E); (5) solve the response equations to obtain
20 for g=1,...,|d/2] (for d < 3, solving Eq. (10) suf-
ﬁces) and (6) substitute all terms into Egs. (7)-(9) to obtain
the energy derivatives.
Let us recall Ny and Ny be the number of terms in the target

Hamiltonian and the number of the VQE parameters. The cost
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|0>anc_H XSTXS_H_
(a) - | | ] | | <Zaan)s,(a,u),(b,v)
n 4 ] ] - ] —
10Y°" 3 Up:1 HPpvHUa:b+1 5P uBUN:a+1E
n - ] + ] - + ] —
(0) 10Y¥" 3 Up.1 HR}y ,HUa:b+1 BRG j2UN:a+1E (@ @p b))
FIG. 1. Quantum circuit to evaluate % %E 0*(x),x). Uyp = U, - - - Up1 Up. (a) Ancilla-based approach. This circuit is a variant of the one

presented in Ref. [39]. In the figure, Z,,. 1s the Pauli Z operator acting only on the ancilla qubit, and s € {0, 1}. The expectation value of the
observable Z,,. ® Q := Z,,.0 is obtained by sampling it repeatedly. See Eq. (22) for detailed procedure to obtain the derivative. (b) Low-depth
version of (a), derived with the strategy presented in Ref. [45]. In the figure, Rj_ u = eXp(Fin Py . /4). See Eq. (23) for detailed procedure.

to evaluate dth derivatives by the above algorithm is roughly C. Measurement of % gTFb
O(NyN¢) when we ignore the cost of the task performed on a . . . .
= e : : The key quantities for evaluating -2- 2= and higher-order
classical computer. This is because the most time-consuming yqa g 9 ox; g
part of the algorithm is steps 3 and 4 on a quantum computer, derivatives are % ﬁ e % and a_za aieb e 3%_ % Note that

WrgCh take O(NHN(s] ) as shall be clear in Secs. IVC-IVE the first-order derivative, % can be evaluated by the method
and V. “

presented in Ref. [44]. First, we show how to measure 8%“ g—fb
A detailed expression of % g—i is
|
0 0E(0*(x),
£$ = 2Re[(3, 0¥ (0" (X)) |H () [ (87 (x))) + (3,9 (0" (X)) H (x)|9p 1 (0% (x)))]. (17)
|0, (0)) can be expressed as
[0,¥(0)) = izga,uUN(eN) o PapyUa(00) - - - Un(62)U(6)10)®", (13)
w
and |0,0,v(0)) is
|3a3b1/f(9)> = - Zga,ugb,vUN(QN) © ‘PaA,;LUa(ea) o 'Pb,vUb(gb) T U2(92)Ul (91)|0>®n (19)
w,v
For convenience, we define
|¢(a,//,),(b,v),---(c,p)(0)> = UN(QN) T (iPa,u)Ua(ea) e (in,v)Ub(eb) T (iPc,p)Uc(ec) e Ul (91)|0>®n. (20)
Then,
0 JE(O*(x),
£$ =2 Z Z ho(X)ga. 1.8 RE[{D(a ). b1 (0T QY (07 (X)) + (Payny (O (X)IQlDwy (0" (XIN].  (21)

n,v QeP

In Fig. 1(a), we show quantum circuits for evaluation of each of the terms in the above equation, which is a variant of the
circuit presented in Ref. [39]. By sampling the observable Z,, ® Q of the circuit in Fig. 1(a) and evaluating the expectation
value (Z,, ® Q), each term of Eq. (21) can be calculated by

Re[ (D, 1), b,v) (0" NIV (0 CON] = (Zanc D)0, (a0, (0,0
Re[{p(, )@ CNIQ1Dp,) (0" (N = (ZancO) 1. (a,10), (bv)- (22)

The strategy proposed in Ref. [45] gives low-depth versions of the circuits to measure the same quantities. We show the
low-depth quantum circuit in Fig. 1(b). From the measurement of (Q) (4,4, +),(»,v,+) With the circuit in Fig. 1(b), we can evaluate
each term of Eq. (21) by the following formula:

2Re[{@(a ). 6. (0F CNIQIY (07 (X)) + (D(a.10) (0" ()| QL) (07 (x)))]
= <Q>(a,u,+),(b,v,+) + <Q)(a,/t,—),(b,u,—) - (Q>(a,u,—),(h,v,+) - <Q>(a,/L,+),(b.u,—)- (23)
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|0Yane | H HX 534X
(a)

on 3 - = = - - u - (Zanc@)(@ms1),(b.v.52).(c.0.53)
10) nf Uca EPc.pE Ub:c+1EPb,v§ Ua:b+1§Pa.u§UN:a+1§
3 u = u = u A = =
b) |0)®n5 Uc:a HRZpHUb:c+1HRpvEUa:p+10RaHUNa+1F (Q)aub),bv5).pt)

FIG. 2. Quantum circuit to evaluate 39 3;9, TN 9 E(#*(x), x). For the definition of the notations, refer to Fig. 1. (a) Ancilla-based approach.

See Eq. (25) for detailed procedure. (b) Low- depth version of (a). See Eq. (26) for detailed procedure.

Notice that the low-depth version doubles the number of the circuit runs, and therefore, if the device can execute the circuit in
Fig. 1(a) while maintaining sufficient overall fidelity, it is advantageous to utilize Fig. 1(a) and Eq. (22). Otherwise the low-depth
version should be used to obtain meaningful result.

3E
D. Evaluation of -2 e ﬂ TR

i

o BE . It should be clear how one can extend the method to the order higher than the third.

Here, we show how to evaluate -5 aa T
3 9 OE

30 36, 56. Can be written down as

d 09 IE(O*(x),x)
a6, 09, a6,

=23 ) ho(¥)8au8bve. ReL(®Btas).b.0).c.) O CDIQIW (O (x))) +

n.v,p QeP
+ (D), .00 (0" CNIQIP5,v) (07 (X)) + (Db, (c,0) (0 N Qlba,) (67 (X)))].
Each term can be evaluated with the circuit in Fig. 2(a):
Re[{@a,u),b,v), e, (@ CNIQIY (OF(x)))] =
Re[{@a,1,(b,) O (DN Ql (e, p) (07 (x)))] =
Re[{@a,1),c,0) (0 (I QlPb,0) (07 (x)))] =
Re[{@(b,0).(c.0) (0 NI QIP(a, ) (07 (x)))] =

The circuits can also be reduced to the low-depth version using the same strategy [45]. The low-depth circuit for >
shown in Fig. 2(b). The circuit can evaluate each term of the summation by the following formula:

—2Re[(@a, 1), (b1, (c.0) OFCNIQIY (07 (X)) + (D 0), (6,0) (O (NI P(c, p) (07 (X))
+ (Pa,w).(c.0) O CNICI D1y (O (X)) + (D1, (c.0) (O NN P, 1) (6 (O]
= (Q) (@, 4,0, 40,1 — (D@, =), (b,v, ), e.0,—) (O @11, =), by, ), (e.0,4) T (D) (@,11,-),(bv,4), (e, —)

(Ba, ), 0.,0) (0T (X)) Ol P, p) (07 (x)))

(24)

Zanc Q) (a,10,0),(b,v,0),(c,p,0)
Zanc D) (a.11.,0),(b,v.0).(c.p.1)5
)
)

=

=

M = (Zanc Q) (4,11,0), (b,v,1), (¢, 0,0)

) ( (25)
9 OE

09 30, 90,

Zaan (a,p,1),(b,v,0),(c,p,0)-

is

FA(D @) v, (c0—) — D@ —). v+ coot) — (D @ +). v~ (ept) — Q) @it +).b.v.4). () - (26)

(

Notice  the  pattern ~in  the  signs  associating  with %o With this substitution, Eqs. (21) and (24) give us the

that is, the signs are determined ;
fr? iiféu’j;)f;?v’f))f’(l)?’ caring in the sul%scri t. Higher-order analytlcal formula for 555 - - 55 3¢ » where each term in the
partty PP & pL- Hig summation can be evaluated with the same procedure. Also,

derivatives of E with respect to 6 can be evaluated by 9 0 OE
following the strategy described in this and the previous 9, d, oy, Which appears in Eq. (9), can be measured using the

section. same strategy.
Similar to the previous case, the low-depth version doubles

the number of the circuit runs, and therefore, the same argu-

ment about the tradeoff between the noise and the number of

the circuit runs also applies in this case.

V. COMPUTATIONAL COST

Here, we give a comparison between the presented algo-

E. Evaluation of 2 2 ... 2 3 rithm and the numerical differentiation to take dth energy

36, 90, ~ " 96, ax;

0 90, " 96 o Can be measured with the same protocol

as described in the previous sections; one can substitute /g

derivatives. We specifically discuss the cost for each step
in the overall algorithm presented in Sec. IV B for quantum
chemistry problem, where a problem Hamiltonian and its
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derivatives always has O(n*) terms as expressed by Eq. (14),
as it is the main target of the proposed algorithm. This analysis
should be easy to be extended to more general cases. We
assume that classical computational cost involved in algo-
rithms is much smaller than the quantum ones and thus can
be ignored. The classical computation required to perform the
proposed protocol is to calculate the derivative of the Hamilto-
nian (and the Hamiltonian itself) Wthh formally takes on’)

computational time [9,36] for each 2 —,, £37H ... Note that,

if we are only interested in evaluating analytical derivative of
the Hartree-Fock energy, which is not the case considering our
algorithm, it can be reduced to O(n?) [46]. We believe that,
although the time required to estimate the expectation value
of the Hamiltonian by repeatedly running the NISQ devices
takes the order of O(n*), the classical computation performed
at the level of some tens or hundreds of qubits is much faster
than the time used by the NISQ device by a large constant
prefactor ignored in the order notation.

First, we ignore the cost of performing the VQE (step 1),
since both of the numerical differentiation and the presented
algorithm need this step. Steps 2, 5, and 6 is merely classical,
and therefore, we also ignore the cost for this part. Step
3 of the presented algorithm requires us to run a quantum
computer O(n*/€?) times to estimate each term up to an addi-
tional error of €. For step 4, it takes O(n* Y_4_; (N§™)/€?) =
O(n4Ng /€?) runs. Note that even for the calculation of the
terms involving x- and 6-differentiation a the same time,

such as ag 3f we only need to perform measurement of the

6-derivatives of each term, such as —(1//(9)|c ct ckc1|w(0))
in the Hamiltonian on the quantum “device and then com-

bine them by Y-, Rl B (y(0)\c] clexer | (9)) where x-
differentiated h(x) is computed class1cally Therefore N, does
not appear in the number of NISQ runs. Overall, the cost for
the quantum part of the computation scales as O(n“Ngd /€2).
In this simplified analysis, we ignored the cost caused by
the condition number of the Hessian matrix, {%}, which
depends highly on the ansatz circuit. See Appendix C for a
detailed analysis of the error.

Let us compare this cost against the numerical differentia-
tion. More specifically, we consider the case of evaluating the
second derivative by the formula,

2E*(x) _ E*(x+h) + E*(x — h) — 2E*(x)
ax? - h? ’

27

where h > 0. Let E*(x) be the estimgte of E*(x) obtained by
measuring the state [ (0% (x))). If |[E*(x) — E*(x)| < €g, the
precision of Eq. (27) is

PE*(x)  E*(x+h) + E*(x — h) — 2E*(x)
w2 h?
2 84 2
(h ) O(ex /H?). (28)

See Appendix C?2 for a detailed analysis. For classical com-
putation where the source of €z is mainly the round-off error,
the second term of the right-hand side is usually negligibly

small for a decent h. On the other hand, for the VQE, this
term is the leading factor for the precision, since E*(x) has to
be calculated by sampling. To achieve |[E*(x) — E*(x)| < €5
with high probability, we need to run the quantum computer
for O[(D_p |]’lp|)2 /6%] times (Appendix C). Therefore, if we
want to achieve the precision of € at least for O(ex /h?) term,
we need O[(D_p |hp|)2/(€2h4)] samples from | (0*(x))), and
overall cost is O[n*N2(X_p |hp|)*/(€2h*)]. h* factor, which
is not present in the analytical differentiation, makes the
scaling of the finite different approach worse. Furthermore,
0(h2| |) term makes the computation somewhat unreliable,

since we do not know the value of 3 o a priori. In practice,

we would be forced to try some dlfferent h to certify that the
computation is correct. On the other hand, in the analytical
differentiation approach, we can estimate the error bounds
from the measured terms, for example, by estimating the
condition number of the hessian matrix, {%}.

VI. DERIVATIVES OF EXCITED STATE ENERGY

The generation of excited states can be a powerful applica-
tion of the VQE, because the classical computation, despite
the recent significant improvement in the theory and the
computational power, still suffers in the calculation of them
[47]. Among the several proposals [2-5] to generate excited
states with the VQE, we adopt the one proposed in Refs. [3,4]
to compute the derivatives of the excited state energy.

The algorithm [3,4] works as follows. First, we find the
ground state of the given Hamiltonian Hy(x), which we denote
by [ @©@(x))), where @ (x) is the optimal parameter for
the ground state (6*(x) in the previous sections). Then, we
iteratively define a Hamiltonian H,(x) forr = 1,2, ... as

r—1
H,(x) := Ho(x) + Y _ Bl (0 (0,

s=0
(29)

where (0" (x))) is the ground state of H,(x). If B, is
sufficiently large, each H,(x) has rth excited state of the
original Hamiltonian, Hy(x), as its ground state. Therefore,
by finding the ground state of each H,(x), one can generate
the series of excited states of Hy(x). We assume |y (0)) =
U (0)|0), where U™ (@) has the same structure as U (6)
in previous sections In this algorithm, it is also assumed
that we have a device which can measure the magnitude of
overlap between |¢)(#)) and |*)(¢)), that is, we assume
we can measure |(¥ (@) (@))|*>. Let the expectation
value of H,(x) with respect to the state |”(8)) be E.(0, x);
E.(0,x) = (P O)|H.(x)|"(0)). We define the optimal en-
ergy by E(x) = E, (0 (x), x).

The task is to compute the derivatives such a:
E* is the ground-state energy for H,, Eqs. (7)- (9) can be
adapted for this task. The only difference from that of the
actual ground state is that the derivative of the Hamiltonian,

such as cannot be computed classically. For example,

dxd i’

013129-6
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the expression of the first derivative of the Hamiltonian is

r—1

(x) =

axi

m+ZZm

s=0 a

’ BX
as the expectatlon value W1th respect to [y PO (x)));
(W OEO )L (1) (@D (x)). On the other hand,

in the expression of % [Eq. (8)], it appears as
Re[ (70" (x))| 5

£(x)|0, I/f(’)(e(’)(x)))] The quantities
that cannot be computed classically in Egs. (7) to (9) are the
terms which involves the inner product between the states,
such as Re[(¥ (0 (x))[8,4 (O )} (¥ PO )|y
87 (x)))]. However, notice that if the condition
(WO @)Y (@@ (x))) =0 holds for all x, which we
naturally expect at the optimal parameter, we obtain by differ-
entiating with respect to x the both hand side of the equation,

()

905
; ox;

—(ORe[{¥ (07 ()3, (0 (x))

x (WSO )00 (x)))] = 0. (€2))]

We can therefore ignore the inner-product terms for the
evaluation of derivatives of excited state energy and utilize
the same procedure as the ground-state energy in this
case. Likewise, the inner-product terms that appear in
the higher-order derivatives can also be ignored when the
orthogonality condition (8" (x))|¥ (@ (x))) =0 is
satisfied. The so-called subspace search VQE method [2],
which guarantees the orthogonality condition of the resultant
states, can be advantageous to fulfill such condition.

VII. NUMERICAL SIMULATION

We provide proof-of-principle numerical simulations using
the electronic Hamiltonian of the hydrogen molecule. The
Hamiltonians are calculated with the open source library
PYSCF [48] and OPENFERMION [49]. The simulation of quan-
tum circuits are performed with QULACS [50].

10) 4 Ry, H Ry Ry H Ry Ry H Ry [
10) 4 Ry, H Ry Ry H Ry Ry H Ry -
[ (6))
00 4 Ry, H Ry Ry H Ry Ry H Ry -
10) 4 R, H R, Ry H Ry Ry H Ry -

FIG. 3. Ansatz used in simulations. R, and R, is single-qubit x
and y rotation gate, respectively. The parameters 6 are implemented
as rotation angles of R, and R,.

J0H, JH RIRARICER
____ou+2m(W( ()

WO (x))| + H.c.)

W OOF ) (Y09 (x))| + H.c.). (30)

A. Approximation of the potential energy surface

First, we perform a simulation of the VQE and the methods
described in Sec. IV with the Hamiltonian of a hydrogen
molecule, calculated with the STO-3G basis set, at the bond-
ing distance r = 0.735 A. We use the ansatz circuit shown in
Fig. 3, which is a variant of so-called hardware efficient circuit
[41]. The result of the simulation is shown as Fig. 4. The
ansatz used in this simulation could achieve the exact ground
state, which is called full configuration interaction (Full-CI)
state in the context of chemistry, and therefore, we could draw
the harmonic and the third-order approximation of the Full-CI
energy as shown in Fig. 4. The harmonic approximation can
be used to calculate the vibrational spectra of a molecule,
and the third-order approximation can be utilized for more
accurate description of the vibration.

B. Continuous determination of the optimal parameter

The response equation, Eq. (10), can be used to determine
the optimal paramter 6*(x) from the one at the slightly differ-
ent system parameter, 6*(x 4 dx), that is, to the first order,

*

a0
0% (x + 8x) ~ 0*(x) +
dax

(x)éx, (32)

holds up to the additive error of O(8x%). One can iteratively
use the equation above, which resembles the Euler method,
to obtain the optimal parameter Oy (x) ~ 6*(x) from some
0*(xo) in a range of x around xy, where the error term is
sufficiently small.

------ Full-Cl

- Harmonic approx.
6_0'9| 3rd-order approx.
g « Energy minimum )
=-1.00\}
? \ \\\ /'// ]
c AN S
s T | BN,

0.4 0.6 0.8 1.0 1.2
H-H distance (A)

FIG. 4. The harmonic and third-order approximation of the en-
ergy curve of the hydrogen molecule at the bonding distance, deter-
mined by the simulation of the VQE and the proposed method.
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T
- 1 E(eEuIer(r): r)
Full-Cl

-0.9

Optimized point

hartree)

~ —

Energy

0.5 1.0 1.5

H-H distance (A)

2.0

FIG. 5. The evolution of the energy expectation value when the
circuit parameters are evolved according to Eq. (32), starting from
the optimized parameter at interatomic distance of 1.5 A.

We demonstrate this parameter update in Fig. 5, by plotting
the energy expectation value of |V (Bguer (7)) wWhere Ogyjer (1)
is determined with the iterative use of Eq. (32), starting from
the optimal parameter at r = 1.5 A with the step size 8r =
0.02 A. Equation (32) resembles the Euler method, therefore
we refer to the update of 6 according to Eq. (32) as so in Fig. 5.
It can be seen that in the range where r is sufficiently close
to the optimized point, » = 1.5 A, the parameter determined
from Eq. (32) is almost optimal, but as r goes far from the
optimized point, they deviate fast from the optima. This is
because, as the error of the each update accumulates, the state
becomes a nonvariational state, that is, % # 0, which results
in the breakdown of the response equation, Eq. (10), where we
assumed ‘;’g = 0. This method should be useful for drawing
potential energy surfaces using the VQE, because it can
reduce the time for the optimization of the circuit parameter
by predicting the optimal parameter from the one determined
with the slightly different system. We believe it can also be
combined with the parameter interpolation approach proposed
in Ref. [51].

VIII. CONCLUSION

We have described a methodology for computing the
derivatives of the ground state and the excited state energy.
We have shown the straight-forwardly constructed quantum
circuit to measure the quantities necessary for the calculation
of energy derivatives, and also the low-depth version of the
circuit. The low-depth protocol for the measurement makes
them suitable for the use in NISQ devices. We also performed
numerical simulations of the proposed method, which vali-
dates the correctness. This work enables to extract the physical
properties of the quantum system under investigation, thus
widening the application range of the NISQ devices.

Note added. During the final revision of this paper, we have
become aware of recent article [52] which also describes a
methodology for evaluating energy derivatives. Their work
is based on perturbative sum-over-state approach and differs
from our methods which provides a way to evaluate analytic
derivatives.
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APPENDIX A: DERIVATIVE OF THE OPTIMAL
PARAMETER

We derive the expression for the derivatives of the optimal

parameter, such as m, by Taylor expansion. Assume that

ox;
at x = o, we know the optimal parameter 0*(«). We perform
Taylor expansion of | (6*(x))) and H (x) around «. For H (x),

we obtain
1

2

BH(a)x. 9 9H(a)

0x;

XiX;
0x; J

H(ox +x)=H(a)+ Z

4+ e (A1)

For |4 (6*(x))), we can expand it as follows:

0% (@) I 9 96%(«)
WO (@ +0) = |¥r( 67 + X x4
’ ( ¢ Z 2 3x, ax; >>
3 06
= YO @) + Y 8.9 (0" (@) Z (0‘). Za @,
a f x;  0x;
L . 80;(0) 1 9 963@)
+§ﬂ2b:|3aah‘ﬁ(9 i XI: ax; " Z;Bxi dx; XXy +
a0, (a) d 06, (a)
Xi: A _Zax, x; i T
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When grouped by the order of x,

a0* 1 a 00F
YO (e + ) = Y@ @) + Y %f")|aaw<e*(a>>>xi =DM DI (“)|a ¥ (O (@)))

: ox;
ij

0 0 36F (a)

n Z 00 () 00, (Ol) ax! 3x

ox x|V (O (@) i + Z

0.9 (0% ()

a,b

00 (a) 00, (o) 067 (ar)
j 0x; 0xk

d 007 () 06 (Ol)
3
+ Zax, 0x;

18405 (0% @)} + ) —

a,b,c

1020509 (67 () | Xixjxi + - -+ .

(A2)

We can derive a similar expression for 3,1 (0*(a + x))). Now, we use the condition of Eq. (1) to derive the expression of the
derivatives of 6*(«). Plugging Eqgs. (A1) and (A2) into Eq. (1) and imposing the coefficient of each order in x to be zero, we get
the analytical expression for the derivatives of 6*(«). In the following two sections, we derive the expression for the first and
second derivatives of 0* ().

1. First derivative

For the first order in x, we get

00,
RG[Z((ablﬂ(G*(a))lH(a)lBaW(Q*(a)D + (¥ (0™ (a))|H ()]0, (0% ()))) a;' @) + (Y (0™ (a ))I ( )IW(H (a )))}
(A3)
Note that the first term of Eq. (A3) includes the Hessian of E (6, x), that is,
0 IE(0* (@), o) " " " *
T T = 2Re[({0pr (67 ()| H ()| 3, (87 () + (¥ (0 ()| H ()] 00 (07 ())))]. (A4)
Also, notice that
d 0E(0,x) oH
0 om 2R6[(3b1/f(9)|a—xi(X)ll/f(9)>] (AS)
We define Vg % likewise. Finally, we obtain
0 0E(0*(a), ) 89;(01) 0 0E(B*(x), x) (A6)

36, 30, dx; 90,  ox;

9 AE@0*(@),@)

which is Eq. (10) of the main text. Note that we expect the matrix 5o- T

30 (a)

to be positive definite because 0*(«) is a local

minimum, and thus Eq. (A6) is solvable to obtain —=—

2. Second derivative

The second derivative, 3 i 22 is derived from the second order in x of Eq. (1). We have, from Eq. (1), for all i, j, and c,

1 Z 907 (o) 96 (Ot)

Re| > ™ (e ¥ (6™ ()| H ()|020p% (67 () + (00050 (0™ ()| H ()9 (0% ()

+ (@09 (0" @) H (@) 35 (0" (@))) + (360 (0" @) H (@)[0,9 (6" (@)
1 0 067 (a) " " * *
+§ E P ——— {8y (07 ()| H ()| 3, (87 () + (3,09 (07 (o)) | H ()| (67 ())))
x; 0x

J

39
Y 8x”<< () ) + (0, () >)

J

(a)

(09 (0" (ct ))I [ (0" ()) | =0. (A7)

1
2
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9 0 E 9 IE P : o
36, 36, 30-* 36, 30, AN be used to greatly simplify the above equation, which gives us

1289:(05) 00, () 3 0 8E(6’*(a),a)+ 1 Z 9 005 (a) 0 OE(0*(x), )
4 0x; dx; 096, 00, a6, 4 ox; 0x; 06, a6,

a,

0 H(oz)

1 39* 0 0 0E(@6
1y Pute) 9 9 JEON@. ) [<a VO @)l

3x; 96, 06, ox; [¥ (0% ( ))>]

This is equivalent to Eq. (11).

APPENDIX B: DERIVATIVES OF THE GROUND-STATE ENERGY
1. First derivative

The first derivative of the energy is calculated as

ad

= 8—<1/f(9*(x))|H(x)|1//(9*(x))>,
Xi

Ay (0" (x)))
d

i

oH
= ZRC[W(@*(JC))IH(X) } + (1//(9*(x))|a(x)hﬂ(@*(x))),

0% oH
=2 g(x)Re[<w<e*<x>)|H(x>|aaw<0*<x>>>1 + (Y (6" () = WY (0% (x)),
- X; ox;

and first term of the above equation vanishes by Eq. (1) of the main text. Thus we get

oE™ oH
3 () = (Y (0" (x), ©)| — ()Y (6" (x), x)),
Xi 8)6,‘

which is Eq. (7) of the main text.

2. Second derivative

Here, we derive the expression for the second derivative:

0 JE™* oH
E™ ( )= — (W(G*(X))I—(x)IW(Q*(X)))
x; 0 ox; 0x;
|y (O 0 0H
= 2Re[(1ﬁ(9 (x ))I ( )w} + (YO ()] o —— )Y (0% (x)))
X X; ox; 0x;

ol 00y
- 2ZRe[(!ﬁ(@*(X))Ig(x)wa‘”(e*(x)))} o |

89*
=2 3 Vo (W (0" (x ))|——<x>|w<9 (x))).

This is Eq. (8) of the main text.

3. Third derivative

Third derivative can be calculated as follows:

d 9 OE* 0
9% 9%, 0%t (x) = a—)ﬁ(g: X S0 o (Y (0" (x ))I——(x)lw((? (x))))

o« 0 00 D OE
= Ly 0x; 06, 0x o (%a_( x x))
(Y(@*(x)) 0 oH 0
+2Re [8—%8—8—( VACH (D))} (VO™ (x ))|a—a—a—(x)|l/f(9 ()
o« 0 90 00r 00y [0 9
= Ly 9x; " 90, 9x O x)+z Do & )(aeb 30, Ixy )
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+2Z
+2Z

This expression [Eq. (B3)] can be simplified so as to avoid the explicit calculation of % ZX* By multlplylng 96, ¢ to Eq. (10) and

LD OH
[ 9y (0 (xmﬁa_kae (X)))}

0 o0H a
[3 w(Q*(X))Iaa—)q((X)II/f(G*(X)))] (Y (O (x ))Ia—a—a—( DY (O (x)).  (B3)
J

e 3§ to Eq. (11), and combining them, we obtain
3 90, & OE 3 3 AE 96, 36, 36, 3 3 OE 36, 36, 9 OH
o —=) 2K 0y X ORe [<8 ¥l— —|w>} (B4)
Xi an Bea axk he 89,, 891, 30( 3xk Bxi BXj b 80a 89b BXj E)xi axk ox, Bx]
This yields
0 90 ! o WO 2 oo o)
i X) = b ———(x X
dx; 0x; 0x “ 96, ae,, 30, dx; 0x; 0x
0% (2% () 20 96 06y D B
* Z [ x50, 96, om axe ™ ox 50, 96, x;
0r 067 0 0 OE 3 oH
d 2 a R a 9* - 9*
( )8xk 36, 30, 9x }-Ir Z[ () e[ Y ( (X))Iaxj 8xk(X)Illf( (X)))}

. .. 0 0H ) . .. 0 0H \
[(3u¢(9 (X))IEE(X)W(@ (X)))} + [((%W(Q (X))Ia—xkg(X)IW(G (X)))H,
i J i

(BS)

which is Eq. (9) of the main text.

APPENDIX C: COMPARISON OF THE COST WITH THE FINITE-DIFFERENCE METHOD

1. Cost in estimating the second derivative with the proposed method for quantum chemistry problem

First, we give a simple analysis of the cost of the proposed method in the case of computing the second derivative. We assume
that the derivatives of the given Hamiltonian, %dTIZ, are decomposed into a sum of Np,y; = O(n*) Pauli operators like Eq. (13) by
the use of the Jordan-Wigner transformation. The expectation values are taken by evaluating every Pauli operator with Ngymple
samples independently for simplicity.

a. Errors in reduced density matrices

The evaluation of 0(n4) Pauli operators provides us single-particle and two-particle reduced density matrix (1,2-RDM), that
is, {cfc i} j=1 and {clct ckcl}, ' k1=1- BY the Hoeffding’s bound, the estimated expectation values of each Pauli operators, P),
satisfies

1(P) — (P)| < €paui (C1)

with probability at least 1 — exp(— Nsampleepauh /2). Under the Jordan-Wigner transformation, cTcTckcl is decomposed into sum of

16 Pauli operators, each with coefficient of 1/16. The probability of all such 16 Pauli operators be1ng estimated within the error
of €p,y; is at least 1 — 16 exp(—Z\I‘gampleoglgauli /2) by the union bound, which implies that each element of 2-RDM are estimated
within an error of €;rpm = €payi With at least this probability. Since the 2-RDM has n* elements, the probability that all of the
estimated value of elements of 2-RDM is accurate up to e;gpy is at least 1 — 16n* exp(—Nsampleelgauli /2). Therefore, to achieve
the error of €;rpMm for each of the term with probability 1 — §, we can take Nyample = O(log(n/8)/ e%RDM).

By evaluating parameter-shifted expectation values of the Pauli operators, such as (Q) 4, ., +),(b,v,+), We obtain the derivative
of the RDMs, such as Biﬂa 3%;, (w(e)lcjc;ckc;h/f(e)). Here, we assume for simplicity that each unitary U,(6,) in the ansatz has the

form of U,(6,) = exp(i6,P,/2). To obtain the second derivative, this requires us to evaluate 4N92 expectation values for each Pauli
operator appearing in the Hamiltonian. We combine them according to Eq. (23) and then Eq. (21). By denoting the estimated

2 (P) 32(P)

value of 6-derivatives of each Pauli operators as 755 9.6,

we can again state by the Hoeffdings bound and the union bound,

2(P)  0%(P)
00,0, 00,0,

< €pauli 2 (C2)
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with probability at least 1 — 4exp(—Nsamplee§ath2 /2). Likewise to the above discussion, 16 6 derivatives of Pauli operators
contribute to one element of the 2-RDM derivative. This implies that, by the union bound, the estimation of each element is
within the error of €xgrpyr2 = €payii,2 With probability at least 1 — 64 exp(—Nsar.m]eosgauh,2 /2). Hence the probability that all of the
element of the 2-RDM derivative is within the error of €xgpy2 is at least 1 — 64n* N7 exp(—Noample€p,yi »/2)- Therefore, also in

this case, Ngample = O(log(nNy /8)/ E%RDMQ) suffices to obtain the accuracy bounded by exrpm 2 With probability 1 — 8. The same
bound also holds for the estimated value of 1-RDM and its derivatives.

b. Error in the solution of response equation
For simplicity, we denote each element of 1,2-RDM by C,, that is, C, € {c*cj, cj'cjckcl}l’{ jki=1» and corresponding

coefficients as hy € {hij, hijul; ; ;. ;=) Here, we analyze the error in 0 JEE0X) This term is evaluated by solving the response

86, o
equation
a BE(Q (x), x) ohy (x) a(C
C3
96, 0x; Z 0x; ©3)
Taking Neample = O(log(nNy/8)/€?),
a BHQT()C), x) 9 IE (0*(x), x) Z dhy (x) (4
00, 0x; 90, 0x; 0x;
holds for all a € {1, - - -, Ny} with the high probability 1 — §. It also follows that
N e .
Z 9 0E(B*(x),x) 9 OE(H (x),x) < Npe? Z dhy(x) ©5)
a6, 0x; 26, 0x; 0x;
a=1
Similarly,
& S [2EO (). x) | 9E(O" (), x) ’ ’
’ < N2e? he ) C6
; bz; 90400, 06,00, | (;' (x)|) (C6)
39;( 2N computed on a classical computer by solving Eq. (10). To bound the error in 393 which originates in the error in ag 51)201,
and ﬁ 3—E, we use the following lemma [53].

Lemma 1. Let A and b be a matrix and a vector, respectively. Let AA and Ab be their errors. Suppose y and y are vectors
satisfying Ay = b and (A + AA)y = b + Ab. Then,

y — A Ab AA
ly —yll2 < K( )HAAII <|I ll2 L l ”F) 7
Il 1= @A gl Al
holds under the condition that ||[A~!||g|| AA||r < 1, where | - ||, is the vector 2-norm, || - ||r is the Frobenius norm, and «(4) =
A=Yk NAllF is the condition number of A.
This can be utilized to state,
) 1/2
|55 = 252 k Yo l5el | Noe' X, 1ha ()] )
B2 SRR\ g )
o 1- s 36, ox; 30,00, I P
sy
where « is the condition number of %.
c. Overall error
The last term in Eq. (8), %, is evaluated by
10Xj
32E (0*(x), x) 8%hg (x)
— =) (G). (€9
8xi8xj o 8x,~8xj

By taking Nmple = O(log(n/8)/€"*) for some €’ > 0, the error in each expectation value is at most €’ with a high probability
1 — 4. This implies that the error in the estimation is

I2E (0% (x d2E(0* 9hy
6*(x),x) (0™ (x), x) <6/Z _ (C10)
axiaxj ax,-axj o axiaxj
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The error in the first term in Eq. (8), ), aai“ % gf can be evaluated as follows:
Zae 3 OE 30* 3 OE Z a0; 003 aaE+Zae* 3 OE 9 OE
0x; 89 0x; ox; 06, 8xj 0x; ox; | 00, ox; - dx; \ 96, Z)xj 89,, 0x;

20*  30* 9 O L2 9 OE 9 OE
ox; 8x,- 5 00, 0x; ) ox; ||, | 96, 0x; 36, dx; s
Therefore overall error is
BE* 9°E* 00r 90| | 3 9E 00| | & 9E 3 9E | 8%hg
Bxiiixj Bxii)xj Bxi Bxi ) a@a BXj ) 8x,~ 2 890 ij 890 an ) 8)6,‘3)6]‘
" 1/22 dhy 1/2 2
H 30, | (N |5 o No X Ihal g 5y 9%hy
ox; R W TN 3) R T o | 9%i0x;
H{dwbmf o O 0%
To upper-bound this error by €, we want €’ to satisfy
1/2 '
H lom kNy? 3, (Nel/z Dol NGZ |he |> /22 Z 9%he, €11
x 9 oF 2 O
0x; e "' o \ % )] T, 3XJ 03i0%;

N

The number of samples per measurement we need to achieve this bound with probability 1 — 6 is Ngample = O(log(n/8)/ €?).
Therefore, in total, the number of measurement required for our protocol is

N e = O(Njn* /€ 1og(n/3)). (C12)

sample

Note that « should not be too big for a good ansatz, because it implies the VQE would suffer in the optimization of the parameter.

2. Cost in estimating the second derivative with the finite difference

Here, we analyze the cost of the finite difference approach where we use the formula,

2 LH(x - . .
% = (E*(x + he;) + E*(x — he?) — 2E*(x)) /1%, (C13)

with some step size /. e; is a unit vector with an entry 1 in the ith element. The following lemma, which helps to bound the error,
can easily be shown with simple arithmetics.

__Lemma 2. For a function f : R — R, a step size &, and an approximated value of the function f (y) atapointy € R, such that
| f (y) — f(»)| < €, the following inequality holds:

fO+M+fo—h =270 _
h2

@ Cl4
12 ze[) hv+h] @ + ( )

f'o) —

Taking Ngample = O(log(n/8)/€"?) bounds the error in the estimation of E*(x) to |%—E*(x)| €y, lhe| with

probability 1 — §. Assume that we want to suppress the error of the second derivative to €, that is, |a E” (x) 2E*(’C)| <e. To
achieve this, we need
h? E* 46”
= hy| = Cl15
12 [ b ax;.* Z fhal = €. (€1
from which we find
Y h2e n IE* (C16)
= — max |——
4% lhel 48, |he| i—hxi+hl | dx}
Therefore, the total number of NISQ runs to achieve the error of € can be written as
log(n/d)
2.4
Nf;’[‘nple = 0| N;n o m Py (C17)
(m T 2y, hal MK xi—hxith) |W )
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