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Nuclear two point correlation functions on a quantum computer
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The calculation of dynamic response functions is expected to be an early application benefiting from
rapidly developing quantum hardware resources. The ability to calculate real-time quantities of strongly
correlated quantum systems is one of the most exciting applications that can easily reach beyond the
capabilities of traditional classical hardware. Response functions of fermionic systems at moderate momenta
and energies corresponding roughly to the Fermi energy of the system are a potential early application
because the relevant operators are nearly local, and the energies can be resolved in moderately short real time,
reducing the spatial resolution and gate depth required. This is particularly the case in quasielastic electron
and neutrino scattering from nuclei, a topic of great interest in the nuclear and particle physics communities
and directly related to experiments designed to probe neutrino properties. In this work we use current
quantum hardware and error mitigation protocols to calculate response functions for a highly simplified
nuclear model through calculations of a 2-point real time correlation function for a modified Fermi-Hubbard
model in two dimensions with three distinguishable nucleons on four lattice sites.
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I. INTRODUCTION

Quantum computing holds the promise of enabling
calculations of the real-time evolution of quantum systems,
with a wide range of applications across many areas of
physics including electronic many-body problems, con-
densed matter, cold atom, nuclear and particle physics.
Quantum dynamics with more than a few particles easily
exceeds the capabilities of traditional computers because of
the extremely large number of basis states and the oscillatory
nature of the path integrals involved in evaluating cross
sections and transition rates. In specific cases such as low-
energy resonance scattering and high-energy semiclassical
approaches, valuable information can be gained with
classical computers [1,2]. Quantum computing, though,
has the potential to perform calculations of quantum
dynamics beyond the reach of classical computing.

The linear response of quantum systems is a promising
candidate for early applications of quantum computers [3].
Linear response, as measured for example in neutron

“abaroni @lanl.gov
Tcarlson@lanl.gov
“rajan @lanl.gov
Scli@fnal. gov
'”perdue @fnal.gov
'a.roggero @unitn. it

2470-0010,/2022/105(7)/074503(14)

074503-1

scattering from materials or electron and neutrino scattering
from nuclei directly probes the structure and dynamics of the
underlying system. By adjusting the momentum and energy
transfer one can focus on different scales. Even seemingly
simple cases, where the transfers are of the order of the Fermi
momentum, can yield rich physics. While at larger momen-
tum transfers the response is largely a function of the
momentum distribution or spectral function of the target
[4,5], at more modest momenta two-nucleon physics includ-
ing two-nucleon currents, correlations, and charge exchange
can become quite important [2,6—8]. These effects can play a
role, for example, when trying to measure neutrino proper-
ties through neutrino-nucleus scattering in experiments
including MiniBooNE, MicroBooNE, T2K and DUNE [7].

The linear response function for a specific quantum state
(often the ground state) is defined as

S(@.q) =Y _[{¥|0(q)[f)PS(w— (Ef = Ep)). (1)
7

where |¥,) describes the ground state with energy E, the
sum includes all final states |f) with energy E;, @ and q
denote respectively the energy and the three-momentum
transfer injected in the system by the external probe, and the
operator O(q) describes the coupling of the system to the
external probe. For electron scattering from nuclei there are
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two response functions describing the longitudinal (charge)
and transverse (current) components of the response [9]. For
neutrino scattering there are five response functions for a
given momentum and energy transfer, the cross section is
given by a linear combination of these response functions
that depend upon geometry (e.g., the lepton scattering angle)
and the particle (e.g., electron, neutrino, or antineutrino)
being scattered [10]. The response functions govern the
inclusive cross section where all final scattering states are
summed over and only the lepton kinematics is specified.

Equivalent information is available from the Fourier
transform of the relativistic two-point correlation function
in real time 7,

Su(q0-q) —/d“xeiq"(‘l‘oIO*(%X)O(O,O)I‘Po% )

which in the nonrelativistic limit is the same as the real-time
equivalent of Eq. (1), i.e., Sy(go,q) = S(w, q). Classical
simulations in discrete Euclidean time 7, for example of
lattice QCD, give an analogous two-point correlation
function,

Ci(re.q) = Zeiq'X<TO|OT(TE7X)O(O’O)Wo)’ (3)

X

where in both cases the operator O can be the electromagnetic
current. We recall that Cp and S, are related
through the following Laplace transform Cg(zg,q) =
J drge™"eSy,(qo. q). The problem of obtaining S, from
Cp is in general an ill-posed problem. The lattice calculation
can be done only at a finite number of discrete values of 7z
with the data having errors that typically grow very rapidly
with 7. These errors get exponentially amplified by the
inversion procedure. Various techniques have been developed
in order to obtain good approximations of the frequency
response S, starting from Euclidean data [11-15]. These
approaches are often able to reconstruct signals with simple
structure, such as a quasielastic peaks which are composed of
one broad peak [6] or observables that can be recast directly
into Euclidean timelike transport coefficients dominated by
zero frequency modes (seee.g., [ 16]), but the systematic errors
are difficult to assess reliably in the general case.

Quantum computers could perform simulations in real-
time; however, anumber of challenges needs to be solved such
as the preparation of the ground state |¥,), the application of
the operator O, the evolution of the system for time 7 long
compared to the relevant energy scale, 1/ ¢y, of the calculation
while preserving coherence, and lastly transitioning back to
the ground state through the second insertion of the excitation
operator O. This work is a step in that direction.

In traditional approaches to the nonrelativistic response,
an integral transform of the response is calculated (such as
Laplace, Lorentz or Gaussian, see e.g., [6,17-21]). The
imaginary-time two point function is calculated in quantum

Monte Carlo approaches, and is equivalent to the non-
relativistic limit of lattice QCD evaluations.

At high energy and momenta, the response can also be
calculated through local properties of the initial state
(momentum distribution or spectral function) [4,5], short-
time expansions of the nuclear propagation [2]. The single-
particle Green’s function yields information on this response,
while the short-time approximation incorporates the cou-
pling and propagation of pairs of nucleons in the final state.
The short-time approach guarantees that the calculated
response reproduces the energy independent and energy-
weighted sum rules Ey(q) and E,,-(q) defined as

E,(q) = (¥|0"(q)H"O(q)[¥y). (4)

where H™ is the Hamiltonian to the m™ power and is
available from a Taylor expansion of the real or imaginary-
time response at short times. Including the two-particle
ladders in the propagation reproduces reasonably well
quasielastic scattering in simple test cases; it is equivalent
to one sophisticated Trotter step in the real-time evolution as
described in Ref. [2]. This approach provides a natural
explanation for the scaling with momentum and nuclear
system size observed in electron scattering [2]. Quantum
computers, though, can, in principle, follow the real-time
evolution of the system over larger distances and longer
times, enabling reconstruction of the response at lower
momenta and energies. They may also be used to calculate
cross sections to explicit final states, a much more chal-
lenging task on even future quantum hardware [22].

In this paper we study two-point functions of a simple
nuclear model, first introduced in Ref. [23], using current
quantum hardware, and recently developed error mitigation
strategies [24,25].

II. LATTICE MODEL AND RESPONSE FUNCTION

We follow the approach originally developed in Ref. [23],
where we considered a model for the triton nucleus on a two-
dimensional lattice with periodic boundary conditions, with
two dynamical nucleons and one static particle on a specific
lattice site. The model considered is equivalent to a two
species Hubbard model with two- and three- body inter-
actions. At the leading order in pionless effective field theory
[26], the Hamiltonian describing the low energy dynamics of
a system of nucleons discretized on a lattice can be expressed
as follows [23,26,27]:

Ny Ny
H = "Z Z CiT,ijf + UZ Z n N g
=1 (i)

i f<f

+V Z Zni,f”i.f’”i,f”’ ()

f<f/<fll i

where the particle number operator n; r = cjfcif, with ¢;¢
the destruction operator at site i of species f. The kinetic
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energy (or hopping term) in the first line contains a sum (i, j)
over nearest-neighbor sites on the lattice. This corresponds to
a generalized Hubbard model with N ; fermionic species and
the addition of an on site repulsive three-body interaction.
For applications in nuclear physics one typically considers
Ny = 4 fermionic species corresponding to neutrons and
protons in both spin projections. The numerical values of the
couplings #, U and V are reported in Table 1 of Ref. [23]
(taken from [28]) and correspond to a lattice spacing
of 1.4 fm.

Similarly to Ref. [23] we will also introduce an addi-
tional local term on site 1 of the lattice given by

Ny
Hge = UZ nyy+ Vznl,fnl,f” (6)
/=1 r<f

with the same V and U used in the general model of Eq. (5).
As explained in Ref. [23], this additional interaction term
mimics the presence of an additional particle at that spatial
site that is treated statically.

In order to describe scattering process with external
probes, like neutrino-nucleus scattering, we now resort to
linear response theory. We consider an interaction of the
system described by the Hamiltonian in Eq. (5) with an
external “weak” probe injecting momentum,

T
Qe =+ (X Vi 7). (7)

L

with L the spatial length of the lattice in 3 dimensions and
X Yi» 2k positive integer numbers denoting the location of
site k on the reciprocal lattice. In this initial exploration we
seek to describe probes that couple to the nucleon density
as in neutron scattering or a part of the nuclear longitudinal
response and described by the following interacting
Hamiltonian:

Ny Ny
Hi(q) = Zﬂf((h) = Z ef'zelqk'ri”i,f'a (8)
= = 7

where r; = (x;,y;, z;) denotes the location of site i on the
spatial lattice, p; and e, denote respectively the charge
density operator and the charge for the species f. We notice
that from now on we will use the symbol H; to represent
what we denoted with O in Eq. (1) as the excitation
operator. We consider the system to be initially in its
ground state |¥,) and, in the linear response regime, the
probability to transition to all the final states |n) can be
obtained using Fermi’s golden rule,

S(@,qc) = Y _|(WolH(ai)|m) P3(E, + o = Eg),  (9)

analogue of Eq. (1). We recall now the known identity,

odr .
Sw.00) = [ 5r e (ol (a0 Hia) o)

o0 &

©dr .
_ /_ " Sre (). (10)

relating the response function in frequency to a two-
point time correlation function C(z, q; ). This definition uses
H,(z,qy) = e"H;(q;)e~""" as the interacting Hamiltonian
in the Heisenberg picture. One of the goals of the present
work is to study the feasibility of reconstructing the fre-
quency response S(w, q;) from a (possibly noisy) estimate of
the correlation function C(z,q,) defined above. This is a
classic problem in linear response theory and efficient
quantum algorithms have been developed in the past for
the calculation of the response function through both real-
time simulations [29-31] and by direct sampling in frequency
space [22,32]. Recent work also proposed quantum algo-
rithms to study directly Green’s functions [33,34]. In this
work, we estimate the two-point function C(z, q;) directly
with a quantum simulation of a small system using current
generation superconducting devices. We use an efficient
algorithm originally proposed in Ref. [29] that requires
one additional ancilla qubit and the possibility to apply
the interaction Hamiltonian H;(qy) controlled on the ancilla
state. This requires H;(q,) to be unitary, but the scheme can
be easily generalized to interactions that admit a short
expansion into unitaries as we do for our example model
described in the next section.

A. Real time correlation functions

The quantity that we will calculate in the following is the
real time response function defined by the rhs of Eq. (10)
explicitly reported below in a compact notation,

C(z.qr) = (WolUT(v)H; (qx) U (2)H (g ) [¥o)
= (UT(0)H(qu)U(7)H;(qr)). (11)

with U(z) = ™7 the real time evolution operator. We can
express the interacting Hamiltonian, after a mapping to
qubits, as a sum of Pauli operators,

Hi(qi) = Zai(qk)Pi’ (12)

i=1

with P; € {1, X, Y, Z}®" tensor products of Pauli matrices.
The two point function can then be expressed as

L

Clr.qi) = Z ay (Qi)ai(ax)si (7). (13)

ii'=1

where, for convenience, we have defined the following
matrix elements:
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Si’,i(T) = (Po|Vi(7)|Po). (14)

with V;:(z) = U'(r)P;U(7)P;. As explained in Ref. [29]
the above quantity can be evaluated using the Hadamard
test for the unitary operators V;, and using gate identities
we can write

where we have in principle two controlled and two
anticontrolled unitary operations. Using the fact that a
controlled and anticontrolled of the same unitary is equiv-
alent to a single unitary acting only on the target qubits, as
stated in Ref. [29], we have

0) —{H}—9 A »
. 16
)

The anticontrolled gate (i.e., a gate applied when the ancilla
is in |0)) may be expressed in terms of a controlled gate
(i.e., a gate applied when the ancilla is in |1)) used
conjugation with the X gate,

This modification is useful since it is often the case that gate
libraries of current quantum devices have a controlled gate
instead of an anticontrolled gate. In addition, the last X gate
can be avoided by appropriately redefining the measure-
ment operators.

As first noted in Ref. [29] the following quantum circuit
allows us to compute s;;(7) using only controlled Pauli
operators and the application of one unitary transformation
dependent on the time ¢, leading therefore to significantly
shorter gate depths than a direct implementation of the
circuit reported in Eq. (15). Measuring the ancillary qubit in
the basis corresponding to the eigenstates of the three Pauli
matrices leads to

(X) = Re(syi(7)),  (¥) ==TIm(s;i(7)), (18)

and it is easy to see that (Z) = 0. We notice that the total
number of measurements necessary to obtain the above
result with statistical precision € is bounded by

2 4

L L
N < Zmax|[Hy (gl < 5 maxmaxas(q) (19)

where we have defined, similarly to Ref. [23], the following
expression:

L 1/q
||H,<qk>uq=(2|ai<qk>|q) Cfrgs1. (20)

A proof of this result may be found in the Appendix C 1.
The strong scaling with the number of terms can be
mitigated in a number of different ways. On a fault-tolerant
quantum device one can obtain O(L/¢) using amplitude
estimation [35,36] by trading the number of repetitions
with a comparable increase in the gate depth. One can also
completely remove the L dependence from the number of
measurements by directly applying the interacting
Hamiltonian H;, controlled by the ancila qubit in the
circuit diagrams above. Alternately, one can implement
the sum in Eq. (12) using the “linear combination of
unitaries (LCU)” algorithm [37] and performing the quan-
tum control on the PREPARE unitary instead (see also
[25]). Of course, these two techniques can be combined
together to obtain the benefits of both. The quantity we
actually calculate on a quantum computer is

Clz.q) = (VI (0 H () V(1) H (q0)|¥).  (21)

where |¥) is an approximation of the exact ground state
|¥,) with fidelity F and V(z) is a generic approximation of
the time evolution which can be chosen such that

w6 - v <<, 22)

We can therefore bound the difference between the ideal
response function and the approximate one as

IC(z.qx) — Clz. qi)| < [|H (qu)|[}(e(r) + V1 - F), (23)
where we have defined
F = [(¥]¥0)]%, (24)

and a proof of this bound is provided in Appendix C 2.

III. LATTICE MODEL MAPPED TO QUBITS

The model defined in Eq. (5) can be mapped to qubits in
various ways as described in Ref. [23] (see also [38] for an
alternative based on the Gray code). In the following we
will consider the case of two flavors and four lattice sites,
with the first quantization mapping already employed in
Ref. [23] and that we report here for completeness,

=111 2)=[1). B=[1]). M=)

We notice that with the mapping above we use 2 qubits for
each of the two particles to store their lattice site. Using this
mapping in the 4 qubit Hilbert space, the Hamiltonian
operator from Eq. (5) with the addition of the static
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contribution from Eq. (6) takes the form,
U 4
H= 8t+5—2tZXk
k=1

U U
-5 @i+ 125) - > 227, (25)

i<j<k

when mapped to qubits, the interacting Hamiltonian of
interest from Eq. (8) becomes

Hi(q) = Z erlao(qi) + a1 (qi)Z,
fe{A.B}

+ ar(qr)Z, + a3(qi)Zs). (26)

where explicit expressions of the coefficients a;(q,) are
reported in Appendix A. The initial state preparation
follows the approach in Ref. [23] and has a numerically
exact fidelity relative to the exact ground state of 96.2%
using the definition of fidelity reported in Eq. (24).

The calculation of Eq. (11) requires the implementation
of approximations of the time evolution operator leading to
the approximate two-point function reported in Eq. (21). In
this work we will use first order Trotter-Suzuki approx-
imations. We define the following three Hamiltonians
(using bd as abbreviation for body):

4
H{" = 213" Xy,
k=1

2bd u
HE‘ ) — _2(2124 +2,75),
U
HG3bd) — - Z Z,Z;Z,. (27)
i<j<k

We recall that the time evolution for each of these
Hamiltonians can be decomposed exactly into one- and
two-qubit gates using fundamental circuit identities [23] (see
also [39] for general constructions). We can explicitly check
that the total number of first-order Trotter-Suzuki splitting is
four, and we will group them in two categories called A and
B and defined as following. We will indicate as A time
orderings the following decompositions:

. (1bd) . (2bd) _17(3bd)
UAI(T> —e iH, Teo iH, " t—iH ‘r’ (28)

Up(z) = miH emiH )z it (29)

and we note that the two-body and three-body part commute.
For the remaining two time orderings, it iS convenient to
define the following Hamiltonians:

U
= —ZI(X,' +X]) —*ZiZj, (30)

HG ;

3 : E — 2 -
- xact b A,
g 2 i 1 = Trotter - Al e B
& 1 | = = Trotter - A2 ’ <
S | « = « Trotter - Bl // {1 £
~ 0 Trotter - 0 P
' E
At RS
o -l ~
st 13
T 2 )
-3 -2 8
=
. 2 2 g
L N -
Ay 9
= 1 1 g
Q M-y,
“ T 1 &
L0 =
s I 1 'I:
8 -1 -1 o
o0 02 04 06 08 0 02 04 06 08 1
Time t Time t
FIG. 1. Real and imaginary parts of the response function at

different lattice sites using time orderings Al, A2, Bl and B2
compared against the numerically exact calculation, for the
problem described in the text. The top panels are for q =
(0,1) while the bottom panels are for q = (1, 1).

where (i,j) € {(1,4),(2,3)}. The real time evolution
operators for the B time orderings can be written as

Up(7) = e‘ng'4>Te_iH§'3)Te_iH(3bd)T, (31)

Upy(z) = e 5 gmitly Ve ity Ve, (32)

We notice that the commutator [H"/), H&D] for i # j #
k # 1 is vanishing. We report in Fig. 1 the comparison
between the exact and the approximate time evolutions for
the problem considered at different lattice sites for the full
response functions. We note that for small times all the time
orderings seem to be quite close to the exact time evolution.
The ordering B2 works better than the others for the
imaginary parts of the response function for longer times.
We also notice that sums rules are exact for the B-type
propagators.

In order to implement the decomposition from Eq. (31)
in the circuit shown in Eq. (17) we use the three-body
operator derived in Ref. [23] and reported for completeness
in Appendix B. We report in Fig. 2, as an example, the two
circuits needed to calculate the correlator (Z,(7)Z3) using
the two different time evolutions Ug;(7) and Ug, (7). We
can obtain similar expressions for the A orderings. The
CNOT gate count for the various time orderings and
correlators for one Trotter step is reported in Table I. We
notice here that the fact that term B1 is much more
expensive than term B2 can be easily understood looking
at Fig. 2. As it can be seen for the ordering B2 the diagonal
three-body term commutes with the second controlled Z
gate and can therefore be removed, while for the ordering
B1 this simplification is not possible.

A more detailed example of the implementation of
the above algorithm for the calculation of the two
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T €

+) (X] I A
o —iH3Y £ |
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e—iH‘“”“)r
T3 —|Z|— @9, —
T, — 1€ |

FIG. 2. Circuits for the calculation of the correlator (Z;(#)Z3) using the time evolutions B1 (left) and B2 (right).

correlators (Z,(7)Z3) and (Z4(7)Z5(t)Z,Z,) is reported in
Appendix B.

IV. RESULTS

We report here results for both the real and imaginary
part of the approximate two point correlation functions
C(z, qx) from Eq. (21) obtained using the IBM five qubit
machine Ourense [40]. We used the IBM quantum pro-
gramming language called Qiskit [41] to implement the
above circuits. We applied to the results of the noisy
quantum processing units error mitigation protocols devel-
oped in Refs. [23]. In particular we first used readout error
mitigation with associated error propagation, and then the

TABLE L. CNOT gate count for the implementation of the two-
point function calculation using different decompositions of the
time evolution operator. Different rows correspond to different
operator structures (see Appendix A for details).

Al A2 Bl B2
(Z\(1)Zy) 19 6 26 8
(Z,(1)Zs) 25 9 28 11
(Z\(1)Z,()Z32Zy) 25 15 28 15
(Z,(2)Zy(7)Z,Zy) 30 9 29 13

[N}

zero-noise-extrapolation (ZNE) as described in Ref. [23]
(see also Refs. [24,42-44] and the Appendixes of [25,45]
for more details on our implementation).

The final two point functions at two different values of
the momentum transfer are shown in Figs. 3—4. We notice
that for the real and imaginary part of the two point
correlator at momentum transfer q = (0, 1), the bare
results on current quantum hardware deviate only slightly
from the numerical results, and the applied error miti-
gation procedure, brings the machine results very close to
the numerical ones. In particular we notice that the time
ordering A2 and B2 lead to better agreement with the
numerical calculations with respect to their counterparts
Al and BIl. The higher infidelity could have been
anticipated by noticing the different CNOT gate count
(higher for the orderings A1 and B1 compared to the
orderings A2 and B2, see Table I). We also notice that the
first order Trotter approximation used here is a good
approximation for the exact time evolution for times
around 0.1-0.2 (see results in Fig. 1); however, in an
actual calculation aimed at reproducing the exact time
evolution higher order Trotter formulas should be used.
The calculation of the real response function at momen-
tum transfer ¢ = (1, 1) shows more discrepancies with
numerically exact results, and in particular for the

. l | E I 7 0.5 E
2 Exact 1 A~
< > Exact

E F —— Trotter - Al 1+ -1 3 E —_— Ti'(gtcler -B1 0 E
S 1 A Ourense - bare EJ T 1 A Ourense - bare 1 £
Q.‘ I Ourense - mitig. | g 4 | Ourense - mitig. | 05 P
A o y 0.5 o E

L ; > ol ;
o — =] ~
s F £ '3
] ) B -1 O L )

o I R RN N B IR R R M PR | | | | ‘ T, | | | R RIS

UL L [ SO B B IS L= — 1 1 1 1 — 1 1 1 ] =

=1 Exact g 7 1 ~ 2~ Exact T o ;:f

E 2‘!\.\\ : = Trotter - A2 + /‘ —1 E’ E - .\“ « =+ Trotter - B2 N ] E\
= | Ourense - bare _| i = - A OQurense - bare .

< ] re B= < | —+ -0.5.5

‘:‘2 | . ® Ourense - mitig. ,, & S 1 B ® Ouronse - mitig. \‘ s _‘_ _‘_ .7|-05 -5

- ok A & ¢ H0 g &t ‘e 1 s £

=t A p ’ 17 o N 4 \E L a ] a7
. S ;
g C, » 1%, : 11z 2} ‘-!‘g‘ [ ey’ F
S I LW 1 1 \o\: % | £ <© L ~I it 1
Bl I A R R R P R st NN B L R S RO R B PR R R R L, ©
0 02 04 06 08 1 0 02 04 06 08 I 0 02 04 06 08 1 0 02 04 06 08 1
Time t Time t Time t Time t
FIG. 3. Real and imaginary parts of the response function wave vector ¢ = (0, 1) using time ordering A1, A2 (left panel) and B1, B2

(right panel) obtained from the five qubit machine Ourense [40]. For the Trotterized time evolution, black lines, green and red dots
denote the numerically exact result, the bare estimate from the QPU and the error mitigated results, respectively. The dashed grey line

represents the exact dynamics with no time step errors.
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FIG. 4. Real and imaginary parts of the response function wave

vector q; = (1, 1) using time ordering A1, A2 (left panels) and B1, B2

(right panels) ran on the five qubit machine Ourense. Black lines, green and red dots denote respectively the expected result, the bare
estimate from the QPU and the error mitigated results. The dashed grey line represents the exact dynamics with no time step errors.

imaginary part the mitigated hardware results are signifi-
cantly different from the exact ones. In order to asses the
quality of the above runs, similarly to what has been done
in Ref. [25], we introduce the following error metrics, the
chi squared and the normalized sum of squared deviations
(nssd), defined respectively as

N (e) 2
Th‘lk - C (7, qp)]
‘Ik = E , (33)
=1 AC(Tlv qk)]
Z Th‘lk) C(e)(TI’Qk)]z
nssd(r, qy) =1 | . (34)
”C()(sz(lk)]z

where N is the number of time steps used, and C')(z,, q;)
and C"(z;,q,) denote respectively the exact theoretical
and the experimental results. These two error metrics serve
two distinct purposes: the y? is used as an indication that the
error estimation is appropriate, and large values indicate a
residual component of unaccounted systematic error, the
nssd metric instead is useful to understand the performance
of the error mitigation routine in reproducing the centroid
of the distribution of the observables. In the following we
use for nssd a value of » = 0.1 that denotes a 10% relative
error. We first discuss the real and imaginary time corre-
lation function at momentum transfer q = (0, 1) reported in

TABLE 1L
using different time orderings.

Table II. The value of the error mitigated y? is between 10
and 50 times smaller than the corresponding bare (unmiti-
gated value). For the nssd metric instead the mitigated value
is between >1 and 5 times smaller than the unmitigated
ones. This suggests that the error mitigation techniques in
this case favors the improvement of the dispersion of the
results. We also notice that the worst performing ordering,
i.e., with corresponding higher error metrics, is B1 for both
cases and that can be explained by the high gate depth of its
implementation. We can now discuss the quality metrics for
the real and imaginary part of the correlator at momentum
transfer q = (1, 1), reported in Table IIIl. While the error
mitigated values of both y? and nssd experience a reduction
with respect to the bare values similar to the previous case,
the final mitigated numbers are much higher. We notice that
the calculation of the two-point function at momentum
transfer ¢ = (1, 1) requires four controlled operations that
lead to circuit depths in some cases slightly higher than the
case where only two controlled operations were required.
The imaginary part, in this case, shows the highest values
for both the error metrics used. Similar results have been
obtained using other five qubit machines such as Vigo.
Also, these calculations were done over several months and
the results did not change. The ordering A2 seems overall to
provide an imaginary correlation function closer to the
numerically exact one, and this is related to the low gate
count of the associated circuits used for the calculation. The

Quality metrics for the real and imaginary (in parenthesis) part of the response function with q = (0, 1)

Al A2 Bl B2
7’ Bare 514.14(472.05) 658.52(716.81) 343.41(2456.35) 233.65(643.87)
Mitigation 11.88(20.43) 64.82(51.19) 75.14(167.15) 30.80(60.96)
nssd Bare 1.36(4.28) 1.60(2.28) 1.71(5.48) 1.44(2.40)
Mitigation 0.39(1.96) 0.66(0.94) 1.55(3.67) 1.25(1.39)
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TABLE III.  Quality metrics for the real and imaginary (in parenthesis) part of the response function with q =
(1,1) using different time orderings.
Al B1 B2
& Bare 2885.02(13422.84) 3879.64(5212.32) 11305.15(11390.61) 9958.04(9774.88)
Mitigation 144.77(1547.30) 99.97(14.79) 320.89(1694.40) 270.56(303.41)
nssd Bare 3.16(15.93) 4.17(5.82) 8.45(11.78) 7.03(7.05)
Mitigation 2.61(12.17) 1.62(0.96) 4.91(9.16) 3.50(4.27)

second ordering that performs well for the calculation of the
imaginary response is B2 (which corresponds to the circuits
with the second smallest CNOT count). We finally arrive at
the remaining orderings Al and Bl1, that have comparably
high CNOT gate counts and give considerably worse
results. However, we notice that the gate count for circuits
used to obtain the real and imaginary part differs only of a
phase gate, and therefore gate count alone cannot explain
the fact that the real parts for orderings A1 and B1 show
results much more in agreement with the exact calculations
than their imaginary counterparts. It is possible that the
final state produced by the implemented quantum circuit
using gates with limited fidelity has a larger deviation in the
Y direction (which we use to measure the imaginary part of
the correlator) than in the X direction (used for the
real part).

V. FROM THE TIME DOMAIN TO THE
FREQUENCY DOMAIN

We consider a quantum circuit similar to the one
displayed in Eq. (17) but with an initial time evolution
on the target state |¥). This leads to the calculation of the
following correlator depending on two time variables:

C(z, 1) =

where H; denotes a generic interacting Hamiltonian (where
for convenience we left the possible dependence from the
momentum transfer implicit, since it is of no interest in the
following discussion) in the Heisenberg representation
evolved with U(t) = e~H!. We notice that the correlation
function of the previous sections is recovered whenever
t = —7. Inserting a complete set of eigenstates |n) of H we
get

(W|H () H, (1 +7)|¥). (35)

Cle, 1) = > (W|m)(m|H;|n)(n|H,|k) (k|¥)
nk,m
X el i(E, Ek>‘[el(E,,, Ek) (36)

which allows us to define the following frequency domain
version of the correlator C(z,1):

“+oo
/ dr / I (e, (37)

(W[m) (m|H |n) (n|H [k) (k)
n.k,

X O(E, — Ex + @)8(E,, — Ey). (38)

Using the second delta function in the line above we arrive
at the following expression for the frequency domain
response function:

= (¥Im)

n,m

m|HI >|25(En - Em + w)’ (39)

where we recall that the above derivation assumes that the
delta function over the energies is the same delta function
over the states, and therefore the states are not degenerate in
energy. We notice that in practice the integrals over ¢ and =
are done for finite time and the frequency domain response
function reads as

T
dt

éﬁnite ~,T, —
Ero) =3,

"dee C(r,T).  (40)

We notice that in order to achieve a resolution Aw we
have T ~ 1/Aw. In order to perform the above integral we
define a grid over times T (r) with (2N + 1)Ar =2T
((2N, + 1)At = 27) time steps. We can then write

A41TA~I Z Z e C( T],t, (41)

Jj=—N.I=-N,

Cit,T,w) =

where we used 7; = jAz and similarly 7, = [AT. We also
notice that we have the following upper bound using the
midpoint rule in Riemann sums:

T3 %3

|Cfinite(T’ T, a)) N2 N2 ,

—C(T.T,0)| < a——, (42)

wherea = M, /24, with M, maximum of the absolute value
of the second derivative of the integrand on the interval of
interest. Choosing At = Az = A and 7 = T we obtain

- - ijAw
C(T.T,w) 4T2 Z D elAeC(jAIA),  (43)

j=—N,I=-N,
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and in ordertoreach a precision Aw in the response function in
frequency domain we need to evaluate N? = O(1/Aw?)
correlators. This is quadratically worse than the O(1/Aw)
cost (either in measurements or gate depth) required to
compute the response function in frequency space using
expansions in orthogonal polynomials [31,32] or using
quantum phase estimation [22]. This suggests that, in sit-
uations where the frequency response is the observable of
interest and when only approximations to the nuclear ground
state with low fidelity are available, these latter methods
should be preferred. Future work in this direction will help
elucidate the tradeoffs between the two approaches. A
preliminary discussion of the effects of the excited contami-
nation in the initial state is reported in Appendix C 3.

VI. CONCLUSIONS AND OUTLOOK

In this paper we performed a calculation of the real time
two-point correlation function for a simple model of a triton
using leading order pionless EFT as first presented in
Ref. [22]. In particular, we adopted for our problem an
algorithm first presented in Ref. [29]. We performed a
theoretical error analysis for the general version of the
problem at hand investigating the required number of
measurements as a function of the statistical precision
and the error on the implementation of the time evolution.
We performed calculations using current available IBM
quantum hardware (five qubit machines, with 7" connec-
tivity). Results have been error mitigated using readout
error mitigation and zero-noise-extrapolation and are in
agreement with the exact ones for the momentum transfer
q=1(0,1) and for the real part at momentum transfer
q = (1,1). We noticed discrepancies with the exact results
for two of the four time orderings for the error mitigated
imaginary part of the response function at q = (1,1). We
conclude that in order to have a more accurate approxi-
mation of the real time evolution, the ordering B2 should be
preferred to the ordering A2 in near future devices with
substantially lower error rates than the current devices used.
For the machines used in this problem, the lower gate count
of A2 compared to B2 leads to overall less machine noise.
Therefore, the error mitigation protocol employed to extract
results performs better for A2 than for B2. In the future we
plan to explore the use of different error mitigation
strategies and to perform calculations for a larger number
of sites. Finally, we have also shown that techniques to
reconstruct the frequency response starting from real-time
data coming from two-point correlation function can
require up to a quadratic increase in the number of
experiments when the initial state is not the exact
ground-state as compared with methods that work directly
in frequency space. Besides applications where real time
information is directly required, real time approaches might
still be used efficiently in practice when either an approxi-
mation to the initial many-body ground state can be
obtained with high-fidelity.
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APPENDIX A: EXCITATION OPERATOR AND
RESPONSE FUNCTION EXPANSION

We can explicitly write the density excitation operator for
one of the fermion species, denoted with the subscript A as

4
Paldi) = ea Z eiqk'xiCZAci,A’ (A1)

i=1

where ¢, is the charge. The total density operator for both
fermion species is simply p = p, + pp. Using the mapping
reported in Ref. [23] we can write the excitation operator for
the specie A at site (m, n) as

(@) = ¢4[|00)(00] + (=1)"|01)(01]
+ (=1)"[10)(10] + (=)™ " [11)(11]].

The expression of the total charge p = p, + pp can be
written as

p(Qoo) = ea + e
p(Qo1) = eaZ) + epZ;

Q1) = eaZ Zy + egZ3Z,. (A2)

Therefore we can decompose the response function for site
(0,1) as

C(r,q0,) = <U#(T)P(QO.1)U(T)P((10,1)> = ei<zl (1)Zy)
+eqep(Z1(1)Z3) + eqep(Z5(1)Zy)

+e3(Z5(1)Z3). (A3)

where Z,(7) = U'(z)Z;U(z), and similarly for the site
(1,0). For the site (1,1) we have
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C(r.qi,) = €A< 1(2)25(7)Z2,2Z5)
+ eaep[(Z1(1)2,(7)Z324)
+(Z5(7)Z4(2) 2, Z5)]

+ e5(Z3(0)Z4(2)Z3Zy). (A4)

We recall here that both the initial state we consider and the
Hamiltonian are symmetric respect to the exchanges,

(1,4) & (2,3). (AS)

APPENDIX B: CIRCUITS

We preliminary discuss the three-body oracle reported in
Fig. 2 that can be expressed as follows:

T, — — —
Ty — — —
. e—iHE Dt — efiHIde)t
3 N ] )
Ty — — —
(B1)
.. ., (3bd)
where the full decomposition of the oracle for e=#u ", first

derived in Ref. [23], can be found in Fig. 5. We describe
now how we implemented the circuit reported in the right
hand side of the B1 decomposition in Fig. 2 (an similar
construction applies to the B2 decomposition on the right).
For ease of the present discussion, we temporarily remove
the oracle gate that implements the time evolution H,(B 3)
given the fact that the second control is not acting on qubits
T5 and T,. Now in order to simplify the circuit further we
use the identity chain reported in Fig. 6 where |anc) denotes
a generic ancillary state and in the first equality above we
used the fact that Hy T4y _ H ,(3 V. The second equality
in Fig. 6 follows from applying a swap gate to a controlled
Z gate. Given the T connectivity of the machines used we
want to apply the controlled gates over the same qubit.
Starting from the final right-hand side of Fig. 6 with the
qubit 73 added we can add an identity gate formed by two
consecutive swap gates between qubits 7, and T3,

lanc) ————o—

T1 ] Tl
— T
SN ’

T3

(B2)

and we can avoid executing the last two swaps between
qubits 7', T4 and qubits T4, T5.

We report here one of the circuits used to calculate the
correlator (Z4(7)Z5(7)Z,Z,). The implementation using
the identities just described for the above mentioned
correlator reads as

+) (X |—

Ty H

—ngA)T

T, 17 H Z
. (3bd)
e—zHM T

Ty 17] I

efiHj(;’S)'r
Ty

. (B3)

where we notice that the last two swaps between qubits 1,4
and 3,2, located after the two remaining controlled Z are not
reported in the circuit since they will not affect the
measurement result. The above circuit can be reduced to
the following form using circuit identities for sequences of
Hadamard and controlled Z gates (see e.g., Ref. [39]),

0) — 4 PA
I I ao_ ||
—iqg Y,
B
T, e € Jan . (B4)
4 *p—p ) N
i3
e “Im
15 H _
e iHEPT
Ty ——— H

APPENDIX C: ERROR BOUNDS

We quantify the total error given by the difference of the
estimator and the Trotter error as (), and we require that
the Trotter and the statistical error to be less than

D || R.(0) || q

A%
o
Y74

e ny
W

5 R=(9) || 4

e
J
ah
\

T — — S
B g [ - 9 [R:(0) |- - q
T, — -
’ @ oo R0
T — —
FIG. 5. Circuit decomposition for the three-body propagator for e ~iHlyy

"t The angle in the single qubit rotations is 8 = zU/2.
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|anc) ; |anc)

Tl . gr(1,4) — Tl ]
—1HB T
Ts —_— T: —i

. |anc)
{ '_ T —
L pp(1,4) 4 — »H(lyd)
e—mB T e ip T
Ty — Z

FIG. 6. Circuit identities used in the synthesis of the full circuit for pair correlators as described in the text.

€(1)/2 = ¢(t). In the following we analyze the two errors
separately.

1. Measurement bounds

We estimate here the number of measurements needed to
achieve the desired precision € over the calculation of the
real time response function C(z, q;). We preliminary define
the following estimator of the matrix element defined in the
text in Eq. (14):

250.(2)

§(1) = P (C1)

where s .(7) denotes the outcomes of M, ; measurements
for a fixed value of the time step 7. The estimator of the
response function C(z,q;) can be written as

L

C(z.qx) Z ACTOLACTILTAICI] (C2)

where L the number of terms in the interaction Hamiltonian
is simply equal to the product of the number of species with
nonzero coupling to the charge operator. The correspond-
ing variance of the estimator reads as

, (C3)

where the expression in the first line comes from the fact
that the average of s? is the identity since [cf. definition of
sy;(7) in Eq. (14)]

(ol Vi () Vii()lwo) = 1. (C4)

We now require the variance in Eq. (C3) to be equal to €2
and we consider the case for which Vi,i'M;; =M =
N/L? where N is the total number of measurements done to
estimate C(z, q;). We arrive at

N < ’;_jmaxk [i ag<qk)] ) (C5)

2. Trotter and state error bounds
We notice that the quantity that we want to calculate is
spi(7) reported in Eq. (14) and the actual implementation
contains two errors one coming from the initial state
preparation and the other coming from the approximate
implementation of the time evolution operator V(z). We
preliminary define the difference,
Ak’k(T) = Tr[VT(T)Pk/V(T)PkH]
—Tr[UT(z)Pp U(z) P11y, (C6)

where we have defined Iy = |¥()(¥y| and IT = |¥)(¥|.
We can therefore write

Api(r) = 5?,?“' (7) + 5257;‘*(1), (C7)
where we have defined

St (v) = Tr[(Vi(2) Py V (z) = UT(z) P U (7)) Pl
e (r) = Te[VI(2) Py V (1) P (T = T ). (C8)

We notice that

S (7) = (Pol(VI(z) = UT(2) + UT(2)) PuV (2) Pi[¥y)
— (Po|UT (1) Pu(U(2) = V(1) + V(7)) P[¥o)
= (Pol(V'(z) = U'(2)) PV (2) Pi[P0)
— (Po|UT () Pu(U(2) = V(2))P[¥p),  (C9)

taking the norm of the difference of the above quantity,

B (D < IVI(2) = UM (@) [PV (2) Py
+[IV(z) = U@IlIIPU () Py
=2|[V(z) - U@l (C10)

where we used the fact that the norm of the product of three
unitaries is the unity. An extensive discussion for the case
of Trotterizzation and qubitization is reported in Ref. [23].
We finally compute the difference &}5°(z) and using
Eq. (B8) of Ref. [25] we arrive at
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1
|5§tate( )| SETI«|H_HO| < m, (C11)

where F is the fidelity defined in Eq. (24).

3. Excited state contamination in the initial state

The correlator that we want to calculate is the following:

C(z,qi) = e™7 (¥ |H,(qu)U(2)H (qi)|Wo),  (C12)
where |¥,) denotes the exact ground state and U(r) =
e~ the exact time evolution. We observe that using a set
of eigenstates of H, denoted by |i), where |i = 0) = |¥,)
we can write

H;(qy)

(C13)

= Zai.j(qk>|l><J

where a; ;(q;) = (i|H;(qy)|j). We, therefore, have

Clr,qx) = eiEOTZe_iE’Tao,l(Qk)az,o(Qk>-
]

(C14)

The approximate ground state can be expressed as

K
W) = co¥o) +)_cili)
i=1

and the approximate correlator is

Zalj(qk Ajm qk)

i,j.m

(C15)

(7. qx) TET(P]i) (m] ).

(C16)

We can now consider the case of imaginary time evolution
in which the operator U(z) is replaced by the operator
Ug(tg) = e7H7r. The Euclidean version of the real time
correlator is

C™ (e q) = e_E"TEze_E'Tan,z((Ik)al,o((Ik)7 (C17)
1

and expanding we obtain

e 5% a0 (qr)ag o (qx)

+ e_E"TEZe_E’Tan,z(Qk)az,o(‘Ik)’
170

CE(TE’ q) =
(C18)

where the second term is subleading compared to the first
term (if Ey < E; V[ # 0). The approximate correlator in
Euclidean time is

E,+E)tg %
E aij qk j.m qk) ~(EE) ECiCm-

ijm

TE7qk (C19)

The exact Euclidean correlator has the spectral decom-
position,

—(Ey+E; *
TE’ qk E a()] qk j.m qk) 0 )TFCOCm

+ Z ai,j(qk)aj,m(qk)e_(Ei+Ej)TEc;cm’
i#0,j,m

(C20)

where the leading terms, proportional to e~2£07z are

= |co|*aoo(qi)ago(qy) e~

+ Zao.o (@) aon(qr)e > cie,,
m#0

L (C21)

CE (TE7 Qk>

Terms represented by - - - get contributions from the excited
states that are exponentially suppressed by the respective
mass gaps. However, the second term present in Eq. (C21)
above, coming from the excited state contamination in the
initial state |¥), is only suppressed by c,,/c, and not
exponentially. It is therefore important to optimize the
fidelity of |¥), i.e., increase the overlap with |¥,), in order
to reduce the systematic bias in the results.
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