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Dark matter search using qubits (DarQ)
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq # 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC & 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ
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Device R&D for dark matter detection
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Artificial black hole experiments
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dissipative corrections proportional to α and β, equivalent
to the equation describing Bogoliubov excitations on top of
a Bose-Einstein condensate flowing with the velocity vs
[10,12,29]. Note, however, that here the velocity is given
not by a superflowing condensate but by the electrons
providing the nonzero charge current and the resulting
nonzero spin current. Taking, for the moment, vs to be
constant, we find in the long-wave limit and to leading
order in α and β the magnon dispersion relation
ðωk − vs · kÞ ¼ ck − iαck − iðα − βÞvs · k, with the spin-
wave velocity c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2JsðK − BÞ

p
=ℏ.

Black-hole and white-hole horizons are now imple-
mented by regions where the velocity vs changes from
jvsj < c to jvsj > c, and vice versa. We specifically con-
sider the setups in Fig. 1 that involve a wire geometry. A
current density is flowing from right to left, such that the
velocity vs is typically pointing from left to right (depend-
ing on the sign of the spin polarization P). A narrow region
in a wire leads to an increase in the current density, and
thus in jvsj with respect to a wider region. If the current
density in this narrow region is such that in the narrow
region jvsj > c, while in the wider regions of the wire we
have jvsj < c, there will be a black-hole horizon for
magnons coming from the wide region on the left (traveling
“downstream,” i.e., to the right) in Fig. 1(a). Similarly, there

will be a white-hole horizon for magnons traveling to the
left from the right “upstream” region in Fig. 1(b). A dent in
the wire creates a pair of horizons, a black and a white one
[see Fig. 1(c)].
Since α and β are small, we ignore, in the first instance,

dissipation. We focus in the following on black-hole
horizons. The Hawking temperature TH of the black-hole
horizon is then given by kBTH ¼ ℏ

2π ∂ðjvs − cjÞ=∂r [10],
where the derivative is taken at the horizon and in the
direction perpendicular to it, and where kB is Boltzmann’s
constant. Taking a typical value of Js ¼ 10−39 Jm−2 for the
exchange interactions, and B=kB and K=kB to be on the
order of 1 K [26], we estimate c ∼ 103 m=s, although it can
be made arbitrarily small by tuning B↑K. The critical
current density jc required for jvsj to exceed c is
jc ∼Msjejc=μB ∼ 1011 A=m2, where we took g ∼ P ∼ 1,
Ms=μB ∼ 1 nm−3, and c ¼ 1000 m=s. We note here that
such large, or even larger, current densities are quite
common in experiments on current-driven domain wall
motion [26]. Assuming now that the current density
changes over a length scale of a d ¼ 1 nm—which can
be achieved by nanofabrication techniques—we find that
TH ∼ ℏc=kBd ∼ 1 K. At zero temperature, pairs of mag-
nons are created with one magnon being absorbed by the
black hole. The black-hole horizon will emit magnons with
a thermal spectrum determined by TH into the subsonic
region left of the magnonic black-hole horizon in Fig. 1(a).
Of course, the current density leads to an increase in
temperature because of Joule heating such that zero or
small temperatures are difficult to achieve. By tuning the
field B to approach K, one can lower c and the required
critical current jc. The Hawking temperature will go down
accordingly, but the Joule heating is quadratic in temper-
ature, whereas the change in Hawking temperature is linear,
allowing disentanglement of both effects.
There are also signatures of the physics of Hawking

radiation in the classical regime, i.e., at temperatures
T ≫ TH, as the underlying processes are linear.
Following the arguments of Ref. [8], we have it that the
ratio of spin-wave transmission (t) and reflection (r)
amplitudes off the black-hole horizon is given by

jtðωÞj2

jrðωÞj2
¼ exp

"
−

ℏω
kBTH

#
: ð4Þ

Spin-wave scattering experiments are standard in the field
of magnonics [57] and may thus provide a first step towards
observing the nontrivial features of magnonic black-hole
horizons. The presence of the horizon itself can, of course,
also be detected with a spin-wave scattering experiment.
Using the above expression for the transmission and

reflection coefficients, along with standard Landauer-
Bütikker expressions for magnon transport properties, we
find that magnon transport coefficients are proportional to
In ¼

R
dϵϵnjtðϵÞj2ð−∂nB=∂ϵÞ, with nBðϵÞ ¼ ½eϵ=kBT − 1%−1

FIG. 1. Setup for creating magnonic black-hole and white-hole
horizons. A narrow region of a wire that carries a steady-state
current leads to an increased current density such that the
background velocity ∝ −j exceeds the magnon velocity if the
current exceeds jc. (a) A magnonic black-hole (MBH) horizon
for magnons incoming from the left. (b) A magnon white-hole
(MWH) horizon for magnons incoming from the right. (c) A pair
of MBH and MWH horizons. Incoming and scattered spin waves
are illustrated.
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“Black hole” = event horizon analogues 
Aim: to realize waves in a background flow with 

vflow > vwave 

→ Observe Hawking radiation analogues 
Two systems in use at ICEPP: 
• Magnon (spin wave) in spin current 
• RF in SQUID array
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Similarly to what we did in the previous case, we calculate the direct current magnetic #eld needed to simulate 
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Substituting these values in (21) for r > r!:
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and, in (16), for r < r!:

Fig. 1. Applied magnetic "ux, in units of !/e, needed to induce a propagation speed that simulates the speed 
of light upstream in a Schwarzschild spacetime, with the metric of Eqs. (4) and (5), as a function of r and t, in 
units of M. !e solid black line represents r!(t). !e horizontal dashed lines represent ±tB/2. !e vertical 
dashed line represents the black hole event horizon.
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Spin wave event horizon
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Microscope image of the experiment setup

Realized 6% Doppler shift of 
spin waves 
(Previous world record 0.4%)

Width of the bottleneck determines the current density 
→ Fabricated sub-μm bottleneck

dissipative corrections proportional to α and β, equivalent
to the equation describing Bogoliubov excitations on top of
a Bose-Einstein condensate flowing with the velocity vs
[10,12,29]. Note, however, that here the velocity is given
not by a superflowing condensate but by the electrons
providing the nonzero charge current and the resulting
nonzero spin current. Taking, for the moment, vs to be
constant, we find in the long-wave limit and to leading
order in α and β the magnon dispersion relation
ðωk − vs · kÞ ¼ ck − iαck − iðα − βÞvs · k, with the spin-
wave velocity c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2JsðK − BÞ

p
=ℏ.

Black-hole and white-hole horizons are now imple-
mented by regions where the velocity vs changes from
jvsj < c to jvsj > c, and vice versa. We specifically con-
sider the setups in Fig. 1 that involve a wire geometry. A
current density is flowing from right to left, such that the
velocity vs is typically pointing from left to right (depend-
ing on the sign of the spin polarization P). A narrow region
in a wire leads to an increase in the current density, and
thus in jvsj with respect to a wider region. If the current
density in this narrow region is such that in the narrow
region jvsj > c, while in the wider regions of the wire we
have jvsj < c, there will be a black-hole horizon for
magnons coming from the wide region on the left (traveling
“downstream,” i.e., to the right) in Fig. 1(a). Similarly, there

will be a white-hole horizon for magnons traveling to the
left from the right “upstream” region in Fig. 1(b). A dent in
the wire creates a pair of horizons, a black and a white one
[see Fig. 1(c)].
Since α and β are small, we ignore, in the first instance,

dissipation. We focus in the following on black-hole
horizons. The Hawking temperature TH of the black-hole
horizon is then given by kBTH ¼ ℏ

2π ∂ðjvs − cjÞ=∂r [10],
where the derivative is taken at the horizon and in the
direction perpendicular to it, and where kB is Boltzmann’s
constant. Taking a typical value of Js ¼ 10−39 Jm−2 for the
exchange interactions, and B=kB and K=kB to be on the
order of 1 K [26], we estimate c ∼ 103 m=s, although it can
be made arbitrarily small by tuning B↑K. The critical
current density jc required for jvsj to exceed c is
jc ∼Msjejc=μB ∼ 1011 A=m2, where we took g ∼ P ∼ 1,
Ms=μB ∼ 1 nm−3, and c ¼ 1000 m=s. We note here that
such large, or even larger, current densities are quite
common in experiments on current-driven domain wall
motion [26]. Assuming now that the current density
changes over a length scale of a d ¼ 1 nm—which can
be achieved by nanofabrication techniques—we find that
TH ∼ ℏc=kBd ∼ 1 K. At zero temperature, pairs of mag-
nons are created with one magnon being absorbed by the
black hole. The black-hole horizon will emit magnons with
a thermal spectrum determined by TH into the subsonic
region left of the magnonic black-hole horizon in Fig. 1(a).
Of course, the current density leads to an increase in
temperature because of Joule heating such that zero or
small temperatures are difficult to achieve. By tuning the
field B to approach K, one can lower c and the required
critical current jc. The Hawking temperature will go down
accordingly, but the Joule heating is quadratic in temper-
ature, whereas the change in Hawking temperature is linear,
allowing disentanglement of both effects.
There are also signatures of the physics of Hawking

radiation in the classical regime, i.e., at temperatures
T ≫ TH, as the underlying processes are linear.
Following the arguments of Ref. [8], we have it that the
ratio of spin-wave transmission (t) and reflection (r)
amplitudes off the black-hole horizon is given by

jtðωÞj2

jrðωÞj2
¼ exp

"
−

ℏω
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Spin-wave scattering experiments are standard in the field
of magnonics [57] and may thus provide a first step towards
observing the nontrivial features of magnonic black-hole
horizons. The presence of the horizon itself can, of course,
also be detected with a spin-wave scattering experiment.
Using the above expression for the transmission and

reflection coefficients, along with standard Landauer-
Bütikker expressions for magnon transport properties, we
find that magnon transport coefficients are proportional to
In ¼

R
dϵϵnjtðϵÞj2ð−∂nB=∂ϵÞ, with nBðϵÞ ¼ ½eϵ=kBT − 1%−1

FIG. 1. Setup for creating magnonic black-hole and white-hole
horizons. A narrow region of a wire that carries a steady-state
current leads to an increased current density such that the
background velocity ∝ −j exceeds the magnon velocity if the
current exceeds jc. (a) A magnonic black-hole (MBH) horizon
for magnons incoming from the left. (b) A magnon white-hole
(MWH) horizon for magnons incoming from the right. (c) A pair
of MBH and MWH horizons. Incoming and scattered spin waves
are illustrated.
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SQUID array
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Array of 300 twin-flux qubits
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Simulation: fundamental pillar of particle physics
Theoretical:
• Quarks and gluons become strongly 

coupled at low energy 
→ Numerical simulation (lattice QCD) 
essential for quantitative predictions 

Experimental:
• No “control systems” 
→ Simulation often the only reference 

• QFT is a well-defined framework 
→ Can add / subtract fields to make 
alternative universes
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Table 5: Post-fit MC and data yields in the ggF and VBF SRs. Yields in the highest-score VBF BDT bin are also
presented. The quoted uncertainties include the theoretical and experimental systematic sources and those due to
sample statistics. The sum of all the contributions may di�er from the total value due to rounding. Moreover, the
total uncertainty di�ers from the sum in quadrature of the single-process uncertainties due to the correlations.

Process Njet = 0 ggF Njet = 1 ggF Njet � 2 VBF
Inclusive BDT: [0.86, 1.0]

HggF 639± 110 285± 51 42± 16 6± 3
HVBF 7± 1 31± 2 28± 16 16± 6

WW 3016± 203 1053± 206 400± 60 11± 2
VV 333± 38 208± 32 70± 12 3± 1
tt̄/Wt 588± 130 1397± 179 1270± 80 14± 2
Mis-Id 447± 77 234± 49 90± 30 6± 2
Z/�⇤ 27± 11 76± 24 280± 40 4± 1

Total 5067± 80 3296± 61 2170± 50 60± 10
Observed 5089 3264 2164 60
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Figure 8: Post-fit combined transverse mass distribution for Njet  1. The bottom panel shows the di�erence between
the data and the estimated background compared to the distribution for a SM Higgs boson with mH = 125 GeV. The
signal and the background modelled contributions are fitted to the data with a floating signal strength. The hatched
band shows the total uncertainty of the signal and background modelled contributions. The HVBF contribution is
too small to be visible.

The signal strength parameter µ is defined as the ratio of the measured signal yield to that predicted by
the SM. The measured signal strengths for the ggF and VBF production modes in the H!WW⇤ decay
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Hadron Spectroscopy and Resonances: Review M. Padmanath

OZI suppressed heavy quark self-annihilation diagrams, where applicable, to compute the corre-
lation matrices. There is, as yet, no numerical study of hadronic resonances using three hadron
interpolators, except for investigations of nuclear binding energies.

3. Ground state hadrons

Postdicting the mass of ground state hadrons is a standard benchmark procedure that boosts
confidence in our methodology and hence lends support to predictions. Several calculations have
been performed with good control over the statistical as well as systematic uncertainties and have
precisely predicted/postdicted meson ground state masses (c.f. Ref. [14]). Most of these have also
been discussed in previous lattice conferences [42]. In what follows, the emphasis is given on the
recent high precision lattice results on the light as well as heavy ground state baryons.

Figure 1: Left: (figure adapted from Ref. [46]) Lattice results for the octet and decuplet light baryon masses.
The horizontal lines represent the experimental masses and the bands represent the widths. Unfilled symbols
indicate baryon masses that have been used as inputs to the calculation, whereas the filled symbols refer to
postdictions. Right: Lattice results for single charmed baryon masses.

Light and strange baryons: The left of Fig. 1 is a summary plot of lattice results for the octet
and the decuplet light baryon masses at physical pion mass. The results from “BMW Nf = 2+1”
[12] and “ETMC Nf = 2+1+1” [47] are chiral and continuum extrapolated, whereas the results
from “ETMC Nf = 2” [46], “PACS-CS Nf = 2 + 1” [48] and “QCDSF-UKQCD Nf = 2 + 1”
[49] are at physical pion mass, but with no continuum extrapolations. Note that the details of the
methodology considerably differ between different lattice calculations: e.g. the lattice ensembles
being used, the fermion and the gauge field actions, the degree of control over the lattice systematics
(e.g. arising from chiral and continuum limits), etc. The success of lattice investigations is reflected
in the mutual agreement between their results and their agreement with experiments. One of the
most interesting investigations of recent times is the precise estimation of the energy splittings in N,
S, X, D and Xcc isospin multiplets from lattice QCD and QED computations with Nf = 1+1+1+1
fermions by BMW collaboration [16]. This was discussed in a plenary talk at Lattice 2014 [50].

Several other exploratory lattice calculations have also been performed to estimate the light as
well as strange baryons (e.g. Refs. [51, 52, 53, 54]). Note that even in the absence of chiral and
continuum extrapolations, the results from these calculations make precise predictions for quantum
numbers of the ground state light and strange baryon masses, e.g. for the recently discovered W⇤�

baryon by the Belle Collaboration [8].

3

M. Aguilar, L.A. Cavasonza, G. Ambrosi et al. Physics Reports 894 (2021) 1–116

Fig. 43. Comparison of the AMS data (red data points) with predictions of a dark matter model based on Ref. [62] with Mω = 1.2TeV (brown curve
and shading). Also shown is a model prediction of cosmic ray collisions [72] (black curve and shading).

Fig. 44. Comparison of the current AMS positron spectrum (red data points) with the projected spectrum measurement to 2028 (green data points).
By then we will have collected 5 million positron events. The results are compared with the same predictions as in Fig. 43 with Mω = 1.2TeV. The
projection is based on the models [62,72].

energy trends, but the nature of this excess is different from the positron flux excess above 25.2 ± 1.8GeV. Contrary to
the positron flux, which has an exponential energy cutoff of 810+310

→180 GeV, at the 5ε level the electron flux does not have
an energy cutoff below 1.9 TeV. In the entire energy range, the electron flux is well described by the sum of two power
law components. The different behavior of the cosmic-ray electrons and positrons measured by AMS is clear evidence
that most high energy electrons originate from different sources than high energy positrons.

Fig. 47 shows the latest AMS results on the precision measurements of the electron spectrum together with recent
measurements from other experiments [66–68,70,81,82].

Similar to the analysis of the positron flux (Eq. (4)), we examine the changing behavior of the electron flux using the
power law approximation

ϑe→ (E) =

)
C (E/20.04GeV)ϖ , E ↑ E0;
C (E/20.04GeV)ϖ (E/E0)ϱϖ , E > E0.

(6)

32

Baryon spectrum Muon magnetic moment

Higgs boson detection

Cosmic ray spectrum



Lattice simulation on quantum computers
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i |ϕ⟩ = |ϕ1⟩ ⊗ ⋯ ⊗ |ϕNd⟩

ϕi

x

ϕ(x)

Continuous space 
Unbounded field strengths

Quantum field theory Lattice field theory

Discrete space 
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Early-FTQC application: variational simulation
10

See Fig. 1 for the sketch of our simulation protocol. We first
prepare the ground state jΨGSi in the absence of the external
electric field q by using a variational quantum eigensolver
(VQE). At initial time t ¼ 0 the external field is then
suddenly turned on (the quantum quench), and the time
evolution in the system with an external electric field is then
studied. We approximate the dynamical states jΨðtÞi ¼
e−iHq≠0tjΨGSi by the same ansatz used in VQE, and evolve
the parameters according to MVP. Note that by performing
both state preparation and time evolution through variational
circuits, the depth of a quantum circuit is greatly reduced.
The structure of this paper is organized as follows.

Section II introduces the Hamiltonian of the Schwinger
model and observables wewill focus on. Section III explains
amethodwewill use for the simulation. In Sec. IV results are
presented and compared them with exact diagonalization.
Finally, conclusions are given in Sec. V.

II. THE SCHWINGER MODEL

The Schwinger model describes quantum electromag-
netism in one spatial and one time dimension. This model is
relatively simple, and can in fact be solved analytically
[90,91] in the massless limit. It is nevertheless a very
interesting field theory to study, since despite its simplicity
it shares several features with the QCD, the theory of the
strong interaction, such as confinement and charge screen-
ing [92,93].

A. Lattice Hamiltonian and spin description

Here we will define the lattice Hamiltonian and introduce
its spin description. We mostly follow the convention used
in [10]. First of all, the Lagrangian of the continuum
Schwinger model is given by

Lcon ¼ −
1

4
FμνFμν þ iψ̄γμð∂μ þ igAμ −mÞψ þ gθ

4π
ϵμνFμν:

ð1Þ

Here the first two terms correspond to the kinetic term of
the gauge boson and fermion, respectively, while the third
term denotes a topological term that does not affect the
classical equations of motion, but does affect the quantum
spectrum.
Taking the gauge A0 ¼ 0 and introducing the canonical

momentum Π ≔ ∂Lcon=∂ð∂0A1Þ, we can write the con-
tinuum Hamiltonian as

Z
dx

!
1

2

"
Π −

gθ
2π

#
2

− iψ̄γ1ð∂1 þ igA1 −mÞψ
$
;

with Π ¼ ∂0A1 þ gθ=2π. As is usual in A0 ¼ 0 gauge,
Gauss’s law has to be enforced through an extra constraint,
and physical states have to satisfy Gjphysi ¼ 0
with G ¼ ∂1Πþ gψ†ψ .
A lattice version of this Hamiltonian can be obtained

following the work of [94]. Fermions are put on a staggered
lattice, where the position x is sampled at discrete points xn.
Here n ¼ 0;…; N − 1 label the lattice sites corresponding
to xn ¼ na, and a is the lattice spacing. The fermion
fields at each lattice site are written in terms of χn, which
represents the Dirac fermion ψðxÞ ¼ ðψuðxÞ;ψdðxÞÞT
through

χnffiffiffi
a

p ↔
&
ψuðxnÞ ðn∶ evenÞ
ψdðxnÞ ðn∶ oddÞ

: ð2Þ

The gauge fields are represented through operators living
on the links between nth and (nþ 1)th lattice sites

Un ↔ e−iagA
1ðxnÞ; ð3Þ

Ln ↔ −ΠðxnÞ=g: ð4Þ

These lattice variables satisfy the commutation relations

fχ†n; χmg ¼ δmn;

fχn; χmg ¼ 0;

½Un; Lm& ¼ δmnUn;

and U†
n ¼ U−1

n , L†
n ¼ Ln. With these definitions, the lattice

Hamiltonian is given by

H ¼ J
XN−2

n¼0

ðLn þ qÞ2 − iw
XN−2

n¼0

ðχ†nUnχnþ1 − χ†nþ1U
†
nχnÞ

þm
XN−1

n¼0

ð−1Þnχ†nχn; ð5Þ

where w¼ 1=ð2aÞ, J¼ g2a=2 and q ¼ θ=ð2πÞ. Introducing
nonzero q corresponds to turning on the external electric
field.

FIG. 1. Sketch of our simulation. We start from the ground state
in the absence of external electric field q. We then suddenly turn
on the external field q and evolve the state via the Hamiltonian
with q > 0. These states are approximated by the same
ansatz jψðλÞi.
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• Time evolution (Trotter, QSP, ...) may be infeasible until full FTQC 
• Initial state preparation is also often costly 
⇒ Explored performing both variationally

Tested on Schwinger model (1+1d electrodynamics) → Toy model of 3+1d QCD

McLachlan's variational principle
Given a parametrized state , 

 

⇒ True trajectory minimizes 

|ψ( ⃗θ(t))⟩
−iH|ψ( ⃗θ(t))⟩ = d

dt |ψ( ⃗θ(t))⟩

= ∑j
·θj

∂
∂θj

|ψ( ⃗θ)⟩

(∑j
·θj

∂
∂θj

+ iH)|ψ( ⃗θ(t))⟩

(Schrodinger equation)

quench dynamics
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eventually interested in continuum and infinite volume
limit. We provide additional results in Appendix B to show
the dependence of accuracy on the system size and lattice
spacing. As for system-size dependence, we observe that
the accuracy gets worse with increasing N, though we can
achieve F > 0.9 at least up to N ¼ 8 only with L ≤ 3.
Further investigation of the scaling would require the large
size simulation possibly with improved algorithms, which
we leave for the future works.

V. SUMMARY AND DISCUSSION

In this work, we demonstrated a possible application of
the variational quantum algorithm to a gauge theory.
Specifically, we investigated the real-time dynamics in
the Schwinger model after suddenly turning on the external
electric field, by combining VQE and VQS methods. We
performed the (classically-emulated) state-vector simula-
tion and found that the results obtained from the quantum
algorithms are consistent with those obtained from ED. Our
simulation results can be interpreted as a population of a
particle-antiparticle pair induced by the external field.
There aremany possible future directions. This paper used

the original algorithm proposed by Li and Benjamin [66].

There are two main drawbacks to this approach: First, the
matrix M can be singular or ill-conditioned in practice,
leading to unstable trajectories. Workarounds such as regu-
larization add a parameter that must be tuned. Secondly,
computing the each entry of M requires OðN2

pÞ calls to the
quantum computer where Np is the number of parameters.
There aremany attempts toovercome this problem [71–83]. It
would be important to see if these methods can improve our
simulation results in termsof accuracy andmeasurement cost.
Toward an implementation on real quantum devices, it is

important to understand the effects of hardware noise and
statistical error coming from a finite number of measure-
ments. Besides, combination with error mitigation methods
can be an essential ingredient.
Finally, it would be interesting to consider an extension to

the higher-dimensional and/or non-Abelian gauge theory.
For this purpose, a careful search for an ansatz that is efficient
and preserves gauge invariance during simulation can be
crucial.
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FIG. 4. Dynamics of physical observables for N ¼ 4, a · g ¼ 1.0,m=g ¼ 1.0, q ¼ 2.0 with L ¼ 3 and δ ¼ 0.01. Dots/error bars show
the median and 25–75 percentiles of 20 samples: (a) electric field, (b) chiral condensate, (c), (d) ratio between the values of observables
obtained from ED and VQS.
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kjψ̇iþ iHjψik2 ¼ λ̇iλ̇jReh∂iψ j∂jψiþ λ̇0λ̇iImhψ j∂iψi
þ λ̇20 − 2λ̇0hHi − 2λ̇iImhψ jHj∂iψi
þ hH2i; ðA13Þ

¼ λ̇iλ̇jReh∂iψ j∂jψiþ λ̇0λ̇iImhψ j∂iψi
− 2λ̇iImhψ jHj∂iψiþ ðλ̇0 − hHiÞ2

þ σ2ψ ðHÞ; ðA14Þ

where σ2ψ ðHÞ ≔ hH2i − hHi2 is thevariance ofH in the state
jψi. Now one derives stationary conditions by setting the
derivatives in λ̇0 and each λ̇i to 0. The first condition gives

λ̇0 ¼ hHiþ λ̇iImhψ j∂iψi; ðA15Þ

while the remaining conditions in each i are given by

λ̇jReh∂iψ j∂jψiþ λ̇0Imhψ j∂iψi− Imhψ jHj∂iψi¼0: ðA16Þ

Substituting for λ̇0, and defining the projection operators
Qψ ≔ I− jψihψ j≕I−Pψ , one arrives at the final expression

ðReh∂iψ jQψ j∂jψiÞλ̇j ¼ ðImhψ jHQψ j∂iψiÞ: ðA17Þ

The matrix Mij ≔ Reh∂iψ jQψ j∂jψi and vector Vi ≔
Imhψ jHQψ jψi specify a linear system whose solutions give

theMcLachlan update vectors λ̇i in each direction. Note that,
while trivial, the global-phase evolution can also be tracked
via (A15).

APPENDIX B: DEPENDENCE ON
LATTICE SIZE/SPACING

In this appendix we provide additional plots to show the
dependence of VQE and VQS on a lattice spacing a and a
system size N.

FIG. 5. Dependence of VQE accuracy rðEÞ on system size N. Three panels show the results for N ¼ 4, 6, 8 respectively with
ag ¼ 1.0, m=g ¼ 1.0 fixed. Dots/error bars show the median and 25–75 percentiles of 20 samples.

FIG. 6. Dependence of VQS fidelity on system size N. Three panels show the results for N ¼ 4, 6, 8 respectively. Each panel shows
results with various depths L ¼ 1, 2, 3 while a · g ¼ 1.0, m=g ¼ 1.0, q ¼ 2.0 are fixed. Solid curves/error bands show the medians and
25–75 percentiles of 20 samples.

FIG. 7. Dependence of VQS fidelity on lattice spacing a. Results
for a¼ 1, 0.8, 0.6 with N ¼ 4, m=g ¼ 1.0, q ¼ 2.0, L ¼ 3
fixed are shown. Solid curves/error bands show the medians and
25–75 percentiles of 20 samples.
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• Initial ground state with VQE + variational time evolution 
produces accurate simulation for very small systems 

• Accuracy drops with system size for the considered 
ansatz & optimization algorithm 
→ Room for improvement

Electric field density evolution

Fidelity with respect to exact diagonalization

N=4 N=6 N=8

Nagano+, PRD 108, 034501 (2023)



1+1d SU(2) LGT simulation
12

How do we encode non-Abelian LGT?
• “Holy grail” = real-time simulation of QCD (SU(3) LGT) 
• The standard (Kogut-Susskind) framework is not practical 

• Non-commuting constraints (Gauss's law) 
• Binary representation of bosonic quantum numbers is 

unnatural 
→ Loop-string-hadron formulation [Raychowdhury+ 2020]

· · · · · ·

An on-link Abelian Gauss’s law 
needs to hold.

On-site non-Abelian Gauss’s 
laws already satisfied.
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Figure 3: (a) Corresponding to each staggered site, there are a number of SU(2)-invariant fermionic and bosonic
operators that act on the on-site Hilbert space of the LSH theory. The operators involved in the AGL are enclosed with
a corresponding box. The non-Abelian Gauss’s laws have already been satisfied by construction, as all operators enclosed
in the corresponding box are individually gauge invariant. (b) The LSH Hilbert space at each site consists of one distinct
bosonic and two distinct fermionic Hilbert spaces that can then be mapped to the corresponding qubit registers, upon
truncating the bosonic occupation.

where |0→ is the normalized vacuum ket of all three modes. The LSH DOFs are depicted in Fig. 3(a).
For future reference, the matrix elements of the number and normalized ladder operators are collected below:

n̂ω|nω, ni, no→ = nω|nω, ni, no→, (44a)
n̂i|nω, ni, no→ = ni|nω, ni, no→, (44b)
n̂o|nω, ni, no→ = no|nω, ni, no→, (44c)
!̂†

|nω, ni, no→ = |nω + 1, ni, no→, (44d)
!̂|nω, ni, no→ = (1↑ ωnω,0)|nω ↑ 1, ni, no→, (44e)
ε̂†

i
|nω, ni, no→ = (1↑ ωni,1)|nω, ni + 1, no→, (44f)

ε̂
i
|nω, ni, no→ = (1↑ ωni,0)|nω, ni ↑ 1, no→, (44g)

ε̂†
o
|nω, ni, no→ = (↑1)ni(1↑ ωn0,1)|nω, ni, no + 1→, (44h)

ε̂
o
|nω, ni, no→ = (↑1)ni(1↑ ωn0,0)|nω, ni, no ↑ 1→. (44i)

Composite fields.—Unlike the Kogut-Susskind and Schwinger-boson formulations, the LSH formulation does not
have realizations of the ÊL/R

i
and Û fields. Instead, dynamics is generated by site-localized “loop,” “string,”
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Each site x of this lattice is connected to one incom-
ing link along direction i and one outgoing link along
direction o, as in Fig. 2. Within the prepotential frame-
work, Schwinger bosons â↵(L) (â↵(R)) are attached to
the link along the direction o (i). A staggered fermion
field  ̂ = ( ̂1,  ̂2) lives on the sites themselves.

The site-local doublets shown in the box in Fig. 2 can
contract in many possible ways to form SU(2) singlets.
It follows that SU(2) invariance can be made manifest
by passing from Schwinger boson and quark operators
to using only their SU(2)-invariant combinations. The
gauge theory will be expressed entirely in terms of the
dynamics generated by all such operators.

A. SU(2) singlets: Loop, string, and hadron
operators

The complete set of SU(2) invariants at a one-
dimensional (1D) site of a spatial lattice is obtained by
constructing all possible singlet tensors out the available
doublets and their conjugates. It is a special feature of
SU(2) that fundamental doublets are unitarily equivalent
to antifundamentals: if f transforms like a fundamental,
then f̃ given by

✏ ⌘ i�y =

✓
0 1

�1 0

◆
, (32)

f̃↵ ⌘ ✏↵�f� , (33)

transforms in the conjugate representation. This equiv-
alence implies ã†↵(L/R) ⌘ ✏↵�a

†
�(L/R) gives another set

of doublets to work with.
Using the available tensors, the complete set of nonva-

nishing singlets is listed below in (34)–(38):

• Pure gauge loop operators.—L�,�0
:

L++ = a(R)†↵a(L)
†
�✏↵� (34a)

L�� = a(R)↵a(L)�✏↵� = (L++)† (34b)

L+� = a(R)†↵a(L)��↵� (34c)

L�+ = a(R)↵a(L)
†
��↵� = (L+�)† (34d)

• Incoming string operators.—S�,�
0

in :

S++
in = a(R)†↵ 

†
�✏↵� (35a)

S��
in = a(R)↵ �✏↵� = (S++

in )† (35b)

S+�
in = a(R)†↵ ��↵� (35c)

S�+
in = a(R)↵ 

†
��↵� = (S+�

in )† (35d)

• Outgoing string operators.—S�,�
0

out :

S++
out =  

†
↵a(L)

†
�✏↵� (36a)

S��
out =  ↵a(L)�✏↵� = (S++

out )
† (36b)

S+�
out =  

†
↵a(L)��↵� (36c)

S�+
out =  ↵a(L)

†
��↵� = (S+�

out )
† (36d)

· · · · · · 
i o

 
i o

 
i o


a1(R)
a2(R)

�

i o


 1

 2

� 
a1(L)
a2(L)

�

Figure 2. Pictorial representation of a 1D lattice with mat-
ter. Every site on the 1D lattice is associated with a fermionic
doublet  = ( 1, 2). Bosonic doublets a(L) = (a1(L), a2(L))
and a(R) = (a1(R), a2(R)) are associated with link ends at-
tached to any site along directions o and i, respectively.

• Hadron operators.—H�,�:

H++ = � 1

2!
 
†
↵ 

†
�✏↵� (37a)

H�� =
1

2!
 ↵ �✏↵� = (H++)† (37b)

[Baryons and mesons are the same for SU(2).]

• Gauge flux, quark number operators.—NL/R, N :

NL = a(L)†↵a(L)↵ (38a)

NR = a(R)†↵a(R)↵ (38b)

N =  
†
↵ ↵ (38c)

These invariants exhaust all possible singlet bilinears and
they are referred to as LSH operators. They obey a closed
operator algebra, which will be necessary to establish
since the original E, U , and  variables have been re-
placed.
Before giving the complete algebra, it is helpful to first

build some intuition for these operators. One can visual-
ize LSH operators in terms of creation and annihilation
of the gauge and matter degrees of freedom appearing in
their definitions. Below, this is done using line segments
for gauge flux, circles for quarks, and solid (dotted) lines
for creation (annihilation) actions:

b ⌘ L++ b ⌘ L��

b ⌘ L+� b ⌘ L�+

b ⌘ S��
in

b ⌘ S��
out

b ⌘ S+�
in

b ⌘ S+�
out

b ⌘ S�+
in

b ⌘ S�+
out

b ⌘ S++
in

b ⌘ S++
out

b ⌘ H++ b ⌘ H��

The placement of solid and dotted lines is in direct cor-
respondence with the superscripts on the LSH operators.
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to using only their SU(2)-invariant combinations. The
gauge theory will be expressed entirely in terms of the
dynamics generated by all such operators.

A. SU(2) singlets: Loop, string, and hadron
operators

The complete set of SU(2) invariants at a one-
dimensional (1D) site of a spatial lattice is obtained by
constructing all possible singlet tensors out the available
doublets and their conjugates. It is a special feature of
SU(2) that fundamental doublets are unitarily equivalent
to antifundamentals: if f transforms like a fundamental,
then f̃ given by
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Figure 2. Pictorial representation of a 1D lattice with mat-
ter. Every site on the 1D lattice is associated with a fermionic
doublet  = ( 1, 2). Bosonic doublets a(L) = (a1(L), a2(L))
and a(R) = (a1(R), a2(R)) are associated with link ends at-
tached to any site along directions o and i, respectively.

• Hadron operators.—H�,�:
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[Baryons and mesons are the same for SU(2).]

• Gauge flux, quark number operators.—NL/R, N :

NL = a(L)†↵a(L)↵ (38a)

NR = a(R)†↵a(R)↵ (38b)

N =  
†
↵ ↵ (38c)

These invariants exhaust all possible singlet bilinears and
they are referred to as LSH operators. They obey a closed
operator algebra, which will be necessary to establish
since the original E, U , and  variables have been re-
placed.
Before giving the complete algebra, it is helpful to first

build some intuition for these operators. One can visual-
ize LSH operators in terms of creation and annihilation
of the gauge and matter degrees of freedom appearing in
their definitions. Below, this is done using line segments
for gauge flux, circles for quarks, and solid (dotted) lines
for creation (annihilation) actions:
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b ⌘ L+� b ⌘ L�+

b ⌘ S��
in
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b ⌘ H++ b ⌘ H��

The placement of solid and dotted lines is in direct cor-
respondence with the superscripts on the LSH operators.
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Each site x of this lattice is connected to one incom-
ing link along direction i and one outgoing link along
direction o, as in Fig. 2. Within the prepotential frame-
work, Schwinger bosons â↵(L) (â↵(R)) are attached to
the link along the direction o (i). A staggered fermion
field  ̂ = ( ̂1,  ̂2) lives on the sites themselves.

The site-local doublets shown in the box in Fig. 2 can
contract in many possible ways to form SU(2) singlets.
It follows that SU(2) invariance can be made manifest
by passing from Schwinger boson and quark operators
to using only their SU(2)-invariant combinations. The
gauge theory will be expressed entirely in terms of the
dynamics generated by all such operators.

A. SU(2) singlets: Loop, string, and hadron
operators

The complete set of SU(2) invariants at a one-
dimensional (1D) site of a spatial lattice is obtained by
constructing all possible singlet tensors out the available
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SU(2) that fundamental doublets are unitarily equivalent
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Using the available tensors, the complete set of nonva-

nishing singlets is listed below in (34)–(38):

• Pure gauge loop operators.—L�,�0
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L�� = a(R)↵a(L)�✏↵� = (L++)† (34b)
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Figure 2. Pictorial representation of a 1D lattice with mat-
ter. Every site on the 1D lattice is associated with a fermionic
doublet  = ( 1, 2). Bosonic doublets a(L) = (a1(L), a2(L))
and a(R) = (a1(R), a2(R)) are associated with link ends at-
tached to any site along directions o and i, respectively.

• Hadron operators.—H�,�:

H++ = � 1
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H�� =
1
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 ↵ �✏↵� = (H++)† (37b)

[Baryons and mesons are the same for SU(2).]

• Gauge flux, quark number operators.—NL/R, N :

NL = a(L)†↵a(L)↵ (38a)

NR = a(R)†↵a(R)↵ (38b)

N =  
†
↵ ↵ (38c)

These invariants exhaust all possible singlet bilinears and
they are referred to as LSH operators. They obey a closed
operator algebra, which will be necessary to establish
since the original E, U , and  variables have been re-
placed.
Before giving the complete algebra, it is helpful to first

build some intuition for these operators. One can visual-
ize LSH operators in terms of creation and annihilation
of the gauge and matter degrees of freedom appearing in
their definitions. Below, this is done using line segments
for gauge flux, circles for quarks, and solid (dotted) lines
for creation (annihilation) actions:

b ⌘ L++ b ⌘ L��

b ⌘ L+� b ⌘ L�+

b ⌘ S��
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b ⌘ H++ b ⌘ H��

The placement of solid and dotted lines is in direct cor-
respondence with the superscripts on the LSH operators.
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Each site x of this lattice is connected to one incom-
ing link along direction i and one outgoing link along
direction o, as in Fig. 2. Within the prepotential frame-
work, Schwinger bosons â↵(L) (â↵(R)) are attached to
the link along the direction o (i). A staggered fermion
field  ̂ = ( ̂1,  ̂2) lives on the sites themselves.

The site-local doublets shown in the box in Fig. 2 can
contract in many possible ways to form SU(2) singlets.
It follows that SU(2) invariance can be made manifest
by passing from Schwinger boson and quark operators
to using only their SU(2)-invariant combinations. The
gauge theory will be expressed entirely in terms of the
dynamics generated by all such operators.

A. SU(2) singlets: Loop, string, and hadron
operators

The complete set of SU(2) invariants at a one-
dimensional (1D) site of a spatial lattice is obtained by
constructing all possible singlet tensors out the available
doublets and their conjugates. It is a special feature of
SU(2) that fundamental doublets are unitarily equivalent
to antifundamentals: if f transforms like a fundamental,
then f̃ given by
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transforms in the conjugate representation. This equiv-
alence implies ã†↵(L/R) ⌘ ✏↵�a
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of doublets to work with.
Using the available tensors, the complete set of nonva-

nishing singlets is listed below in (34)–(38):

• Pure gauge loop operators.—L�,�0
:

L++ = a(R)†↵a(L)
†
�✏↵� (34a)

L�� = a(R)↵a(L)�✏↵� = (L++)† (34b)

L+� = a(R)†↵a(L)��↵� (34c)

L�+ = a(R)↵a(L)
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Figure 2. Pictorial representation of a 1D lattice with mat-
ter. Every site on the 1D lattice is associated with a fermionic
doublet  = ( 1, 2). Bosonic doublets a(L) = (a1(L), a2(L))
and a(R) = (a1(R), a2(R)) are associated with link ends at-
tached to any site along directions o and i, respectively.

• Hadron operators.—H�,�:

H++ = � 1
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†
�✏↵� (37a)

H�� =
1
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 ↵ �✏↵� = (H++)† (37b)

[Baryons and mesons are the same for SU(2).]

• Gauge flux, quark number operators.—NL/R, N :

NL = a(L)†↵a(L)↵ (38a)

NR = a(R)†↵a(R)↵ (38b)

N =  
†
↵ ↵ (38c)

These invariants exhaust all possible singlet bilinears and
they are referred to as LSH operators. They obey a closed
operator algebra, which will be necessary to establish
since the original E, U , and  variables have been re-
placed.
Before giving the complete algebra, it is helpful to first

build some intuition for these operators. One can visual-
ize LSH operators in terms of creation and annihilation
of the gauge and matter degrees of freedom appearing in
their definitions. Below, this is done using line segments
for gauge flux, circles for quarks, and solid (dotted) lines
for creation (annihilation) actions:

b ⌘ L++ b ⌘ L��

b ⌘ L+� b ⌘ L�+

b ⌘ S��
in
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b ⌘ H++ b ⌘ H��

The placement of solid and dotted lines is in direct cor-
respondence with the superscripts on the LSH operators.
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Each site x of this lattice is connected to one incom-
ing link along direction i and one outgoing link along
direction o, as in Fig. 2. Within the prepotential frame-
work, Schwinger bosons â↵(L) (â↵(R)) are attached to
the link along the direction o (i). A staggered fermion
field  ̂ = ( ̂1,  ̂2) lives on the sites themselves.

The site-local doublets shown in the box in Fig. 2 can
contract in many possible ways to form SU(2) singlets.
It follows that SU(2) invariance can be made manifest
by passing from Schwinger boson and quark operators
to using only their SU(2)-invariant combinations. The
gauge theory will be expressed entirely in terms of the
dynamics generated by all such operators.

A. SU(2) singlets: Loop, string, and hadron
operators

The complete set of SU(2) invariants at a one-
dimensional (1D) site of a spatial lattice is obtained by
constructing all possible singlet tensors out the available
doublets and their conjugates. It is a special feature of
SU(2) that fundamental doublets are unitarily equivalent
to antifundamentals: if f transforms like a fundamental,
then f̃ given by
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of doublets to work with.
Using the available tensors, the complete set of nonva-

nishing singlets is listed below in (34)–(38):
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Figure 2. Pictorial representation of a 1D lattice with mat-
ter. Every site on the 1D lattice is associated with a fermionic
doublet  = ( 1, 2). Bosonic doublets a(L) = (a1(L), a2(L))
and a(R) = (a1(R), a2(R)) are associated with link ends at-
tached to any site along directions o and i, respectively.

• Hadron operators.—H�,�:
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 ↵ �✏↵� = (H++)† (37b)

[Baryons and mesons are the same for SU(2).]

• Gauge flux, quark number operators.—NL/R, N :

NL = a(L)†↵a(L)↵ (38a)

NR = a(R)†↵a(R)↵ (38b)

N =  
†
↵ ↵ (38c)

These invariants exhaust all possible singlet bilinears and
they are referred to as LSH operators. They obey a closed
operator algebra, which will be necessary to establish
since the original E, U , and  variables have been re-
placed.
Before giving the complete algebra, it is helpful to first

build some intuition for these operators. One can visual-
ize LSH operators in terms of creation and annihilation
of the gauge and matter degrees of freedom appearing in
their definitions. Below, this is done using line segments
for gauge flux, circles for quarks, and solid (dotted) lines
for creation (annihilation) actions:

b ⌘ L++ b ⌘ L��
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The placement of solid and dotted lines is in direct cor-
respondence with the superscripts on the LSH operators.

Express the Hamiltonian through SU(2) 
singlet operators 
→ Basis = number states of commuting 
singlets 



1+1d SU(2) LGT simulation
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FIG. 2. First-order Trotterized circuit for 4 lattice sites.

gates cannot be converted into the X-errors and there-
fore invisible via the AGL, although it can change some
angles and a!ect final measurements. On the other hand,
the Z-error inserted between two H gates becomes the
X-error and thus can be captured by the AGL measure-
ment. Moreover, the X-error will further propagate and
spread out via CX and To!oli gates. This can poten-
tially increase the sensitivity to this type of error, at the
cost of increasing the discarding ratio. [JS: We should
point out that post selection is hard for large number
of Trotter steps (or depth) and is exponentially limiting
with respect to number of sites.]

IV. RESULTS

In this section, we focus on evaluating the hardware re-
sults by comparing them against an ideal noiseless simu-
lation, rather than the exact time evolution. To this end,
we execute quantum circuits of up to 6 Trotter steps at
a fixed timestep of 1.25 on the Quantinuum H2-1 device.
We selected this value because it yields a clear structure
in the time evolution of the observables, which provides a
basis for validating the actual measurement results. Fol-
lowing an explanation of our error mitigation procedures,
we analyze the scaling of the depolarizing noise probabil-

ity and post-selection discard rate with circuit depth. Fi-
nally, the mitigated results are presented and compared
to the noiseless baseline.

A. Calibration for the depolarizing error model

To apply depolarizing error mitigation, the error prob-
ability p must be estimated independently of the observ-
ables of interest. We explored several estimation meth-
ods and selected the most appropriate one, with details
of the emulator-based study provided in the Appendix A.
We use quantum circuits in which all ni(r), no(r), and
nl(r) in the initial state are set to zero as test circuits. In
this circuit, →O↑ideal = 0 in Eq.(19), therefore, p can be
easily estimated. Obtained noise probabilities for each
site are shown in FIG. 4. The fact that the noise proba-
bility scales linearly suggests that our depolarizing noise
model provides a reasonable assumption. Depolarizing
error-mitigated values for each observables are calculated
according to Eq.(20) with the estimated p in each Trotter
step.
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Quantum event generator
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Real-time dynamics simulation + shot-by-shot sampling:
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High-energy scattering on lattice is impractical
15

Use an -bit quantum register per lattice point per field: 
   

Can also encode a Fock representation: 
  

n
|system⟩ = |j1⟩ ⊗ |j2⟩ ⊗ ⋯ ⊗ |jN⟩ ( ji = 0,…,2n − 1)

|system⟩ = |kp1
⟩ ⊗ |kp2

⟩ ⊗ ⋯ ⊗ |kpN
⟩ (kpi

= 0,…,2n − 1)

⇒ Qubit count:  

For  = 10 TeV / 100 MeV = 105 and  = 3 we need ~  qubits
nLd

pmax/pmin d 1015n

Field value at site 1

Number of excitations of mode p1



Sparse Fock encoding
16

Assign a quantum register to each particle, maximum  particles 
→ Field theory as multi-body quantum mechanics 

M

|system⟩ = 𝒮|p1…pJ Ω…Ω⟩

J occupied slots M-J unoccupied slots

⇒ Qubit count:  

For  = 105 and  = 3 we need ~  qubits
M(d log2 L)

pmax/pmin d 50M

Symmetrization (bosons) or 
antisymmetrization (fermions)

Slater determinant

Essentially, a sparse Fock representation



First steps in a long game
Goal: Build a quantum event generator for HEP experiments
As a first step, verify validity of sparse representations in toy systems

17

ℋ(x) =
1
2 [−iψ̄(x)γ1(∂1 − iA1)ψ(x) + h . c . ] + mψ̄(x)ψ(x) +

1
2g2

E2

Initial: particle & antiparticle plane waves 
Adiabatically modulate the interaction term 
→ Track how excitation numbers evolve

Schwinger model on a 20-site lattice

Manuscript in preparation



Lattice gauge theory ground state
18

Using quantum computers to study 
Vacuum (ground state) properties & spectra of field theories 

• Symmetry breaking, phase diagram 
• Potential curve 
• As a state preparation routine 
• etc. 

2

-1 -1

Confined
Yo-yo

Deconfined
Spreading

Higgs
Glassy

Confined
Bending

Energy gap

Deconfined

Confined

Higgs

FIG. 1: Outline of the Z2HM. (a) Shows a sketch of the support of the di!erent terms of Hamiltonian (1) and the
gauge transformation operators Gn. In (b), we sketch the phase diagram of the model and present data for the
energy gap from large-scale density matrix renormalization group (DMRG) computations. We use stars to highlight
the value of the microscopic parameters (m, g,ω) used for the real-time quantum and MPS simulations sketched in
(c). We consider three distinct sets of values for these {(5, 2, 1), (5, 0.01, 1), (0.3, 0.5, 1)}, corresponding to each of the
static phases of the model, and find three dynamical regimes. The structure of the Trotter circuits implementing the
real-time evolution is displayed in (d). These quantum circuits are built by repeated, ordered composition of the Pauli
gadget depicted in (e). C is a dense block of CNOT gates with depth 3, which are grouped after commutation. The
two-qubit depth of these circuits is D = 6NeL for Ne edges on the simulated lattice and L Trotter depth.

tractable setting [11, 12]. More importantly, they unveil a
unique opportunity, bringing the direct experimental ob-
servation of non-perturbative string-like dynamics within
reach of current quantum platforms. This shifts the fo-
cus from asymptotic in-out probes in collider experiments
to the real-time microscopy of flux tubes and their non-
equilibrium evolution in table-top quantum devices [13–
15]. Instead of using a semiclassical phenomenological
description of hadronization [16], which aims to predict
the asymptotic hadron yields observed in colliders by
treating string dynamics classically and reserving quan-
tum e!ects for pair production, direct observation of
string dynamics opens the possibility of quantitative tests
with pure quantum treatment.

This article presents a significant step in this direction,
reporting on the experimental observation of the real-
time dynamics of electric strings in a (2+1)-D Z2HM.
Leveraging recent advancements in superconducting cir-
cuits and integrating a comprehensive toolbox of error

suppression, mitigation, and correction techniques, we
have realized the dynamics of this LGT and tested string-
like physics in regimes that have required stretching the
capabilities of superconducting quantum hardware to the
limit. This has enabled the application of tailored quench
protocols to excite electric strings, the subsequent mea-
surement of their propagation with real-time resolution,
and the exploration of new multi-string scenarios. The
content of this work aligns with recent theoretical propos-
als on quantum simulation of LGTs [17–21] that address
the experimental implementation of such models. In con-
trast, actual implementations in (2+1)-D [22, 23], where
richer topological and dynamical e!ects appear, remain
comparatively scarce.

We take a step forward and use IBM superconducting
chips to track how the string stretches in longitudinal
“yo-yo” modes and how it also exhibits transverse “wig-
gling” localized near its endpoints. We identify key dif-
ferences between the quantum and semiclassical realms

Jesús+ 2025

2

ening transition in a pure gauge Z2 model in (2+1)D.
The model has a confinement-deconfinement transition.
The presence of the roughening transition means that,
when static charges are introduced, the confined phase is
divided into two regions (see Fig. 1). The first occurs in
strong coupling, where the electric string is smooth and
rigid. On this side lies a strongly confined regime char-
acterized by sti! string excitations, where the transverse
fluctuations of the electric flux string are suppressed, re-
sulting in a flux tube with a finite thickness. The sec-
ond, on the other hand, is a crossover region close to
the deconfining transition. This other side is a weakly
confined regime with floppy string excitations, where
these transverse fluctuations become significant. The
string becomes highly fluctuating and delocalized. In this
floppy regime, the width of the flux tube connecting two
charges diverges logarithmically with the distance sepa-
rating them. This crossover region, where the roughening
occurs, is significant because it indicates that the contin-
uous space-time symmetries are e!ectively restored while
remaining in a confining phase [20, 72].

The transition between these two behaviors is driven
by the strength of the confining potential, which is in-
trinsically linked to the electric field in the system. This
qualitative change in the nature of the confining string
has profound implications for various physical observ-
ables, including the entanglement entropy of the system
and the spatial extent of the flux tube itself. Defining a
simple, local order parameter that sharply distinguishes
between the sti! and floppy string regimes has proven to
be a non-trivial task. This di”culty arises from the sub-
tle nature of the transition, which is not associated with
a conventional symmetry-breaking pattern characterized
by a local order parameter acquiring a non-zero expecta-
tion value. Recent research suggests that more sophisti-
cated nonlocal measures, such as entanglement entropy
and order parameters related to translational symmetry
breaking, can serve as e!ective indicators of the rough-
ening transition [73]. The absence of a straightforward
local order parameter underscores the complexity of the
roughening phenomenon and motivates the exploration
of novel diagnostic tools rooted in quantum information
theory and symmetry principles.

The Z2 LGT is well-suited for TN simulations [61, 74–
78]. We use a Hamiltonian formulation of LGTs, based
on the Kogut-Susskind approach [79, 80], and approxi-
mate the states of the system using the matrix product

state (MPS) ansatz [46, 47, 81], which also allows the sim-
ulation of real-time evolution [82]. We study the ground
state of the pure gauge theory across the phase diagram,
with and without external charges. This gives us access
to di!erent observables, including entanglement entropy,
string width, and confining potential, which we use to
determine the roughening region. We also perform dy-
namical simulations, in which we quench the system by
introducing a pair of external charges on the interacting
vacuum. We then follow the evolution of entropy and
string width as a function of time in the various regimes.

deconfin. confinement
g

gc0

Z2 pure gauge

(paramag.) (ferromag.)

crossover
g

gc gr0

Z2 2-particle

FIG. 1. Phase diagram of the Z2 LGT in the vacuum and
the 2-particle sector. In the vacuum sector, there are two dif-
ferent phases (the deconfined phase dual to the paramagnetic
one and the confined phase dual to the ferromagnetic one),
while in the 2-particle sector, an intermediate crossover region
appears.

In particular, for the entanglement entropy, we find quali-
tatively di!erent dynamics within the roughening region,
which can be connected to the e!ective model describing
the string excitations in such a case. Our approach is
complementary to other recent TN studies of the rough-
ening problem in this model [73, 83].

The manuscript is structured as follows. In Sect. II
we describe the Z2 LGT in 2+1 dimensions, its dual-
ity with the quantum Ising model (Sect. IIA), and the
matrix product state setup for the numerics (Sect. II B).
After that, in Sect. III we first review the roughening
transition, and we proceed with the analysis of four
aspects: string width (Sect. III A), entanglement en-
tropy (Sect. III B), confining potential (Sect. III C), and
restoration of rotational symmetry (Sect. III D). Subse-
quently, in Sect. IV we study the dynamical properties of
the flux string in the roughening region by observing the
growth patterns of the entanglement entropy (Sect. IV A)
and the string width (Sect. IV B). Final remarks and out-
look are given in Sect. V.

II. MODEL AND SETUP

We consider a Z2 lattice gauge theory (LGT) on a
square lattice # with L plaquettes in the horizontal di-
rection 1̂ and N plaquettes in the vertical direction 2̂.
We impose periodic boundary conditions in the verti-
cal direction. We denote the sites with v = (x, y)
(x = 1, . . . , L+1 and y = 1, . . . , N) and the links with the
pair (v, µ̂) where µ̂ is the direction (µ = 1, 2). The expres-
sion (v, →µ̂) has to be understood as the link (v → µ̂, µ̂).

The Z2 LGT has spin- 1
2 degrees of freedom on the

links. We identify ωz as the gauge field and ωx as the
electric field. With this in mind, we can write the Hamil-
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FIG. 5. Numerical results on the confining potential (16) across the roughening transition for a system size in the longitudinal
direction of the string, L = 30, and in the transversal direction of the string N = 6, if not explicitly stated. (a): String tension
ω vs. coupling constant g (coupling step !g = 0.01 and εmax = 128); For large coupling ω → 2g as shown by the inset. (b):
Universal Lüscher term ϑ for N = 4, 5 and 6 in the crossover region (!g = 0.025 and εmax = 256); We have reported the values
of ϑ only when the string width is not saturated at the given N (see Fig. 4a). (c): Di”erence of the on and o”-axis potential
terms ω and ϖ in (16); In this case a 50 ↑ 5 lattice to allow for larger strings.

roughening region is compatible with a logarithmic func-
tion, as shown by the fit in dotted line, which confirms
the general prediction of [18].

B. Entanglement entropy

Given a bipartition A → B of the whole system and a
state ω, the entanglement entropy (EE) is defined as

S = ↑ Tr(ωA log ωA) = ↑
∑

i

pi log pi (13)

where ωA is the reduced density matrix TrB(ω) and pi

are the Schmidt values. Through the EE, it is possible
to obtain a more quantum-informational perspective on
the crossover region. We consider a transverse cut of the
cylinder in two equal parts of length L/2 and compute the
EE for this bipartition, which corresponds to the middle
bond in our MPS representation.

The flux string is e!ectively a one-dimensional system,
and it is known that in (1+1)D the EE scales di!er-
ently with the subsystem size depending on the phase
[94]. In a critical phase, it grows logarithmically due to
the diverging correlation length, while it is capped in a
gapped phase due to the short-range correlations. There-
fore, when the string is highly fluctuating, meaning that
it is critical, we expect the EE to show a dependence on
R. We verify that this is indeed the case, as illustrated
in Fig. 4c–d, where we show the EE in a 30 ↓ 6 lattice
for g ↔ [0.4, 1.0] and R = 15, . . . , 20. We see that in
the crossover region 0.6 ↭ g ↭ 1.0, the EE develops a
dependence on R (Fig. 4c) that is compatible with a log-
arithmic growth (Fig. 4d). This behavior then dies out
when moving away from the crossover region.

Furthermore, it has been shown in [95–98] that the
scaling coe”cient of the EE in a 1D critical state depends

on c, the central charge, as

S ↗ c

6
log(R) + const. (14)

From the logarithmic fits of the EE for di!erent g, as
the ones shown in Fig. 4d, we find that the extracted
central charge plateaus around c ↘ 1 in the crossover
region, as shown in the inset of the panel, consistent with
an e!ective description of the fluctuating string at low
energies by a massless boson theory, as discussed in the
next subsection.

On a final note, we also observe a dependence on the
transverse size of the system N , as shown in the inset of
Fig. 4c, especially when close to the deconfining point gc.
We regard this as an e!ect of the finite-size dependence
of the EE near a second-order phase transition.

C. Confining potential

The energy stored in a flux string connecting two static
charges produces a confining potential that corresponds
to the energy cost to create such a string state from the
vacuum of the theory. In the Hamiltonian picture, the
confining potential can be measured as the di!erence be-
tween the energies of the ground states with and without
charges.

V (g,εr) = ≃#v1,v2 |H(g; v1, v2)|#v1,v2⇐ ↑
↑ ≃#⊋|H(g;⊋)|#⊋⇐ , (15)

where H(g; v1, v2) and H(g,⊋) are defined respectively
in (8) and (9), while |#v1,v2⇐ and |#⊋⇐ are their respec-
tive ground states. The charges are positions in v1 and v2

with the vector εr connecting them. As can be expected,
the energy of a string in the confined region grows lin-
early with its length, meaning that at the zeroth order

Di Marcantonio+ 2025



Vacuum from imaginary time evolution
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Sekiyama & Nagano, 2604.17874
Imaginary time evolution (QITE): |Ω⟩ = lim

τ→∞

e−Hτ|ψ⟩
|e−Hτ|ψ⟩ |

→ Approximate with unitary operations (Trotter decomposition)

e−Hτ|ψ⟩
𝒩

∼
(∏k e−HkΔτ)

N
|ψ⟩

𝒩
∼ ∏

j
∏

k

exp(−i Aj
k Δτ) |ψ⟩

Must be determined tomographically 
→ Exponential cost at worst case

7

TABLE I: Pauli pool operator counts per support with and without the reductions. Blue vertices denote fully
included Gauss’s laws. Boundaries of the entire lattice are not taken into account.

support D weight D = |D| |P \ I→D| |PG,odd| |PG,odd/G|

4 255 8 8

7 16383 192 192

10 1048575 2048 2048

10 1048575 2048 1024

12 16777215 30720 15360

B. Results for (Nx
site, N

y
site) = (3, 3)

In this section, we present simulation results for a
fixed system size (Nx

site, N
y

site) = (3, 3) (see the left panel
of Fig. 3) with open boundary conditions. The initial
state is the ground state of the electric field term given
as |!0→ = |+→

→Nlink . We also fix the maximal imaginary
time as ωmax = 2.0, for which we confirm the convergence
(See the left panel of Fig. 4).

As we mentioned in Section IIC, the size of the support
of Pauli pools is shown to be bounded by the correlation
length [9]. Although taking a su”ciently large support
yields state preparation with provable error bounds, we
can instead use a smaller support as a heuristic. This
further reduces gate and measurement costs, at the ex-
pense of extra errors. Specifically, we consider Pauli pools
at each step with weight four (the weight is defined by
Eq. (18)), which are given as follows (see also Tab. II).
For a plaquette termWn, we use P [D] defined by Eq. (33)
with a support D = supp(Wn), which is a set of qubits

· · ·Ny
site = 3

Nx
site = 3 3 → Nx

site → 7

FIG. 3: System sizes studied in this work. We employ a
ladder-like geometry with fixed Ny

site = 3 and open
boundary conditions. The smallest system,

(Nx

site, N
y

site) = (3, 3), is shown on the left and the
largest system, (Nx

site, N
y

site) = (7, 3), is shown on the
right.

that the plaquette acts on. On the other hand, each
link (n, eµ) is involved in the two adjacent plaquettes,
Wn and Wn↑eω , where ε = y (ε = x) for µ = x (µ = y).
We thus define

D+ = supp(Wn) , D↑ = supp(Wn↑eω ) , (42)

and construct the corresponding Pauli pool as P =
P[D+] ↑ P [D↑] .
We implement both the QITE and (Suzuki-

Trotterized) ITE using the TEBD, and compare
results with the DMRG energy. At each time step, the

TABLE II: The support of the Pauli pool for each term
of the Hamiltonian. Blue links denote the links involved

in the considered term.

Wn

n n

Xn,x

n andn
n

Xn,y

n

and

n n

terms Pauli pool supports

System: 1.5D  LGTℤ2
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TABLE I: Pauli pool operator counts per support with and without the reductions. Blue vertices denote fully
included Gauss’s laws. Boundaries of the entire lattice are not taken into account.

support D weight D = |D| |P \ I→D| |PG,odd| |PG,odd/G|

4 255 8 8
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12 16777215 30720 15360
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time as ωmax = 2.0, for which we confirm the convergence
(See the left panel of Fig. 4).

As we mentioned in Section IIC, the size of the support
of Pauli pools is shown to be bounded by the correlation
length [9]. Although taking a su”ciently large support
yields state preparation with provable error bounds, we
can instead use a smaller support as a heuristic. This
further reduces gate and measurement costs, at the ex-
pense of extra errors. Specifically, we consider Pauli pools
at each step with weight four (the weight is defined by
Eq. (18)), which are given as follows (see also Tab. II).
For a plaquette termWn, we use P [D] defined by Eq. (33)
with a support D = supp(Wn), which is a set of qubits
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right.

that the plaquette acts on. On the other hand, each
link (n, eµ) is involved in the two adjacent plaquettes,
Wn and Wn↑eω , where ε = y (ε = x) for µ = x (µ = y).
We thus define

D+ = supp(Wn) , D↑ = supp(Wn↑eω ) , (42)

and construct the corresponding Pauli pool as P =
P[D+] ↑ P [D↑] .
We implement both the QITE and (Suzuki-

Trotterized) ITE using the TEBD, and compare
results with the DMRG energy. At each time step, the

TABLE II: The support of the Pauli pool for each term
of the Hamiltonian. Blue links denote the links involved

in the considered term.
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FIG. 4: Relative error of classically simulated QITE and ITE for (Nx

site, N
y

site) = (3, 3) with open boundary
conditions. The initial state is the ground state of the electric term, and the Pauli pool is composed of the set of
plaquettes. The left plot shows relative error as a function of imaginary time ω with the coupling value ε = 0.5

fixed. The right plot shows the dependence of the relative error on the coupling value ε for ω = 2.0.

FIG. 5: Relative error of classically simulated QITE and ITE at the final imaginary time with respect to the DMRG
energy as a function of imaginary time step. System size is (Nx

site, N
y

site) = (3, 3) to (Nx

site, N
y

site) = (6, 3), open
boundary conditions. ε = 0.5 for the left panel and ε = 2.0 for the right panel, respectively. The initial state is the

ground state of electric term. The QITE and ITE series correspond to results obtained using QITE and ITE,
respectively.

from the QITE agrees with the DMRG up to 0.1% error
for the coupling value 0.5 → ε → 5.0 up to a twelve-
plaquette system (two links in the vertical direction and
six links in the horizontal direction). The error tends to
increase with the value of ε, which is consistent with the
fact that we take the electric (ε = 0) ground state as an
initial state of the ITE. Moreover, we investigated the
dependence of the error on the time step size and sys-
tem size. We confirm that a shorter time step size !ω
results in a smaller error for ε = 0.5, which implies con-
trollability of QITE errors. The error convergence is also
observed for ε = 2.0, but worse than that for ε = 0.5.
We discussed that this may come from the limited size
of the Pauli pool support and the initial state. The val-
idation of this hypothesis and the improvement are left
for future work. Finally, we saw that the QITE error
slowly increases with the system size, at least the ladder-
like geometry in 12 → Nlink(= Nq) → 32. It would be
interesting to see how the error scales for larger systems
and/or genuine 2D systems.

Several future directions can be considered. First, un-

derstanding the dependence on the Pauli support size in
a larger lattice would be important to see how the re-
sources scale. Additionally, in the large coupling regime,
it would be more e”cient to use other initial states, such
as the ground state in the strong-coupling (magnetic)
limit. Moreover, to study the e#ects of noise, a noisy
simulation or implementation on the current hardware is
also valuable. In particular, it would be important to
see the robustness of symmetry preservation during the
QITE in the presence of noise. Finally, an extension to
the non-Abelian LGTs would also be important for LGT
simulations.
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Main contribution: 
Exploit the Hamiltonian structure & symmetries 
to drastically reduce the tomography cost

High accuracy achieved in QITE
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Idea: 
Reduce the dimension of Hamiltonian 

↓ 
Numerically diagonalize (on HPC) 

• Many-body Hamiltonian projected onto 
subspace containing the ground state 

• Use quantum computer to identify the subspace 
• Gives strict upper bound on ground-state 

energy 
• Several approaches exist 

(sample-based, Krylov, sample-based Krylov)
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Chemistry beyond the scale of exact diagonalization on 
a quantum- centric supercomputer
Javier Robledo- Moreno1*, Mario Motta1*, Holger Haas1, Ali Javadi- Abhari1, Petar Jurcevic1, 
William Kirby2, Simon Martiel3, Kunal Sharma1, Sandeep Sharma4, Tomonori Shirakawa5,6,7, 
Iskandar Sitdikov1, Rong- Yang Sun5,6,7, Kevin J. Sung1, Maika Takita1, Minh C. Tran2,  
Seiji Yunoki5,6,7,8, Antonio Mezzacapo1*

A universal quantum computer can simulate diverse quantum systems, with electronic structure for chemistry 
o!ering challenging problems for practical use cases around the hundred- qubit mark. Although current quantum 
processors have reached this size, deep circuits and a large number of measurements lead to prohibitive runtimes 
for quantum computers in isolation. Here, we demonstrate the use of classical distributed computing to o"oad all 
but an intrinsically quantum component of a work#ow for electronic structure simulations. Using a Heron super-
conducting processor and the supercomputer Fugaku, we simulate the ground- state dissociation of N2 and the 
ground state properties of [2Fe- 2S] and [4Fe- 4S] clusters, with circuits up to 77 qubits and 10,570 gates. The 
proposed algorithm processes quantum samples to produce upper bounds for the ground- state energy and 
sparse approximations to the ground- state wave functions. Our results suggest that, for current error rates, a 
quantum- centric supercomputing architecture can tackle challenging chemistry problems beyond sizes amena-
ble to exact diagonalization.

INTRODUCTION
!e most common task in theoretical quantum chemistry is the 
computation of ground- state energies by solving the Schrödinger 
equation H ∣Ψ⟩ = E ∣Ψ⟩ in the Born- Oppenheimer approxima-
tion. Exact numerical solutions in a "nite basis set have a cost 
growing combinatorially in the number of electrons and orbitals. 
This limits exact diagonalization in the full configuration inter-
action (FCI) to system sizes close to 22 electrons in 22 orbitals 
(22e,22o) (1) and (26e,23o) (2). For system sizes beyond the reach 
of FCI, one must rely on approximate methods, e.g., diagram-
matic techniques, wave function ansatzes, and Monte Carlo inte-
gration (3, 4).

Progress in quantum computing has triggered a $urry of theo-
retical proposals for computational chemistry over the past decade 
[e.g., (5–7)]. At the same time, attempts have been made at imple-
mentations on prefault- tolerant quantum processors (8–14), but these 
have so far been limited to small systems for two main reasons. 
First, despite numerous e%orts to improve on the measurement 
problem [e.g., (15–17)], runtime for energy expectation value esti-
mation on interesting systems remains out of any reasonable times-
cale. Second, the depths of chemically motivated quantum circuits 
for computations of chemistry are very high. For unitary coupled 
cluster (18) and a single step of time evolution, these quantities scale 
as M4 (19) on a system with M spin- orbitals. Although this scaling 

can be improved with various techniques (20), on prefault- tolerant 
devices, the signal emerging from circuits of such size is weakened 
by the accumulation of gate errors and qubit decoherence.

Here, we show that a quantum- centric supercomputing archi-
tecture and work$ow—which we call sample- based quantum diago-
nalization (SQD)—allow us to tackle realistic electronic structure 
problems on system sizes beyond the reach of exact diagonalization on 
prefault- tolerant quantum processors. We conduct quantum experi-
ments to study the ground- state properties of the N2 molecule and the 
[2Fe- 2S] and [4Fe- 4S] clusters using 58, 45, and 77 qubits, respectively, 
and a maximum number of 3.5 K two- qubit gates.

!e manuscript is structured as follows. In the Results section, we 
provide a brief description of the problem statement, the concerted 
quantum- classical work$ow, and the con"guration recovery tech-
nique, as well as the quantum circuits run in the experiments. !is 
section ends with the presentation of the experiment results on the 
ground- state properties of the N2 molecule in a correlation- consistent 
basis set and the active spaces of the [2Fe- 2S] and [4Fe- 4S] clusters. 
!e Discussion section summarizes our "ndings and examines some 
conditions for the advantage with SQD or variations thereof. !e Ma-
terials and Methods section provides detailed explanations on the 
subspace projection and diagonalization and approximate total spin 
symmetry restoration, the con"guration recovery technique, and ex-
perimental details including the construction of the quantum circuits 
and the mapping into quantum processors.

RESULTS
We set up the discussion of our results by considering the quantum- 
centric supercomputing architecture (21) schematized in Fig. 1. !e 
architecture enables scaling of computational capacity by leveraging 
quantum processors for their natural task: executing a limited num-
ber of large quantum circuits. We follow the work$ow in Fig. 1 to 
summarize our methods.
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Krylov diagonalization of large many-body
Hamiltonians on a quantum processor

Nobuyuki Yoshioka 1,2,10 , Mirko Amico 3,10 , William Kirby 3,10 ,
Petar Jurcevic 3, Arkopal Dutt4, Bryce Fuller 3, Shelly Garion5, Holger Haas3,
Ikko Hamamura 6,7, Alexander Ivrii 5, Ritajit Majumdar8, Zlatko Minev 3,
Mario Motta3, Bibek Pokharel 9, Pedro Rivero3, Kunal Sharma 3,
Christopher J. Wood 3, Ali Javadi-Abhari3 & Antonio Mezzacapo3

The estimation of low energies of many-body systems is a cornerstone of the
computational quantumsciences. Variational quantumalgorithms canbeused
to prepare ground states on pre-fault-tolerant quantum processors, but their
lack of convergence guarantees and impractical number of cost function
estimations prevent systematic scaling of experiments to large systems.
Alternatives to variational approaches are needed for large-scale experiments
on pre-fault-tolerant devices. Here, we use a superconducting quantum pro-
cessor to compute eigenenergies of quantum many-body systems on two-
dimensional lattices of up to 56 sites, using the Krylov quantum diagonaliza-
tion algorithm, an analog of the well-known classical diagonalization techni-
que. We construct subspaces of the many-body Hilbert space using
Trotterized unitary evolutions executed on the quantum processor, and
classically diagonalize many-body interacting Hamiltonians within those sub-
spaces. These experiments demonstrate exponential convergence towards an
estimate of the ground state energy, and show that quantum diagonalization
algorithms are poised to complement their classical counterparts at the
foundation of computational methods for quantum systems.

Solving the Schrödinger equation for quantum many-body sys-
tems is at the core of many computational algorithms in fields
such as condensed matter physics, quantum chemistry, and high-
energy physics. A quantum advantage for this task would have
far-reaching consequences for natural sciences. Among approa-
ches to using quantum computers for eigenstate calculations, two
have been the primary objects of discussion to date: quantum
phase estimation (QPE)1,2, including its recent advancements (e.g.,
refs. 3–5), and the variational quantum eigensolver (VQE)6.

Experimental implementations on pre-fault-tolerant devices have
focused on VQE, which has been demonstrated on various
experimental platforms for a wide range of problems (e.g.,
refs. 6–9). However, the bottleneck of parametric optimization
has so far prevented its scaling beyond small instances. QPE, on
the other hand, possesses theoretical precision guarantees, but
quantum error correction will be necessary to reach the circuit
depths required for problems of value, although small examples
have been implemented10–12.
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Implicit Solvent Sample-Based Quantum Diagonalization
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ABSTRACT: The sample-based quantum diagonalization (SQD)
method shows great promise in quantum-centric simulations of
ground state energies in molecular systems. Inclusion of solute−
solvent interactions in simulations of electronic structure is critical
for biochemical and medical applications. However, all of the
previous applications of the SQD method were shown for gas-phase
simulations of the electronic structure. The present work aims to
bridge this gap by introducing the integral equation formalism
polarizable continuum model (IEF-PCM) of solvent into the SQD
calculations. We perform SQD/cc-pVDZ IEF-PCM simulations of
methanol, methylamine, ethanol, and water in aqueous solution
using quantum hardware and compare our results to CASCI/cc-
pVDZ IEF-PCM simulations. Our simulations on ibm_cleveland, ibm_kyiv, and ibm_marrakesh quantum devices are performed
with 27, 30, 41, and 52 qubits demonstrating the scalability of SQD IEF-PCM simulations.

1. INTRODUCTION
Solvation eHects are pivotal for a wide range of applications,
including drug design,1−3 protein design4−7 and catalysis,8−10

as they influence reaction mechanisms and molecular proper-
ties.11−13 However, the accurate modeling of solvated chemical
systems remains one of the most critical challenges in
computational chemistry. These eHects arise from complex
solute−solvent interactions, encompassing electrostatics, dis-
persion, hydrogen bonding, and polarization, which makes the
problem inherently many-body in nature.14−19

Solvation is traditionally addressed using explicit or implicit
models.20,21 Explicit models simulate individual solvent
molecules, capturing detailed solute−solvent interactions, but
they require extensive sampling due to the many degrees of
freedom involved.22−24 Implicit models, such as the polarizable
continuum model (PCM) and its advanced formulations like
IEF-PCM, approximate the solvent as a continuous dielectric
medium, reducing computational cost while capturing
dominant electrostatic interactions.14−19,25,26 Despite these
advances, integrating implicit solvation models with high-
accuracy quantum chemistry methods, such as coupled cluster
(CC) theory27−29 and complete active space configuration
interaction (CASCI),30−32 which provide systematically
improvable treatments of electronic correlation, remains
computationally demanding for systems containing tens to
hundreds of atoms. The computational costs of these methods
scale steeply with system size.

Quantum computing oHers a transformative approach to
overcome these limitations. Unlike classical systems, which
encode information as bits, quantum computers leverage
qubits that can exist in superpositions of states, enabling
e,cient representation and manipulation of complex quantum
systems. Quantum algorithms, including the variational
quantum eigensolver (VQE),33−36 quantum phase estimation
(QPE),37−39 and sample-based quantum diagonalization
(SQD),40−43 have been developed to solve the electronic
Schrödinger equation. These methods promise to achieve
chemical accuracy for increasingly complex systems as
quantum hardware matures.
Recent research has demonstrated the feasibility of

integrating quantum computing with diHerent solvent models.
For example, the use of VQE combined with IEF-PCM44 and
the polarizable embedded framework45 has yielded promising
results (on classical simulators of quantum circuits) in
calculating total energies for small molecules in solution,
achieving accuracies comparable to high-level classical
methods. However, despite these advances in solvation
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Sample-based Krylov diagonalization

Steps 
• Simulate time evolution for several  
• Measure each snapshots and obtain 

sample bitstrings 
• Project the Hamiltonian onto the sample 

subspace and diagonalize

t

22

If ( ) = Ẽ0then

where Ẽ0 ≳ E0

Robledo-Moreno et al., Sci. Adv. 11, eadu9991 (2025)     18 June 2025
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Our main goal is to !nd the ground state of chemistry Hamiltonians

expanded over a discrete basis set. Here, we have de!ned the fermi-
onic creation/annihilation operator â†pσ ∕ âpσ associated to the p- th 
basis set element and the spin σ , whereas hpr and 

(
pr∣qs

)
 are the one-  

and two- body electronic integrals, obtained from standard chemis-
try so"ware (22). #roughout this manuscript, we use molecular 
orbitals as basis set elements. We map the degrees of freedom of 
Eq. 1 to qubits with a Jordan- Wigner (JW) transformation (23). We 
then construct a quantum circuit to be executed on quantum hard-
ware, preparing a state ∣Ψ⟩ on M qubits, which represents a molecu-
lar wave function on M molecular spin- orbitals. In the JW mapping, 
the single- qubit basis states ∣0⟩∕∣1⟩ represent empty/occupied spin- 
orbitals. #ese mapping and optimization steps are performed on 
classical nodes (see Fig. 1). We execute the circuit on a quantum com-
puter and measure ∣Ψ⟩ in the computational basis. Repeating this 
produces a set of measurement outcomes

in the form of bitstrings x ∈ {0, 1}M distributed according to some 
P̃Ψ ; the bitstrings represent electronic con!gurations, also referred 
to as Slater determinants (SDs).

Con!guration recovery
On a prefault- tolerant quantum computer, the action of noise alters 
the distribution from its ideal form PΨ = ∣⟨x∣Ψ⟩∣2 to some other 
P̃Ψ , which generates the noisy set of con!gurations ̃ , accessible to 
us via quantum measurement. Noise in the quantum system broad-
ens the distribution PΨ over con!gurations that do not contribute to 
low- energy states, so- called deadwood (24). As a result, only a frac-
tion of ̃ contains a meaningful quantum signal. To improve this 
scenario, we introduce a self- consistent con!guration recovery tech-
nique, which allows a probabilistic partial recovery of noiseless con-
!guration samples from ̃.

#e con!guration recovery scheme is inspired by the structure of 
chemistry problems. #e Hamiltonian in Eq. 1 conserves the num-
ber of particles separately for each spin species. #e recovery routine 
targets con!gurations x that have the wrong particle number Nx ≠ N 
due to the accumulation of errors in the execution of the quantum 
circuit.

Repeated rounds of recovery can be carried out self- consistently. 
#e !rst step of each recovery round is to iterate through the set ̃ and !nd con!gurations x with Nx ≠ N particles. If Nx > N (or 
Nx < N ), ∣Nx − N ∣ bits are sampled to be %ipped from the set of oc-
cupied (or empty) spin- orbitals, according to a distribution propor-
tional to a monotonically increasing function (see Materials and 
Methods section for further information) of ∣xpσ − npσ∣ , the dis-
tance from the current value of the bit to the average occupancy of 
the spin- orbital pσ , obtained from the previous recovery round. 
#is generates a new set of recovered con!gurations R.

Following the next step of Fig. 1, we build K  batches of d con-
!gurations  (1) … , (K) using samples from the set R , according 

Ĥ =
∑

pr

σ

hpr â†pσârσ +
∑

prqs

στ

(
pr ∣qs

)

2
â†pσâ

†
qτâsτârσ

(1)

̃ = {x∣x ∼ P̃Ψ(x)} (2)

Fig. 1. Quantum- centric supercomputing architecture and SQD work"ow diagram. (Left) We illustrate a simpli!ed architecture used to execute our work"ow. The 
architecture has a cluster with a quantum system alongside classical runtime nodes within an isolated environment. A workload management system controls hybrid 
quantum- classical jobs through middleware. Our work"ow is distributed on a set of classical nodes. It includes standard quantum chemistry application routines such as 
computing electronic integrals, mapping to qubits, and preparing circuits to be executed. (Right) Details of the classical postprocessing step. The input is a set of noisy 
samples ̃ from the quantum execution that are processed with our con!guration recovery step, using information from a vector n of reference orbital occupancies. The 
green inset shows an example where a con!guration with Nx < N is corrected. The set of recovered con!gurations R is subsampled and distributed for projection and 
diagonalization on parallel classical nodes. A new average reference occupancy vector n is computed from the results, and the con!guration recovery loop is repeated 
self- consistently until convergence.
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Ground state of 2D triangular pure  LGTℤ2
23

HLGT = − ∑
e∈ℰ

Z(e) − λ ∑
p∈𝒫

∏
e∈∂p

X(e)

edges plaquettes edges 
bounding p

Pure 2D  lattice gauge theory:ℤ2

edge e

plaquette p

vertex v

∂p

∂v

Manuscript in preparation

Utilizing the full IBM Heron 
chip for time evolution circuits

Increasing the projection 
subspace size improves the 
energy estimate



Going forward
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Event generator

LGT real-time simulations
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