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Extended Data Fig. 2 | Sample preparation and experimental geometries. 
(a) Micrograph of the YBa2Cu3O7 thin film patterned into a 400 µm diameter 
half disc shape. (b) Sketch of the sample configuration highlighting the 
positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
respect to the YBa2Cu3O6.48 single crystal. (e) Top-view micrograph of the 
sample and detector assembly showing the GaP (100) detector (yellow) seen 
through the Al2O3 filter and positioned in the vicinity of the YBa2Cu3O6.48 single 
crystal (black). More details on sample preparation and mounting are described 
in the Methods.
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Extended Data Fig. 2 | Sample preparation and experimental geometries. 
(a) Micrograph of the YBa2Cu3O7 thin film patterned into a 400 µm diameter 
half disc shape. (b) Sketch of the sample configuration highlighting the 
positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
respect to the YBa2Cu3O6.48 single crystal. (e) Top-view micrograph of the 
sample and detector assembly showing the GaP (100) detector (yellow) seen 
through the Al2O3 filter and positioned in the vicinity of the YBa2Cu3O6.48 single 
crystal (black). More details on sample preparation and mounting are described 
in the Methods.
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Extended Data Fig. 2 | Sample preparation and experimental geometries. 
(a) Micrograph of the YBa2Cu3O7 thin film patterned into a 400 µm diameter 
half disc shape. (b) Sketch of the sample configuration highlighting the 
positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
respect to the YBa2Cu3O6.48 single crystal. (e) Top-view micrograph of the 
sample and detector assembly showing the GaP (100) detector (yellow) seen 
through the Al2O3 filter and positioned in the vicinity of the YBa2Cu3O6.48 single 
crystal (black). More details on sample preparation and mounting are described 
in the Methods.
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positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
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positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
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small tilt with respect to the detector back side. This angle is big enough to filter 
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(a) Micrograph of the YBa2Cu3O7 thin film patterned into a 400 µm diameter 
half disc shape. (b) Sketch of the sample configuration highlighting the 
positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
respect to the YBa2Cu3O6.48 single crystal. (e) Top-view micrograph of the 
sample and detector assembly showing the GaP (100) detector (yellow) seen 
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enhancement near the edge (red-shaded area). The different ampli-
tudes of the effect measured in these two locations are determined by 
the geometry of the experiment. As shown in the colour plot in Fig. 1a, 
the decay of the changes in the local magnetic field along the vertical 
direction is steeper near the edge than above the centre of the sample. 
Because the magneto-optic detector averaged the magnetic field along 
the vertical direction, a smaller amplitude signal was detected when 
measuring near the edge at which the field experienced a faster decay 
(Methods and Extended Data Fig. 5).

A second test for time-resolved magnetometry was performed in the 
excitation conditions of Extended Data Fig. 1a. We tracked the dynamics 
of the magnetic field expulsion after disruption of superconductivity 
in a YBCO7 thin film by an ultraviolet (400 nm) pulse. The geometry of 

the experiment (Fig. 1c) was the same as those used in the equilibrium 
measurements, with the only addition of the pump pulse, which struck 
the sample from the side opposite to the detector. Note that the YBCO7 
thin film was completely opaque to 400 nm radiation, and the beam 
was shaped as a half-Gaussian to match the half-disc shape defined in 
the sample. This geometry ensured that the magneto-optic detector 
never interacted directly with the optical pump (for more experimental 
details, see Methods and Extended Data Fig. 6a).

The pump-induced changes in the local magnetic field were meas-
ured as a function of pump–probe time delay in two different positions: 
near the edge and above the sample. The results of these measurements 
are shown in Fig. 1d. As superconductivity is disrupted (see Extended 
Data Fig. 1a–c), the magnetic field penetrates into the sample within a 
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Fig. 2 | Magnetic field expulsion after phonon excitation in YBCO6.48.  
a, Schematic of the experiment. A thin Al2O3 crystal is placed on top and next  
to the exposed side of the GaP (100) detection crystal to completely reflect  
the 15-µm pump and prevent it from generating a spurious nonlinear optical 
response in the GaP (100) crystal. The thin Al2O3 crystal also creates a well- 
defined edge in the mid-infrared pump beam, shaping the photo-excited 
region into a half-disc of about 375 µm diameter. The expected changes due  
to the local magnetic field expulsion on photo-excitation are shown in the 
magnified area on the right. The time-dependent magnetic field is sampled 
positioning the probe beam in the vicinity of the edge of the photo-excited 
region. b, Pump-induced change in the measured magnetic field ∆B as a 

function of pump–probe delay measured at two different temperatures of 
100 K (red) and 300 K (yellow). The top plot shows the cross-correlation of  
the pump and the probe pulses measured in situ, in a position adjacent to the 
sample. Its peak defines the time zero in the delay scan. The inset shows the 
dependence of the peak value of the pump-induced magnetic field expulsion 
(∆Bpeak) on the input polarization angle θinc of the probe pulse. c, Results of a 
magnetostatic calculation accounting for the geometry and placement of the 
detector that relate the sensed magnetic field change to a change in the magnetic 
susceptibility of the photo-excited region in YBCO6.48. Further details on this 
calculation are given in the Methods and Extended Data Figs. 3 and 4. The error 
bars denote the standard error of the mean.

Extended Data Fig. 2 | Sample preparation and experimental geometries. 
(a) Micrograph of the YBa2Cu3O7 thin film patterned into a 400 µm diameter 
half disc shape. (b) Sketch of the sample configuration highlighting the 
positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
respect to the YBa2Cu3O6.48 single crystal. (e) Top-view micrograph of the 
sample and detector assembly showing the GaP (100) detector (yellow) seen 
through the Al2O3 filter and positioned in the vicinity of the YBa2Cu3O6.48 single 
crystal (black). More details on sample preparation and mounting are described 
in the Methods.
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enhancement near the edge (red-shaded area). The different ampli-
tudes of the effect measured in these two locations are determined by 
the geometry of the experiment. As shown in the colour plot in Fig. 1a, 
the decay of the changes in the local magnetic field along the vertical 
direction is steeper near the edge than above the centre of the sample. 
Because the magneto-optic detector averaged the magnetic field along 
the vertical direction, a smaller amplitude signal was detected when 
measuring near the edge at which the field experienced a faster decay 
(Methods and Extended Data Fig. 5).

A second test for time-resolved magnetometry was performed in the 
excitation conditions of Extended Data Fig. 1a. We tracked the dynamics 
of the magnetic field expulsion after disruption of superconductivity 
in a YBCO7 thin film by an ultraviolet (400 nm) pulse. The geometry of 

the experiment (Fig. 1c) was the same as those used in the equilibrium 
measurements, with the only addition of the pump pulse, which struck 
the sample from the side opposite to the detector. Note that the YBCO7 
thin film was completely opaque to 400 nm radiation, and the beam 
was shaped as a half-Gaussian to match the half-disc shape defined in 
the sample. This geometry ensured that the magneto-optic detector 
never interacted directly with the optical pump (for more experimental 
details, see Methods and Extended Data Fig. 6a).

The pump-induced changes in the local magnetic field were meas-
ured as a function of pump–probe time delay in two different positions: 
near the edge and above the sample. The results of these measurements 
are shown in Fig. 1d. As superconductivity is disrupted (see Extended 
Data Fig. 1a–c), the magnetic field penetrates into the sample within a 
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Fig. 2 | Magnetic field expulsion after phonon excitation in YBCO6.48.  
a, Schematic of the experiment. A thin Al2O3 crystal is placed on top and next  
to the exposed side of the GaP (100) detection crystal to completely reflect  
the 15-µm pump and prevent it from generating a spurious nonlinear optical 
response in the GaP (100) crystal. The thin Al2O3 crystal also creates a well- 
defined edge in the mid-infrared pump beam, shaping the photo-excited 
region into a half-disc of about 375 µm diameter. The expected changes due  
to the local magnetic field expulsion on photo-excitation are shown in the 
magnified area on the right. The time-dependent magnetic field is sampled 
positioning the probe beam in the vicinity of the edge of the photo-excited 
region. b, Pump-induced change in the measured magnetic field ∆B as a 

function of pump–probe delay measured at two different temperatures of 
100 K (red) and 300 K (yellow). The top plot shows the cross-correlation of  
the pump and the probe pulses measured in situ, in a position adjacent to the 
sample. Its peak defines the time zero in the delay scan. The inset shows the 
dependence of the peak value of the pump-induced magnetic field expulsion 
(∆Bpeak) on the input polarization angle θinc of the probe pulse. c, Results of a 
magnetostatic calculation accounting for the geometry and placement of the 
detector that relate the sensed magnetic field change to a change in the magnetic 
susceptibility of the photo-excited region in YBCO6.48. Further details on this 
calculation are given in the Methods and Extended Data Figs. 3 and 4. The error 
bars denote the standard error of the mean.

Extended Data Fig. 2 | Sample preparation and experimental geometries. 
(a) Micrograph of the YBa2Cu3O7 thin film patterned into a 400 µm diameter 
half disc shape. (b) Sketch of the sample configuration highlighting the 
positioning of the GaP (100) magneto-optic detector with respect to the 
YBa2Cu3O7 half disc. (c) Side view highlighting how undesired reflections are 
filtered out. The GaP detection crystal is wedged to spatially separate the front 
and back reflections from each other. The YBCO sample is then mounted with a 
small tilt with respect to the detector back side. This angle is big enough to filter 
out the reflection from the YBCO surface, but small enough not to interfere 

with the measurement. Both angles are exaggerated for clarity, in reality 
αwedge ~ 1.5° and αYBCO ~ 1°. (d) Sketch of the sample and detector assembly 
highlighting the positioning of the Al2O3 filters and GaP (100) detector with 
respect to the YBa2Cu3O6.48 single crystal. (e) Top-view micrograph of the 
sample and detector assembly showing the GaP (100) detector (yellow) seen 
through the Al2O3 filter and positioned in the vicinity of the YBa2Cu3O6.48 single 
crystal (black). More details on sample preparation and mounting are described 
in the Methods.
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Figure 1. (a) Time evolution of the on-site pair-correlation
function P (j, t). (b) P (j, t) at t = 0 and 30/th. (c) Time evo-
lution of the pair structure factor P (q, t) and the spin struc-
ture factor S(q, t) at q = ⇡. (d) P (q, t) at t = 0 and 30/th.
The results are calculated by the ED method for L = 14
at U = 8th with A0 = 0.4, !p = 8.2th, �p = 2/th, and
t0 = 10/th.

relation for the on-site singlet pair �̂i = ĉi,"ĉi,# after
the pulse irradiation. Figure 1(a) shows the time evo-
lution of the real-space pair-correlation function defined

as P (j, t) = 1

L

P
i h (t)|

⇣
�̂†

i+j�̂i +H.c.
⌘
| (t)i. Notice

that P (j, t) at j = 0 corresponds to the double occu-
pancy, i.e., P (j = 0, t) = 2nd(t). We thus confirm the
enhancement of nd(t) by the pulse irradiation. Surpris-
ingly, P (j 6= 0, t) is also enhanced significantly by the
pulse irradiation and oscillates with the opposite phases
between odd and even sites.

As shown in Fig. 1(b), the pair correlation after the
pulse irradiation extends to longer distances over the
cluster, while the pair correlation is essentially absent
in the initial MI state before the pulse irradiation. It
is also clear that the sign of P (j, t) alternates between
neighboring sites, similar to a density wave, and accord-
ingly the pair structure factor P (q, t) =

P
j e

iqRjP (j, t),
where Rj is the location of site j, shows a sharp peak at
q = ⇡ [see Fig. 1(d)]. The time evolution of P (q, t) and
the spin structure factor S(q, t) =

P
j e

iqRjS(j, t), where

S(j, t) = 1

L

P
i h (t)| m̂z

i+jm̂
z
i | (t)i and m̂z

i = n̂i,"�n̂i,#,
is also calculated at q = ⇡ in Fig. 1(c). The antiferro-
magnetic correlation S(q = ⇡, t) is suppressed by the
pulse irradiation, while the pair correlation P (q = ⇡, t) is

Figure 2. (a) Contour plot of the pair structure factor P (q =
⇡, t) at t = 30/th with varying !p and A0. (b) The GS optical
spectrum �JJ(!) is compared with P (q = ⇡, t = 30/th) as
a function of !p for di↵erent values of A0. The results are
calculated by the ED method for L = 14 at U = 8th, with
�p = 2/th and t0 = 10/th.

strongly enhanced despite the fact that it is exactly zero
before the pulse irradiation. Our matrix product state
calculations also find the large enhancement of the pair
correlation even for larger clusters that cannot be treated
by the ED method [26].
In order to identify the optimal control parameters

for the enhancement of P (q = ⇡, t), Fig. 2(a) shows
the contour plot of P (⇡, t) after the pulse irradiation
with di↵erent values of A0 and !p. For small A0,
we find that the peak structure of P (q = ⇡, t) as a
function of !p is essentially the same as the GS opti-

cal spectrum �JJ(!) = 1

L h 0| Ĵ�(! � Ĥ + E0)Ĵ | 0i,
where | 0i is the GS of Ĥ with its energy E0 and
Ĵ = ith

P
i,�(ĉ

†

i+1,� ĉi,� � ĉ†i,� ĉi+1,�) is the current oper-
ator [see Fig. 2(b)]. This agreement is highly nontrivial
and the reason will be clear below. P (q = ⇡, t) after the
pulse irradiation is the largest at A0 ⇠ 0.4 and !p ⇠ 8th
(= U). We should emphasize that the enhancement of
P (q = ⇡, t) cannot be explained simply by the photodop-
ing of carriers into the MI or due to a dynamical phase
transition induced by e↵ectively varying the model pa-
rameters, because there is no region in the GS phase dia-
gram of the Hubbard model showing large on-site pairing
correlations.
Instead, the behavior of the on-site pairs in the pho-

toinduced state shown in Fig. 1 can be understood in
terms of the so-called ⌘-pairing, a concept originally
introduced by Yang [45]. In order to define the ⌘-
pairing, let us first introduce the following operators:
⌘̂+j = (�1)j ĉ†j,#ĉ

†

j,", ⌘̂�j = (�1)j ĉj,"ĉj,#, and ⌘̂zj =

t−1
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Néel State
Raw

Mitigated

0.2

0.4

0.67

1

T
em

p
er
at
u
re

[t
]

A

0 0.5 1 1.5 2
�0.5

0

0.5

1

Time [1/t]

Im
b
al
an

ce
I A

U = 0
Continuous
Trotterised

Raw
Mitigated

0 0.5 1 1.5 2
�0.5

0

0.5

1

Time [1/t]

Im
b
al
an

ce
I A

-3 -2 -1 0 1 2
-3

-2

-1

0

1

2

x

y

�0.2

0

0.2

-3 -2 -1 0 1 2
-3

-2

-1

0

1

2

x

y

�0.2

0

0.2

Spin Correlations S(x, y)(a) (d) (e)

|+i |�i |+i |�i |+i |�i

|�i |+i |�i |+i |�i |+i

|+i |�i |+i |�i |+i |�i

|�i |+i |�i |+i |�i |+i

|+i |�i |+i |�i |+i |�i

|�i |+i |�i |+i |�i |+i

e�i✓PiPj e�i✓Xi e�i✓(c†i�cj�+h.c.) e�i✓ni"ni#

Prepare Antiferromagnet Inject & Delocalise Apply Light Pulse(b) (c) (f)

(1, 1) (2, 1)

⌘-Pairing Correlations P⌘(x, y)

relax

(g)

Time = 0 Time = 0.75/t Time = 1.125/t

(1, 1)

U

teiAc†i�cj�

Energy Density

0 0.75 1.125 1.5

0

0.1

0.2

0.3

Time [1/t]

P stag
⌘

E/40

0 0.75 1.125 1.5

0

0.1

0.2

0.3

Time [1/t]

P stag
⌘

E/40

FIG. 1. The Hubbard model at half-filling and light-induced ω-pairing. (a) To benchmark the quantum computer,
a region A of a periodic N = 6 → 6 lattice is densely packed with 36 non-interacting fermions. The system is evolved
and the imbalance IA = nA ↑ nA measured. (b) To prepare low-energy states at U = 8, an approximate ground state of
the 6 → 6 Heisenberg model is prepared using a classically optimised circuit with DHeisenberg layers. (c) The qubit state is
then injected into the fermionic Fock space and the fermions delocalised using a Trotterised adiabatic ansatz circuit with
DHubbard layers. (d) Energy and temperature corresponding to a thermal state with the same energy. (e) Spin-spin correlations
S(x, y) = 1/N

∑
i
↓S

z

i S
z

i+(x,y)
↔ ↑ ↓S

z

i ↔↓S
z

i+(x,y)
↔ for ansatz circuits with (DHeisenberg, DHubbard) layers. Avg. (max.) standard

error on the mean is 0.011 (0.014). (f) The low-energy state is subjected to a light pulse modelled by a time-dependent electric
field shown in (g), leading to an increase in ω-pairing correlations (6), especially for the staggered average P

stag

ω . Avg. (max.)
standard error on the mean of Pω(x, y) is 0.004 (0.009). Note that S(x, y) = S(↑x,↑y) and Pω(x, y) = Pω(↑x,↑y) by definition
but we choose to show all sites for visual completeness.

Hubbard plaquettes are weakly coupled [19] and observe
singlet pairing correlations with d-wave symmetry. Fi-
nally, we prepare low-energy states of a bilayer Hubbard
model relevant to the recently discovered nickelate su-
perconductor La3Ni2O [20], and observe s-wave pairing
in the limit of strong interlayer spin-exchange coupling.

All of our experiments are carried out on Quantin-
uum’s Helios quantum computer [21], which operates
on 98 e!ectively all-to-all connected 137Ba+ hyperfine
qubits. Our results are enabled by several theoretical
advancements: (i) we develop ground state preparation
techniques based on the injection of states with locally
fixed fermionic parity, (ii) we use new time evolution
circuits for hopping and exchange terms that balance
Trotter error and gate count, and (iii) we adapt and

extend local fermionic encodings [22, 23] and develop
new error mitigation strategies.

II. HALF-FILLING

To benchmark the performance of quantum hardware
and software, we begin our experiments with the 6 → 6
square lattice Hubbard model at half-filling and nearest-
neighbour hopping, which o!ers opportunities to com-
pare with exact classical simulations. To this end, we
first set t = 1 and U = 0, initialise a state with 36 non-
interacting fermions in a region A and track the popu-
lation imbalance between A and its complement A, de-
noted IA = nA ↑ n

A
, over time. To carry out the evolu-

tion we use a Trotter circuit Uhop(ω t) with ω some Trotter

Injection for low energy state preparation 
( )U/t = ∞

Superconducting pairing correlations on a trapped-ion quantum computer, 
E Granet, SH Lin, K Hemery et al., arXiv:2511.02125
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FIG. 1. The Hubbard model at half-filling and light-induced ω-pairing. (a) To benchmark the quantum computer,
a region A of a periodic N = 6 → 6 lattice is densely packed with 36 non-interacting fermions. The system is evolved
and the imbalance IA = nA ↑ nA measured. (b) To prepare low-energy states at U = 8, an approximate ground state of
the 6 → 6 Heisenberg model is prepared using a classically optimised circuit with DHeisenberg layers. (c) The qubit state is
then injected into the fermionic Fock space and the fermions delocalised using a Trotterised adiabatic ansatz circuit with
DHubbard layers. (d) Energy and temperature corresponding to a thermal state with the same energy. (e) Spin-spin correlations
S(x, y) = 1/N
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↔ for ansatz circuits with (DHeisenberg, DHubbard) layers. Avg. (max.) standard

error on the mean is 0.011 (0.014). (f) The low-energy state is subjected to a light pulse modelled by a time-dependent electric
field shown in (g), leading to an increase in ω-pairing correlations (6), especially for the staggered average P
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standard error on the mean of Pω(x, y) is 0.004 (0.009). Note that S(x, y) = S(↑x,↑y) and Pω(x, y) = Pω(↑x,↑y) by definition
but we choose to show all sites for visual completeness.

Hubbard plaquettes are weakly coupled [19] and observe
singlet pairing correlations with d-wave symmetry. Fi-
nally, we prepare low-energy states of a bilayer Hubbard
model relevant to the recently discovered nickelate su-
perconductor La3Ni2O [20], and observe s-wave pairing
in the limit of strong interlayer spin-exchange coupling.

All of our experiments are carried out on Quantin-
uum’s Helios quantum computer [21], which operates
on 98 e!ectively all-to-all connected 137Ba+ hyperfine
qubits. Our results are enabled by several theoretical
advancements: (i) we develop ground state preparation
techniques based on the injection of states with locally
fixed fermionic parity, (ii) we use new time evolution
circuits for hopping and exchange terms that balance
Trotter error and gate count, and (iii) we adapt and

extend local fermionic encodings [22, 23] and develop
new error mitigation strategies.

II. HALF-FILLING

To benchmark the performance of quantum hardware
and software, we begin our experiments with the 6 → 6
square lattice Hubbard model at half-filling and nearest-
neighbour hopping, which o!ers opportunities to com-
pare with exact classical simulations. To this end, we
first set t = 1 and U = 0, initialise a state with 36 non-
interacting fermions in a region A and track the popu-
lation imbalance between A and its complement A, de-
noted IA = nA ↑ n

A
, over time. To carry out the evolu-

tion we use a Trotter circuit Uhop(ω t) with ω some Trotter

Injection for low energy state preparation 
( )U/t = ∞ → 8

Superconducting pairing correlations on a trapped-ion quantum computer, 
E Granet, SH Lin, K Hemery et al., arXiv:2511.02125
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FIG. 1. The Hubbard model at half-filling and light-induced ω-pairing. (a) To benchmark the quantum computer,
a region A of a periodic N = 6 → 6 lattice is densely packed with 36 non-interacting fermions. The system is evolved
and the imbalance IA = nA ↑ nA measured. (b) To prepare low-energy states at U = 8, an approximate ground state of
the 6 → 6 Heisenberg model is prepared using a classically optimised circuit with DHeisenberg layers. (c) The qubit state is
then injected into the fermionic Fock space and the fermions delocalised using a Trotterised adiabatic ansatz circuit with
DHubbard layers. (d) Energy and temperature corresponding to a thermal state with the same energy. (e) Spin-spin correlations
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error on the mean is 0.011 (0.014). (f) The low-energy state is subjected to a light pulse modelled by a time-dependent electric
field shown in (g), leading to an increase in ω-pairing correlations (6), especially for the staggered average P
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standard error on the mean of Pω(x, y) is 0.004 (0.009). Note that S(x, y) = S(↑x,↑y) and Pω(x, y) = Pω(↑x,↑y) by definition
but we choose to show all sites for visual completeness.

Hubbard plaquettes are weakly coupled [19] and observe
singlet pairing correlations with d-wave symmetry. Fi-
nally, we prepare low-energy states of a bilayer Hubbard
model relevant to the recently discovered nickelate su-
perconductor La3Ni2O [20], and observe s-wave pairing
in the limit of strong interlayer spin-exchange coupling.

All of our experiments are carried out on Quantin-
uum’s Helios quantum computer [21], which operates
on 98 e!ectively all-to-all connected 137Ba+ hyperfine
qubits. Our results are enabled by several theoretical
advancements: (i) we develop ground state preparation
techniques based on the injection of states with locally
fixed fermionic parity, (ii) we use new time evolution
circuits for hopping and exchange terms that balance
Trotter error and gate count, and (iii) we adapt and

extend local fermionic encodings [22, 23] and develop
new error mitigation strategies.
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FIG. 1. The Hubbard model at half-filling and light-induced ω-pairing. (a) To benchmark the quantum computer,
a region A of a periodic N = 6 → 6 lattice is densely packed with 36 non-interacting fermions. The system is evolved
and the imbalance IA = nA ↑ nA measured. (b) To prepare low-energy states at U = 8, an approximate ground state of
the 6 → 6 Heisenberg model is prepared using a classically optimised circuit with DHeisenberg layers. (c) The qubit state is
then injected into the fermionic Fock space and the fermions delocalised using a Trotterised adiabatic ansatz circuit with
DHubbard layers. (d) Energy and temperature corresponding to a thermal state with the same energy. (e) Spin-spin correlations
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error on the mean is 0.011 (0.014). (f) The low-energy state is subjected to a light pulse modelled by a time-dependent electric
field shown in (g), leading to an increase in ω-pairing correlations (6), especially for the staggered average P
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but we choose to show all sites for visual completeness.

Hubbard plaquettes are weakly coupled [19] and observe
singlet pairing correlations with d-wave symmetry. Fi-
nally, we prepare low-energy states of a bilayer Hubbard
model relevant to the recently discovered nickelate su-
perconductor La3Ni2O [20], and observe s-wave pairing
in the limit of strong interlayer spin-exchange coupling.

All of our experiments are carried out on Quantin-
uum’s Helios quantum computer [21], which operates
on 98 e!ectively all-to-all connected 137Ba+ hyperfine
qubits. Our results are enabled by several theoretical
advancements: (i) we develop ground state preparation
techniques based on the injection of states with locally
fixed fermionic parity, (ii) we use new time evolution
circuits for hopping and exchange terms that balance
Trotter error and gate count, and (iii) we adapt and

extend local fermionic encodings [22, 23] and develop
new error mitigation strategies.

II. HALF-FILLING

To benchmark the performance of quantum hardware
and software, we begin our experiments with the 6 → 6
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neighbour hopping, which o!ers opportunities to com-
pare with exact classical simulations. To this end, we
first set t = 1 and U = 0, initialise a state with 36 non-
interacting fermions in a region A and track the popu-
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The Fermi-Hubbard model is the starting point for the simulation of many strongly correlated
materials, including high-temperature superconductors, whose modelling is a key motivation for
the construction of quantum simulation and computing devices [1, 2]. However, the detection of
superconducting pairing correlations has so far remained out of reach, both because of their o!-
diagonal character—which makes them inaccessible to local density measurements—and because of
the di"culty of preparing superconducting states [3]. Here, we report measurement of significant
pairing correlations in three di!erent regimes of Fermi-Hubbard models simulated on Quantinuum’s
Helios trapped-ion quantum computer. Specifically, we measure non-equilibrium pairing induced
by an electromagnetic field in the half-filled square lattice model, d-wave pairing in an approximate
ground state of the checkerboard Hubbard model at 1/6-doping, and s-wave pairing in a bilayer
model relevant to nickelate superconductors. These results show that a quantum computer can reli-
ably create and probe physically relevant states with superconducting pairing correlations, opening
a path to the exploration of superconductivity with quantum computers.

I. INTRODUCTION

Despite decades of study and increasing technological
relevance [4], the mechanism underlying unconventional
superconductivity remains unresolved. Theoretical mod-
elling can be invaluable in understanding these materials
and informing experimental and technological progress.
The starting point for modelling the electronic correla-
tions in many of these systems is the Fermi-Hubbard
model

HHubbard = →

∑

ijω

tijc
†

iω
cjω + U

∑

i

ni↑ni↓ (1)

where tij describes spinful fermions hopping between
proximate orbitals on a lattice and U models an on-site
Coulomb repulsion. The ability to compute arbitrary ob-
servables in this model, including superconducting pair-
ing correlations, would be highly valuable for elucidating
the basic mechanisms of superconductivity and connect-
ing with experiments [5].

In the pursuit of this goal, remarkable progress has
been made in the development of classical computer sim-
ulations, to the point where di!erent methods are start-
ing to agree on ground state predictions for certain exper-
imentally relevant parameters [6, 7]. Yet, extending these

→ henrik.dreyer@quantinuum.com

capabilities to simulate thermal and non-equilibrium
properties essential to phenomena like strange metallic-
ity [8] and light-induced superconductivity [9] remains a
formidable challenge. Indeed, the di"culty of classically
simulating quantum many-body systems of this kind was
one of the initial motivations to develop quantum simu-
lation platforms, which promise to capture their dynam-
ics in an unbiased way using only polynomially scaling
resources. Such devices have become experimental real-
ity, with purpose-built analog simulators now challenging
classical simulation techniques in low-but-finite temper-
ature regimes of the Hubbard model [10–13], and dig-
ital quantum computers making fast progress on their
path towards fault-tolerance [14–16]. In the context of
superconducitivity, using these platforms to produce and
measure a state with superconducting pairing correla-
tions is an essential step towards realising their poten-
tial. However, despite the existence of experimental pro-
posals [3, 17], to the best of our knowledge, no quantum
simulation platform has observed superconducting pair-
ing correlations in the repulsive Fermi-Hubbard model to
date.

Here, we report measurement of non-zero pairing corre-
lations in three regimes of the Hubbard model, simulated
on a trapped-ion quantum computer. First, we show that
electromagnetic radiation can induce non-equilibrium ω-
type [18] pairing correlations in a half-filled square lat-
tice, whose ground-state is a non-superconducting anti-
ferromagnet. Second, we prepare an approximate ground
state of the 1/6-doped checkerboard model in which 2↑2
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FIG. 2. D-wave pairing in the doped checkerboard model. (a) Using a brickwall circuit, an approximate ground state
of the ferromagnetic 3 → 3 lattice XXZ model is prepared. (b) The state is injected into the fermionic Fock space via a local
isometry Vplaquette which maps the qubit states to the ground states of the 2→ 2 Hubbard model in the sector with two (s) and
four (d) fermions, respectively. (c) The resulting wave function is a superposition of states with three s- and six d-plaquettes
(one configuration shown). It approximates the ground state of the 6 → 6 square lattice with inhomogeneous hopping t ↑ t

→,
U/t = 2 and 1/6 doping. (d) Pairing correlations (8) of the approximate ground state which show d-wave symmetry. For bonds
on the left of a strong plaquette Pb(x, y) = Pb(↓x,↓y) by definition, but all bonds are shown for visual completeness. Avg.
(max.) standard error on the mean is 0.016 (0.017). (e) Sketch of the phase diagram of the checkerboard model at low doping,
as conjectured in [26], with the prepared state indicated by the red circle (left). We evolve the prepared state by a one-step
adiabatic evolution towards U/t = 8, t

→
/t = 1/2 and measure the energy density with respect to the target parameters (right).

when exposed to radiation in a range of frequencies
around → U = 8t, where !†

i
= c†

i→
c†

i↑
[18]. Moreover,

the sign of Pω was found to follow a staggered pattern
which stabilises when turning o! the radiation and even
increases for larger distances.

On Helios, we can investigate this phenomenon at a
scale that is likely di"cult to access with classical simula-
tions (see Section S12). We start with the state prepared
using the (DHeisenberg, DHubbard) = (1, 1)-strategy and
apply a short electromagnetic pulse, as shown in Fig. 1g.
The pulse is modelled by a Peierls substitution on all
bonds c†

iε
cjε ↑ eiA(s)c†

iε
cjε, where the time-dependent

vector potential A(s) = ω(1 ↓ cos(εs))/2 is aligned
with the lattice diagonal and ε = 4ω/3 ↔ U/2. The
state is evolved up to time ω/ε, using two Trotter steps
Uint(Uϑ/2)U ↓

hop(tϑ)Uint(Uϑ)U ↓↓

hop(tϑ)Uint(Uϑ/2), where
ϑ = ω/2ε = 0.375 and U ↓

hop, U ↓↓

hop di!er from the afore-
mentioned Uhop by single-qubit gates due to the Peierls
substitution (see Sections S4 and S9). Finally, we mea-
sure ϖ-pairing correlations both in the initial state and
after the pulse has been applied.

Fig. 1g shows a significant increase of overall pairing
correlations induced by the pulse. These correlations
are especially strong for nearest neighbours and occur
predominantly in a staggered pattern. The staggered
average P stag

ω
=

∑
x,y ↔=0,0(↓1)sublatticePω(x, y) decreases

during a subsequent relaxation implemented via two
more Trotter steps of size ϑ = 0.375 with the field
turned o!, although it remains significantly larger than
the pre-pulse value. Contributions to the staggered
average from nearest neighbours decrease during the
relaxation, while those from larger distances increase
(see Section S11). These results provide evidence that
the phenomena observed in Ref. [30] can carry over to
larger lattices, and may even be robust to initial states
with non-zero energy density above the ground state and
to Hamiltonian imperfections caused by finite Trotter
step size.

III. THE DOPED CHECKERBOARD MODEL

While we have found pairing correlations in a half-filled
model in the previous section, modelling light-matter in-
teractions in cuprates almost certainly requires account-
ing for lattice distortions as well as dopants [9, 31, 32].
To study both of these concepts, we now introduce 1/6
hole dopants into the 6 ↗ 6 checkerboard model [19, 31],
in which the lattice is partitioned into non-overlapping
2 ↗ 2 plaquettes and tij = t (t↓) if ↘ij≃ is a strong (weak)
bond within (between) the plaquettes (Fig. 2c). Lat-
tice inhomogeneities of this kind can either be a natural
part of the material structure or exist transiently due to
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FIG. 3. A Bilayer Hubbard model. (a) The approximate ground state of a ferromagnetic XXZ model at ω = →2/3 on a
periodic 4 ↑ 4 lattice is prepared using a brickwall circuit. (b) The state is injected into the Fock space of a 4 ↑ 4 ↑ 2 bilayer
Hubbard model by means of an isometry Vrung which maps the qubit states to either a hole-pair or a singlet on a given rung. (c)
The state thus prepared is an approximate ground state of a bilayer Hubbard model in the limit of strong interlayer exchange
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test an adiabatic evolution using M = 1, 2 Trotter steps of size ε = 0.4, using a linear ramp towards t/J = 0.7, while keeping
U = 10t. A lowering of the energy density is observed for M = 1 before noise heats the state. Pairing correlations between
singlets orthogonal to the A- and B-layers decrease rapidly, but correlations between slanted pairs are likely to increase. Both
adiabatic evolutions are complete.

where ω = 0.4. The relatively large Trotter step size
is a!orded by the use of novel circuit gadgets (shown
in Section S4) to implement the exchange coupling
Uexchange(ωJ) = e→iωJ

∑
i SiA·SiB→niAniB/4 directly,

rather than via a high-frequency expansion [3, 11].
Fig. 3e shows that, although the M = 1 strategy
succeeds at lowering the energy with respect to the
target Hamiltonian at t/J = 0.7, U/t = 10, heating
from hardware errors eventually outcompetes adiabatic
cooling for longer evolution times. Nearest-neighbour
pairing correlations involving rungs orthogonal to the
A- and B- layers decrease rapidly during the adiabatic
evolution, although correlations between “slanted” sin-
glets that involve coordinates (x, y) in the A layer and
(x + 1, y) in the B layer are likely to increase, indicating
that the coupling between the pairs becomes less tight.

V. CONCLUSION

We have used a trapped-ion quantum computer to sim-
ulate the Fermi-Hubbard model on periodic square lat-
tices of up to 72 orbitals, using circuits with up to 90
qubits and 3439 two-qubit gates. These circuits were
used to prepare and measure states with non-equilibrium
ε-pairing correlations at half-filling, d-wave correlations
in a doped model of weakly coupled plaquettes, and s-
wave correlations in a bilayer system. While these results
are encouraging for future explorations of superconduc-

tivity with quantum computers, many questions remain.
First and foremost are the limits placed on adiabatic

algorithms caused by entropy accumulation due to hard-
ware errors. One option that appears su"cient (though
maybe not necessary) to reach low-temperature states
is to adiabatically evolve large systems for hundreds of
hopping times [10]. This is likely achievable with a factor
1000 more Trotter steps than we explored here [39–42],
which translate to per-two-qubit-gate errors on the or-
der of 10→6. While this requirement is mild compared
to other quantum computing applications, understand-
ing the most e!ective combination of (fermionic) error
corrections codes [43, 44] and algorithmic techniques like
bath-assisted cooling [45, 46] is essential to reach this
goal. Reductions in gate error can also be used to sim-
ulate more complex Hamiltonians or longer evolution
times which may be used to gain a better microscopic
understanding of light-induced superconductivity in ex-
perimental setups [9, 47, 48].

On the technical side, we have introduced techniques
to coherently inject states with locally fixed fermionic
parity into fermionic encodings. These circuits can be
used to access and explore superconducting phases and
they show that ground state preparation for spin models
can be useful beyond the study of magnetism. The tech-
niques we have demonstrated can be adapted to other
geometries, next-nearest neighbour hopping with a neg-
ative sign [6], and other Hamiltonian terms, imparting,

H = − t ∑
⟨ij⟩σ

c†
iσcjσ + U∑

i

ni↑ni↓ + J∑
i

SA
i SB

i

H Sun et al, Nature (2023), C Lu et al, PRL (2024),  
H Schlömer et al., Nature Comm. Phys. (2024), 
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U = 10t. A lowering of the energy density is observed for M = 1 before noise heats the state. Pairing correlations between
singlets orthogonal to the A- and B-layers decrease rapidly, but correlations between slanted pairs are likely to increase. Both
adiabatic evolutions are complete.

where ω = 0.4. The relatively large Trotter step size
is a!orded by the use of novel circuit gadgets (shown
in Section S4) to implement the exchange coupling
Uexchange(ωJ) = e→iωJ

∑
i SiA·SiB→niAniB/4 directly,

rather than via a high-frequency expansion [3, 11].
Fig. 3e shows that, although the M = 1 strategy
succeeds at lowering the energy with respect to the
target Hamiltonian at t/J = 0.7, U/t = 10, heating
from hardware errors eventually outcompetes adiabatic
cooling for longer evolution times. Nearest-neighbour
pairing correlations involving rungs orthogonal to the
A- and B- layers decrease rapidly during the adiabatic
evolution, although correlations between “slanted” sin-
glets that involve coordinates (x, y) in the A layer and
(x + 1, y) in the B layer are likely to increase, indicating
that the coupling between the pairs becomes less tight.

V. CONCLUSION

We have used a trapped-ion quantum computer to sim-
ulate the Fermi-Hubbard model on periodic square lat-
tices of up to 72 orbitals, using circuits with up to 90
qubits and 3439 two-qubit gates. These circuits were
used to prepare and measure states with non-equilibrium
ε-pairing correlations at half-filling, d-wave correlations
in a doped model of weakly coupled plaquettes, and s-
wave correlations in a bilayer system. While these results
are encouraging for future explorations of superconduc-

tivity with quantum computers, many questions remain.
First and foremost are the limits placed on adiabatic

algorithms caused by entropy accumulation due to hard-
ware errors. One option that appears su"cient (though
maybe not necessary) to reach low-temperature states
is to adiabatically evolve large systems for hundreds of
hopping times [10]. This is likely achievable with a factor
1000 more Trotter steps than we explored here [39–42],
which translate to per-two-qubit-gate errors on the or-
der of 10→6. While this requirement is mild compared
to other quantum computing applications, understand-
ing the most e!ective combination of (fermionic) error
corrections codes [43, 44] and algorithmic techniques like
bath-assisted cooling [45, 46] is essential to reach this
goal. Reductions in gate error can also be used to sim-
ulate more complex Hamiltonians or longer evolution
times which may be used to gain a better microscopic
understanding of light-induced superconductivity in ex-
perimental setups [9, 47, 48].

On the technical side, we have introduced techniques
to coherently inject states with locally fixed fermionic
parity into fermionic encodings. These circuits can be
used to access and explore superconducting phases and
they show that ground state preparation for spin models
can be useful beyond the study of magnetism. The tech-
niques we have demonstrated can be adapted to other
geometries, next-nearest neighbour hopping with a neg-
ative sign [6], and other Hamiltonian terms, imparting,
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where ω = 0.4. The relatively large Trotter step size
is a!orded by the use of novel circuit gadgets (shown
in Section S4) to implement the exchange coupling
Uexchange(ωJ) = e→iωJ

∑
i SiA·SiB→niAniB/4 directly,

rather than via a high-frequency expansion [3, 11].
Fig. 3e shows that, although the M = 1 strategy
succeeds at lowering the energy with respect to the
target Hamiltonian at t/J = 0.7, U/t = 10, heating
from hardware errors eventually outcompetes adiabatic
cooling for longer evolution times. Nearest-neighbour
pairing correlations involving rungs orthogonal to the
A- and B- layers decrease rapidly during the adiabatic
evolution, although correlations between “slanted” sin-
glets that involve coordinates (x, y) in the A layer and
(x + 1, y) in the B layer are likely to increase, indicating
that the coupling between the pairs becomes less tight.

V. CONCLUSION

We have used a trapped-ion quantum computer to sim-
ulate the Fermi-Hubbard model on periodic square lat-
tices of up to 72 orbitals, using circuits with up to 90
qubits and 3439 two-qubit gates. These circuits were
used to prepare and measure states with non-equilibrium
ε-pairing correlations at half-filling, d-wave correlations
in a doped model of weakly coupled plaquettes, and s-
wave correlations in a bilayer system. While these results
are encouraging for future explorations of superconduc-

tivity with quantum computers, many questions remain.
First and foremost are the limits placed on adiabatic

algorithms caused by entropy accumulation due to hard-
ware errors. One option that appears su"cient (though
maybe not necessary) to reach low-temperature states
is to adiabatically evolve large systems for hundreds of
hopping times [10]. This is likely achievable with a factor
1000 more Trotter steps than we explored here [39–42],
which translate to per-two-qubit-gate errors on the or-
der of 10→6. While this requirement is mild compared
to other quantum computing applications, understand-
ing the most e!ective combination of (fermionic) error
corrections codes [43, 44] and algorithmic techniques like
bath-assisted cooling [45, 46] is essential to reach this
goal. Reductions in gate error can also be used to sim-
ulate more complex Hamiltonians or longer evolution
times which may be used to gain a better microscopic
understanding of light-induced superconductivity in ex-
perimental setups [9, 47, 48].

On the technical side, we have introduced techniques
to coherently inject states with locally fixed fermionic
parity into fermionic encodings. These circuits can be
used to access and explore superconducting phases and
they show that ground state preparation for spin models
can be useful beyond the study of magnetism. The tech-
niques we have demonstrated can be adapted to other
geometries, next-nearest neighbour hopping with a neg-
ative sign [6], and other Hamiltonian terms, imparting,
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FIG. S24. E!ciency of SPD in 4 → 4. Expectation value of !ω(x, y) for the 4 → 4 circuits, for di!erent x, y and di!erent
number of steps, as a function of the relative error on norm squared 1 ↑ ||O(m)||

2
/||O(0)||

2, showing SPD (blue) and exact
value (dashed black). The shaded blue region indicates that the state contains less than 90% of the norm squared.

cheapest to compute, and obtaining a same relative norm as (1, 0) for (2, 0) or (2, 1) incurs a factor 10 to 100 in terms
of number of Pauli strings.

3. Relation between norm and precision of observables

We now evaluate the relation between error on the norm and error on the expectation value of an observable. To
that end, we consider the 4 → 4 circuits that can be simulated classically with state-vector simulations when written
in terms of the JW transformation, and compare several di!erent correlations !ω(x, y) computed with SPD and with
JW. We present the numerical results in Fig S24. We observe that having a relative error on the norm squared of
around say ↑ 10%, namely getting 90% of the norm squared of the operator, is required to have an expectation value
close to the exact value and seemingly starting to converge. In particular, for a norm squared smaller than 50% of
what it should be, we observe significant variations, preventing from performing a fit with the error on norm squared,
and providing little confidence on the convergence and accuracy of the estimate obtained with SPD.

4. Memory estimate for the circuits run on hardware

We finally attempt at simulating the circuits run on hardware, corresponding to the light pulse (denoted by “2 steps”
here), and to 1, 2 Trotter steps on top of the light pulse (denoted by “3, 4 steps” here). The results are presented in
Fig S25. We show the relative norm squared obtained as a function of the number of Pauli strings for the easiest
correlation !ω(1, 0), for j = 2, 3, 4 steps. We perform a linear extrapolation with the last 3 points of each curve
(denoted by dashed lines), and a quadratic extrapolation with the last 8 points of each curve (denoted by dotted
lines). Given the general “S shape” of these curves, the quadratic extrapolation necessarily overestimates the relative
norm squared. The linear fit overestimates it if the linear regime is not attained yet, but underestimates it otherwise,
because of the eventual curving down of the S shape. A realistic compromise can probably be found between the two
dashed and dotted curves.

For j = 2 steps, corresponding to running the light pulse, we observe that with 1011 Pauli strings, one should
be able to capture a large enough amount of the norm to get a good estimate of the expectation value with good
confidence. We saw that longer correlations will incur factors 10 ↓ 100 on top of this estimate. We recall that the
largest SPD simulation to this date has been done with 1012 strings on the Fugaku supercomputer with 100, 000
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of number of Pauli strings.

3. Relation between norm and precision of observables

We now evaluate the relation between error on the norm and error on the expectation value of an observable. To
that end, we consider the 4 → 4 circuits that can be simulated classically with state-vector simulations when written
in terms of the JW transformation, and compare several di!erent correlations !ω(x, y) computed with SPD and with
JW. We present the numerical results in Fig S24. We observe that having a relative error on the norm squared of
around say ↑ 10%, namely getting 90% of the norm squared of the operator, is required to have an expectation value
close to the exact value and seemingly starting to converge. In particular, for a norm squared smaller than 50% of
what it should be, we observe significant variations, preventing from performing a fit with the error on norm squared,
and providing little confidence on the convergence and accuracy of the estimate obtained with SPD.

4. Memory estimate for the circuits run on hardware

We finally attempt at simulating the circuits run on hardware, corresponding to the light pulse (denoted by “2 steps”
here), and to 1, 2 Trotter steps on top of the light pulse (denoted by “3, 4 steps” here). The results are presented in
Fig S25. We show the relative norm squared obtained as a function of the number of Pauli strings for the easiest
correlation !ω(1, 0), for j = 2, 3, 4 steps. We perform a linear extrapolation with the last 3 points of each curve
(denoted by dashed lines), and a quadratic extrapolation with the last 8 points of each curve (denoted by dotted
lines). Given the general “S shape” of these curves, the quadratic extrapolation necessarily overestimates the relative
norm squared. The linear fit overestimates it if the linear regime is not attained yet, but underestimates it otherwise,
because of the eventual curving down of the S shape. A realistic compromise can probably be found between the two
dashed and dotted curves.

For j = 2 steps, corresponding to running the light pulse, we observe that with 1011 Pauli strings, one should
be able to capture a large enough amount of the norm to get a good estimate of the expectation value with good
confidence. We saw that longer correlations will incur factors 10 ↓ 100 on top of this estimate. We recall that the
largest SPD simulation to this date has been done with 1012 strings on the Fugaku supercomputer with 100, 000
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FIG. S23. Relation between truncation error, number of Pauli strings and norm. (a): number of Pauli strings at the
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2
/||O(0)||
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setting. (c): relative norm squared as a function of number of Pauli strings Smetric for three di!erent correlations !ω(x, y).

for di!erent values of x, y = 0, ..., Lx,y → 1.

2. Relation between truncation, norm and number of Pauli strings

Firstly, we investigate the relation between truncation ω, norm ||O(m)||2 and number of Pauli strings S to take into
account in the SPD. As a function of the gate number m in the circuit, the number of Pauli strings to keep S(m)
generally grows with m. However, it can happen that this number decreases with m, especially towards the end of
the circuit when the coe"cients are of order ↭ ω, because after application of (S112) it can be that the coe"cients in
front of both P and QP are below ω and so get truncated away. For this reason, the right indicator of the amount of
memory needed to perform the computation is not the number of strings at the end S(M), but the maximum number
of strings reached during the computation

Smax = max
0→m→M

S(m) . (S117)

This is a rather standard metric for estimating the di"culty of the simulation, that has been employed before [71].
However, in our case, the circuit has a particular structure. Before the “injection”, the gates at the beginning of the
circuit only act on the first L = 36 qubits, for 90 qubits in total. This means that in the Heisenberg picture, after
the injection is passed, one can keep in the SPD only the strings that have either I or Z Pauli matrices on all the
remaining 54 qubits. This significantly reduces the number of strings to keep track of, but this also modifies the
norm, because this projection is non-unitary. Since we would like to know the norm at the end of the circuit, we do
not perform this projection. Therefore, for a fairer resource estimate, we will consider the maximal number of strings
only before (in the Heisenberg picture) the injection, namely

Smetric = max
0→m→Minj

S(m) , (S118)

with Minj the number of gates before the injection (in the Heisenberg picture). We note that since Smetric ↑ Smax,
taking the standard metric Smax instead of this metric Smetric would only render the computations more di"cult. We
make this choice to anticipate and circumvent a simple and significant resource sparing.

Firstly, in Fig S23a, we show the number of strings as a function of truncation parameter ω, for the circuit on 4 ↓ 4
with 1 step, when evaluating the correlation between sites 0, 0 and 1, 1. On the log-log plot, we observe a roughly
linear behaviour of the number of strings at the end of the circuit S(M) and for the maximal value before injection
Smetric, as a function of truncation ω. This is in agreement with previous observations [71]. We note that we do not
necessarily have Smetric ↔ S(M) because the maximum is only taken before the injection. Secondly, in Fig S23b, we
show the relative norm squared (namely ||O(m)||2/||O(0)||2) as a function of S(M) and Smetric. We observe a generic
“S curve” that is quadratic at the beginning, displays a linear behaviour for most of the values of Pauli strings, and
then eventually curves down when approaching relative norm 1. Thirdly, in Fig S23c, we compare for a same circuit
4 ↓ 4 with 2 steps, the cost in computing di!erent correlations. We observe that the nearest correlation (1, 0) is the
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cheapest to compute, and obtaining a same relative norm as (1, 0) for (2, 0) or (2, 1) incurs a factor 10 to 100 in terms
of number of Pauli strings.

3. Relation between norm and precision of observables

We now evaluate the relation between error on the norm and error on the expectation value of an observable. To
that end, we consider the 4 → 4 circuits that can be simulated classically with state-vector simulations when written
in terms of the JW transformation, and compare several di!erent correlations !ω(x, y) computed with SPD and with
JW. We present the numerical results in Fig S24. We observe that having a relative error on the norm squared of
around say ↑ 10%, namely getting 90% of the norm squared of the operator, is required to have an expectation value
close to the exact value and seemingly starting to converge. In particular, for a norm squared smaller than 50% of
what it should be, we observe significant variations, preventing from performing a fit with the error on norm squared,
and providing little confidence on the convergence and accuracy of the estimate obtained with SPD.

4. Memory estimate for the circuits run on hardware

We finally attempt at simulating the circuits run on hardware, corresponding to the light pulse (denoted by “2 steps”
here), and to 1, 2 Trotter steps on top of the light pulse (denoted by “3, 4 steps” here). The results are presented in
Fig S25. We show the relative norm squared obtained as a function of the number of Pauli strings for the easiest
correlation !ω(1, 0), for j = 2, 3, 4 steps. We perform a linear extrapolation with the last 3 points of each curve
(denoted by dashed lines), and a quadratic extrapolation with the last 8 points of each curve (denoted by dotted
lines). Given the general “S shape” of these curves, the quadratic extrapolation necessarily overestimates the relative
norm squared. The linear fit overestimates it if the linear regime is not attained yet, but underestimates it otherwise,
because of the eventual curving down of the S shape. A realistic compromise can probably be found between the two
dashed and dotted curves.

For j = 2 steps, corresponding to running the light pulse, we observe that with 1011 Pauli strings, one should
be able to capture a large enough amount of the norm to get a good estimate of the expectation value with good
confidence. We saw that longer correlations will incur factors 10 ↓ 100 on top of this estimate. We recall that the
largest SPD simulation to this date has been done with 1012 strings on the Fugaku supercomputer with 100, 000
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FIG. S25. Relative norm squared as a function of maximal number of strings before injection Smetric. Data shown
is for the circuits run on hardware on a 6→ 6 lattice, performing 2 Trotter steps after state preparation (corresponding to the
light pulse), 3 Trotter steps (one extra step on top of the light pulse), and 4 Trotter steps (two extra steps). The dashed lines
indicate quadratic extrapolations using the last 8 points, and dotted lines linear extrapolations using the last 3 points. The
gray shaded area indicates the region that is beyond the largest SPD simulation that has been performed before the present
work on a supercomputer [69]. The blue shaded area indicates the region where 90% of the norm is obtained.

CPUs. We can thus conclude from this numerics that multiple correlations in this circuit are probably computable
with a supercomputer. However, we note the existence numerical e!ort that computing all the correlations represent.

For j = 3 and j = 4 steps, which corresponds to adding extra Trotter steps on top of the light pulse, the situation is
much more di"cult for the classical computers. The necessarily optimistic quadratic extrapolation yields 1015 strings
to obtain 90% of the norm squared, which is a factor 103 above the largest SPD simulation performed to this date.
More realistic extrapolations give an estimate around 1015 and 1023 strings. With 1012 strings, one should obtain
around 40% of the norm squared. Getting a good estimate of the expectation value with good confidence should be
very challenging to do with SPD for this circuit. Finally, regarding j = 4 with two extra steps, 1012 strings would
yield less than 20% of the norm squared. Extrapolating to 90% gives astronomically large numbers.

5. Runtime estimate for the circuits run on hardware

How do these numbers translate to actual runtimes? This question is generally di"cult to answer due to di!erences
in classical compute hardware and implementation, although in this case we can make some estimates based on the
recent parallelised implementation of SPD on the Fugaku supercomputer [69]. In Fig. 3 of that work, wall time per
gate is shown for di!erent numbers of Pauli strings S and parallel processes M . Using plot digitisation software [76],
we have extracted the scaling of wall time per gate w as a function of S for a fixed number of parallel processes
M = 27. While we found the slope w → S

1.05 to fit the data best, let us make the optimistic assumption that w ↑ S

scales linear, that memory is unlimited, and that furthermore the problem can be parallelised perfectly up to M = 222

parallel processes. Given that in that work up to 12,288 nodes were used to carry out 218 parallel processes, this
larger M upper bounds the number of parallel processes that could be run on all 158,976 of Fugaku’s nodes. Under
these assumptions, we find a best fit

w =
S

M
↓ 100 nanoseconds (S119)

for the wall time per gate, as shown in Fig. S26.
How long would these 222 parallel processes have to work to simulate the 3-steps circuit run on the quantum

hardware and obtain 90% of the relative norm squared? We di!erentiate three scenarios shown in Fig. S25: A
“quadratic” scenario (dotted), in which the relative norm squared grows quadratically in the logarithm of the number
of Pauli strings S, all the way up to 90%. As we have seen in Fig. S23, this is an optimistic scenario, since from → 50%

O = ∑
P

cPP Norm squared = ∑
P

|cP |2
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FIG. S24. E!ciency of SPD in 4 → 4. Expectation value of !ω(x, y) for the 4 → 4 circuits, for di!erent x, y and di!erent
number of steps, as a function of the relative error on norm squared 1 ↑ ||O(m)||

2
/||O(0)||

2, showing SPD (blue) and exact
value (dashed black). The shaded blue region indicates that the state contains less than 90% of the norm squared.

cheapest to compute, and obtaining a same relative norm as (1, 0) for (2, 0) or (2, 1) incurs a factor 10 to 100 in terms
of number of Pauli strings.

3. Relation between norm and precision of observables

We now evaluate the relation between error on the norm and error on the expectation value of an observable. To
that end, we consider the 4 → 4 circuits that can be simulated classically with state-vector simulations when written
in terms of the JW transformation, and compare several di!erent correlations !ω(x, y) computed with SPD and with
JW. We present the numerical results in Fig S24. We observe that having a relative error on the norm squared of
around say ↑ 10%, namely getting 90% of the norm squared of the operator, is required to have an expectation value
close to the exact value and seemingly starting to converge. In particular, for a norm squared smaller than 50% of
what it should be, we observe significant variations, preventing from performing a fit with the error on norm squared,
and providing little confidence on the convergence and accuracy of the estimate obtained with SPD.

4. Memory estimate for the circuits run on hardware

We finally attempt at simulating the circuits run on hardware, corresponding to the light pulse (denoted by “2 steps”
here), and to 1, 2 Trotter steps on top of the light pulse (denoted by “3, 4 steps” here). The results are presented in
Fig S25. We show the relative norm squared obtained as a function of the number of Pauli strings for the easiest
correlation !ω(1, 0), for j = 2, 3, 4 steps. We perform a linear extrapolation with the last 3 points of each curve
(denoted by dashed lines), and a quadratic extrapolation with the last 8 points of each curve (denoted by dotted
lines). Given the general “S shape” of these curves, the quadratic extrapolation necessarily overestimates the relative
norm squared. The linear fit overestimates it if the linear regime is not attained yet, but underestimates it otherwise,
because of the eventual curving down of the S shape. A realistic compromise can probably be found between the two
dashed and dotted curves.

For j = 2 steps, corresponding to running the light pulse, we observe that with 1011 Pauli strings, one should
be able to capture a large enough amount of the norm to get a good estimate of the expectation value with good
confidence. We saw that longer correlations will incur factors 10 ↓ 100 on top of this estimate. We recall that the
largest SPD simulation to this date has been done with 1012 strings on the Fugaku supercomputer with 100, 000
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FIG. S25. Relative norm squared as a function of maximal number of strings before injection Smetric. Data shown
is for the circuits run on hardware on a 6→ 6 lattice, performing 2 Trotter steps after state preparation (corresponding to the
light pulse), 3 Trotter steps (one extra step on top of the light pulse), and 4 Trotter steps (two extra steps). The dashed lines
indicate quadratic extrapolations using the last 8 points, and dotted lines linear extrapolations using the last 3 points. The
gray shaded area indicates the region that is beyond the largest SPD simulation that has been performed before the present
work on a supercomputer [69]. The blue shaded area indicates the region where 90% of the norm is obtained.

CPUs. We can thus conclude from this numerics that multiple correlations in this circuit are probably computable
with a supercomputer. However, we note the existence numerical e!ort that computing all the correlations represent.

For j = 3 and j = 4 steps, which corresponds to adding extra Trotter steps on top of the light pulse, the situation is
much more di"cult for the classical computers. The necessarily optimistic quadratic extrapolation yields 1015 strings
to obtain 90% of the norm squared, which is a factor 103 above the largest SPD simulation performed to this date.
More realistic extrapolations give an estimate around 1015 and 1023 strings. With 1012 strings, one should obtain
around 40% of the norm squared. Getting a good estimate of the expectation value with good confidence should be
very challenging to do with SPD for this circuit. Finally, regarding j = 4 with two extra steps, 1012 strings would
yield less than 20% of the norm squared. Extrapolating to 90% gives astronomically large numbers.

5. Runtime estimate for the circuits run on hardware

How do these numbers translate to actual runtimes? This question is generally di"cult to answer due to di!erences
in classical compute hardware and implementation, although in this case we can make some estimates based on the
recent parallelised implementation of SPD on the Fugaku supercomputer [69]. In Fig. 3 of that work, wall time per
gate is shown for di!erent numbers of Pauli strings S and parallel processes M . Using plot digitisation software [76],
we have extracted the scaling of wall time per gate w as a function of S for a fixed number of parallel processes
M = 27. While we found the slope w → S

1.05 to fit the data best, let us make the optimistic assumption that w ↑ S

scales linear, that memory is unlimited, and that furthermore the problem can be parallelised perfectly up to M = 222

parallel processes. Given that in that work up to 12,288 nodes were used to carry out 218 parallel processes, this
larger M upper bounds the number of parallel processes that could be run on all 158,976 of Fugaku’s nodes. Under
these assumptions, we find a best fit

w =
S

M
↓ 100 nanoseconds (S119)

for the wall time per gate, as shown in Fig. S26.
How long would these 222 parallel processes have to work to simulate the 3-steps circuit run on the quantum

hardware and obtain 90% of the relative norm squared? We di!erentiate three scenarios shown in Fig. S25: A
“quadratic” scenario (dotted), in which the relative norm squared grows quadratically in the logarithm of the number
of Pauli strings S, all the way up to 90%. As we have seen in Fig. S23, this is an optimistic scenario, since from → 50%

65

(a)

106 107 108 109

10→3

10→2

10→1

100

S

W
al

l
T

im
e

P
er

G
at

e
[s

ec
] Broers ’25, Fig. 3, M = 27

S/M → 100 ns

(b)

1014 1015 1016 1017 1018 1019 1020 1021

101

102

103

104

105

106

107

S

W
al

l
T

im
e

P
er

G
at

e
[s

ec
]

S/222
→ 100 ns

3 steps (quadratic)
3 steps (mid)

3 steps (linear)

FIG. S26. Estimating the run time for Sparse Pauli Decomposition on Fugaku. (a): Wall time per gate extracted
from Fig. 3 in Broers ’25 which refers to Ref. [69] as a function of the number of Pauli strings S. Assuming a perfectly linear
scaling of wall time per gate in S and perfect parallelisation, i.e. inverse linear scaling in the number of parallel processes M ,
the best fit we obtain is S/M → 100 nanoseconds per gate. (b): Wall time per gate using M = 2

22 parallel processes assuming
the scaling extracted in (a) for simulating the 3-step circuit in three di!erent scenarios: A quadratic and linear scenario, as
well as the geometric mean, denoted “mid”. We consider the mid scenario to be the most likely of the three and M

22 to upper
bound the maximum number of parallel processes achievable on Fugaku based on Appendix F of [69].

we expect the growth of norm to be linear in the logarithm of the number of Pauli strings. In this scenario, Fig. S25
shows that S → 1015 would be required to retain 90% of the relative norm squared. There is a second “linear” scenario
(dashed), in which the relative norm squared grows linearly to 90%. In this scenario, S → 1020 would be required to
retain 90% of the relative norm squared. The most realistic estimate is likely somewhere between these points and
we consider a third “mid” scenario, in which the required number of Pauli strings is the (geometric) mean of the two
previous scenarios. We obtain wall times per gate

wquadratic =
1015

222
↑ 100 nanoseconds → 24 seconds

wmid =
1017.5

222
↑ 100 nanoseconds → 2 hours

wlinear =
1020

222
↑ 100 nanoseconds → 28 days

(S120)

The 3-step circuit contains 2888 two-qubit gates and 12151 gates in total. Let us assume that through rebasing of
single-qubit gates, the overall gate count can be reduced to three times the number of two-qubit gates (2888↑3 = 8664)
and that 50% of those gates can be done before reaching the maximum number of Pauli strings S and that the
observable is propagated through those 4332 gates instantaneously. We obtain an overall runtime of

T run
quadratic = 24 seconds ↑ 4332 → 29 hours

T run
mid = 2hours ↑ 4332 → 1 year

T run
linear = 28days ↑ 4332 → 332 years

(S121)

The most likely overall runtime estimate for obtaining a reliable output with 90% of the relative norm square using all
158,976 nodes of the Fugaku supercomputer is thus T run

mid → 1 year. The 215 shots executed on that circuit to obtain
the data in Fig. 1g. took approximately 215 ↑ 4.2 seconds → 15 minutes of runtime on the Helios quantum computer.

C. Matrix-Product Operators, Projected-Entangled-Pairs States, and Beyond

Projected-entangled-pair state (PEPS) methods have become a cornerstone tensor-network framework for simulat-
ing quantum many-body systems [63]. In contrast to MPS, PEPS employs a lattice-based architecture that more
naturally and e!ciently represents entanglement in higher-dimensional (D > 1) systems. This enhanced expres-
siveness, however, comes at the cost of greater computational complexity and the absence of a canonical form for
optimal compression. We employ a PEPS specifically adapted to the Octagon lattice geometry with periodic boundary
conditions (PBC) and integrate a Belief Propagation (BP) algorithm to e!ciently evolve the state [77].

O = ∑
P

cPP Norm squared = ∑
P

|cP |2
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FIG. S22. Circuit Simulation with Fermioniq’s Ava circuit-DMRG emulator on the light-matter interaction
circuits in Fig. 1g. (a) Verification on the exactly solvable 4 → 4 case, after application of the 2-Trotter step light pulse,
before any further relaxation. The exact nearest-neighbour !ω correlation is obtained by translating the circuit to a 32-
qubit Jordan-Wigner circuit and computing the exact statevector result. Compatible with the findings in [61], (extrapolated)
results from circuit-DMRG are reliable when a simulation fidelity F of order 1 can be achieved, and are essentially random for
F ↑ 50%. (b) Simulation fidelities on the 6→ 6 circuits on 90 qubits, right after the light pulse (2 steps) and after up to two
Hubbard-Trotter relaxation steps (3 and 4 steps), compared with the “intermediate temperature” (!ω = 2ε/9) quench circuit
with s = 20 Ising-Trotter steps in [61]. (c) Circuit fidelities on 72-qubit circuits that are obtained by deleting all gates on the
ancilla qubits, as well as any maximum angle CZ gates, which are responsible for implementing the fermion-to-qubit encoding.
The result is a lower bound on the cost of natively fermionic circuit-DMRG.

nearest-neighbour correlations accurately [64]. The situation on the deeper circuits (3 steps and 4 steps), where after
the light pulse additional Hubbard-Trotter steps are applied to relax the state, remain out of reach.

In addition to the circuit-DMRG results obtained from the FermioniQ Ava emulator, we have also run some
simulations of the circuit written with the Jordan-Wigner (JW) encoding, alleviating the di!culty of simulating the
compact encoding, at the price of adding long range JW strings. The JW string order is chosen to match the ordering
of MPS tensors, making this approach similar to the fermionic MPS approach without having to utilize an extra
Z2 symmetry. These MPS simulations were performed using a slightly simpler approach where quantum gates are
contracted into the MPS one at a time. The algorithm supports native application of two-qubit gates between non-
adjacent qubits, as well as multi-qubit gates of the form exp(iωP ) for arbitrary Pauli strings. These are applied by first
obtaining their exact representation as an MPO of bond dimension 2, which is then contracted into the MPS following
the zip-up algorithm from [65], with one caveat: the zip-up algorithm is carried out using QR decompositions, rather
than SVD. After the gate has been contracted into the MPS, the latter is put in canonical form with the center at the
leftmost bond a"ected by the gate, followed by SVD truncation down to the target bond dimension; this is repeated
on all a"ected bonds from left to right. As discussed in [66], the sum of the squared singular values we keep determines
the fidelity of each single truncation, and the product of all of these is a standard estimate of the fidelity of the final
state. The algorithm runs on GPUs, implemented using NVIDIA cuTensorNet and is publicly available at [67] under
the name MPSxGate. The results can be seen (blue crosses) in Fig. S22c. Interestingly, the fidelity match closely the
circuit simulations where all ancilla have been removed. This indicates the naive estimate by removing gates related
to ancilla gives a reasonable estimate of the complexity of simulating with fermionic MPS.

B. Sparse Pauli decomposition

1. Setup

We now study the simulability of the circuits with Sparse Pauli Decomposition (SPD). This is a promising sim-
ulation technique that has been attracting attention recently [68–72] and which we have found most practical for
the development and testing of quantum circuits in this work. Indeed, it displays a fast and precise convergence for
observables with few enough gates in their light-cone for an arbitrary number of qubits (and in general, for circuits
with finite magic [73, 74]). This simulation technique works in the Heisenberg picture, and consists in expanding the
observable to be measured into strings of Pauli matrices

O =
∑

Pn→{I,X,Y,Z}→N

cnPn , (S111)
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FIG. S22. Circuit Simulation with Fermioniq’s Ava circuit-DMRG emulator on the light-matter interaction
circuits in Fig. 1g. (a) Verification on the exactly solvable 4 → 4 case, after application of the 2-Trotter step light pulse,
before any further relaxation. The exact nearest-neighbour !ω correlation is obtained by translating the circuit to a 32-
qubit Jordan-Wigner circuit and computing the exact statevector result. Compatible with the findings in [61], (extrapolated)
results from circuit-DMRG are reliable when a simulation fidelity F of order 1 can be achieved, and are essentially random for
F ↑ 50%. (b) Simulation fidelities on the 6→ 6 circuits on 90 qubits, right after the light pulse (2 steps) and after up to two
Hubbard-Trotter relaxation steps (3 and 4 steps), compared with the “intermediate temperature” (!ω = 2ε/9) quench circuit
with s = 20 Ising-Trotter steps in [61]. (c) Circuit fidelities on 72-qubit circuits that are obtained by deleting all gates on the
ancilla qubits, as well as any maximum angle CZ gates, which are responsible for implementing the fermion-to-qubit encoding.
The result is a lower bound on the cost of natively fermionic circuit-DMRG.

nearest-neighbour correlations accurately [64]. The situation on the deeper circuits (3 steps and 4 steps), where after
the light pulse additional Hubbard-Trotter steps are applied to relax the state, remain out of reach.

In addition to the circuit-DMRG results obtained from the FermioniQ Ava emulator, we have also run some
simulations of the circuit written with the Jordan-Wigner (JW) encoding, alleviating the di!culty of simulating the
compact encoding, at the price of adding long range JW strings. The JW string order is chosen to match the ordering
of MPS tensors, making this approach similar to the fermionic MPS approach without having to utilize an extra
Z2 symmetry. These MPS simulations were performed using a slightly simpler approach where quantum gates are
contracted into the MPS one at a time. The algorithm supports native application of two-qubit gates between non-
adjacent qubits, as well as multi-qubit gates of the form exp(iωP ) for arbitrary Pauli strings. These are applied by first
obtaining their exact representation as an MPO of bond dimension 2, which is then contracted into the MPS following
the zip-up algorithm from [65], with one caveat: the zip-up algorithm is carried out using QR decompositions, rather
than SVD. After the gate has been contracted into the MPS, the latter is put in canonical form with the center at the
leftmost bond a"ected by the gate, followed by SVD truncation down to the target bond dimension; this is repeated
on all a"ected bonds from left to right. As discussed in [66], the sum of the squared singular values we keep determines
the fidelity of each single truncation, and the product of all of these is a standard estimate of the fidelity of the final
state. The algorithm runs on GPUs, implemented using NVIDIA cuTensorNet and is publicly available at [67] under
the name MPSxGate. The results can be seen (blue crosses) in Fig. S22c. Interestingly, the fidelity match closely the
circuit simulations where all ancilla have been removed. This indicates the naive estimate by removing gates related
to ancilla gives a reasonable estimate of the complexity of simulating with fermionic MPS.

B. Sparse Pauli decomposition

1. Setup

We now study the simulability of the circuits with Sparse Pauli Decomposition (SPD). This is a promising sim-
ulation technique that has been attracting attention recently [68–72] and which we have found most practical for
the development and testing of quantum circuits in this work. Indeed, it displays a fast and precise convergence for
observables with few enough gates in their light-cone for an arbitrary number of qubits (and in general, for circuits
with finite magic [73, 74]). This simulation technique works in the Heisenberg picture, and consists in expanding the
observable to be measured into strings of Pauli matrices

O =
∑

Pn→{I,X,Y,Z}→N

cnPn , (S111)
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FIG. S22. Circuit Simulation with Fermioniq’s Ava circuit-DMRG emulator on the light-matter interaction
circuits in Fig. 1g. (a) Verification on the exactly solvable 4 → 4 case, after application of the 2-Trotter step light pulse,
before any further relaxation. The exact nearest-neighbour !ω correlation is obtained by translating the circuit to a 32-
qubit Jordan-Wigner circuit and computing the exact statevector result. Compatible with the findings in [61], (extrapolated)
results from circuit-DMRG are reliable when a simulation fidelity F of order 1 can be achieved, and are essentially random for
F ↑ 50%. (b) Simulation fidelities on the 6→ 6 circuits on 90 qubits, right after the light pulse (2 steps) and after up to two
Hubbard-Trotter relaxation steps (3 and 4 steps), compared with the “intermediate temperature” (!ω = 2ε/9) quench circuit
with s = 20 Ising-Trotter steps in [61]. (c) Circuit fidelities on 72-qubit circuits that are obtained by deleting all gates on the
ancilla qubits, as well as any maximum angle CZ gates, which are responsible for implementing the fermion-to-qubit encoding.
The result is a lower bound on the cost of natively fermionic circuit-DMRG.

nearest-neighbour correlations accurately [64]. The situation on the deeper circuits (3 steps and 4 steps), where after
the light pulse additional Hubbard-Trotter steps are applied to relax the state, remain out of reach.

In addition to the circuit-DMRG results obtained from the FermioniQ Ava emulator, we have also run some
simulations of the circuit written with the Jordan-Wigner (JW) encoding, alleviating the di!culty of simulating the
compact encoding, at the price of adding long range JW strings. The JW string order is chosen to match the ordering
of MPS tensors, making this approach similar to the fermionic MPS approach without having to utilize an extra
Z2 symmetry. These MPS simulations were performed using a slightly simpler approach where quantum gates are
contracted into the MPS one at a time. The algorithm supports native application of two-qubit gates between non-
adjacent qubits, as well as multi-qubit gates of the form exp(iωP ) for arbitrary Pauli strings. These are applied by first
obtaining their exact representation as an MPO of bond dimension 2, which is then contracted into the MPS following
the zip-up algorithm from [65], with one caveat: the zip-up algorithm is carried out using QR decompositions, rather
than SVD. After the gate has been contracted into the MPS, the latter is put in canonical form with the center at the
leftmost bond a"ected by the gate, followed by SVD truncation down to the target bond dimension; this is repeated
on all a"ected bonds from left to right. As discussed in [66], the sum of the squared singular values we keep determines
the fidelity of each single truncation, and the product of all of these is a standard estimate of the fidelity of the final
state. The algorithm runs on GPUs, implemented using NVIDIA cuTensorNet and is publicly available at [67] under
the name MPSxGate. The results can be seen (blue crosses) in Fig. S22c. Interestingly, the fidelity match closely the
circuit simulations where all ancilla have been removed. This indicates the naive estimate by removing gates related
to ancilla gives a reasonable estimate of the complexity of simulating with fermionic MPS.

B. Sparse Pauli decomposition

1. Setup

We now study the simulability of the circuits with Sparse Pauli Decomposition (SPD). This is a promising sim-
ulation technique that has been attracting attention recently [68–72] and which we have found most practical for
the development and testing of quantum circuits in this work. Indeed, it displays a fast and precise convergence for
observables with few enough gates in their light-cone for an arbitrary number of qubits (and in general, for circuits
with finite magic [73, 74]). This simulation technique works in the Heisenberg picture, and consists in expanding the
observable to be measured into strings of Pauli matrices

O =
∑

Pn→{I,X,Y,Z}→N

cnPn , (S111)
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FIG. S27. Fidelity versus two-qubit gate count for simulating light-pulse dynamics (+2 extra steps) in 4→ 4 and
6→ 6 systems using MPS, PEPS, and MPO methods.

To evaluate the accuracy of the PEPS simulation, we report the fidelity as a proxy for the simulation precision.
The fidelity is estimated using the L2-BP algorithm, wherein the environment tensors are approximated through
product-state gauges, F = |→ω|ω↑|

2, with |ω↑ denoting the compressed state [78]. In Fig S27, we plot the fidelity as
a function of the number of two-qubit gates (i.e., the light-pulse circuit followed by two additional Trotter relaxation
steps).

For comparison, we also report the fidelities [see Eq. (S110)] using MPS simulations, as well as those obtained using
matrix-product operator (MPO) Heisenberg evolution. Notably, MPO evolution proceeds backward in time, and its
accuracy depends on both the spatial support of the initial (unevolved) operator and the light-cone structure of the
circuit. The fidelity of MPO simulations drops rapidly as the light cone of the operator expands, indicating that MPO
methods alone are clearly incapable of simulating the full circuit. Similar to both the MPS and SPD approach, linear
extrapolation of →O(F )↑ using MPOs has also been considered to extend the limit of finite bond dimension. Empirically,
fidelity-based extrapolation of expectation values has been reported to yield results consistent with exact values in
the IBM quantum utility experiment [79]. However, the expectation value as a function of fidelity is not monotonic.
Even as a heuristic method, the fidelity has to be larger than a certain threshold Fth to obtain meaningful signal,
either by extrapolation or claiming convergence of the method. Since the MPO and SPD are similar techniques—both
track the evolution of observables in the Heisenberg picture and di!er only in their truncation schemes—we expect
this threshold to be close to 1, which makes the stand-alone MPO approach practically infeasible and motivates the
use of hybrid techniques.

From the plotted results, we observe that PEPS achieves higher fidelity than MPS with achievable bond dimensions,
particularly as the system scales from 4↓4 to 6↓6, reflecting the benefit of the intrinsic two-dimensional connectivity
of PEPS. Nevertheless, despite this advantage, the PEPS simulations remain constrained by the maximum bond
dimension employed here (ε = 16) and cannot fully capture the deepest circuits.

One possible direction to overcome these limitations is a hybrid approach that partially evolves the state in the
Schrödinger picture and the operator in the Heisenberg picture, meeting in the middle — a strategy referred to as
the mixed representation. For the 4 ↓ 4 system, one can imagine evolving MPS and MPO and stopping near where
their fidelity curves cross to achieve better fidelity. However, given the near-vanishing MPS fidelity for the 6 ↓ 6
system, one would instead need to evolve PEPS and MPO (or potentially PEPO) and meet at their crossing point
to obtain reasonable fidelities. However, measuring observables (in the form of an MPO or PEPO) for PEPS with
ε > 8 likely requires either a (potentially sign-problematic) sampling technique or a loop-series BP expansion [80].
It is unclear to us whether the observable can be accurately estimated in such a mixed representation with feasible
computing resources, but it would be an interesting direction for further study. Finally, we note that all of these
methods could also be implemented with an intrinsically fermionic PEPS and/or PEPO representation that avoids
additional overhead of simulating the fermion-to-qubit encoding, generally resulting in lower bond dimension for the
relevant objects. Reliably establishing the di"culty of each of these potential classical techniques for simulating these
circuits requires significant further study and is left for future work.


