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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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(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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(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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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.
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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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2

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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Figure 1: The Hubbard model at half-filling and light-induced 𝐿-pairing. (a) To benchmark

the quantum computer, a region A of a periodic 𝑀 = 6 → 6 lattice is densely packed with 36

non-interacting fermions. The system is evolved and the imbalance 𝑁A = 𝑂A ↑ 𝑂
A

measured.

(b) To prepare low-energy states at 𝑃 = 8, an approximate ground state of the 6 → 6 Heisenberg

model is prepared using a classically optimised circuit with 𝑄Heisenberg layers. (c) The qubit state

is then injected into the fermionic Fock space and the fermions delocalised using a Trotterised

evolution ansatz circuit with 𝑄Hubbard layers. (d) Energy and temperature corresponding to a

thermal state with the same energy. Ground state refers to PBC value. (e) Spin-spin correlations

𝑅(𝑆, 𝑇) = 1/𝑀
∑

𝑈
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𝑉
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𝑈+(𝑆,𝑇)
↔ for ansatz circuits with (𝑄Heisenberg,𝑄Hubbard) 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

𝐿-pairing correlations (6), especially for the staggered average 𝑊
stag
𝐿

. Avg. (max.) standard error on

the mean of 𝑊𝐿 (𝑆, 𝑇) is 0.004 (0.009). Note that 𝑅(𝑆, 𝑇) = 𝑅(↑𝑆,↑𝑇) and 𝑊𝐿 (𝑆, 𝑇) = 𝑊𝐿 (↑𝑆,↑𝑇)

by definition but we choose to show all sites for visual completeness.
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Figure 1: The Hubbard model at half-filling and light-induced 𝐿-pairing. (a) To benchmark

the quantum computer, a region A of a periodic 𝑀 = 6 → 6 lattice is densely packed with 36

non-interacting fermions. The system is evolved and the imbalance 𝑁A = 𝑂A ↑ 𝑂
A

measured.

(b) To prepare low-energy states at 𝑃 = 8, an approximate ground state of the 6 → 6 Heisenberg

model is prepared using a classically optimised circuit with 𝑄Heisenberg layers. (c) The qubit state

is then injected into the fermionic Fock space and the fermions delocalised using a Trotterised

evolution ansatz circuit with 𝑄Hubbard layers. (d) Energy and temperature corresponding to a

thermal state with the same energy. Ground state refers to PBC value. (e) Spin-spin correlations

𝑅(𝑆, 𝑇) = 1/𝑀
∑

𝑈
↓𝑅

𝑉

𝑈
𝑅
𝑉

𝑈+(𝑆,𝑇)
↔ ↑ ↓𝑅

𝑉

𝑈
↔↓𝑅

𝑉

𝑈+(𝑆,𝑇)
↔ for ansatz circuits with (𝑄Heisenberg,𝑄Hubbard) 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

𝐿-pairing correlations (6), especially for the staggered average 𝑊
stag
𝐿

. Avg. (max.) standard error on

the mean of 𝑊𝐿 (𝑆, 𝑇) is 0.004 (0.009). Note that 𝑅(𝑆, 𝑇) = 𝑅(↑𝑆,↑𝑇) and 𝑊𝐿 (𝑆, 𝑇) = 𝑊𝐿 (↑𝑆,↑𝑇)

by definition but we choose to show all sites for visual completeness.
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Figure 1: The Hubbard model at half-filling and light-induced 𝐿-pairing. (a) To benchmark

the quantum computer, a region A of a periodic 𝑀 = 6 → 6 lattice is densely packed with 36

non-interacting fermions. The system is evolved and the imbalance 𝑁A = 𝑂A ↑ 𝑂
A

measured. (b)

To prepare low-energy states at 𝑃 = 8, an approximate ground state of the 6 → 6 Heisenberg model

is prepared using a classically optimised circuit with 𝑄Heisenberg layers. (c) The qubit state is then

injected into the fermionic Fock space and the fermions delocalised using a Trotterised evolution

ansatz circuit with 𝑄Hubbard layers. (d) Energy and temperature corresponding to a thermal state with

the same energy. Ground state refers to PBC value. Theory refers to an approximate noiseless value

obtained with Sparse Pauli Dynamics. (e) Spin-spin correlations 𝑅(𝑆, 𝑇) = 1/𝑀
∑
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↔ for the ansatz circuit with (𝑄Heisenberg = 1,𝑄Hubbard = 1) 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 𝐿-pairing correlations (6),

especially for the staggered average 𝑊
stag
𝐿

. Avg. (max.) standard error on the mean of 𝑊𝐿 (𝑆, 𝑇) is

0.004 (0.009). Note that 𝑅(𝑆, 𝑇) = 𝑅(↑𝑆,↑𝑇) and 𝑊𝐿 (𝑆, 𝑇) = 𝑊𝐿 (↑𝑆,↑𝑇) by definition but we

choose to show all sites for visual completeness.
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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

→,
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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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on the left of a strong plaquette Pb(x, y) = Pb(↓x,↓y) by definition, but all bonds are shown for visual completeness. Avg.
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around → U = 8t, where !†
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[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†
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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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on the left of a strong plaquette Pb(x, y) = Pb(↓x,↓y) by definition, but all bonds are shown for visual completeness. Avg.
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/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
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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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around → U = 8t, where !†
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[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. S23. Relation between truncation error, number of Pauli strings and norm. (a): number of Pauli strings at the
end of the circuit S(M) and maximal value before injection Smetric as a function of truncation ω, for the 4→4 circuit with 1 step
when measuring !ω(1, 1). (b): relative norm squared ||O(m)||

2
/||O(0)||

2 as a function of number of Pauli strings in the same
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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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. S23. Relation between truncation error, number of Pauli strings and norm. (a): number of Pauli strings at the
end of the circuit S(M) and maximal value before injection Smetric as a function of truncation ω, for the 4→4 circuit with 1 step
when measuring !ω(1, 1). (b): relative norm squared ||O(m)||

2
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2 as a function of number of Pauli strings in the same
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



© 2026 Quantinuum. All Rights Reserved.Public

64

100 104 108 1012 1016 1020 1024 1028

0

0.25

0.5

0.75

1

number of Pauli strings

re
la

ti
v
e

n
o
rm

s
q
u
a
re

d

circuits run on hardware

2 steps

3 steps

4 steps

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%
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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%
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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].

quadratic

linear
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