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Methods
Simulation Parameters

Simulations of the 2D single-band t-t′-U Hubbard model in the grand canonical ensem-
ble were performed on 8 × 8 square lattice clusters (unless otherwise specified), with periodic
boundary conditions, next-nearest-neighbour hopping t′ = −0.25t or 0, and on-site Coulomb
repulsion U between 6t and 10t. For convenience, kB, ~, and charge e are set to 1 throughout
the paper. Measurements of all quantities, other than particle density 〈n〉 in the chemical poten-
tial tuning process described later, if not otherwise specified, were performed with an imaginary
time Trotter discretization dτ = 0.05/t (30, 31). At high temperatures, the smallest number of
imaginary time slices used in the Trotter decomposition was L̃ = β/dτ = 20, where β is the
inverse temperature T−1. Each Markov chain in the Monte Carlo process consisted of 5 × 104

warm up sweeps and 106 measurement sweeps through space-time. Unequal time measure-
ments were taken every 4 sweeps. Measurements were made on up to ∼ 2400 Markov chains
for each set of parameters at the lowest temperatures, with 2.5×105 unequal time measurements
and approximately 2× 105 × L̃ equal time measurements per chain.
Analytic Continuation

We evaluated DC transport coefficients using the Kubo formula for κ and σ (35). The
DC transport coefficients were obtained by performing maximum entropy analytic continuation
(MaxEnt) (32,33) on DQMC measurements of corresponding correlation functions in imaginary
time. To determine the adjustable parameter which assigns weights of statistics and entropy in
the maximized function in MaxEnt, we use the method of Ref. (43). Details of the formalism,
operators, and specific correlation functions can be found in the “Formalism” subsection of the
Supplementary Text.

The MaxEnt algorithm requires a “model” function to regularize the real-frequency correla-
tion function. In this work, we used an annealing procedure in which spectra from one temper-
ature serve as the model function for the next lower temperature in a sequence (26, 35). We de-
termined spectra in the infinite-temperature limit using the moments expansion method (26,35)
(up to sixth order for t′/t = −0.25, or eighth order for t′ = 0), and used these spectra as
the model functions at the highest temperature. Although the choice of model function may
impact the result of the MaxEnt analysis, this variation does not significantly affect the quanti-
tative results and the qualitative behavior and conclusions remain unchanged (see Fig. S8 in the
Supplementary Text).
Chemical Potential Tuning

To tune the chemical potential µ for a specific target filling ntar = 1 − ptar at a given
temperature and lattice size, we used DQMC to calculate 〈n〉 over a range of chemical potentials
µ (at 0.05t intervals). We obtained the best µ by interpolation of 〈n〉 versus µ. For the tuning
process, the maximum imaginary time discretization dτ was chosen to be 0.02/t, and at high
temperatures, the smallest number of imaginary-time slices was L̃ = 20. The doping p in each
figure indicates the target doping ptar.
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Error Analysis
Error bars are shown for all measurements. If not otherwise specified, error bars are de-

termined by bootstrap resampling (44). In particular, we calculated 100 bootstraps and used
the standard deviation of the distribution as the standard error of the mean. The mean values
represent the average values from bootstrap resampling. For analytic continuation, the average
spectra from bootstrap resampling at one temperature served as the model function for the next
lower temperature, as described above for annealing.

Supplementary Text
Formalism

In this paper, κ refers to the longitudinal DC thermal conductivity measured under the con-
dition of zero charge current (35), distinguished from the one measured under the condition of
zero electric field; cv refers to the specific heat, defined as the energy density difference of the
system per temperature difference at fixed density.

We investigate the 2D single-band Hubbard model with spin S = 1/2. Considering both
nearest-neighbour t and the next-nearest-neighbour t′ hopping, the Hamiltonian is

Ĥ = −t
∑
〈lm〉σ

(
c†lσcmσ + c†mσclσ

)
− t′

∑
〈〈lm〉〉σ

(
c†lσcmσ + c†mσclσ

)
+U
∑
l

(
nl↑ − 1

2

) (
nl↓ − 1

2

)
, (S1)

where U is the on-site Coulomb interaction, c†l,σ (cl,σ) is the creation (annihilation) operator for
an electron at site l with spin σ, and nl,σ ≡ c†l,σcl,σ is the number operator at site l with spin σ.

Expressions for κ, σ, and cv have been derived in the Supplementary Material in Ref. (35).
Calculating σ and κ requires correlation functions that include the particle/charge current J and
energy current JE terms. From the Hamiltonian in Eq. S1, we derive J and JE in a manner
similar to that in Ref. (35), obtaining

J = t
2

∑
l,δ∈NN,σ

δ(ic†l+δ,σcl,σ + h.c.)

+ t′

2

∑
l,δ′∈NNN,σ

δ′(ic†l+δ′,σcl,σ + h.c.) (S2)
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and

JE =
∑

l,δ1∈NN,δ2∈NN,σ

(−δ1+δ2
4

)t2(ic†l+δ1+δ2,σcl,σ + h.c.)

+
∑

l,δ∈NN,δ′∈NNN,σ

(−δ+δ′

2
)tt′(ic†l+δ+δ′,σcl,σ + h.c.)

+
∑

l,δ′1∈NNN,δ′2∈NNN,σ

(−δ′1+δ′2
4

)t′2(ic†l+δ′1+δ′2,σ
cl,σ + h.c.)

+Ut
4

∑
l,δ∈NN,σ

δ(nl+δ,−σ + nl,−σ)(ic†l+δ,σcl,σ + h.c.)

+Ut′

4

∑
l,δ′∈NNN,σ

δ′(nl+δ′,−σ + nl,−σ)(ic†l+δ′,σcl,σ + h.c.)

−Ut
4

∑
l,δ∈NN,σ

δ(ic†l+δ,σcl,σ + h.c.)

−Ut′

4

∑
l,δ′∈NNN,σ

δ′(ic†l+δ′,σcl,σ + h.c.). (S3)

To make the notations above clear, NN (NNN) denotes the set of nearest-neighbour (next-
nearest-neighbour) position displacements. Specifically, on the two-dimensional square lattice,
NN = {+x,−x,+y,−y} and NNN = {+x+ y,−x+ y,+x− y,−x− y}, where the lattice
constant is set to 1 and x and y are unit vectors. Here, if l is an arbitrary site label associated
with the position vector Rl = xlx + yly, and ν is a vector adding up arbitrary elements in
NN and NNN, the notation l + ν represents a unique site label associated with the position
xlx + yly + ν. The first three lines of Eq. S3 define the kinetic energy current JK , and the
fourth to the seventh lines correspond to the potential energy current JP . The heat current is
JQ = JE − µJ.

Fourier transforming the fermion operators

c†l,σ =
1√
N

∑
k

e−ik·Rlc†k,σ, (S4)

whereN is the number of sites, we can transform Eq. S2, and the first three lines of Eq. S3 (JK),
which yield

J =
∑
k,σ

vkc
†
k,σck,σ, (S5)

JK =
∑
k,σ

εkvkc
†
k,σck,σ, (S6)

as summations in k-space. Here, εk is the band energy at momentum k, determined by the
U = 0 non-interacting limit of the Hamiltonian in Eq. S1, Ĥ(U = 0) =

∑
k,σ

εkc
†
k,σck,σ, and

vk ≡ ∂εk/∂k is the band velocity.
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The two-particle (four-fermion) contribution to JP selects charge flow involving a process
where an electron flows from/to a site already occupied by an electron of opposite spin. In
other words, nonzero contributions to the two-particle contribution to JP rely on breaking and
reforming double occupancies, leading to LP decreasing with increasing doping as double oc-
cupancies are reduced.

Using the Kubo formula, the transport coefficients are defined as (35)

LO1O2(ω) =
1

Nβ

∫ ∞
0

dtei(ω+i0
+)t

∫ β

0

dτ〈O1(t− iτ)O2(0)〉, (S7)

where O1 and O2 are Hermitian operators that can be chosen as any one of the current operators
introduced previously, and β = 1/T is the inverse temperature. Here, t is real-time, without
confusion with the hopping matrix elements in the Hamiltonian, and

O1(t− iτ) = ei(Ĥ−µN̂)(t−iτ)O1e
−i(Ĥ−µN̂)(t−iτ), (S8)

where N̂ is the operator for the total number of particles in the system. For Hamiltonians such
as Eq. S1, one can show LO1O2(ω) = LO2O1(ω) from Eq. S7 for any operators O1, O2 ∈ {Jx,
JQ,x, JK,x, JP,x} (45). We consider O1 = O2 = O, and set Z = Tr(e−β(Ĥ−µN̂)) as the partition
function. From Eq. S7, we obtain

ReLOO(ω) =
π

ZNβω

∑
i1,i2

|〈i1|O|i2〉|2e−βEi1

(
1− e−βω

)
δ(ω + Ei1 − Ei2), (S9)

where |i1〉 (Ei1) are eigenstates (eigenvalues) of Ĥ − µN̂ . We use DQMC to measure the
correlation functions in imaginary time

〈TτO(τ)O(0)〉 ≡ 1

Z
Tr
(
e−β(Ĥ−µN̂)Tτe

τ(Ĥ−µN̂)Oe−τ(Ĥ−µN̂)O
)

=
1

Z

∑
i1,i2

|〈i1|O|i2〉|2e−βEi1eτ(Ei1
−Ei2

). (S10)

We then apply MaxEnt (32, 33) to 〈TτO(τ)O(0)〉 and obtain ReLOO(ω) (26, 35) using the
relation

1

Nβ
〈TτO(τ)O(0)〉 =

∫ ∞
0

dωReLOO(ω)
ω cosh[ω(τ − β/2)]

π sinh[βω/2]
, (S11)

which can be derived from Eqs. S9 and S10. ReLOO(ω) is guaranteed to be positive definite in
Eq. S9. In this work, we measure 〈TτO(τ)O(0)〉 and apply MaxEnt for O ∈ {Jx, JQ,x, JK,x,
JP ′,x, λQJQ,x+Jx, λKJK,x+Jx, λP ′JP ′,x+Jx}. Here, “x” is the x direction and JP ′,x is defined
as JP,x − µJx. λQ, λK and λP ′ are non-zero real constants.

The kinetic/potential contribution to the DC longitudinal thermal conductivity under the
condition of zero electrical current is (35)

κK/P = β2

(
LJK/P,xJQ,x

−
LJK/P,xJxLJxJQ,x

LJxJx

)
, (S12)
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Figure S1: λQ, λK , and λP ′-dependence of κ, κK and κP for a few sets of different doping p
and temperature T . Here, λQ, λK , and λP ′ are kept the same. For MaxEnt analytic continuation,
a flat model function is used for all parameters. Parameters: U/t = 8 and t′/t = −0.25.
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where the DC transport coefficient LO1O2 is the ω = 0 value of Eq. S7 and is purely real. Here,
for κP , we transform Eq. S12 to

κP = β2

(
LJP ′,xJQ,x

−
LJP ′,xJx

LJxJQ,x

LJxJx

)
. (S13)

Even though the expressions are equivalent, using JP ′,x instead of JP,x in the relevant transport
coefficients is a strategy to reduce error propagation. There are multiple ways to combine
correlation functions to obtain the same quantity, as seen in Eq. S12 and Eq. S13. Different
choices in real computations can result in different magnitudes for the final statistical error after
error propagation. For example, subtracting large quantities that yield a small result can lead to
large statistical errors relative to the difference. To reduce the statistical error, we obtain κ via

κ = β2

(
LJQ,xJQ,x

−
L2
JQ,xJx

LJxJx

)
, (S14)

where LJQ,xJx is calculated from (46)

LJQ,xJx =
(
L(λQJQ,x+Jx)(λQJQ,x+Jx) − λ2QLJQ,xJQ,x

− LJxJx
)
/(2λQ). (S15)

We define and calculate κK,0 and κP ′,0 as

κK,0 = β2

(
LJK,xJK,x

−
L2
JK,xJx

LJxJx

)
, (S16)

κP ′,0 = β2

(
LJP ′,xJP ′,x

−
L2
JP ′,xJx

LJxJx

)
, (S17)

where LJK,xJx and LJP ′,xJx
are calculated from

LJK,xJx = (L(λKJK,x+Jx)(λKJK,x+Jx) − λ2KLJK,xJK,x
− LJxJx)/(2λK), (S18)

LJP ′,xJx
= (L(λP ′JP ′,x+Jx)(λP ′JP ′,x+Jx)

− λ2P ′LJP ′,xJP ′,x
− LJxJx)/(2λP ′). (S19)

Then from Eqs. S12, S13, S14, S16, and S17, we have

κK = κK,0 + (κ− κK,0 − κP ′,0)/2, (S20)
κP = κP ′,0 + (κ− κK,0 − κP ′,0)/2, (S21)

which are used for the calculation of κK and κP . If all transport coefficients LO1O2 are exact,
then results for κ, κK and κP are independent of the choices for λQ, λK , and λP ′ . However,
systematic and statistical errors in LO1O2 propagate to κ, κK and κP , so they exhibit some
degree of λQ, λK , and λP ′ dependence (Fig. S1). Here λ ≡ λQ = λK = λP ′ . As long as λ & 1,
the λ dependence is relatively weak. Therefore, as a reasonable choice, λQ = λK = λP ′ = 2 is
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Figure S2: (A) DC thermal conductivity κ for zero charge current, the same as Fig. 1(A) in the
main text. (B) DC thermal conductivity κ̄ for zero electric field. (C) Lorenz number L ≡ κ/Tσ
normalized by L0 ≡ π2/3, the same as Fig. 2 in the main text. (D) Lorenz number L̄ ≡ κ̄/Tσ,
also normalized by L0. Parameters: U/t = 8 and t′/t = −0.25.
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used in this work, except for T/t ≥ 4, where λQ = λK = λP ′ = 0.5 is used. This is because for
high temperatures, the chemical potential µ in JQ,x = JE,x− µJx and JP ′,x = JP,x− µJx has a
large magnitude, and LJQ,xJQ,x

and LJP ′,xJP ′,x
are much larger than LJxJx . Therefore, relatively

small λQ = λK = λP ′ = 0.5 were chosen here to reduce error propagation through Eqs. S15
and S19.

The thermal conductivity κ defined under the condition of zero charge current (Eq. S14)
can be compared to the thermal conductivity κ̄ measured under the condition of zero electric
field (35, 45), where

κ̄ = β2LJQ,xJQ,x
. (S22)

Results for κ and κ̄ are shown in Figs. S2(A) and (B), respectively, while Figs. S2(C) and (D)
plot the respective Lorenz numbers L ≡ κ/(Tσ) and L̄ ≡ κ̄/(Tσ). Using a representative
parameter set U/t = 8 and t′/t = −0.25 as an example, for the low-temperature regime shown
in Fig. S2, κ and κ̄, as well as L and L̄, show similar temperature and doping dependence and
have similar magnitudes. Therefore the results and conclusions for the Wiedemann-Franz ratio
hold for both quantities.

As discussed in Ref. (35), the specific heat cv may be obtained from the average energy 〈Ĥ〉
at different temperatures for fixed densities, directly calculating δ(〈Ĥ〉/N)/δT by choosing a
reasonable finite temperature interval δT , or from the energy fluctuations via

cv =
β

N

(
ΛĤĤ −

Λ2
ĤN̂

ΛN̂N̂

)
. (S23)

Here, ΛO1O2 = β(〈O1O2〉 − 〈O1〉〈O2〉). Similarly, the charge compressibility χ can be calcu-
lated using the fluctuation method χ = ΛN̂N̂/N . Figure S3 shows the DQMC results for (A)
the specific heat cv and (B) the charge compressibility χ (26). Note that in Fig. S3(A) the results
for cv are consistent between the finite difference and fluctuation methods.

The Einstein relations may be used to calculate the thermal diffusivity DQ ≡ κ/cv and
charge diffusivity D ≡ σ/χ (26, 47), shown in Figs. S3(C) and (D). (The fluctuation method
is used for calculating both cv and χ when determining both DQ and D.) There is a cross-over
temperature where the doping dependence of DQ changes, similar to κ; and in the low tem-
perature regime below Txo, DQ behaves similarly to D with respect to doping and temperature
dependence, as well as changes in the value of Hubbard U (see Figs. S4 and S5).

The potential-kinetic separation of the thermal diffusivity, defined as DP ≡ κP/cv and
DK ≡ κK/cv, is shown in Figs. S3(E) and (F), respectively. The inverses D−1Q , (κ/T )−1, D−1,
and σ−1 in Fig. S6 reveal strange metallic∼ T behavior in the doped metallic regime, consistent
with earlier results (26).

DQ and D are not strictly independent diffusivities in the heat and charge channels due to
non-zero thermoelectric effects in our model. From Refs. (19, 47), D± are determined by

D+D− = DDQ (S24)
D+ +D− = D +DQ +Dcorr, (S25)
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where Dcorr is the correction term defined in Refs. (19,47). Fig. S7 shows that Dcorr is orders of
magnitude smaller than either DQ or D. Therefore, D± ≈ D or DQ depending on their relative
magnitudes. At high temperatures, DQ > D and D+ ≈ DQ, as shown in Figs. S7(A) and (D).
At low temperatures, D > DQ and D+ ≈ D, shown in Figs. S7(B) and (D). D− in Fig. S7(C)
takes the smaller value between DQ and D. In the high-temperature limit, D+ is about twice
that of D−, consistent with Ref. (47). Therefore, in our parameter regime, corrections Dcorr due
to thermoelectric effects are negligible compared with DQ and D, so that DQ and D are good
approximations to the independent diffusivities D±.
Model Function Dependence

Model function dependence of the results for the Lorenz number is shown in Fig. S8. Four
methods of constructing the model function are analyzed here:

• Method 1: The annealing procedure from high to low temperatures, which is used in the
main text.

• Method 2: Annealing from low to high temperatures by starting the procedure using
results from method 1 at the lowest temperature as the initial model function.

• Method 3: Using the model functions constructed from the infinite-temperature-limit
spectra but with changing chemical potentials for all temperatures.

• Method 4: Using a flat model function for all temperatures.

Fig. S8 shows MaxEnt results obtained using the four methods with qualitatively similar behav-
ior. Therefore, conclusions and the discussion in the main text remain the same regardless of
how one constructs the model function in these four distinct ways.
Miscellaneous Supplementary Data

In this subsection a number of checks are presented to support the conclusions given in the
main text.

Fig. S9 demonstrates the parameter dependence of the specific heat cv. The high-temperature
peak position of cv is controlled by the energy scale set by U , similar to that of L in Fig. 3 in
the main text.

Fig. S10 plots the kinetic/potential decomposition of L/L0 for different parameters. For
all parameter choices, the kinetic/potential components exhibit behavior similar to Fig. 4 in the
main text.

Fig. S11 shows measurements of several quantities up to T/t = 8 and compares them to
the corresponding infinite-temperature limits. All measurements approach their correspond-
ing infinite-temperature limits as temperature increases. The infinite-temperature limits of
the transport properties were calculated using the moments expansion method. The infinite-
temperature limits of thermodynamic quantities cv and χ, given by fluctuations ΛO1O2 , were
calculated analytically. When T →∞, e−βĤ = 1, so 〈O1O2〉 = Tr(eβµN̂O1O2)/Tr(eβµN̂) and
〈O1〉 = Tr(eβµN̂O1)/Tr(eβµN̂). The calculation of the right-hand-side traces is straightforward
in the occupation basis, when O1 and O2 are expressed in fermion operators c†l,σ and cl,σ.
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Figure S8: Lorenz number L obtained using method 1 (dotted lines), method 2 (dashed lines),
method 3 (dashed dotted lines), and method 4 (solid lines). See the “Model Function Depen-
dence” subsection for definitions of these methods. For p = 0 in the displayed range, the dotted
line appears hidden as its values are very close to those on the dashed dotted line. Parameters:
U/t = 8 and t′/t = −0.25.
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Figure S9: Specific heat cv obtained via the fluctuation method Eq. S23 for (A) U/t = 6 and
t′/t = −0.25; (B) U/t = 6 and t′/t = 0; (C) U/t = 8 and t′/t = 0; (D) U/t = 10 and t′/t = 0.
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U/t = 6 and t′/t = 0; (C) U/t = 8 and t′/t = 0; (D) U/t = 10 and t′/t = 0. Solid lines are
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18



0

2

4

6

8

10

T2
 [t

3 ]
A

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

T
 [t

]

B

0

1

2

3

4

5

6

T2 c
v [

t2 ]

C

0.0

0.1

0.2

0.3

0.4

0.5

T

D

0 1 2 3 4 5 6 7 8
T/t

0.50

0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

D
P 

[t]

E

0 1 2 3 4 5 6 7 8
T/t

0.0

0.5

1.0

1.5

2.0

2.5

D
K 

[t]

F p = 0.3
p = 0.25
p = 0.2
p = 0.15
p = 0.1
p = 0.05
p = 0

0.0 0.1 0.2
t

5

6

0.0 0.1 0.2
t

0.4

0.5
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in Fig. 1(C) in the main text), (C) T 2cv (using the fluctuation method), (D) Tχ, (E) DP , and
(F) DK , and a comparison to the infinite-temperature limits for each quantity. Insets for (C)
and (D) are T 2cv and Tχ versus βt, respectively, and include data for temperatures T/t ≥ 8.
In these insets, dashed lines mark the cubic spline extrapolated function; filled circles mark
the extrapolated positions for βt = 0. The dotted lines in (A) to (F), including the insets,
are infinite-temperature limits. Error bars for T 2cv and Tχ are from jackknife resampling.
Parameters: U/t = 8 and t′/t = −0.25.
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Figure S12: Trotter error analysis for chemical potential tuning. Difference between measured
density 〈n〉 and target density ntar for (A)-(C) U/t = 10, t′/t = 0 and (D)-(F) U/t = 6,
t′/t = −0.25. Vertical dotted lines mark dτ = 0.02/t, which is the discretization interval
used for chemical potential tuning. The µ tuned for ntar at dτ = 0.02/t is used to measure
〈n〉 for varying values of dτ on the same curve. Thin dashed lines in (D)-(F) are straight-line
extrapolations as a guide for eye. Thick dashed lines indicate 〈n〉 − ntar = 0. Error bars, which
are smaller than the data points, are ±1 standard error of the mean determined by jackknife
resampling.

Trotter Error Analysis
Trotter error enters measurements of thermodynamic and transport properties in two ways.

First, it enters in measurements of density 〈n〉 during chemical potential tuning. After the chem-
ical potential µ is determined for each target density, Trotter error enters in the measurements
themselves.

For chemical potential tuning, Fig. S12 shows the difference between the measured density
〈n〉 and the target density ntar as a function of discretization interval dτ , using µ values obtained
from tuning with dτ = 0.02/t. Fig. S12(A)-(C) shows that the Trotter error scales as ∼ dτ 2.
Extrapolating 〈n〉 − ntar to dτ 2 = 0 indicates an estimation of the “true” value of 〈n〉(dτ =
0)− ntar, i.e. the systematic error of density due to finite dτ = 0.02/t. For U/t = 10, t′/t = 0
(the largest U considered in this paper), and U/t = 6, t′/t = −0.25 (lower temperatures are
achievable), the estimated deviation |〈n〉(dτ = 0) − ntar| is within 10−4 as shown in Fig. S12,
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Figure S13: Trotter error analysis of L for (A)-(C) U/t = 6, t′/t = −0.25, and (D)-(F) U/t =
10, t′/t = 0. Dashed lines are for dτ = 0.05/t and solid lines are for dτ = 0.025/t.

which represents an upper bound of Trotter error in density for the parameters considered in
this paper.

We show the Trotter error for L in Fig. S13, for representative parameters U/t = 6, t′/t =
−0.25 [(A)-(C)] and U/t = 10, t′/t = 0 [(D)-(F)]. Results obtained with dτ = 0.05/t and
0.025/t show minimal difference. For transport measurements, in addition to direct changes
in the Trotter error, changing dτ may affect analytic continuation, as the number of imaginary
time points changes for fixed inverse temperature β. Analyzing Fig. S13, we conclude that
dτ = 0.05/t is small enough to prevent Trotter error from affecting our conclusions, and is also
a reasonable value for stable MaxEnt analytic continuation.
Finite Size Effects Analysis

In Fig. S14, we compare results of L on 8×8 and 12×12 clusters for U/t = 6, t′/t = −0.25,
and on 8 × 8 and 10 × 10 clusters for U/t = 8, t′/t = −0.25. The differences between the
results are minimal and do not affect our conclusions. A similar finite size analysis for U/t =
6, t′/t = 0 is shown in Fig. S15. We observe larger finite size effect for t′/t = 0 compared with
t′/t = −0.25, and for higher doping and lower temperature, because of sharper Drude peaks
and more delocalized nature of the system. Lattice size slightly changes the low temperature
behaviors of L for t′/t = 0, but the overall conclusions are not significantly affected. Smaller
U generally should also cause larger finite size effects as the system becomes more delocalized.
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Thus, our analysis up to 30% doping, down to U/t = 6, including both t′/t = −0.25 and t′ = 0,
and down to the lowest accessible temperatures roughly represent an upper bound on the finite
size effects, given the parameters considered in this manuscript.
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