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Quantum simulation costs for Suzuki-Trotter decomposition of quantum many-body lattice models
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Quantum computers offer the potential to efficiently simulate the dynamics of quantum systems, a task whose
difficulty scales exponentially with system size on classical devices. To assess the potential for near-term
quantum computers to simulate many-body systems we develop a formalism to straightforwardly compute
bounds on the number of Trotter steps needed to accurately simulate the time evolution of fermionic lattice
models based on the first-order commutator scaling. We apply this formalism to two closely related many-body
models prominent in condensed matter physics, the Hubbard and t-J models. We find that, while a naive
comparison of the Trotter depth first seems to favor the Hubbard model, careful consideration of the model
parameters and the allowable error for accurate simulation leads to a substantial advantage in favor of the t-J
model. These results and formalism set the stage for significant improvements in quantum simulation costs.
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I. INTRODUCTION

Despite rapid growth in accessible computational re-
sources, simulating quantum systems on classical computers
has remained an elusive challenge. This difficulty arises
from the exponential scaling of complexity with system size
necessary to accurately model quantum systems. Quantum
computers, at least in theory, present a solution to this prob-
lem. By relying on hardware that is itself quantum in nature,
quantum computers can be used to efficiently simulate the dy-
namics of other quantum systems [1-3]. Quantum simulation
is poised to be a potent tool, with potential applications in
a diverse array of areas, including high-energy physics and
biology [4]. In particular, the quantum simulation of electronic
structure promises to have particular significance for quantum
chemistry [5-7] and materials science [8].

A critical step in any quantum simulation problem is to
translate the Hamiltonian that generates the dynamics for
the simulated system into a qubit Hamiltonian that can be
implemented on a quantum computer. For the case of elec-
tronic structure, this translation can be accomplished using
the celebrated Jordan-Wigner transformation [9], which maps
the fermionic creation and annihilation operators to the Pauli
operators. The cost of this mapping in terms of circuit de-
sign can be quantified by the Pauli depth, the maximum
length of Pauli operators needed to implement any given term
of the qubit-mapped Hamiltonian. A notable challenge in
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maintaining a low Pauli depth for fermionic Hamiltonians is
the need to account for the underlying anticommutivity of
the fermionic operators. To do so, the parity for each orbital
must be stored using a string of Pauli Z operators [10]. A
consequence of the parity information being stored nonlocally
in the Jordan-Wigner string is that each fermionic operator is,
in the most general case, mapped to O(N) Pauli operators,
where N is the total qubit number [7] (unless nonlocal gates
are used [11]). This nonlocality is an inevitable consequence
of the fermion sign problem, which is responsible for the
classification of such fermionic lattice models as NP-hard
[12]. With this in mind, in this work we focus on the Jordan-
Wigner mapping as our primary tool for encoding fermionic
Hamiltonians in qubit form.

Along with encoding the Hamiltonian in qubit form, quan-
tum simulation also requires a method of implementing the
time evolution of the system. This can be done by decom-
posing the time-evolution operator into a series of local gate
operations by means of the Suzuki-Trotter expansion [13,14],
a method known as Trotterization [15]. As the expansion is
only exact in the limit of an infinite number of expansion
steps, practical applications require truncating at a finite num-
ber of steps, and consequently introducing a truncation error,
€. This error, along with the desired evolution time, 7, are
the model-independent parameters that determine the required
number of Trotter steps for the simulation, . Thus, €, 7, and
r are the three key quantities for benchmarking Trotterized
quantum simulation. In general, the choice of € and 7 will
depend on the simulation observable of interest and the model
energy scale. For example, an accurate quantum simulation
to determine the energy gap [16] of a particular many-body
model will require an € significantly smaller than the typical
energy spacing. We therefore use the dimensionless quan-
tity re/t> as a model independent measure of the Trotter
cost.
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Together, the Pauli depth and maximum number of Trotter
steps, r, provide two significant benchmarks for the compu-
tational cost of quantum simulation. This, in turn, has led to
significant study in how to optimize these costs, such as by
circuit modifications that lead to the cancellation of Jordan-
Wigner strings and reordering the terms in the Suzuki-Trotter
expansion to reduce the error in each step [11].

In this work, rather than seeking to optimize these costs for
a particular model, we instead compare the costs between two
prominent models for quantum condensed matter, namely the
Hubbard and t-J models. We avoid performing detailed gate
counts or circuit depth estimations, as has been previously
explored [11,17-19]. Our goal is to first answer the ques-
tion of which condensed matter models are most amenable
to simulation independent of any specific implementation or
choice of simulation parameters, before proceeding with any
detailed minimization of computational costs. In this way we
can first demonstrate that any advantage either model shows
in computational cost is inherent to the structure of the model
itself.

To date, the Hubbard model has served as one of the
foremost models targeted for quantum simulation. Numerous
approaches, have been pursued, including experimental ana-
log simulations using using atoms confined in optical lattices
[20-25] as well as quantum dots [26] and NMR systems
[27]. The Hubbard model has also received focus as test-
bed model for simulation on near-term quantum computers
[28-31]. With this in mind, it is important to identify whether
or not the Hubbard model is truly the most efficient model,
in terms of simulation resources, that captures the physics of
interest.

The t-J model, which arises out of a perturbative treatment
of the Hubbard model in the limit where the on-site interaction
dominates over the hopping energy [32-35], is of particular
interest due to its potential to model high-temperature super-
conductivity [35-39]. An important feature of the t-J model
Hamiltonian is the presence of Gutzwiller projection oper-
ators that eliminate the possibility of any site being doubly
occupied [38,40—-42]. This significantly reduces the Hilbert
space of the t-J model in comparison to the more general
Hubbard model, which motivates the supposition that the t-
J model should be more tractable to simulate on near-term
quantum computers. To confirm whether this hypothesis bears
out, we apply the Jordan-Wigner transformation along with
optimized bounds on the Trotter error scaling [43] to bench-
mark the simulation costs for two-dimensional Hubbard and
t-J models on a square lattice in terms of the Pauli and Trotter
depths.

There remains debate about the presence of superconduct-
ing behavior in the ground state of the doped t-J model.
Unbiased classical simulation using exact diagonalization
techniques to probe this issue have been limited to 20 sites for
the case of the two-dimensional (2D) t-J model [44]. Quantum
simulation could help settle the debate. With the growing,
but still very limited, qubit resources available to existing
quantum computers, determining the model that makes the
most efficient use of those resources while maintaining the
potential to reveal impactful new physics is of significant
importance to both the quantum computing and condensed
matter communities. To address this question, we develop a

formalism for applying the optimized commutator bound [43]
to fermionic lattice models that yields analytical expressions
for the Trotter depth in terms of the model parameters. We
then apply this formalism to demonstrate that the bound on
the Trotter depth is significantly lower for the t-J model in
comparison to the Hubbard model in the parameter regime of
validity. These results suggest that the t-] model should be
a prominent candidate for simulation on near-term quantum
computers.

In Sec. IT we begin by reformulating the upper bound on
Trotter depth given in Ref. [43] for the case of square lattice
models with both open and periodic boundary conditions.
Then, in Sec. III we review the 2D Hubbard and t-J mod-
els including a mapping of the spinful models onto bipartite
spinless lattices, before we apply the Jordan-Wigner trans-
formation in Sec. IV. From the Jordan-Wigner transformed
Hamiltonians we can immediately evaluate the minimum
Pauli depth for each model. In Sec. V we apply our expanded
form of the Trotter bound in order to compare the maximum
Trotter depth for the t-J and Hubbard models in both one and
two dimensions. Notably, we show that the Trotter depth for
both models scales linearly with the system size in both one
dimension and two dimensions. Furthermore, we find that,
within the parameter regimes where a valid comparison can
be made, the t-J model is significantly less costly to simu-
late. Finally, in Sec. VI we summarize our results and offer
some perspectives on their significance for near-term quantum
simulation.

II. BOUNDING TROTTER DEPTH

For a Hamiltonian that can be decomposed as H = Z}I: H,
it is well established that the bound on the Trotter depth scales
with Zg [|H, || [45,46], where ||A|| denotes the spectral norm
of operator A. However, this bound is typically a significant
overestimate, as it neglects to account for any commutativity
within the terms of the Hamiltonian. In Ref. [43] it was shown
that this bound can be improved to,
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This bound is a powerful improvement and can be orders
of magnitude smaller than bounds arising from just the
norm of the Hamiltonian terms. Note that Eq. (1) is spe-
cific to a first-order product formula. The bound derived in
Ref. [43] is further generalized to any order, but for the pur-
poses of this paper we consider only the first-order result,
and leave generalizations to higher orders to be explored in
future work.

Before applying this bound to any specific models, let us
first consider it in more detail. First, we note that the bound
is primarily dependent on the spectral norms of commuta-
tors of the individual Hamiltonian terms. For Jordan-Wigner
transformed fermionic Hamiltonians, the Hamiltonian will
always consist of a sum over products of Pauli matrices, along
with some prefactors. The spectral norm of any product of
Pauli matrices is always one, as demonstrated in Appendix A.
Thus, if each H,, consists of only products of Pauli matrices,
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[|(H,,, H),]|| will simply be given by the absolute value of the
product of the respective prefactors of H,, and H,,,.

Fermionic lattice Hamiltonians are typically expressed as
a sum over lattice sites, H =}, ; H; ;. In the following we
assume translationally invariant lattlces up to boundary terms.
As stated above, after applying the Jordan-Wigner transfor-
mation each single-site term, H; ;, can be decomposed into D
subterms,

Hij=> H}, )

where each H;; g consists only of products of Pauli matrices.
Note that each ||[ ; J,
the same is not true for || i.j» Hr11|| as each Hfj may not
commute with all the others. Thus, to ensure we capture
all noncommutation in the Hamiltonian, we decompose it as
H= ZN s SPH ; for the purposes of evaluating Eq. (1).
We note that H; ; and H;; must share at least one pair of
Pauli operators with the same indices for any [H} ., H}|] to
be nonzero.
To simplify notation we define the operators,

H; s ;11 is guaranteed to be zero, while

l]’

D

Ag,g = Z ||[Hll?]}1 lezjz]H (3)
81,6=1

Let us consider some general properties of each A“ f '

(1) All W1 _A” 2.

i2, )2 inj1? L
2) le ip i; j; = Zil,iz Ai;ﬁ
The first property follows from
(B, C1Il = [IIC, BII. “
We can verify the second is true by expanding the
summations as,

ZA”“_A:;i-FAl]l-F

12,]2

Lj1 2,1
AN TA
i,ih=1

+ . +A Ny, ji (5)

x./"

and,

inja _ ALi2 L, j> L j 2,j»
Z A =AU HA AN T AT
l| 12 1

+ . +A Ny, o (6)

Ny, ji*

We see that for each term A" ].‘ in Eq. (5) there will be a
corresponding Al:ﬁ term in Eq. (6).

Finally, we also note that, since each single-site term H; ;
in a lattice Hamiltonian is identical to each other single-site
term, up to a change in indices, we have AL a b = A,’iia b
This property is in essence a statement that the rectangular
lattice is invariant under horizontal and vertical translations,
up to boundary terms. Using these properties we can expand

Eq. (1) as,
Ne—1
Feom = — NNA}}+2N Yo [ =pATL,]
p=1
N—1
+2N Y [Ny = Ay ]
q=1
Ne—1Ny—1
+2 Z Z Ny — p)(N)‘ - q)AiJiq 1+p]
p=1 gq=1
Ne—1Ny—1
XS o pos-onl) o
p=1 g=lI

This expression constitutes the centerpiece of our formalism.
We pause here for a clarification of notation. Using the condi-

k.l IR
tion A}/ b = Afvavp We see that all A7 J are equal, A =
A} % = Ag } = .... Thus we have replaced the summation that

Would appear in Eq (7) with a product over the total number
of A} / terms, i.e., Y A” = N,N,A}'l. Similar statements

hold for all Ai J’er, A:lw, A:+]q,j+p’ and Aiti; For snnphcltys
sake, we have chosen i = Jj = 1, but we stress that Eq. (7) is
true for any choice of i and j. However, to account for the
lattice boundaries, for any choice other than i = j =1, all
j indices should be considered modulo N, and all i indices
should be considered modulo N,. We emphasize further that
Eq. (7) is completely general in regards to hopping, including
all-to-all interactions. As we will demonstrate in subsequent
sections, model-dependent rules and specification of bound-
ary conditions can considerably simplify this expression.

To ensure that we have expanded Eq. (1) properly, we can
check to make sure Eq. (7) has the same number of terms. We
see that Eq. (1) has N7N} total terms. Using the summation
identity,

s NN -—1)
DN = =—F— ®)
i=1

we find that Eq. (7) has,
NN, + NyN(Ny — 1) 4+ NNy (Ny — 1)
+ Ny(Ny — DNu(N, — 1) = Nf/vy2 )

total terms. Therefore, as expected, Egs. (1) and (7) have an
equal number of terms.

III. HUBBARD AND t-J MODELS
The 2D Hubbard model is [41],

=t Z Z (cu sCri,s + Cij, Sckl 5)

(i.kl) seft, 1}

+U Y mijaniy,

ij

(10)

where ¢ is the hopping energy, U is the on-site interac-
tion energy, and ¢; . and c; are the fermionic creation and
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ﬂubbard \

< 4

FIG. 1. Schematic representation of the parameter space for
common fermionic lattice models near half-filling. The t-J model
emerges from the Hubbard model near half-filling under the con-
straint that U >> t. The Heisenberg model then emerges from the t-J
model under the additional restriction of half-filling.

annihilation operators obeying the anticommutation relations,
{Cij,sv C;l,s’} = 8s,s’8ij,kly
{CiTj’sv Cltl,s’} = {Cij,s’ Ckl,s’} =0. (11)

Note that n;;, = c;rjﬁsc,-j,s and n;; = n;j 4y + n;j,,. We consider
a rectangular lattice with N = N, N, sites. Each pair of in-
dices (i,k=1,...,N, and j,/ =1,...,N;) denote the x,y
position of the site in the lattice, respectively, as illustrated in
Fig. 2. We also assume a closed system with a fixed number
of particles and thus do not include a chemical potential term
in the Hamiltonian.

The t-J model can be derived from the Hubbard model by
working in the regime where U/t >> 1 and considering only
the lower-energy subspace of unoccupied and singly occupied
sites [38,41]. The Hamiltonian for the t-J model is,

e XY Pl b el )P
(ij.kl) se{t,4)

+7 >

(ij.kl)

P|:S,~j Sy — ”"JZ’"}P, (12)

where J = 4t /U. Here the P are the Gutzwiller projection
operators that ensure the system does not admit any doubly
occupied sites. In Fig. 1 we provide a schematic representa-
tion demonstrating the conditions under which the t-J model
emerges from a perturbative treatment of the Hubbard model.
For later convenience when applying the Jordan-Wigner trans-
formation it will be useful to express the t-J Hamiltonian
entirely in terms of the creation, annihilation, and number
operators,

J T
==t Y Y10 = niys)c]; cus + €y g

(ij.kl) se{t, |}
Z Z ljécljsckl 5Ckl.s

(lj ki) se{t,|}
— (1 = n;5)n; 5 5(1 — ngg )1 (13)

The full derivation for this expression is provided in
Appendix B.

x (1 —=nus)l+ =

Examining Eq. (13) we see that the local projection opera-
tors leave the Heisenberg terms unchanged. This is expected,
as the spin-spin interaction only arises under the condition
of single occupancy. A natural question is then whether the
projection operators need to be applied to the J terms at
all. Assuming an initial state with no double occupancy, the
existence of the projection operators on the hopping terms is
sufficient to keep the state restricted to the subspace consisting
of only unoccupied and singly occupied sites. However, simu-
lating the dynamics of the t-J] model on a real quantum device
will inevitably introduce errors, some of which may lead to
the system straying out of the restricted Hilbert space. With
this in mind, we leave the projection operators in place on the
J terms as a limited form of protection against this class of
ITOrS.

A deeper degree of protection that would also guard against
initial states with doubly occupied sites can be implemented
using global projection operators that also project the im-
plicit identity operators that act on every other site in the
lattice for each term in Eq. (13). However, these global
projection operators are highly nonlocal and come at a pro-
hibitive cost in terms of Pauli depth. Thus, for the purpose
of this analysis, we assume the initial state used for any
simulation of the t-J model does not contain any double
occupancy.

IV. JORDAN-WIGNER TRANSFORMATION

It is well established that fermionic creation and annihi-
lation operators can be mapped to Pauli (qubit) operators by
means of the Jordan-Wigner transformation. In one dimension
this transformation takes the form of [9,10],

j-1
T i + = +
c;=exp|im Zok oy o/,
k=1
j—1
cj=exp | —im Za,jok_ O'j_,
k=1
nj = l(oo + 0%) (14)
T\ jJ:
Here 0" = (0¥ +i0”)/2, 0~ = (0% —io?)/2 with ¢o*, 0?,

and o? being the usual Pauli matrices and o® being the identity
matrix.

In order to capture the full Jordan-Wigner string in two
dimensions, as illustrated in Fig. 2, each fermionic operator
must transform as follows,

i—1 Ny

- + +
j=exp (m Z Zak 10k 1) exp | im Zal 1901 |oi;

k=1 I=1

i—1 N,
+
Ci,j = €Xp —Iim E leakl exp —l]TE (T 0’ O’
1

k=1 I=
1
nij = E(ai(,)j +7})- (15

Note that this implementation of the 2D Jordan-Wigner trans-
formation matches with the result derived in Ref. [47].
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(4, 3-1) (4, 3 (4, j+1)
O O O O O
(i+1, j)

O O O OO0

FIG. 2. Tllustration of the site labeling for the 2D Hubbard
model. Site (i, j) is highlighted in red. The solid line illustrates the
choice of Jordan-Wigner string.

Using Eq. (15) we have,

i—1 N, j-1

c”ckg_exp lT[ZZ . a_ﬂ exp inZai,ﬁalAyﬁ o

a=1 p=1 p=1

k—1 Ny

x exp | —im ZZa;ﬂa;ﬂ

a=1 g=1

-1
x exp | —in Za,:ﬂakfﬂ o (16)
p=1

Without loss of generality we assume i < k and j < [. Equa-
tion (16) then becomes,

Ny
i _ .+ . + -
C[’jck,/ = Ui,j exXp 1514 Zal”ﬁa’:ﬁ
B=Jj
xexp | —im Z Z O, %%,
a=i+1 =1
-1
xexp | —in Y _otyoy |og (17)
p=1

We note that Eq. (17) has three distinct segments of Jordan-
Wigner strings. We will refer to these segments as string A,

Ny
exp | —im » o0, . (18)

B=Jj
string B,

exp [—ir 3 Yot o, | (19)

a=i+1 =1

1 N,

O OO
O OO

[ 1A

o O O

(4, J)
o o0 0"
Olc(g) o

© O O

O]O O O

0l 0|0 O O
0l 0|0 O O

o1

O O O
N

y

FIG. 3. Illustration of the three segments of Jordan-Wigner string
found in Eq. (17) between sites (i, j) (highlighted in red) and (k, [)
(highlighted in blue).

and string C,

—ir Zo,:ﬁagﬁ , (20)
B=1

respectively. From a quick inspection of the bounds on the
summations for each string we see that together the three
segments account for all the sites between (i, j) and (k, [).
This is illustrated in Fig. 3.

We are now ready to apply the Jordan-Wigner transforma-
tion to the Hubbard and t-J Hamiltonians. The first step in
doing so is to remove the spin dependence from the Hamil-
tonians. We can do this by mapping from a spinful lattice
to a bipartite spinless lattice. This technique is illustrated
graphically in Fig. 4.

.
oA o A% . A .’ . ; -
H . L& X3 3 .
LR -V- lv- -w. -vn .
S— RS YN RN YN
LA LA S A LA LA
LA . 3 . .

.
‘ . LA
. . LA,
‘an? M

\6 \5(@3] 1) (4 2j+1)

(Z7 2]) .l. (17 2J+2) ‘I.

l. l.
O

®

. v,
ov, ' . .
|

K
st as®

®®®®®

(i+1, 27)

+ ™o
as
+o

FIG. 4. Jordan-Wigner string (solid line) for mapping a 2D grid
of spinful fermions to two grids of spinless fermions. Note that each
pair of dotted and solid rows represents one row of the spinful grid.
Site (i, 2j) is highlighted in red.
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Making the substitutions,

Cijt = Ci2j—1,  Cijy = Ci2j,  Cijrl,p = Ci2jtl,  Cijil) —> Ci2j42. 21
we arrive at
H?' = 1Y (. i1 +cb a1+ clcompn+ch )+ U naiyna; (22)
= 2j—1¢2j+1 2j+1¢2j-1 2j¢2j+2 2j+242j 2j—1M12j
J J

for the Hubbard model and,

HY ==t [(1 = nyj)(ch,_ycajr + ajr6),, DA = majpa) + (1= majo1)(cje2j02 + €265 50 (1 = )]

J

A i t i 1 )
+ 2 ) [y 1€2jCyi09C2j11 + C5;C2j1Cy ;1 Cajr2 — (1 — najdngj1majo(l —nojy1)
B j j+ j i+

J
— (1 —nyj_ngjnzjp1 (1 — nzji2)] (23)
for the t-J model.
Applying the Jordan-Wigner transformation as given in Eq. (14) and simplifying usin
Yy
Toi=—of 67 = —0;
0,07 =—0; and 0;0; o; 24)
as well as,
j—1 j—1
; +o— ] — j—1 z
exp | +im § ofo; | =(=1) l_[ok (25)
k=1 k=1
we arrive at,
t !
H N, X X y y 4 y y b4
H™ = B |:(_1) )[(Ui,2.7—10i+1,2j—l + Ui+1,2j710i,2j—1)0i,2j + (Uz,z_;Uz+l,2j + 0i+1,2j05,2j)0i+1,2j—1}
iJ
Ny 2j-2
b4 b4 X X y y 14 X X y y 4
X Oip l_[ Ohig | T (Gi,Zj—lGi,2j+1 + Ui,2j+1‘7i,2j—1)05,2j + (Ui,ZjUi,2j+2 + Ui,z_j+20i,2_j)ai,2j+1
p=2j+1 p=l1
O3 (00 + 0y ) o0, + o) 26)
4 Oi2j—1 T 92;-1)\Ti2j i2j
ij
For the Hubbard model. Similarly, for the t-J model we find,
t !
o 0 1\ 0o _ .z X X y y 0 _ A2
H" = 3 2 :|:( 9] X{(ai,Zj Oi,z_j)(ai.Zj—lUi+l,2j—1 +ai,2j7105+1,2j71)(Oi+1.2j Oi+l.2j)
ij
N, 2j-2
0 z x X y y 0 z z z
+ ("i,zj'—l - (’i,zj—l)(ai,zj"i+1,2j +"i,2jai+1,zj)(‘7i+1,2j—1 - O‘i+1,2j71)} H 9i.p H Oit1p
p=2j+1 p=1
0 z x X y y 0 z
+ (05,2j - ai,Zj)(Ui,Zj—lai,2j+1 + ai,2j+10i,2j—l)(ai,2j+2 - Ui,2j+2)
0 z X X y y 0 z
+ (Gi,zj—l - Ui,zj—l)(oi,zjgi,zj+2 + ‘75,2j+25i,21)(‘7i,2j+1 - Oi,2j+l):|
—i—{ o 105:(0it 00 4075120 5:41) 015,05 (0 0 12+ 0h10000)
B i2j-1%i2j\%i41,2j%i+1,2j-1 i2j+29i2j+1 i2j9i2j-1\%i+1,2j-1%i+1,2; i2j+19%i2j+2
i,j
1
0 z 0 z 0 z 0 z
- E{(O—i,zj — 02,) (0721 + 072, 1) (001,25 + 0512 (0412j01 = OFi12j-1)
0 z 0 z 0 z 0 z
+ (Gi,Zj - Gi,zj)(oilj—l + Ui,Zj—l)(ai.2j+2 + Ui,2j+2) (Gi,2j+l - Ui,2j+1)
0 z 0 z 0 z 0 z
+ (Uz‘,zj—l - Oi,2j—l)(ai,2j + Ui,Zj)(GH-l,Zj—l + Ui+1,2j—1)(‘7i+1,2j - Ui+1,2j)
27

+ (Gi(,)zj—l - szj—l)("i(,)zj + aiz,2j)(ai(.)2j+l + szj+1)(0i(,)2j+2 - Ufzj+2)}:|~
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FIG. 5. Energy spectrum for a 1D four-site Hubbard model with
open boundary conditions (red, solid) superimposed with the energy
spectrum for a 1D four-site t-J model (cyan, dashed). We have set
U/t =100 such that we see full overlap between the low-energy
spectrum of the Hubbard model with the t-J model spectrum.

The t-J model arises from the low-energy Hubbard model
in the limit U/t > 1. As a check for the consistency of the
Jordan-Wigner transformations, we numerically calculate the
energy spectra of a four-site, four-particle 1D Hubbard and t-J
model using the Pauli representation we derived in Sec. IV.
We plot the resulting spectra for U = 10, t = 0.1, and J =
442 /U =0.004 in Fig. 5. We see that, as expected, the t-J
energy spectrum overlaps with that of the low-energy states
of the Hubbard spectrum.

As an additional verification, we also calculate the en-
ergy eigenstates for the Hubbard and t-J models under the
same parameters using the ALPS (Algorithms and Libraries
for Physics Simulations) software package [48]. To within
numerical precision, we obtain the same spectrum as from
the exact diagonalization of our Jordan-Wigner transformed
Hamiltonians.

Comparing Eqgs. (26) and (27) we see that the maximum
Pauli depth of the #-dependent terms is identical between the
two models. Both contain at least one term that consists of a
product of N, Pauli operators. In contrast, the maximum Pauli
depth of the U-dependent term in the Hubbard model is only
two, half that of the J-dependent term in the t-J model.

V. t-J AND HUBBARD TROTTER DEPTH

With the full Jordan-Wigner transformed Hamiltonians,
we can now apply Eq. (7) to bound the number of Trotter
steps necessary to simulate the time evolution of the Hubbard
and t-J models. Note that, for completeness, we examine the
one-norm scaling in Appendix C. This comparison empha-
sizes the improvement offered by the commutator scaling,
particularly for the Hubbard model, which can be over an
order of magnitude lower, even for small system sizes. In the
following analysis we also consider specifically the case of
open boundary conditions. In Appendix D we extend these
results to the case of periodic boundary conditions.

We begin by considering some common features of both
models. As both the Hubbard and t-J models are restricted
to only nearest-neighbor hopping, we have A;)) = 0 for all

(i2, j2) # (1 + 1,1 < jo < ji) and forall (iz, jo) # (i1, j1 <
j2 < Ny). These COIldlthIlS account for the segments of
Jordan-Wigner string that are not shared between site (i, j)
and its vertical neighbor (i + 1, j), as discussed in Sec. IV.
The first set of nonzero A; - 2 accounts for the segment of
Jordan-Wigner string stretchmg from site (i, j) rightward to
site (i, N,), and the second accounts for the segment stretching
leftward from site (i 4+ 1, 1) to site (i 4 1, j).

Furthermore, by inspecting Eqs. (26) and (27) we find that
all A j +p-1 and Af; +;)>1 vanish. This is due to the fact that the
only Pauli operators with the same indices H; ; will share with
H; jyp~1 arise from the Jordan-Wigner strings, which consist
of only o operators. Thus, each commutator will take the

form of either,
[6%c?, 00%], [o0%c", 0707],

% o0v07]. (28)

[c%c%, 0%c*], [o°0

all of which are zero by the properties of the Pauli operators.
Thus, for the case of the Hubbard and t-J models, Eq. (7)
simplifies to,

2
T
rit i = —[N.N,A}L + 2N, (N,
c ,

com

- a

+ 2N, (Ny — DAY| +2(Ny — DN, — DATS ). (29)

We reiterate here that, like Eq. (7), this equation is valid for
any choice of i and j, and that for any choice other than
i = j =1 all j indices should be considered modulo N, and
all i indices modulo N.

A. Hubbard

In order to get an expression for Eq. (29) in terms of our
model parameters (¢ and U) we need to compute each A'2 ﬁ
In Table I we break up each single-site term in the Hubbard
Hamiltonian, Eq. (26), into terms that consist only of products
of Pauli operators, along with some common prefactors. Then

using,
12

Apt= | HE

81,8,=1

(30)

where each H}; 3 is listed in Table I, we calculate each Aiz‘j2

This process is con51derab1y simplified since each H} . con-
sists of a tensor product of Pauli operators. Since the norm of
a tensor product of Pauli operators is always one, we immedi-
ately know each Aﬁf’]f will be of the form,

i 8 16

where ay, by, and ¢y are positive integers determined by
the number of nonzero commutators in A'T "2 with the corre-
sponding prefactor, and the factor of 2 arises from the Pauli
commutation relations.

Inspecting the terms in Table I we first note that for all
A2 we have ¢y = 0, as the potential terms all consist only
of o% and identity operators and thus will always commute
with each other. To determine ay and by let us consider each
A’2 ” term in Eq. (29).

t? tU U?
Al7]2_2< HZ+bHu+CH_> (31)
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FIG. 6. Commutator bound on the Trotter depth for the Hubbard model as a function of (a) t withU = 1, N = 36 (b) U witht = 1,N = 36
and (c¢) N with U =t = 1. The top pair of lines show the Trotter depth for a 2D model with periodic (orange, dotted) and open (red, solid)
boundary conditions. The bottom pair of lines correspond to a 1D model with periodic boundary conditions (dark blue, dashed) and open

boundary conditions (light blue, solid).

Of the 144 commutators in Eq. (30), we see that only 40
are nonzero for A;}. Of these 40 commutators, 8 of them

have the prefactor t2 /4 and the other 32 have the prefactor
|tU|/8. Thus, forA” we have ay = 8, by =32, and cy = 0.
Combining these coefﬁcnents with Eq. (31) arrive at,

A:.:A“ = 41> 4 8JtU|. (32)
We can repeat the same process for A? o 1 and Al K] . where

in both cases we find 16 nonzero commutators 8 w1th the
prefactor t?/4 and 8 with |tU|/8. Thus,

AL =AY = AV =AY =47+ 201U). (33)
Finally, we see that for Ai+ +{ there are only four nonzero
commutators, all corresponding to ¢>/4. Thus,

i+1, 2,1
AE’H{ A7y = =212, (34)

We can now combine all these results with Eq. (29) to
yield,

= NeNy(4t> + 8tU) + 2N, (N, — 1)(4t* + 2tU)

+ 2N, (Ny — 1)(4t? +2tU) + 4(N, — 1)(N, — )%
(35)

Here we note several important features of this result. First, we
see that the bound scales quadratically with # and linearly with
U. However, even more notably, it scales linearly with the
total number of lattice sites, N = N,N,, despite the presence
of the lattice spanning Jordan-Wigner strings in Eq. (26).
This linear scaling arises due to the fact that all commutators
between non-nearest-neighbor sites will be of the form given
in Eq. (28) and will thus vanish.

In Fig. 6 we plot the functional form of the Trotter depth
from Eq. (35) as a function of #, U, and N for the case
of a 6 x 6 lattice. As the choices for values of € and t
will generally depend on the observables of interest for the
simulation, we quantify the overall Trotter cost in terms of
the problem-independent quantity re /2. For comparison, we
also include the Trotter depth for the case of periodic bound-
ary conditions (Appendix D) and for a 1D Hubbard model
with an equivalent number of lattice sites (Appendix F). Here
we see the quadratic scaling with ¢ and linear scaling with U
and N illustrated for both 1D and 2D models. Significantly,

the difference in cost between 1D and 2D simulations is less
than a factor of ten for small system sizes, but still larger than
what can be efficiently simulated classically.

B. t-J

We can follow an exactly analogous process for the t-J
model. In Table II we break up each single-site term in the t-J
Hamiltonian, Eq. (27), into terms that consist only of products
of Pauli operators, along with some common prefactors. Then
using,

(36)

ll = H d1 [
12 2 Z Hll Ji? 12 ]2]

81,8,=1

where each H}; is listed in Table II, we calculate each Affﬁ in
Eq. (29). N
For the t-J model, each Aifﬁ will be of the form,

12 |tJ| J?
AR — byl e, 2. 37
i1 (“”64 oy T 556 7

Unlike the Hubbard model, neither a,;, b;;, or ¢;; will always
be zero, since the J terms arise from a second-order pertur-
bation that mixes both hopping and interaction. Let us again
consider each A"/} individually.

For Ai “J of the 4096 commutators in (37), 1600 are
nonzero. Of these 1600 commutators, 384 of them correspond
to t2/32, 1024 to |tJ|/128, and 192 to J?/256. Thus we have
a;; = 384, b,y = 1024, and c¢;; = 192 for A j Combining
these coefficients with Eq. (37) we arrive at,

R R UZES

For A ] i and Al i1, We find 960 nonzero commutators, with

256 correspondlng to t2/32, 512 to |tJ|/128, and 192 to
J?/256. Thus,

A= AN

=AY =Aly =Ay =82 481+ 377 (39)

For Ai’:i{ there are only 480 nonzero commutators, with 128
corresponding to ¢2/32, 256 to |tJ|/128, and 96 to J*/256.
Thus,

i+1,j 42,1
Ai,j+1 =A,

=42 + 4|tJ| + 2% (40)
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FIG. 7. Commutator bound on the Trotter depth for the t-J model as a function of (a) r with J/ = 1, N = 36 (b) J with7 = 1, N = 36 and
(c) N with J =t = 1. The top pair of lines show the Trotter depth for a 2D model with periodic (orange, dotted) and open (red, solid) boundary
conditions. The bottom pair of lines correspond to a 1D model with periodic boundary conditions (dark blue, dashed) and open boundary

conditions (light blue, solid).

Combining these results with Eq. (29), we find that the
functional form of the commutator bound on the Trotter depth
for the 2D t-J model is,

P = NNy (1267 + 16]t]] + 3J7)
+ 2N, (N, — 1)(82% + 8t | + 3J7)
+ 2N (Ny — 1)(8¢% + 8JtJ| + 3J7)
+2(Ny — DN, — D(4> +4JtJ |+ 277).  (4D)

As in the case of the Hubbard model, we see that the bound
on Trotter depth for the 2D t-J model scales linearly with N =
NN, and quadratically with . However, while the Hubbard
model scaled linearly with U, the t-J model scales quadrati-
cally with J. This is expected, as the J term in the t-J model
arises from a second-order perturbation that mixes both the
hopping and interaction.

In Fig. 7 we plot the functional form of the Trotter depth
from Eq. (41) as a function of ¢, J, and N, again for a 6 x 6
lattice. As before, we include the Trotter depth for the case
of periodic boundary conditions (and for a 1D t-J model with
an equivalent number of lattice sites). As we observed for the
Hubbard model, we see that the Trotter cost for both the 1D
and 2D models scales linearly with N, with less than a factor
of ten difference between them at N = 36.

C. Comparison: Hubbard vs t-J

With the functional form of the Trotter bound for both
Hubbard and t-J, we can now make a direct comparison be-
tween the models. As we do so, we must be careful in making
sure our comparison is fair, as the relevant parameters in
the Hubbard model are # and U while in the t-J model the
relevant parameters are ¢t and J. In Fig. 8(a) we compare the
two bounds treating ¢ as fixed and U and J as independent
parameters that are varied over the same range of values. In
this case, we see that the bound on the Hubbard model is
significantly lower than the t-J model.

However, this comparison is somewhat disingenuous, as
we know that U and J are not independent, but are related
by J = 4¢*/U. Furthermore, the t-J model is a valid approx-
imation to the Hubbard model only under the condition that
U/t > 1. To account for both of these factors, in Fig. 8(b)
we replace J in the t-J model bound with 4t>/U and fix

U/t = 100. In this case, we see that the bound for the t-J
model is over an order of magnitude lower than for the Hub-
bard model. The reason for this behavior can be intuitively
seen when considering Fig. 5. For the Hubbard model, U
sets the energy scale, with the gaps between relevant energy
levels being on this order. For the t-J model, J sets the energy
scale. Thus, a Hubbard simulation that wants to capture the
behavior of the model at the energy scale of t-J must be able
to resolve energy gaps on the order of J, which for the r and U
parameters used in Figs. 5 and 8, are two orders of magnitude
smaller than U. For the same accuracy, the Hubbard simula-
tion must have much greater fidelity, and therefore requires a
larger Trotter depth.!

It is important to note that in Fig. 8, as in our other
comparison plots, we have plotted the bound in terms of the
dimensionless quantity re /T2, which is the maximum number
of Trotter steps multiplied by the allowed error divided by the
square of the dimensionless time parameter. When comparing
the Hubbard and t-J model, the implicit assumption of this ap-
proach is that the allowed error, €, is the same for both models.
If we wish to treat U and J as independent parameters, as in
Fig. 8(a), an alternative approach that maintains the fairness
of the comparison is to realize that € must be different for
each model. For the Hubbard model it is logical to set € as a
fraction of U while for the t-J model it is logical to set it as a
fraction of J. Since the Hubbard model must resolve energy
spacing on the order of J to have accuracy comparable to the
t-J model, and since U > J, this means €y < €.

As an illustration of this behavior, let us consider a specific
example for parameters of + = 0.1 and U = 10. In order to
resolve the energy spectra of both models with equal accuracy,
we need to pick an € significantly lower than the smallest
characteristic energy scale, which in this case is given by
J =4t2/U. Let us choose € = 0.1J. Thus we see that for the
Hubbard model we have an € that is five orders of magnitude
smaller than the characteristic model energy scale, while for
the t-J model we have an € that is only one order of magnitude
smaller than the characteristic energy scale. Assuming an
evolution time of T = 10 and plugging all our parameters

"While the numerical calculation used to produce Fig. 5 was done
for 1D Hubbard and t-J models, the same logic applies in the 2D
case.
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FIG. 8. Log scale comparison for the commutator bound on Trotter depth for the 2D Hubbard (orange, dashed) and t-J (green, solid)
models. In (a) we fix # = 0.1 and plot the bound as a function of U for the Hubbard model and as a function of J for the t-J model. In (b) we
fix U/t = 100 and take J = 4¢>/U and plot the bound on both models as a function of U. In (c) we fix t = 0.1, take J = 4¢>/U and plot both

models as a function of U/t For all plots we have taken N, = N, = 6.

into Egs. (35) and (41) we arrive at r? = 1.34 x 10° and

com

) |~ 4.15 x 10%, indicating that the Hubbard model is over
30 times more costly to simulate than the t-J model at these
parameters.

From these results, it is clear that the best choice of model
to simulate depends on the desired parameter range, namely
the ratio of U/t. With this in mind, in Fig. 8(c) we plot the
bound on the Trotter depth as a function of this ratio. We see
that as U/t — 0 the bound for the Hubbard model vanishes.
This is expected, as in the limit of vanishing U with finite ¢
all terms in the Hubbard Hamiltonian commute. Conversely,
as U/t — 0 the bound for the t-J model blows up. This occurs
since the t-J bound grows with J and J is inversely related to
U/t. Physically, this can be seen as corollary to the behavior
discussed in the previous two paragraphs. As we move beyond
the parameter range satisfying U > ¢, the energy scale grows
much larger than the typical spacing of the t-J model, and
eventually the assumptions going into the derivation of the
model break down.

As the number of Trotter steps is directly proportional to
the circuit depth, this advantage translates to a significant
reduction in overall gate count for simulating the t-J model in
comparison to Hubbard. These results indicate that, on NISQ
devices where gate errors and decoherence are limiting factors
on circuit design, the t-J model is a more amenable target for
near-term simulation.

VI. CONCLUDING REMARKS

In this work, we constructed a lattice-fermion formalism
for studying the Trotter depth of important condensed models.
We applied our approach to the Hubbard and t-J models,
motivated by the supposition that the reduced Hilbert space of
the t-J model due to the elimination of any doubly occupied
states would naturally lead to lower computational costs. Our
results show that the situation is significantly more nuanced
than this straightforward hypothesis.

In terms of the Pauli depth, we find that we gain no advan-
tage from the reduced Hilbert space. While it is true that the
t-J model has only three basis states for each orbital, |0), |1),
and || ), in comparison to the four basis states of the Hubbard
model, which also allows |1 | ), both cases still require two
qubits to represent their respective bases. In this case, the
t-J model is actually disadvantaged, as extra qubit overhead

is required to implement the projection operators that ensure
the system never strays out of the reduced Hilbert space. We
note, however, that this is naturally a consequence of using a
fermion-qubit mapping. If we instead applied a qutrit-based
mapping for the t-J model, the additional overhead would be
mitigated (an example of a fermion-qutrit mapping for the 2D
t-J model can be found in Ref. [49]). While the difference in
Pauli depth is not significant in the 2D case, as the Jordan-
Wigner transformed Hamiltonians for both the Hubbard and
t-J models contain terms that span the full width of the lattice,
it plays a larger role in the 1D case where these nonlocal
Jordan-Wigner strings cancel out (see Appendix F).

In terms of the bound on Trotter depth, we find the situation
to be more in-line with our initial hypothesis. If we naively
treat U and J on the same footing, the bound first appears to
favor the Hubbard model by around two orders of magnitude.
However, if we properly account for the fact that the t-J model
is a valid approximation to the Hubbard model only under
the condition U >> t, and that J is in reality a function of U
and ¢, then we see that the bound significantly favors the t-J
model. Thus, the most efficient choice of model depends on
the energy scale that the simulation needs to resolve.

We provide the full form of the Jordan-Wigner transformed
Hamiltonians for the Hubbard and t-J models. In particular,
we include an explicit qubit representation of the 2D t-J
model without relying on alternative approaches, such as the
auxiliary particle scheme [50]. While this work provides a
benchmark of comparison between the Hubbard and t-J mod-
els, there remain numerous avenues for future exploration.
Chief among these is the extension to higher-order product
formulas, using the generalized bounds provided in Ref. [43].
More compact fermion-qubit mappings that reduce the Pauli
depth through the use of ancilla qubits [51-58] or via circuit
design that leads to the cancellation of Jordan-Wigner strings
[11] could also be considered. However, we note that, as the
Pauli depth for both the Hubbard and t-J models is equivalent
outside of one dimension, any compact mapping based on
reducing the Jordan-Wigner string will benefit both models
equally and will not impact that advantage in Trotter depth
that the t-J model possesses.

A more detailed accounting of the resource overhead
could also be carried out in order to provide specific gate
count estimates for each model, which will serve as a neces-
sary prerequisite to implementing simulations on real-world
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devices. Furthermore, it would be of interest to determine if
the t-J model shares a similar advantage under other simu-
lation schemes, such as hybrid quantum-classical variational
algorithms [59,60]. Finally, we note that the general nature of
the formalism developed in Sec. II makes it straightforward
to extend this approach to other lattice models with different
geometries or to orbital models for application to quantum
chemistry simulations.
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APPENDIX A: SPECTRAL NORM OF PAULI PRODUCTS

In this Appendix we prove the spectral norm of a Kro-
necker product of any number of Pauli matrices is always
unity. Let us consider the Kronecker product of N Pauli
matrices,

(AD)

where o = 0, x, y, z with o being the identity matrix. As
transposition is distributive over the Kronecker product, and
as the Pauli matrices are Hermitian, the matrix in Eq. (Al)
must be Hermitian. Thus, the spectral norm will be given by
the absolute value of its largest magnitude eigenvalue.

The eigenvalues of o*, 07, and o* are each {—1, 1} while
the eigenvalues of o are {1, 1}. As the eigenvalues of the
Kronecker product of two square matrices are given by the
products of the eigenvalues of the individual matrices, we can
see that the eigenvalues of Eq. (A1) will be —1 and 1, each
with multiplicity 2"/2. Thus,

N

o
[
i=1

APPENDIX B: FERMIONIC REPRESENTATION
OF THE t-J] MODEL

=1 (A2)

In this Appendix we derive an expression for the 2D t-J
model entirely in terms of the fermionic creation, annihi-
lation, and number operators. Starting from the typical t-J
Hamiltonian,

HY = —¢ Z Z P(C:-rjwsckl,s + CijisCy P

(ij.kl) se{t,{}
7Y P[s,-j Sp — ”"’Z"I}P, (B1)
(ij.kl)
we note,
Sij - S = S,’;Sﬁl + S;.VjSzl + Sisz,il, (B2)

and
S =S +iS), and S, =S5 —iS}. (B3)
Thus we have,
Sij S = 5SSy + S8 + S5:Sh- (B4)

Now using [41],

S+ il il

— - _ z __ 1
ki = Cki sCkl55 Sk[ = Cy 5Ckl,s» Skl = Q(nkl,s — Mt 5)s

(B5)
we can express Eq. (B4) as,
Sij S = 3(cl; veijucyy cun + ¢l eiacl yeuy)
+ i(”ij,mkl.r — Nj Mg, — Rij | kg + nij,¢nk/,¢)
(B6)
Thus,
i i1k _ (mijy A )y +ney)
4

Sij + Sk — Sij + Sk

1 ¢ i
= Z (Cl‘j’scij,ickljckl,x — Njj s 5)
seft,d}

B7)

The projection operators can be explicitly accounted for
by replacing the fermionic operators in Eq. (B1) with the
projected operators [38],
¥ i

Cijs = Cijs(L—mij5),

Cijs = Cijs(1 — nyj5),

nijs = nijs(1 — nij5).

(B8)

Thus we can rewrite Eq. (12) as,

HY ==t Y 3" [ = nijs)(e]; s + cfy cije)
(ij.kl) se{t.{}

J T
X (I=ma)l+3 3 D le; cijscy scus
GGkl selt L)

— (1 = nyj5)nij s 5(1 — ngg )] (B9)

Note that the projected operators in Eq. (BS) provide a lo-
cal implementation of the Gutzwiller projection through the
elimination of any terms that would ever produce a doubly
occupied site. However, the projectors in Eq. (B8) will not
protect against an initial state of the system that contains
doubly occupied sites. In other words, the implicit identity
operators that act on every site pg # ij, kl contained in each
term in Eq. (B9) are not projected.

APPENDIX C: ONE-NORM BOUND ON TROTTER DEPTH

In this Appendix we determine a looser bound
on the Trotter depth for the Hubbard and t-J models by
applying the operator norm scaling derived in Ref. [43]. For
the case of the one-norm, the bound for a first-order product
formula is given by,

(30 11H, I17)*

€

(ChH

Il—norm =
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FIG. 9. Ratio of the bound on Trotter depth for the 2D Hubbard model arising from the one-norm to that of the commutator scaling as a
function of (a) t withU = 1, N = N,N, = 36, (b) U witht = 1, N =36,and (c) N withU =t = 1.

As in the calculation of the commutator bound, we begin by
decomposing the full Hamiltonian into terms that consist only
of products of Pauli matrices,

H=Y Y "H,. (C2)
ij 8

For the purposes of Eq. (Cl), H, = H;}. Thus we have,

2
T’ 2 s
=S (i)

(C3)
where N = N,N, is the total number of sites in the lattice.
Since each Hi‘sj consists of a product of Pauli matrices, along
with some prefactor, its norm will simply be the absolute value
of the prefactor.

For the 2D Hubbard model there are 12 distinct Hf]- terms,
listed in Appendix E. Eight of these terms have a prefactor of
t /2 and four have a prefactor of U /4. However, one of the U /4
terms is simply an identity term and can be disregarded. Thus
for the Hubbard model we have,

’l—norm = —

DM

72 3\?
= ?NZ (4; + ZU) : (C4)

For the 2D t-J model there are 64 distinct Hi‘sj terms, also
tabulated in Appendix E. Half of these terms have a prefactor
of #/16 and the other half have a prefactor of J/16. However,
two of the J/16 terms are identity terms and can be disre-
garded. Thus for the t-J model we have,

t 72 ) 15 \*
Tl —norm = ?N 2t + ?J . (Cs5)

In order to compare the bounds given by the one-norm
scaling to those given by the commutator scaling, we consider
the ratio,

Q= rl—norm/rcomm' (Co6)

In Figs. 9 and 10 we plot this ratio for the 2D Hubbard and t-J
models, respectively. We see that, at fixed N, the commutator
bound is significantly tighter for both models. Notably, the
commutator bound grows linearly with N while the one-norm
bound grows quadratically with N. Comparing Egs. (35) and
(C4) we see that for any fixed U and ¢ there is no lattice size,
N, where the one-norm bound will be tighter. However, this

is not true for the case of the t-J model. Comparing Eqs. (41)
and (C5) we see that at small lattice sizes the one-norm bound
will be tighter due to the large polynomial of ¢ and J in the
commutator bound. This is illustrated in Fig. 10(c) where at
small N with fixed ¢ and J the ratio of the bounds is less than
one, indicating that the commutator bound is larger. Further-
more, we also see that the ratio of the bounds is monotonic as
a function of ¢ and J for the t-J model, but that the Hubbard
model displays a clear minimum as a function of both # and U.
While a minimum in the ratio as a function of N also occurs
between N = 1 and N = 2 for both models, this does have
physical significance, as in practice N is a discrete quantity.

APPENDIX D: PERIODIC BOUNDARY CONDITIONS

In this Appendix we determine the Trotter depth for the
2D Hubbard and t-J models for the case of periodic boundary
conditions. We begin by simplifying Eq. (7) to include only
nearest-neighbor hopping, as is the case in both the Hubbard
and t-J models,

2
T
Feom = —[NeNyAT| + 2N, (N — DAY; + 2N,(N, — DAY
1,1
+2(Ny — DH(N, — I)AZ’2
+2(N, — DV, — DAT +b.t.], (D1)

where b.t. denotes the contribution from the boundary terms.
In Fig. 11 we illustrate the boundary terms that arise for a
rectangular lattice of dimension N, by N,. Let us first consider
the terms shown in Fig. ll(a) We can see that we have N,

terms that take the form A N, j and A ] . as well as N, terms

that take the form A”lv and A’ ! Now we consider the terms
shown in Fig. ll(b) We can see that we have N, terms that

take the form A e ] ! and Azlvj 41 as well as N, — 1 terms that

take the form AH'1 M and A®l

PRI, Thus in total we have,

b= Ne(ATT +ARL) + N AT AT )N (AT AL )

+ (N, — 1)(A2,NX —i—Al’l )
Ny, 1 1,N, 2,Ny
= ZNXA“ —i—2NAl 1 + 2N, A1 1 +2(N I)Alv1

(D2)
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Q Q

(b)
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1.6 J=t=1
t=1 12'
N =36
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8 10 2 4 6 g8 10

FIG. 10. Ratio of the bound on Trotter depth for the 2D t-J model arising from the one-norm to that of the commutator scaling as a function
of (a)t withJ =1, N = N;N, = 36, (b) J witht =1, N =36, and (c) N withJ =1 = 1.

where we have simplified usmg the property Ai‘ j; = Aif ;2
Furthermore, we note that A Al T A’ N Ai j’ 1o
T e A

Combining all of this, we arrive at,

b.t. = 2N,AY| + 2NyALY + (2N, + 2N, — 2)AT;.  (D3)

Plugging this expression for the boundary terms into (D1) we
find,

PBC _
com

N Ny(A}] 42473 + 2401 + 24, +2A7)).
(D4)

Thus, comparing Egs. (29) and (D4) we see that the only
difference in the Trotter depth between open and periodic
boundary conditions is to change the factors of N, — 1 and
N, — 1to N, and N, in the multisite terms.
We can now replace each All I with the functional forms
found in Sec. V. The full express10ns for the commutator
Trotter bounds with periodic boundary conditions are thus,

FHPBC _ NN[(4t + 8tU) + 2(4¢% + 2tU)

com

+2(4t +2U) + 4% (D5)
Ny, 1 ,N,,2 Ny,N,
(a) Al Ay AN,
' IR [
1,N. l \ g l' ‘l' |' ‘l'
ANy —
11 ._—O O see €—- Ai,l 3
ANy —
2,1 ._.O @) Ov——Aﬁ;}VI

L] . . .

‘"*o O

4
l |
.
1,
N,

- —

) ' |

ANlA2

ANU N,

Oy
‘ ‘l'. AN,J,N.,.

for the Hubbard model and,

tJ PBC _
Tcom

3
NN [(12;2 + 16)tJ| + 512)
2 3 2 2 3 2
+ 2| 8t +8|tJ|+EJ + 2| 8¢t +8|tJ|+§J

3
+ 2(4;2 +4t]| + Zﬂ)} (D6)

for the t-J model.

APPENDIX E: DECOMPOSITION OF SINGLE-SITE
HUBBARD AND t-J HAMILTONIANS

In this Appendix we provide explicit decompositions of
the Hubbard and t-J Hamiltonians into terms that consist of
solely products of Pauli operators. For the Hubbard model
each single-site term, H,{’j, in Eq. (26) can be decomposed as
listed in Table I. Similarly, for the t-J model each single-site

term, Hl”], in Eq. (27) can be decomposed as listed in Table II.
(b) N,2 (N,3 N,
Al 1 A1 ,2 Al Nl

wO O O‘A;}V
“wO O - O“

. . N,—1,1
AS,N'J . .o ' , N?I7N-'F
2,1
) , /
Kk
,O »O 40O
// R ///' '/ '
1,Na 1,1
ANy,l AN!,,z ANU N

FIG. 11. Illustration of the nonzero boundary terms that must be accounted for the case of nearest-neighbor hopping under periodic

boundary conditions on a N, by N, rectangular lattice. In (a) we illustrate terms of the form A

i+1,j
the form A; ", /1.

41 and A and in (b) we illustrate terms of

i+1,j
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TABLE I. Decomposition of each single-site term in the 2D Jordan-Wigner transformed Hubbard Hamiltonian, Eq. (26), into terms that
consist only of products of Pauli operators. The terms in each column share the common factor listed in the top row of the column.

H}, for 2D Hubbard

Lo 1\ TV z 2j-2
X 5(=1)™ Hﬁ:Zj+1 Oig 1_[,3=1 Oit1. xt/2 xU/4
1 _ x x z 5 _ x x z 9 _ 0
H ;=05 10%12j-10i2; H = 0,505,420 241 H ;=0
2y y z 6 _ ¥ 0 _ 2
H =075, 10:412j-10i2; H), = ai,2j+201 2,‘71 2j+1 H =05,
3 _ 7 _ 1n_ _z
H ;=008 ;05101 H; =075, 101%,1105; H; =05,
4 8 _ Y y z 12 _ .z z
H; = ‘71 2]‘7:+1 2]Ux+1 2j—1 H; = 075;11072j-1012; H, 5 =075, 105

APPENDIX F: TROTTER DEPTH FOR 1D HUBBARD AND t-J MODELS
In this Appendix we determine the functional form of the Trotter depth for the 1D Hubbard and t-J models. For reference, in
1D the Hamiltonian for the Hubbard model is,
Hy = —t ) (c3;_jcaji1 + ¢S, o1 + €3 jeaja + €y 002) + U D majoimaj, (F1)
J J
Similarly, the Hamiltonian for the 1D t-J model is
Hi = — 1=l o el N = s 1 =1 1)l or: o 1=,
tJ t [( n2/)(czj_1621+1 + C2j-1C3j 41 ) n2/+2) +( n2/*1)(02j021+2 + CZJCzj_,_z)( n2/+1)]
J
+ 3 Z[C;j,chjC;j+2C2j+1 + CLCZj—lcszrlCZj-ﬁ—Z — (I =mjngj1ngj2(1 — najy1)
J
— (I = npj_ngjmaj1(1 — najypa)l. (F2)

Note that we have expressed both these Hamiltonians in spinless form, which can be derived in much the same manner as in the
2D case, by mapping a single spinful chain to two spinless chains.

TABLE II. Decomposition of each single-site term in the Jordan-Wigner transformed 2D t-J model Hamiltonian, Eq. (27), into terms that
consist only of products of Pauli operators. The terms in each column share the common factor listed in the top row of the column.

H}, for 2D t-J

Y TN 07, T 0F x1/8 x J/16 x J/16
Hj = =075j10%0j1 Hj = =0i5;1005)4 H}} = 0121100201210y Hilj = —0°
HY = =03, 107,15 HYS = =005 100541 HY =075, 100,07410j1000;  HiY) = 072100,
Hi?j = G;Zj—IU;FI,Zj—IUiz-kl,Zj Hz]? = o'z'),(Zj—lo'i),CZj+lof2j Hz315 =075;1072j0721197 212 stjl = Uiz+1,2j 10541, 2j
Hf.‘j = Ufz_/—laﬁl‘zj—ﬂ’izﬂ,zj sz? = Ufzj—l"ifzj+1‘ffz_/ Hi316‘ = O—i)ij—lo‘thjO‘I{Zj-%—]Ut{Z_H—Z stjz =05541012j42
Hfj = 075,_107412j-1012; sz/l = 015j_1072j110:2j4+2 Hl3j7 = Ui)fzjfl"‘yz epny 2/'71‘7;);-1 2j HIS; = 075,052
Hfj = Uiy2/—101y+1 2j-1032) sz? = Ut¥2j—laf?2j+lo—i?2j+2 Hf? = _Gi).cz/—l", 2,Uz+1 2j-10741,2 Hi?? = =050 121
Hi?j = -0} 2]71‘7&1 2j-1012,01 2 szj = —075,-1012j4+1012,01 2j42 H{?? = Ui),(z]'—lgi,z_'ai 2j+1‘7, 2j+2 HISJS =072,01212
Hii.;j = —o;. 2j— 1‘71+1 2j— 107 2j Oi 2j i?;l = _Uiz_/—l052_/+101f2_/01%2_1+2 Hiil? = _O-i).CZj—lO- 2j Uz 2j+10i2j+2 Hi?js' = —o} 2j of 2j+1
Hi?j = —o; 2j‘7i+1 2j szf = —0:5;0712 Hiz,l} = _‘71):2_;—1Ui,zjgiﬂ,z,'flgm,z_; stz = _‘71,2_,'—1‘7i+1,2_/
HYY = —0},,07.1, HY = —075,07515 H = 075100500 10j1002  Hij = 072107101
Hl]jl = 0720741201 11,2j-1 12; = 075;012j4+201 21 Hiz,l}g‘ = _O-i),VZ_j—lO-t:’,CZjo-ijJrlgt:\,)Z_H—Z Hf? = —012,-10 242
Hl]jz = ‘7[},'2_/(7;)%1,2_/"111,2_;—1 12;; = ‘71 2,‘71 2/+2‘71 2j—-1 Hf? = 01%2_/—1GijGiT2j+IO'zf2j+2 Hf? =072,-10 241
Hi].?' = o‘i/,VZjO‘iil,ZjO‘iz,Z_j—l i?,g' = Ui,ZjUi,ZjJrZGI 2j+1 iil; = O‘i},vz_/—lO‘i),vz_/odxil,Zj—loﬂfil,Zj Hfjl' = ‘752_/—1‘752_/
Hil.z't = Uiyziaiil Z/Giz2j—l Hf? = Uz¥2.ioﬂi},)2.i+26i,2j+l Hl‘i‘]ﬁ' = O‘i},vz_i—lO‘i),yz_jodi:—I,Zj—lO‘i)-.%—I,Z_/ Hz6]2 =—o"
Hi],? = —075;0341,20; 2j— 1041 2j—-1 H:z;] = _Ui)fzjaffzﬁzatz,zj—lGiz,zj+1 Hf; = ‘71'},'2_/—1(’iyzj"ffzjﬂ‘fixzﬂz Hf? = _(7512/ 107 2,01+1 2j— 10541 2j
Hi],]6' = ‘71 2,‘7;+| ZJGi,2j—IGi+I,2j—I Hf? = _o‘i},)zjodi):zj+20-if2j—lO‘if2j+l Hiz,l? = O'i},vzj 107 2,01 2J+]Gt 2j+2 Hf? = —0o} 2j— 107 2,01 21+|Jl 2j+2
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Applying the standard Jordan-Wigner transformation to the above Hamiltonians we arrive at,

N N
t , . U )
Hy = 3 Z [(ij—lﬁfjﬂ + O'Q‘jflo'jijrl)O'zzj + (U;iafi” + agjagj+2)afi+l] + 7 Z [(029,._1 + oz*'j_l)(ozoj + a2z_j)] (F3)
j=1 j=1
For the Hubbard model. Similarly, for the tJ model we find,
N
t _ _ _ _
Hyy = 2 (2 = 03)) (05109741 + 03511055 D (Bji2 = 0310) + (Bjm1 = 03;1)(0350345 + 035505 ) (b1 = 05,4
j=1
;X
+ 3 21 [160;—1‘72_]'0;+2‘72_,'+1 + 16005, 105;,105,47 — (‘720_/ - Ufi)(agj—l + Gzzj—l)(azqiﬂ + 02zj+2)(020j+1 - 05j+1)
J:
— (03521 = 05,_1) (02 +03)) (0241 + 03111) (0212 — 03140) |- (F4)

Note that, unlike the 2D case, for the 1D models we find that the Jordan-Wigner strings cancel out, leading to significantly
reduced Pauli depth. In this case, the presence of the projection operators in the t-J model plays a more significant role, leading
to a maximum Pauli depth of four for the t-J model in comparison to three for Hubbard.

Taking the case N, = 1 in Eq. (29) we find the general form,

'L'2 N—-1
Feom,1p = — A NALI+2 ) [N = pAL1yl - (F5)
p=1

Noting that for both the 1D Hubbard and t-J models A; ;-1 = 0, this simplifies to,

2

T
Tcom,1D = :[NAI,I +2(N — DA 1] (F6)

In the case of the 1D Hubbard model we have A; ;| = 4|tU| and A; ; = 2¢> + 2|tU|. Thus,

2

T
i p = ?[4N|tU| +2(N — 12> +21tU))]. (F7)

In the case of the 1D t-J model we have A; | = 2> + 4|tJ| and Ap = 412 + 4|tJ| + 3J% /4. Thus,

C

2 3
P i = % |:N(2t2 +4)tJ]) + 2(N — l)<4t2 +4tJ| + Zﬁ)}. (F8)
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