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Trotter Product Formulae for
*- Automorphisms of Quantum Lattice
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Abstract. We consider the dynamics ¢ +— 7+ of an infinite quantum lat-
tice system that is generated by a local interaction. If the interaction
decomposes into a finite number of terms that are themselves local inter-
actions, we show that 7+ can be efficiently approximated by a product of
n automorphisms, each of them being an alternating product generated
by the individual terms. For any integer m, we construct a product for-
mula (in the spirit of Trotter) such that the approximation error scales
as n~ ™. Our bounds hold in norm, pointwise for algebra elements that
are sufficiently well approximated by finite volume observables.

1. Introduction

For any two matrices A and B, Lie proved the celebrated product formula

e B = lim (eA/"eB/”)n. (1.1)
n—oo

There is a long line of similar formulae of increasing generality, pioneered
by Trotter [1], simplified by Chernoff [2] for semigroups on Banach spaces,
see e.g., [3]. In the particular setting of quantum mechanics where A, B are
densely defined semibounded self-adjoint operators and exp(itA), exp(itB) and
exp(it(A + B)) are the corresponding unitary groups, the product formula
was proved under general assumptions by Kato [4] and Ichinose [5], see also
[6]. It plays a crucial role in functional integration, see in particular [7]. For
related results in the context of the quantum Zeno effect, we refer to [8], and
point further to [9] for a historical overview, in particular in the case of Gibbs
semigroups.
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The recent interest in proving general product formulae with explicit con-
trol of the rate of convergence has been motivated by two related developments
in many-body quantum systems. On the one hand in quantum information
theory, operator products arise as quantum circuits and a product formula
is interpreted as a simulation algorithm for the time evolution of a quantum
system [10-12]. On the other hand in condensed matter physics, operator prod-
ucts are referred to as finite depth quantum circuits and play a central role in
the classification of gapped phases [13], as they can be used to define the very
notion of equivalence of states. In both cases, the concepts have recently been
tested experimentally, see e.g., [14,15].

In both applications, the rate of convergence of the product formula to
the full dynamics is of crucial importance: for quantum simulation because
it determines the number of quantum gates required to simulate to a given
error, for gapped phases because it relates to the degree of entanglement of
ground states. The standard general product formulae yield a rather poor
scaling of either n=1/2 or at best n~!, see again [3]. In fact, in the case of
Gibbs semigroups, there exist pairs of unbounded operators for which the
norm difference is lower bounded by L(t)n~!, see [9]. Furthermore, beyond the
mere scaling, sharp constants are essential and may prove fatal in a many-
body setting. Indeed, for a lattice system having N degrees of freedom, the
error diverges as N — oo, even in the strong operator topology, which is the
natural topology as soon as A, B are unbounded. This is related to the infrared
catastrophe: If two states are locally close to each other but the error extends
to spatial infinity, then they are in fact orthogonal.

In this work, we consider d-dimensional quantum lattice systems in the
infinite volume limit. The dynamics is an automorphism group ¢ + 7,2 of the
quasi-local algebra (which is a C*-algebra) generated by a local Hamiltonian
formally given by

k

H = ;@(X) = Z_;Kj (1.2)

where the K;’s correspond to an arbitrary grouping of the interaction terms.
We provide product formulae and prove explicit bounds for sufficiently local-
ized observables: For any m € N, there is a product automorphism denoted
WETZ) such that

for any almost local observable. The constant C,, ; x(O) depends on both the
observable O and the Hamiltonian. The convergence we consider here is in the
C*-norm, pointwise for sufficiently localized elements of the algebra. In other
words, we consider the strong topology of operators acting on the C*-algebra.
This is a purely Banach space result.

(0) = 7 (0)|| < Con s (O (1.3)

As in (1.1), 7™ are compositions of the individual dynamics generated

t,n
by each K individually. The general form of the product WISTZ) was proposed

by Suzuki [16] although in the Hilbert space setting, see also [17], and used
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recently by Childs et al. [18], but only for finite systems with bounds that
diverge in the volume.

From a technical point of view, we find it convenient to consider almost
exclusively the interaction norms, see Definition (2.2), that measure the local
size of extensive observables of the type (1.2). We extend their definition to
be able to consider interactions localized in (possibly infinite) subsets of the
lattice (see also [19]) and remark that this construction is well-suited to discuss
almost local observables. Crucially, the unbounded x-derivation formally given

by

S0 (x). ]

X
is well-defined on the set of almost local observables: it maps this set into
itself, and we quantify explicitly the weakening of the localization induced by
its action in terms of the interaction norms.

We further wish to point out two related results. Firstly, a slightly differ-
ent approach to a product formula was taken in [20], focussing on the ‘quasi-
adiabatic’ properties of product formulae, namely the error when projected
onto the ground state space. Secondly, a similar spatial product factorization
with sharp error bounds was derived in [21]: it is not based on the Trotter
strategy but it uses rather directly the Lieb-Robinson bound, see also [22].

While the results hold for a general decomposition (1.2), in applica-
tions the factors K; will be chosen so as to be commuting Hamiltonians,
namely each Kj; is a sum of mutually commuting interaction terms ®;(X),
ie, [®;(X),®;(X’)] = 0 for all X,X’. Such Hamiltonians have the prop-

erty that the corresponding automorphism T;b 7(0) is strictly local in that the
support of the observable O grows at most by the range of the interaction,
uniformly in the time t. Propagation, which is obviously present in the full
dynamics 72(O) arises then through the alternating action of the automor-
phisms {7% : j = 1,...,k}. While the Lieb-Robinson bound is at the heart of
the proofs, the product formulae provide a very clear picture of the mechanism
of propagation.

In the context of quantum simulation, much attention is given to the error
made in the approximation upon truncation of the product formula to a finite
number of terms. As we shall see, the error has a complicated dependence on
a number of parameters and we shall discuss this in detail later. We already
point out now (i) that the error is exponential in the total time ¢, (ii) that the
number of factors in Wt(fz) is proportional to n and to the number k of factors
in the decomposition of the Hamiltonian, and that it is exponential in the
order m of approximation, and (iii) that unlike in the original Trotter product
formula, the times involved in the various factors of Tl't(jz)
although they are all of order %; in fact, the time evolution runs backwards
for a fraction of the factors, giving rise to a fractal path, see Fig. 1 at the end
of Sect. 4.

Finally, we comment on the relation of the present work to [23]. While

we start with a Hamiltonian evolution and approximate it with a finite depth

are not all equal,
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quantum circuit, [23] goes beyond, although only in one dimension. The start-
ing point there is an almost locality preserving unitary (ALPU, an automor-
phism satisfying a Lieb-Robinson bound), which is not a priori generated by
a Hamiltonian. Generalizing the index defined in [24], and in the case that the
index of the ALPU vanishes, Theorem 5.8 in [23] goes on to prove that the
automorphism is in fact well approximated by a finite depth quantum circuit.
The construction there is of a very different nature than ours and the suc-
cessive layers of the circuit have increasing interaction range but decreasing
strength and they act over a decreasing time interval.

2. Setting

Let (T',d) be a metric graph, where d is the graph distance. We assume that I’
is d-dimensional in the sense that sup,cr [{y € T : d(z,y) = r}| = w(1+7)4"L.
For any subset X C I, we define for any r > 0 the set X(") = {z e T:
d(z, X) < r} which is an r-fattening of the set X.

To each site z € T, we associate a finite-dimensional complex Hilbert
space H, and define for any finite A C T,

Hy = ®H3c and A = B(H,),
zEA

where B(H,) denotes the bounded linear operators over H,. Moreover, we
identify A € Ap, with A ® 5\, € Aa whenever Ag C A. With this, we can
inductively define the algebra of local observables

Aloe 1= U Ax
AEPrsin (F)

where the union is taken over Pgy(I"), the set of all finite subsets of I'. If O €
Ajoc, then supp(O) is the smallest set X such that O € Ax. The completion
of Ajp. with respect to the norm topology is a C*-algebra which is called the
quasi-local algebra and we denote it by A. The above construction of A is
completely standard and we refer to [3,25] for further details.

2.1. Interactions and Hamiltonians

Definition 2.1. An interaction is a map ® : Pg,(I') — Ajoc such that
d(X) e Ay, P(X) =d(X)",

for all X € Pqn(T).

We turn the set of interactions into a Banach space in the following way.
Let 0 < p <1 and let

fb : [07 OO) - (07 OO) 5 €b<x) = e—bx" 5

for any b > 0. The function &, is a decreasing, logarithmically superadditive
function, namely &, (z + y) > & (x)&(y), that is summable in the following
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sense
1€l = SUPZ& < 00, (2.1)
Y acel“
since I' is finite dimensional.

Definition 2.2. Let D(X) := max{d(x,y) : x,y € X} denote the diameter of
the set X C I'. The interaction norm of an interaction & is given by

— el
@l = %)X@Zh; &) (2.2)

IEX

For fixed b > 0, we denote the Banach space of interactions with finite || - |||s-
norm by B, and set
B:= U Bb .

b>0

An interaction ® therefore belongs to B if it belongs to at least one By.
If ® € By,, it then follows by definition that ® € B, for all 0 < b < by. Note
that while each By, is a Banach space, their union B is not.

Finally, we shall denote B, = [, By, namely & € By, if and only if
d e By, for all b > 0.

We point out the norm || - ||, indicates both the rate of decay of the
interaction and its intensity in the sense that the total interaction at any
given x € I' is bounded by the interaction norm:

swpl| Y @0 <[l

v€el X €Psin(T):
zeX

We will also need the notion of an interaction that is almost localized in some
set Z CT.

Definition 2.3. Let Z C T" and let Dz (X) := D(X) + d(X, Z). Let

. el
1]l = zepxegg(r S (2.3)

rzeX
We denote By(Z) the corresponding Banach space of interactions and define

7):=|J Bz

b>0

Note that the replacement of the diameter by D (X) captures the decay
of the interaction ®(X) in the size of X and in the distance from X to Z. If
® € By(Z), then the total contribution of ® at a given point x is not only
finite, but it decays with the distance of x to Z,

| e < lols st 2). (2.4)

X EPsin(T):
reX
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Indeed, we first write

> 3 [2X)||
2| = v é(Dz(X)). 2.5
HXEPﬁD(F): ( )H XEPgin(D): fb(DZ( )) ( Z( )) ( )
reX e X

Given = € X, let 2,29 € Z and 29 € X be such that d(z,2) = d(z, 2),
d(X, Z) = d(zo, 20). Then,
d(z,Z) = d(z,2) < d(z, 20) < d(x,20) + d(zg, 20) < Dz(X). (2.6)
Since &, is a decreasing function, we have that &,(Dz(X)) < &(d(z, Z)) which
yields (2.4) when plugged in (2.5).
In general, the sum of an interaction is not convergent in A, but such a
local Hamiltonian defines a dynamics and a densely defined *-derivation on A.
Moreover, if an interaction is almost localized in a finite set, then the sum is

convergent and defines what we shall call an almost local observable in A.
We start with the latter.

Lemma 2.4. Let Z € Pgy(T') and ® € B(Z). The sum
G*i= ) ®(X) (2.7)
X EPsin(T)
is convergent in A. Moreover,
[leis
for all b > 0, where the right-hand side is infinite whenever ® ¢ By(Z).

Proof. Let b > 0 be such that ® € B,(Z). Then for any A € Pg,(T),

DO 10l E S BN [-16'¢

XEP{;H(F): xeEAC XDz
XNA#2

and we conclude by (2.4) that

IR

X EPgin(T): zeAe
XNA°#D

The integrability (2.1) of & and the finiteness of Z imply that
limp 1 Y cpe §p(d(2, Z)) = 0. The second claim follows from

1<% S o poy P00 < ol S 6l

€l X €Pyin (T): zel
zeX

d(z, 2)).

where we used (2.6). We decompose Y, . = >~ > wid(e,7)—n to finally get
the bound

[ex (n) <Gy

n=02z2€Z x:d(z,z)=n

where C, = w Y oo (1 +n)?"1&,(n) is convergent. O
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Definition 2.5. An almost local observable is an element O € A for which there
exists Z € Pun(I') and a ® € B(Z) such that O = G®. We denote the set of
almost local observables by L£(Z), respectively, £,(Z) whenever the rate b is
fixed.

Slightly abusing language, we shall call Z the almost support of O € L(Z).
Moreover, we say that the interaction ® in the definition is an interaction
associated with O.

Let us now turn to interactions that are supported in the whole set T'.
They are locally finite, but the fact that they are extensive implies that a sum
as in (2.7) is divergent. This suggests the following definition.

Definition 2.6. A family of self-adjoint operators H = {Hy : A € Pan(T)}
with supp(Ha) = A is a local Hamiltonian if there exists an interaction ® € B
such that

Hy= ) ®(X).
XCA
We denote the set of local Hamiltonians by L.
Let H be a local Hamiltonian associated with an interaction ® € B.

Let (An)nen be an increasing and absorbing sequence of finite sets. For an
observable O € Az, we have that if n > m

I[Ha, = Ha,, 0l < > 2[0]@(X)]

XCAy:

XN(AS NZ)#e
[2(X)]|
SQHOWE; ‘2;: EXBECYﬂEMDZCY»

XOAC £@
<2|0[[|Z]l| @& (A(Z, AT,))

m

since Dz(X) = D(X) > d(Z, AS,). Hence, (i[Hy,, , O])nen is a Cauchy sequence
and lim, .o [Ha, , O] exists in A.

2.2. Strongly Continuous Dynamics and Derivations

Let H € £ with interaction ® € B. The finite volume dynamics R 3 ¢ +—
e!Ha Qe Ha gatisfies a Lieb-Robinson bound. While the proof runs along the
general lines of [26], we reproduce it in Appendix A in the specific setting of
this paper; see also Section 4 in [27]. By standard arguments (see the previously
cited reference or the original [28]), the Lieb-Robinson bound implies that

r(0) = Jim e/ 0 n

exists for all O € Ay, and that it extents to a strongly continuous group of

*-automorphisms of A. The corresponding generator §% of the dynamics 7. is

given by
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A core for §? is the local algebra Ajo., see e.g., Proposition 6.2.3 in [25] where
5% is explicitly given as the limit

67(0) = Jim i[Hx, 0l = > i®(X),0], (2.8)
XePsin(T)

and the sum is convergent by the remark immediately after Definition 2.6.
For a general Hamiltonian in £, neither 7,2 (O) nor §%(0) is strictly local
even if O € Aj,.. However, we shall prove later that for any finite Z, £(Z)
belongs to the domain of 6% and it is invariant under the action of the deriva-
tion. Similarly, the Lieb—Robinson bound implies that £(Z) is invariant under
the action of 7.F.
Let r € Ny. For any local observable O € Az, we write

72(0) =Bz (17 (0) 4+ > (Bzensn (17(0)) = Bz (77(0)))  (2.9)

where Ex is the projection onto the subalgebra Ax. Now, if ® € By, then the
Lieb-Robinson bound for 7 implies that, for any ¥ < b’ and n € N,

€ — i) (O] < AW e gy, (210
where
M, = sup{IXIE(D(X)) : X € Paa(T)} 2)

is finite for any € > 0, and the constant in the exponent is given by
lﬁ:(b/, b//) = QH‘Q)M[)/M[,/,[,H. (212)
These estimates now yield the following proposition.

Proposition 2.7. Let Z C T and O € Ly(Z) with associated interaction W. Let
® € By and let T be the corresponding dynamics. Then 7,2 (O) € Ly (Z) for
any b < min{b,27PV'}. There is an interaction 7 (V) associated with 72 (O)
such that

71 7 —py/
78 (@)l z < C (0,0, 6" )e o242 H0 |

|b,Za

where the constant depends only on b, b, b".

Proof. Let U € B,(Z) be the interaction associated with O, namely O =
2 xepur) Y(X). We construct an interaction, denoted 72(W), such that
2(0) = 2 X P (T) 72 (U)(X) as follows. We decompose each 7.2 (¥(Y))
according to (2.9) with » = 0 and gather contributions supported in a given
set X to get

(X)) =Ex(m ()N + Y. Y (Eyw —Eyen) (7P (E(Y))).
n=1 Y;’:Phyn((ﬂI;)

(2.13)
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Using (2.10), all terms in the sum are bounded above by

200 HNY ™| i
[y~ By ) @) < PO g ), (2.14)
b —b
for any b < b'. The first term is bounded above by |[¥(X)|| since Ex is a
projection; for simplicity, we shall rather use the estimate (2.14) with n = 0
in the following.

Let € I'. We claim that ) xep,, () I (D)
reX

Eprr (D2 (X))

We shall use (2.13) together with the estimate (2.14). If z € X = Y,
then in particular B, (z) NY # @ and so

is uniformly bounded.

[l (D) (Ol
XU,Z(F) & (D7 (X))
rzeX

- M ., 65(”) d_r(b',b)t]
2:: E;(I)Ye,;m & Dz (v 1= D) g (L m)Te :

In this estimate, we firstly recalled that X = Y™ and used Dz (Y(™) <
Dz(Y) 4 2n to conclude that &/ (Dz (X)) > & (Dz(Y))& (2n), secondly
factorized Eb% = Ebgb”” . We also used that [V < w|Y|(1 +n)? Hence,

||th>( )( )” 7 2w My
sup ————— < S(b,b
W g < T

zeX

R(b',b)[t]

where we used that S(b,b") = > gffl((gzb) (1 +n)?9 is finite because we can

pick b such that b’ < 27Pb since b’ < 27Pb to ensure the convergence of the
series. For simplicity, we make the specific choice b = %(b” +27PY) and let

C(b, b, b") = 2wS(b, b”)Mb oy 0

Remark 2.8. (i) A less detailed but clearer way to formulate the result would
be that the —subalgebra of almost local observables supported in Y is an
invariant subspace for 7f for ¢ in a compact interval.

(ii) One could wish to take the propagation into account in this result and
prove rather that 72 (£(Z)) C £L(ZI1), at least in the case of an interaction
® that decays exponentially. This is of course true as £(Z(*I*)) and £(Z) are
equal as sets, but equipped with different norms. Since however the bound
would still be superpolynomially large in time (because the support of each
individual interaction term grows with time and hence the decay rate of the
interaction does worsen), there is no real gain in doing so.

The derivation §% associated with a local interaction is in general
unbounded on A and accordingly not everywhere defined. As pointed out ear-
lier, Ajoc is a core on which it is given explicitly as the limit of a commutator.
We prove that §® extends to the set of almost local observables and that, as
for the automorphism 7,7, the sets £(Y') are invariant under the action of 6.
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Instead of considering §® as an unbounded operator on observables, we
find it more convenient to define it on the set of interactions B and to show
that it extends to a bounded linear operator B, — By for appropriate pairs
(b,b"). A similar approach was in fact already taken in [27].

Definition 2.9. Let ®, ¥ € B. The interaction §® () is defined by
PO = Y iy, e (2.15)

Y, Y’ €Pgin (T):
YNY'#@,YUY'=X

for any X € Pun (D).

Note that the condition Y NY’ # & is only for clarity since the commutator
vanishes if it is not satisfied.

Remark 2.10. If O € Az and V¥ is the interaction trivially associated with it,
namely ¥(Z) = O and ¥(X) = 0 otherwise, then the definition above yields
an interaction such that

Yo W)= Y i), 0] =6"0)
X €Prin(T) Y €Piin(T)
as in (2.8), justifying the notation 4.
Proposition 2.11. Let Z C T and let U € By(Z). Let ® € By. If §2(¥) is
defined as in (2.15), then 6% (V) € By (Z) for any b < min{b, b’} and
16% (©) o7,z < 4Muningo,pry o |2
Proof. For x € I', we wish to estimate

2 )]
Z Z & (Dz(X)) (2.17)

X€Pen(T):  Y,Y €Psin(T):
z€X  YNY'#£0,YUY' =X

(2.16)

There are two possibilities for the second sum, either z € Y or z € Y\ Y. In
the first case, we can bound the sum by
Z 2||‘1> || Z 3 [P & (DY))E(Dz(Y))
) S (D &(Dz(Y) & (Dz(Y UY))

Y €Psin er Y/ €Psin(T):
;ceY er’
and in the second case the bound is similar. Now d(Z,Y UY’) < d(Z,Y”).
What is more, since Y, Y’ are not disjoint, D(YUY”) < D(Y)+ D(Y’) so that

monotonicity and superadditivity yield
§ (D(Y))&(Dz(Y")) - Eminfop} (DY) + DY) +d(Z,Y"))
& (DZ(Y UY) = €u(D(Y)+ DY)+ d(Z,Y UY")
< Eminfopy—o (DY) + Dz (Y"))
Since b” < min{b,b'}, we conclude that
15 (0) s 2 < Cllly 1]l 2

Where C = 4 supyy/epﬁn(r) {|Y|£min{b,b’}fb”(D(Y) —+ Dz(Y/))} S 4Mmin{b,b’}7b”a
as announced. O
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Remark 2.12. We note that this is valid for any set Z, not necessarily finite. If
7 € Pgn(T), then by the proposition both ¥ and §%(¥) correspond to almost
local observables G¥ and G° (V) in L(Z) and the map GY — §*(GY) =
Gt () provides the announced extension of §® from A to the set of almost
local observables in A. Moreover, the proposition shows that if ® € B/, then
the map 6% is well-defined for any interaction in B and that it is a bounded
linear operator By(Z) — By (Z) for any b < min{b,b'} and any subset Z.
The upper bound on ||§®|| L(By(2),B,(z)) Provided by the proof diverges as
b — min{b,v’}, but it can be taken to be uniform in Z.

We conclude this section with a joint corollary of Proposition 2.7 and

2.11. For any Z € Pg,(T), the set L(Z) of almost local observables is invariant

under the action of 72 and §% for any ¢ in a compact interval. It follows

in particular that Duhamel’s formula and its iterates to arbitrary order are
well-defined.

Corollary 2.13. Let H € L with interaction ® € B. The function t — 1% is
infinitely often strongly differentiable on the algebra of almost local observables.
In particular, if O € L(Z) for some Z € Pay(T'), then Duhamel’s formula

n—1 j )
O =0+ % (5%)" (0) +/ 2 ((6%)"(0)) d"s (2.18)
j=1"" =

is well-defined for any n € N. We denoted 7 :={0<s; <...<s, <t} and
d"s =ds,, ...ds;.

3. A Product Automorphism of Lowest Order

With these preliminaries at hand, we now prove the validity of what is some-
times referred to as the symmetric Trotter product formula in the context of
an infinite quantum lattice system. Let H € L be a local Hamiltonian with
interaction ® € B. We assume that

k
Hy :ZK?A (3.1)
j=1

where K; o € L are local Hamiltonians with corresponding interactions ®; €

B. We denote 77 = th)j and 67 = §%i. Let us first consider the automorphism
of A defined by

1
ot (0) i= Tl 0. orliyorliy 001l (O). (32)
We assume that ® € By and ®; € By, for j =1,..., k. We denote
N = max {[|@[or, [ @1]lo,, - - s [Pl } - (3:3)
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Theorem 3.1. Letne N, te R, p= % and let

n
7n(0) == (o) (0).
Let Z € Pan(T) and let b > 0. There are positive constants C,v depending only
on bbby, ... b, and k such that if O € Ly(Z),
(N)°e” t)

|7 ©0) - =fao) <

Here, U is an interaction associated with O.

Note that in the case k = 2, namely H = A+ B, and in finite volume, the

- n
product automorphism reduces to the adjoint action of (e’ 2 Bein Aginn B ) ,

which is indeed well-known to converge to the adjoint action of e*(A+B) ag
n — oo. While the convergence is trivially uniform in the observable O in finite
volume (the finite volume algebras being finite dimensional), this uniformity
cannot be expected to hold in the infinite volume limit. Pointwise convergence
in norm is a consequence of the general Banach space theory originally due to
Chernoff, see again [3]. In this context, the interest of Theorem 3.1 is that it
provides an explicit rate of convergence n=2, for any almost local O € L(Z)
and any finite set Z (a fortiori for any strictly local observable).

Proof of Theorem 3.1. We first decompose the time interval [0,¢] in n subin-
tervals of width p = i to get the following telescopic sum:

(0) =m0 Z( DY (8~ o) (7 0)) . (3.4

§=0
For any almost local observable O € Ly (Z), we see that

d (1) P A z & 5@ A
= (oVe72,)(0) :<2;T )(0) =0

by (3.2) and (3.1). Similarly, but with a little more algebra,

j22(§1)07— )(5) B ( Z{Z&l53+25351+53261 05 5P

s=0

Jj=1 I=j+1
k
+ Z&léﬂ + Z 587 + Zaﬂ(sl 2075 |

I=j+1
1. ~
_9 Llojcd | @50 '
Z 50707 +6%6% ) (0)
j=1
Writing Zle Z{Zl 567 = (6%)%2 — Z?Zl Zf:jﬂ 567 and proceeding similarly
for the second-to-last term of the second line, we conclude that this derivative
vanishes again by 6% = Zle §7. Thus,




Vol. 23 (2022) Trotter Product Formulae 4475

_ /E L (e or®,) (R ONs.  (35)

ﬁ d83

Distributing the three derivatives across the 2k factors of Ug) OTE)SS inserts

three derivations to the product 753/2 ootk o0 Tsl /2 © T2, (TE(@))
By Propositions 2.7 and 2.11, all terms are well-defined and belong to £(Z)
since 7, (O) € L(Z). Specifically, each application of an automorphism yields
an exponentlal factor and the three derivations provide an additional A3,
see (3.3). Moreover, each of these operations yields an additional multi-
plicative constant, resulting in an overall factor that depends on k£ and on
the rates 0',b1,...,b;, but it is independent of n. It follows that for any
b < min{b"”, 277y ,27Pby,...,27Pb;}, the interaction norm of each term is
bounded by CN3e((k+Dss+)||0]| s 5, where (k + 1)ss + p is the total time

(in absolute value) involved in (Ugi) o TE’SS) (¢ (0)) and the constant c is the

maximum of all (2k + 1) constants (-, ) given by Proposition 2.7. Finally, we
recall from (3.4) that O = (77)"7~1(0) = T(q;_j_l)#(O) with O € Ly(2),
so that its b”-interaction norm (with b” < min{b,27Pb'}) is bounded by

Cec=i=D1||W|[; 7, where C,c are, again, independent of n. Gathering all
estimates,

(7 = o) (o)) |, < Clullzaesein [ eetirisegss

=5
. 3
< || @y gecne (NT@ oelb

(1)

Since o, ’ preserves the operator norm, each term of (3.4) is bounded by

|y = oy =71 0)|| < ClNE Izl Zle V)
by Lemma 2.4, where we used that c¢(n — j + (k + 1))u < vt, where v = ¢(k +
2). This estimate being uniform across the n terms of (3.4), we immediately
conclude with the claim of the theorem. O

4. Arbitrary Order

The symmetric Trotter formula discussed in the previous section has an error
of order n=2. As pioneered by Suzuki in, e.g., [16], a recursive construction
can be build upon it to generate higher order product formulae. We now show
that they too extend to the infinite volume setting.

4.1. Time Reversal

Let us recall the automorphism at( ) defined for all t € R by (3.2). Since

E )isa composition of automorphisms, it is an automorphism, but the fact

that the individual factors do not commute with each other breaks the group
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property of the fundamental time evolution ¥ o 7 = 7% .. However, the

specific ‘symmetric’ form of (3.2) implies that

ggoot():id.

A product automorphism having this property shall be called time-reversal
symmetric. Theorem 3.1 shows that, despite its label (1), the corresponding
product automorphism 7r( ) is in fact a second-order approximation of 7,*. This
improvement from any odd order to the next even order is in fact general for
time-reversal symmetric product approximations.

Proposition 4.1. Let m € N and let {a(2m R

product approximation of 7'H in the sense that

CZ;. (7(0) — a2 1(0))

: u € R} be an (2m —1)-th order

=0  (Ge{o,....2m—1}) (4.1)
pn=0

for any O € LY). If U&Qm*l) is time-reversal symmetric,

oZm= DN o2m=1) _;
—H g )= id,

then it is a (2m)-th order approximation of T:f.

Proof. The identity

O=12,0(2 - o2 V)O0) + (=%, —

p O_(mel)) OO'fL2m71)(6) +O'(72l:'171) OO_&mel)(é)

and time-reversal symmetry imply that

7, 0 (12 — a2 D)(0) + (12, — V) 0 62D (0) = 0.

—n o — —

The derivative of order 2m of this equation at p = 0 reduces by (4.1) to
(2o ) @)+ e (5 ) ©)
pn=0 pn=0

which concludes the proof since the two derivatives of even order are
equal. O

d2m 2m

dIuZm

:O7

d’u2m

4.2. Suzuki’s Ansatz

We now recall Suzuki’s inductive construction [16] of higher-order product
formulae, translated in the present language of automorphisms. Since Sect. 3
provides a time reversal symmetric approximation of order 2, we shall use it

2) .

to anchor the induction. For that, we first let o} ( ) for any pu € R.

Let a(2m) be a time-reversal symmetric (2m)—th order product approx-
imation of T# in the sense of (4.1). A higher order approximation can be
constructed as follows. Let r = 2¢ + 1 > 3 be an odd integer and let

1
Sm 1= . (4.2)
T = 1) = (r— 1)
We immediately point out firstly that 2¢s,, + (1 — (r —1)s,,) = 1 and secondly
that —1 4+ (r — 1)y, = Sp(r — 1)2m1+1, and so

(r =12 4 (1= (r —1)s,,)>" T = 0. (4.3)
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We now define the following product automorphisms:

£ m m ¢ m m
g@mtD) = <o§2’,’j)> OU((f ()T _ <§2H>> L o@D = p(2mE (4.4)

This procedure provides, given an odd integer r, a family of automorphisms
{o™ ) m € N} parametrized by p € R.
For the following result, recall the setting of Sect. 3.

Theorem 4.2. Let ¢ > 1 and r = 2¢ + 1. For all m > 1, {O'(m) i s € R} s
time-reversal symmetric. Let n € N, t € Ry, and p = E Deﬁne

n
WETZ) = (Ufﬁ”) .

Let Z € Pan(T) and let b > 0. There are positive constants C,v such that if
O € Ly(Z), then

) m , if m is even
with o =

1, vt

m ST L
(0) =77 (0)|| < ClNw 2N 21—, (4.5)

m-+1, if m is odd
Here, U is an interaction associated with O. The constants C,v depend on
b,b',b1,...,bg, k,r and the order m, but they are independent of Z,n and t.

Proof. The symmetry for all m is immediate by (4.4) since U,(Ll) is symmetric.
The estimate holds by Theorem 3.1 for m = 1,2, so we proceed by induction.
We assume that oo™

claim of the theorem holds for 2m. We write as in (3.4)

is a (2m)-th order approximation of 77 and that the

T;I)(O) _ 71_;,27’171+1)(0) — "Z: <013277L+1)>j ((T;I) _ O.EL2WL+1)) ((TE)"_j_l(O))) , (46)

and proceed with an estimate on (77 — a,(me))(é) for an almost local observ-

able O € L(Y). Here again, we decompose the interval [0, y] into r = 20 + 1
intervals according to (4.4) and obtain

7'3)(6) <2m+1) Z ( (2m)> ° (Tfmu - Ugiz)) o <T(¢(‘2l7j71)sm+§m)u,) (6)

j=0

+ (o) o (B~ o) o (72,.,) ©)
+30 (o) ool o (o) o (72, —ol2)

i=1
o (7F-syenn) ©)

where we denoted §,, = 1 — (r — 1)s;,. By the induction hypothesis,

%j (Tl‘f(é) - Ufm)(é)> ‘IJ«:O = 0 for all j = 0,...,2m. This and the above
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£2m+1) instead of o

identity imply first of all that the same holds with o ,(fm)

and secondly that

b

azmen (7(0) = " V(0))|

= (20s2 1 4 g2ty LT (T‘I’((')V) - 052’”)(6))

#=0

v

v=0

Since 2¢ = r — 1, this vanishes by (4.3), so that J&Qmﬂ) is a (2m + 1)-th

. . . 2m—+1) . . .
order approximation. Since U,S ) is time-reversal symmetric we get from

Proposition 4.1 that the (2m + 2)-th derivative similarly vanishes at p = 0.
Hence,

B3y _ @m) (D) — _ azms
7, (0) =0, 7"7(0)

sizmts du2mt3
m

o2mFD) o TE’u) (73(5)) d*m T3y,

and we can proceed as in the proof of Theorem 3.1.

There are r™(2k — 2) + 1 factors in o™ and hence a total of

22mF3(pm(k — 1) + 1)?™+3 terms in the derivative, each of them involving a
combination of 2m+3 derivations from {6®}U{67 : j = 1,...,k}. If ul™) is the
total time (in absolute value) involved in olm (for example, u(M) = u?) = ku),
then u™ 1) = (1 —1)5,u®™ +|(1 = (r — 1)s,)| u®™ = (2(r—1)s,, —1)u®™

since 1 — (1 — 1), = —sm (1 — 1)27'L1+1 < 0. Hence,
wmD) = (H(2(r —1)s; — 1)) ku.
j=1

Setting O = (72)"771(0), we conclude by Propositions 2.7 and 2.11 that

d2'm+3 (2m+1) Lo [l 2m+3_cp(n—j) .c(u@mtD 4y
L T ) (B p0) | £ W s
for any b < min{b, 277 27 Pby,...,27Pb;} where C,c depend on k, the rates
b, b, b1,...,by as well as the choice of r and m. Integrating this over the simplex
¥27m+3 and gathering all constants yields

where the constant v depends again on k,b,b", b1, ..., by, r,m. Since there are
n such terms in (4.6), we have now proved that (4.5) holds for 2m + 1 and
therefore also for 2m + 2 by the definition (4.4) of U,(fmﬁ), concluding the
induction. O

lo,2(Np)>™ 2| Z]e™,

H 3

(U@mm)j ((Tif — o @mtD) ((Tq,)n,j,l(om H < Cfw|

Remark 4.3. The theorem should not be misinterpreted as an invitation to
take a limit in m. Rather, it provides for each fixed m a formula that scales as
n~™ as n — oo, while ¢ is arbitrary but fixed. As can be read from the proof,

the constant C scales as
possible r, namely r = 3, 5.

2
r’ e
m

!T , underlying the importance of picking a small
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=9, r = 3, Total Time= 209 m =9, r =5, Total Time= 25
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FIGURE 1. The discrete time steps in U;(Lm) for 7 = 3 on the
left and » = 5 on the right, for the same order m = 9 and
in the case k = 2. There is an order of magnitude difference
between the number of terms involved, with the ratio of the

. 4
number of terms being géﬂ ~ 7.7

In the definition (4.4), the interval of size p is split into r = 2¢ + 1
subintervals of width s,,u (for 2¢ of them) and (1 — (r — 1)s,,) (for the middle
one). As is clear in the proof (see also [16]) this choice is largely arbitrary. The
claim of the theorem would continue to hold if these r coefficients were replaced
by r other real coefficients {py, ; : j € {1,...,7}} provided pm ;j = Pmrti—j
forall j =1,...,¢ as well as

zr:pmj =1, and prn"f;rl (4.7)
j=1

Reality of the coefficients ensures that WETZ) are automorphisms and the sym-

metric choice of coefficient on either side of p,, ¢41 is for time-reversal sym-
metry. Clearly, there is no non-trivial positive solution of these equations, and
(4.4) indeed has pp, r+1 = —Sm(r — 1)#+1 < 0, as already pointed out. The
appearance of such a negative time evolutions to improve the order of the
approximation is reminiscent of the decomposition proposed in [21].

Remark 4.4. If r = 3, then |sp|, |1 — (r — 1)s;»| > 1 with limy, oo 5 = 1,

limy, —oo(1 — (r —1)s,,) = =1 and so the individual time intervals in the
product scale as %, independently of m for large m. On the other hand, if
r=5,7,..., then [s,],]1 — (r = 1)sp| < 1 with limp, oo 8m = 75 and
lim,, oo (1 — (r — l)sm) = ——L-. Hence, the individual time intervals in the

product scale as m - The inductive construction and the appearance of

negative signs yield a fractal path in the time domain. This behavior—already
noted in [16]—is exhibited in Fig. 1.
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( ) ) ) (
-----
( ) ) ) ( ) )

( ) | ) | ) | ) |

( ) ( ) ( ) (

FIGURE 2. A cartoon of the action of a finite depth quantum
circuit on a 1-dimensional spin chain, in blue. Since each layer
is generated by a commuting Hamiltonian, it is a product of
commuting unitaries. Propagation is induced by the alternat-
ing action of overlapping layers

5. Quantum Simulation: Decomposition in Commuting
Hamiltonians

5.1. Finite Depth Unitary Quantum Circuits

So far, the results are completely general in the sense that they do not require
any assumption on the Hamiltonians K; x» € £ beyond their locality. In con-
crete applications however, the choice of decomposition of H is determined by
the requirement that each K o is a sum of terms acting on spatially disjoint
subsets of the lattice and hence mutually commuting. In the simple example of
a one-dimensional lattice with nearest-neighbor interaction, namely ®(X) =0
if X # {x,x+ 1} for some x € Z, one would choose @1, Py to be supported
on pairs of neighboring sites {2z, 2z + 1}, respectively {2z + 1, 2z + 2}. Each
dynamics T;Dl 2 is then strictly local and corresponds to the action of quan-
tum gates in paurallel7 as illustrated in Fig. 2.

In this setting where a product formula is referred to as a finite depth
unitary quantum circuit, Theorem 4.2 provides a quantitative bound on the
error in the approximation of the full dynamics 7, by a circuit. The number of
factors in the product automorphism is referred to as the depth of the circuit.
We point out that the following is valid in arbitrary spatial dimensions.

Corollary 5.1. Let ® be a finite range interaction, namely ®(X) = 0 if
D(X) > R for a fized R > 0. Let Z € Pgn(I") and O € L(Z). For any m € N,
there is a finite depth unitary quantum circuit of depth O(e*%) approzimating

72(0) within error €, as € — 0.

Proof. The depth h of the circuit 7™ g proportional to n. Hence, imposing

t,n
that the bound (4.5) is less than e yields the claim, since a > m. O
With (4.5), we further point out that, as should be expected, the depth of

the circuit diverges as |Z m with the volume of the support Z. The depth is
furthermore exponential in time, but with a rate > that is smaller for a higher
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order product automorphism. The depth of the circuit proposed in [21] scales
as O (t polylog(Nteil)), namely better in the total time. However, this is
divergent in the size of the system N, and uses O (polylog(N te_l)) additional
ancilla qubits to achieve the scaling.

In the context of finite range interactions and for a strictly local observ-
able, one may wish to decompose the telescopic sum (3.4) rather as

2(0) - 7(0) = 3 (1) (2 = o) (e 51(0))) . ()

Jj=0

since (Uftl))”_j_l(O) is strictly local. If the Kja’s are all commuting
Hamiltonians, all factors in (0’;&”)"7j71 induce no propagation beyond the
range R of the interactions so that (0&1))”*j’1(0) is strictly supported in
Z((n=i=1DEk=DER) and of operator norm O. However, while the action of all
derivations 0%, 67 is again strictly local, increasing the support by R, the bound

16T (0)|| < C’|HTH|b y[Y|O]| valid for an observable O € Ay yields an esti-
mate

C|ZPn* @] 0],

where d is the spatial dimension, for every term of (5.1). One would therefore
obtain [|7,2(0) — 7rt(1,2( O)|| = O(n??72), emphasizing the need for a careful use
of the Lieb-Robinson bound on the very short time intervals of width O(n~1).
This also shows that the physical propagation is in fact much slower than what
can be read off from the diagram in Fig. 2.

5.2. Long Range Interactions

While long range interactions pose no issue for our main theorem, Theorem 4.2,
they cannot be decomposed as a finite depth unitary quantum circuit as just
described. A necessary intermediate step is a truncation to finite range inter-
action. We now comment the error induced by neglecting the interactions
between far enough lattice points.

Let ® € By and @i € By be defined by

®(X) ,if D(X)<R

0 , otherwise

Pr(X) = {
Then, for any b < ¥,

12200 < o001 _ el
XE:% &w X)) _Xam:g(:X»R (D (X))fbfb (D(X))

so that [|©5 — @[y < &y (R+ 1)[| @] Moreover,

220 ~72(0) = [ 70 (50— 5%) (7 (0N
0

so that if O € £,(Z) with associated interaction ¥,



4482 S. Bachmann, M. Lange Ann. Henri Poincaré

[ = o) < ct sup 6"~ 8"y
< ¢t/ st[lp 95 = @l 17 (O) 2
se[0
< 0t)Z]ex 3G Mg, | (R+1)

by Propositions 2.7,2.11 and Lemma 2.4, where b < min{b, 277V}, since
§®r — §® = §®r~® In other words, the error associated with the trunca-
tion of the interaction is superpolynomially small in the range R. In order
to achieve an error O(e), the range must be chosen as R = O(&,,",.(e)) =

O((loge v- = )7) A commuting decomposition for an interaction of range R
requires of the order of k = R? terms in d dimensions, and since the con-
stant in the Trotter error is exponentially large in the number of terms, (4.5)

and the lower bound exp ((log € b’—lb”)%> > € e yield a circuit depth
h =0 (e ) for a constant ¢ > 1 that depends on b’ and b”.
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Appendix A. Lieb—Robinson Bounds

In this section, we show that the dynamics generated by an interactions in the
class B = J,, By satisfy a Lieb-Robinson bound. The Banach spaces B of
interactions with finite || - [|,-norm are defined in Sect. 2, where we also defined
the local Hamiltonian H € £ associated with ® € B.

Proposition A.1. Let ® € By, and let A € Py, (I'). Let X, Y C A with XNY = &
and A € Ax,B € Ay. For any b/ < b, we have that
[le’Hr Ae™™x BI|| _ 2min{|X], Y1}/ wwype _
< e” & (d(X,Y))
Al B My—y ( )
where k(b,b") = 2||®||pMp—p and M, := sup{|X | (D(X)) : X € Pgn(T)}.

Proof. We denote 7/ (A) = eHa Ae="Ha and let f(t) = [r*(A), B]. Then
@) = ZZﬂX;ég[iTtA([(I)(Z), A)), B] and by Jacobi’s identity,

Fi)=—ilf), > @@ - > illB N e(2), A

ZNX4D ZNX+#D

The first term being norm preserving, we conclude that

17Ol _ A, Bl [ (@(2)), Bl
AL <Al ”Zég”q’m'/o oz

see Lemma A.1 in [26], namely

Cp(X,t) < Cp(X,0)+2 |®(Z ||/ Cs(Z,s)
ZﬁX;érZ
where Cp(X,t) = sup{||A||7}||[7A(A), B]| : A € Ax}. Iterating this step, it
follows that
> on tIn
Ca(x,0) < Cp(x,0)+ > 2SS oz, HH@
nm ZnNZy 17D ZINX#D

Since Cp(Z,0) = 0 whenever ZNY = & and Cp(Z,0) < 2||B|| otherw1se, we

conclude that
2n ‘t | n

Cp(X,1) < 2[|Blléx,y + 2| B Z an (A1)
n=1
where 6xy = 0if X NY = @ and dx,y = 1 otherwise, and we denote
an = an<X7 Y) = Zznmzn—l#z U ZzlﬁX#@ H?:l ||¢(ZJ)H We claim that
ZnNY 42
an(X,Y) < Mp 1 ®l5 Y &y (d(z, V). (A.2)

zeX
First of all,

ax s S @<y 3 %@(D(zn

XNZ4D,YNLZAD zEX Z32:YNIZAD

<I@fle Y & (d(e,Y

zeX
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by monotonicity of &, since d(z,Y) < D(Z). The same inequality holds with
X and Y exchanged. This is (A.2) for n = 1 since b’ < b implies that || @[]y <
[|®]5. We continue by induction, obtaining

a1 (X,Y) = > 9(Z1)]an(Z1,Y)
ZINX#D

n ezl Zl ||
<Mpllely Yo > &(D &(D(Z0) Y &w(d(z,Y
xeX Z12dx z€Z1
We factorize &,(r) = &—p ()& (1) and bound
S (D(Z1))6w (d(2,Y)) < &y (d(x, 2) +d(2,Y)) < &y (d(z,Y))
by monotonicity and logarithmic subadditivity, since D(Z1) > d(z, z). With
this,
a1 (X, Y) < My @[3 & (d(a, V)
reX

as announced.

The sets X, Y appearing symmetrically in the estimates above, the right-

hand side of (A.2) can be improved to the minimum of ) & (d(z,Y’)) and
> yey v (d(y, X)). It remains to use

min { 37 & (d(@,Y)), Y & (d(y, X))} < min{|X], [¥ ]} (d(X, 7))
reX yey

and to plug the resulting bound into (A.1) to get

X[, Y / © 2t b M, ,
Cp(X,t) < 2||B| < min{lX], VTHey (d Z el |Hb b—tr)" ]

M,y

n=1

If XNY = @, this reads

2[|All||B]| min{| X|, |Y
||[TtA(A)7B]|| < H HH H]w {‘ | | ‘} (62\t|||\‘1>|||be,b/ _1) fb/(d(X,Y))
b—b/
which is the claim of the proposition. O

The proof yields the following bound that is valid for any X,Y not necessarily
disjoint:
[[eit# Ac=r1x, B)|
1Al Bl

< % w (1) min{ Z & (d(x,Y)), Z fb/(d(y,X))}

reX yey

where gy p (1) = e* P — (1 = 5x ).

As pointed out earlier, the proof runs along the general lines of [26]. Tt
only differs in the estimate of a,, because of the choice of a different norm and
a slightly more general class of interactions. In particular, in the case p < 1,
the subexponential decay in d(X,Y") has its origin in the subexponential decay
of the interaction ® € By.
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It is also a well-known fact that the Lieb—Robinson bound yields the
existence of the dynamics in the infinite volume limit. We provide here a
short proof in the specific setting of this paper. We now consider an increasing
sequence of subsets A,, that is absorbing in the sense that for any = € I, there
is N such that z € A, for all n > N.

Corollary A.2. Let ® € By, let X € Pgn(T') and A € Ax. For all n such that
X C Ay, let TH(A) = etHan Ae=Hru . The sequence 1'(A) is convergent to
71(A). Moreover, t — 1, extends to a strongly continuous group of automor-
phisms on A.

Proof. We note that if n > m, then

t
™o Ti(A) — A= / o (i(Hy, — Ha,, 7" (A)]) ds

Since Hy, —

A

I 4) =l < 3 / ()]s

N(AN\Am)F#

sz(A \A)#£2 ®(Z), we conclude that

The Lieb—Robinson bound now ylelds
> @), Al

ZN(Ap\Am ) #D
2 Afjer ")
ST 2 1@l Y e, 2))
b=b ZO(ANAm ) £D reX

for any ' < b. The sum over Z can be upper bounded by ZzEAn\Am D 75s

We introduce the factor & (D(Z)) and use the logarithmic superadditivity of
&y and finally the bound d(z, z) < d(z, Z) + D(Z) to get

> H‘P(Z)II > v(d(z, 2))

Z0(An\Am )# zeX
<I>
< Z Zg' ” > Gdle. 2) + D(2)
2EANN\Ap Z32 acEX

Note that ® € B;, implies that || @],y < oo for all &’ < b. It remains to use the
bound d(z,z) < d(z,Z) + D(Z) to get

2 AI® Mo oo,y
n _.m < x(b, ,
||Tt (A) Ty (A)H = Mb_blli(b, b')e Z Z &b (d(x 4

2EA N\ A zEX

The summability of & and the fact that X is a finite set implies that the
sum vanishes as n,m — oo. In other words, (7/*(4)), is Cauchy sequence in
A (uniformly in ¢ for ¢ in a compact set) and hence convergent.

The limiting map 7; is bounded (since ||7:(A)|| = ||A||]) on the dense set
of local observables. Therefore, it extends to a bounded linear map on A. The
group property follows from that of the finite volume approximations. O
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