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Trotter product formula on Hilbert
and Banach spaces for
operator-norm convergence

Valentin Zagrebnov*

Abstract. We review results on the operator-norm convergence of the
Trotter product formula on Hilbert and Banach spaces. We concentrate
here on the problem of convergence rates. Some results concerning

evolution semigroups are also presented.

1 Introduction
The product formula for matrices A and B

¢~ = lim <e—TA/”e—TB/”)", >0, 2.1)

n—oo -

was established by S. Lie (1875). Here C := A 4 B. The proof of formula (2.1) can be
easily extended to bounded operators .Z($)) and .Z(X) on Hilbert (£)) and Banach (X)
spaces. Moreover, a straightforward computation shows that the operator norm conver-
gence rate in (2.1) is O(1/n):

sup He—TA/ne—TB/n 7e—TC/7‘L||$(') — O(l/n). (22)
7€[0,T]
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24 Zagrebnov: Trotter product formula

H. Trotter [17] has extended this result to unbounded operators A and B on Banach spaces,
but now in the (weaker) strong operator topology: slim,_,e 9%, = o7 < lim, e || (<), —
&/ )x|| = 0 for any x € X. He proved that if A and B are generators of contraction semi-
groups on a separable Banach space such that the algebraic sum A + B is a densely defined
closable operator and the closure C = A+ B is a generator of a contraction semigroup,
then

e = S'r}ij{}o (efrA/nef‘L'B/n)”7 (2.3)

uniformly in 7 € [0, 7] for any T > 0. It was a long-time belief that the Trotter formula
is valid only in the strong operator topology. But in the nineties it was discovered that
under certain quite standard assumptions the strong convergence of the product formula
(2.3) can be improved to the operator-norm convergence: lim,_. ||.2%, — </ || 25 =0
limy o0 SUP e )| =1} | (@0 — & )u|| = O, on a Hilbert space ).

For the Trotter product formula in the trace-class ideal of £ (%)) we refer to [18].

2 Trotter product formula on Hilbert spaces

2.1 Self-adjoint case. Considering the Trotter product formula on a separable Hilbert
space $), T. Kato has shown that for non-negative self-adjoint operators A and B the Trotter
formula (2.3) holds in the strong operator topology if dom(v/A) Ndom(v/B) is dense in
the Hilbert space and C = A+4B is the form-sum of operators A and B. Naturally the
problem arises whether Kato’s result can be extended to the operator-norm convergence.
A first attempt in this direction was undertaken by Dzh. Rogava [16]. He claimed that
if A and B are non-negative self-adjoint operators such that dom(A) C dom(B) and the
operator-sum: C = A + B, is self-adjoint, then

|| (efrA/nefrB/n)n _ eirCHjﬁ(ﬁ) = 0(In(n) /v/n), n— oo, (2.4)

holds. In [12] it was shown that if one substitutes in above conditions the self-adjointness
of the operator-sum by the A-smallness of B with a relative bound less then one, then

(2.4) is true with the rate of convergence improved to

|| (e—rA/ne—rB/n)n _ e_TC|’$(ﬁ) = O(In(n) /n), n — oo, (2.5)
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The problem in its original formulation was finally solved in [7]. There it was shown
that the best possible in this general setup rate (2.2) holds if the operator sum: C =
A+ B, is already a self-adjoint operator. Rogava’s result, as well as many other results
(including [12]), when the operator sum of generators is self-adjoint, are corollary of
[7]. A new direction comes due to results for the fractional-power conditions. In [14],
with elucidation in [6], it was proven that assuming: dom(C%) C dom(A%*)Ndom(B%),
a € (1/2,1),C=A+B and dom(A'/2) C dom(B'/2) one obtains that

sup H (ef‘L'A/nefrB/n)n _ ef‘L'CHf(ﬁ) — 0(,17(20571))_
7€(0,7]
Notice that formally ¢ = 1 yields the rate obtained in [7]. We remark also that the results
of [6, 14] do not cover the case o = 1/2. Although, it turns out that in this case the Trotter

product formula converges on the operator norm:

- —tA/n —1tB/n\n _ —1C =o0(1),
re[oPT]”(e e = el gy = 01)

if \/B is relatively compact with respect to V/A, i.e. VB(I 4—A)’1/2 is compact, see [13].

2.2 Non-self-adjoint case. Another direction was related with extension of the Trotter,
and the Trotter-Kato, product formulae to the case of accretive [1, 2] and non-self-adjoint
sectorial generators [4, 5]. Let A be a non-negative self-adjoint operator and let B be a
maximal accretive (Re(Bf, f) > 0 for f € dom(B)) operator, such that

dom(A) Cdom(B) and dom(A) C dom(B*).
If B is A-small with a relative bound less than one, then estimate (2.5) holds for generator

C which is a well-defined maximal accretive operator-sum: C = A + B, see [1].

In [2] this result was generalised as follows. Let A be a non-negative self-adjoint op-
erator and let B be a maximal accretive operator such that dom(A) C dom(B) and B is

A-small with relative bound less than one. If the condition

dom((C*)*) C dom(A%*) Ndom((B*)%), C=A+B,



26 Zagrebnov: Trotter product formula

is satisfied for some & € (0, 1], then the norm-convergent Trotter product formula:

sup || (e—TA/ne—TB/n)n _ e—TC
t€[0,T]

2(9) O(In(n)/n%),

holds as n — oo. In fact, more results are known about the operator-norm Trotter product
formula convergence for non-self-adjoint semigroups with sectorial generators, but with-
out the rate estimates, see [3]. A new approach to analysis of the non-self-adjoint case
was developed in [5]. Since it is based on holomorphic properties of semigroups, one can

apply it even in Banach spaces. Therefore we postpone its presentation to Section 3.

3 Trotter product formula on Banach spaces

3.1 Holomorphic case. There are only few generalisations of the results of Section 2 to
Banach spaces. The main obstacle for that is the fact that the concept of self-adjointness
is missing. One of solutions is to relax the self-adjointness replacing the non-negative
self-adjoint generator A by a generator of the holomorphic semigroup. The following
result was proved in [5].
Theorem 2.1 ([5, Theorem 3.6 and Corollary 3.7]) Let A be a generator of a holomor-
phic contraction semigroup on the separable Banach space X and let B be generator of a
contraction semigroup on X.
i) If for some o € (0,1) the condition dom(A%) C dom(B), holds and dom(A*) C
dom(B*) is satisfied, then the operator sum C = A + B is generator of a contraction

semigroup and for any 7' > 0:

sup H(e—rB/nefrA/n)n _efrCHzOE) _ 0(ln(n)/n17a). (2.6)
7€[0,7]

ii) If for some o € (0,1) the condition dom((A%)*) C dom(B*) is satisfied and
dom(A) C dom(B) is valid, then C = A + B is generator of a contraction semi-

group and

sup H(e_m/"e_TB/”)” — e_Tch(x) = O(In(n)/nl_a), 2.7
7€[0,T]

forany T > 0.
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Theorem 2.2 ([S, Theorem 3.6 and Corollary 3.7]) Let A be generator of a holomorphic
contraction semigroup on X and let B be generator of a contraction semigroup on X. If B

is in addition a bounded operator, then for any 7 > 0 :

sup H (efrB/nefrA/n)n _ efrCH‘g(x) _ 0((111(11))2/71),
7€[0,T]

sup ||(e"*A/meB/myn — = 7C| () = O((n(m))*/n).
7€[0,T]
Theorem 2.2 becomes false if the condition that A is generator of a holomorphic semi-
group is dropped.
3.2 Non-holomorphic: evolution semigroup. Let A and operators {B(t) },c(o,r) be gen-
erators of holomorphic semigroups on a separable Banach space X. Consider non-

autonomous Cauchy problem for ug := u(0):
Su(t)=—(A+B(1))u(r), t€]0,T], (2.8)

Assumptions:

(A1) Operator A > I is generator of a holomorphic contraction semigroup in X.

(A2) Let {B(t)}c|o,r) be a family of closed operators such that for a.e. ¢ € [0,7] and
some « € (0, 1) the condition dom(A%*) C dom(B(¢)) is satisfied such that

Ce = €ss sup HB(f)A%H‘Z’(%) <o
1€[0,7]

(A3) Let {B(t)}c(o,r) be a family of generators of contraction semigroups in X such
that the function [0,7] >t — (B(r) + 61)71x € X is strongly measurable for any
x € X and any & > b for some b > 0.

(A4) We assume that dom(A*) C dom(B(¢)*) and

Ci = ess sup||B(1)"(A4") " ey <o,
t€(0,7]

where A* and B(z)* denote operators which are adjoint of A and B(¢), respectively.

(AS5) There exists 8 € (&, 1) and a constant Lg > 0 such that for a.e. 7,5 € [0, T] one has

the estimate:

A" (B(t) — B(s))A™* < Lglt—s|P.

2(%)
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(A6) There exists a constant L; > 0 such that for a.e. 7,5 € [0, T] one has the estimate:

|A=*(B(t) — B(s))A~“*

2(3) < Lyt —s].
The evolution equation (2.8) is associated with family {C(t) };c(o,7}, C(t) = A+ B(t).

We consider the Banach space LP([0,T],X) for p € [1,) and introduce in this space
the multiplication operators <7 and % generated by A and {B(t) },¢(o,7), see [8, 15]. Simi-
larly, one can introduce the multiplication operator ¢’ induced by the family {C(t) },¢(o,7)
which is also a generator of a holomorphic semigroup. Notice that ¥ = & + % and
dom(%) = dom(«7). Let Dy the generator of the right-shift nilpotent semigroup on
L([0.T),X) ke (e7P0) (6) = ot~ ©)ft— 7). EL(0.T), ).

Next, we consider the operator

H f =Dof + [+ B, 09
fe dom(JfA;) = dom(Dy) Ndom(.=7) Ndom(AB). '

Assuming (A1)-(A3) it was shown in [11] that the operator J is closable and its closure
A is generator of the evolution semigroup {e~** };¢ [8, 15], which is also nilpotent
and consequently a non-holomorphic semigroup. Further we set J% f=Dof + < f for
fe dom(l//v) = dom(Dy) Ndom ().

In contrast to the Hilbert space the operator % is not necessary generator of a semi-
group. However, the operator JZ/(; is closable and its closure %) is a generator. Note that

J coincides with the algebraic sum: 2" = % + 4.

Theorem 2.3 ([11, Theorem 7.8]) Let the Assumptions (A1)—-(A4) be satisfied for some
o € (0,1). If (A5) holds, then one gets for n — oo the asymptotic:

sup |[(e /e M0/ — 64%’|$(LP([O,T]73€)) =o(1/nP~%). (2.10)
7€(0,T]

Assuming instead of Assumption (AS5) the Assumption (A6) one finds

Theorem 2.4 ([9, Theorem 5.4]) Let the Assumptions (A1)—(A4) be satisfied for some
o € (1/2,1). If (A6) is valid, then for n — oo one gets the asymptotic:

sup || (/e P! — e | o 2y = O/ ). @11
7€(0,T]
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3.3 Convergence rate for propagators. To construct approximations of solution op-
erators (propagators) for the Cauchy problem (2.8), we apply to the problem (2.8) the
evolution semigroup approach developed in [8, 15, 11]. The idea is to transform the non-
autonomous Cauchy problem (2.8) into an autonomous problem generated by evolution
semigroup {e~ ™ } ;0.
Definition 2.5 ([8, 15]) Linear operator ¢ in L?([0,T], %), p € [1,00), is called evolution
generator if for multiplication operator M (¢):
(i) dom(#) C C([0,T],%) and M(¢)dom(#") C dom(#") for ¢ € W'=(]0,T]);
(i) AM(P)f—M(§)H f=M(,¢)f for f € dom(#) and ¢ € W'=([0,T]);

(iii) the domain dom(.#") has a dense cross-section, i.e. for each ¢ € (0,7 the set
[dom (£ )], == {x € X : 3f € dom() such thatx € f(¢)},

is dense in X. Here for any ¢ € L([0,7]) we denote by M(¢) a bounded
multiplication operator on L?([0,T],X) defined as (M(9)f) (1) = ¢(1)f(t), f
LP([0,T],%).

One can check that the operator .#~ defined as the closure of V2 (2.9) is an evolution
generator, cf. [11, Theorem 1.2]. Evolution generators are related to propagators, which
are defined as follows.

Definition 2.6 Let {U(t,5)}(;5car A= {(t,5) € (0,T] x (0,T] : 5 <t < T}, be a strongly
continuous family of bounded operators on X. If the conditions

U(t,t)=1 fort € (0,71, (2.12)
U(t,r)U(r,s) =U(t,s) fort,r,s € (0,T] withs <r<t, (2.13)
[Ulla:= sup [U(t,5)]| 2 (x) <o (2.14)

(t,5)eA

are satisfied. If u(¢) = U(t,0)up, t > 0, for ug € dom(A), is solution of the Cauchy prob-
lem (2.8), then {U(t,5) };,5)ca is called solution operator, or propagator.

It is known [8, Theorem 4.12] that there is an one-fo-one correspondence between the
set of all evolution generators on L”([0,7],X) and the set of all propagators in the sense

of Definition 2.6. It is established by equation

(N0 =Vt -Dont-0ft-1).  FEP(0T].X). (215
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Let % be generator of evolution semigroup {%)(7)}r>0 and let & be multiplica-
tion operator induced by a measurable family {B(t)},cjo,r] of generators of contrac-
tion semigroups. Note that in this case the multiplication operator 4 is a generator of
a contraction semigroup (e"*7f)(¢) = ¢~ "B@ f(1), on the Banach space L?([0,T],X).
Since {Z(7)}r>0 is the evolution semigroup, then by (2.15) there exists propagator
{Uo(t,5)} ¢ 5)ea such that the representation: (% (7)) (t) = Uo(t,t — ) xo.r1(t — 7) f (t —
T), f € LP([0,T],%), is valid for a.e. ¢ € [0, 7] and T > 0. Then we define

0j(t.s:m) = U (s+ 52 s+ (- DG ) e

where j € {1,2,...,n},n €N, (t,5) € A, and we set for approximants {V,,(t,s) }n>1:
n<—
Vau(t,s) ::HQj(t,s;n), neN, (t,5) €A,
j=1

where the product is increasingly ordered in j from the right to the left. Then by (2.15) a

straightforward computation shows that the representation

(e ame==2m)" £) (1) = Valt.t = ©) 0 (¢ = ©)f (1~ %)

f €LP(0,T],%), holds for each 7 > 0 and a.e. 7 € [0,T].

Similarly we can introduce

t;SB(sHI_TS

Gy(t,sim) = V(s + 7225+ (= 1)=2)

where j € {1,2,...,n},n €N, (t,5) € A. Now let the approximants be defined by
U,(t,s) ::HGj(t,s;n), neN, (t,5) €A,

where the product is again increasingly ordered in j from the right to the left. Note that

((effe@/nefr%/ny f) (1) = Un(t,t =0 xp011(t = 1) f (1 = 1),

f€LP([0,T],%), holds for each T >0 and a.e. € [0, T].
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Proposition 2.7 ([10, Proposition 2.1]) Let %" and %) be generators of evolution semi-
groups on the Banach space L”([0,T}], X) for some p € [1,0). Further, let {B(t))}c(o,7)
be a strongly measurable family of generators of contraction on X. Then forn € N,

9 n
sup He*”{/ - (677%/"64‘2/0 =esssup||U(t,s) = Va(t,s)|| 2 (x),
]

el 2ZLr(0.T1.%)  (15)eA
sup e~ — (e~ T2/np—7Ho/n nH =esssup ||U(t,s) —U,(t,9)|| #(x)-
TG[O%)T] ( ) Z(Lr([0,T],%)) (t,s)eApH (:5) lee)

From Theorem 2.3 and Proposition 2.7 one obtains the following assertion.

Theorem 2.8 ([11, Theorem 1.4]) Let the Assumptions (A1)-(A4) be satisfied. If (A5)
holds, then for n — oo one gets the rate:
ess sup||Uy (1,5) — U (t,5)]| z(x) = O(1/nP~%). (2.16)
(t.5)€eA

On the other hand, from Theorem 2.4 and Proposition 2.7 we get
Theorem 2.9 ([9, Theorem 5.6]) Let the Assumptions (A1)-(A4) be satisfied for some
o € (1/2,1). If (A6) is valid, then for n — oo one obtains a better rate:

ess sup |Uy(t,s) = U(t,9)]| 2 (x) = 0(1/n1’°‘).
(t,5)eA

4 Example of sharpness

We study bounded perturbations of the evolution generator Dy. To this aim we consider
X = C and we denote by L?(]0, 1]) the Hilbert space L*([0,1],C).
Fort € [0,1],letg: ¢+ gq(t) € L=([0, 1]). Then g induces on the Banach space L([0, 1])

a bounded multiplication operator Q defined as

(@N)1)=aqn)f(1),  feL*([0,1).

For simplicity we assume that ¢ > 0. Then Q generates on L%([0,1]) a contraction
semigroup {e~"@};>¢. Since generator Q is bounded, the closed operator .# := Dg + Q,
with domain dom(.#") = dom(Dy), is generator of a semigroup on L*([0,1]). By [17] we

get

s-lim (efrDO/nef‘rQ/n>n _ e—r(DngQ).
n—soo
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One can easily check that %" is an evolution generator. A straightforward computation

shows that
t
(e*f(Do+Q>f) (t) = eiﬁirq(y)dyX[O,l](t — 1) f(t—1).
This yields that the propagator corresponding to J#” is given by
Ult,s) =e K400 (z.5) €A,

Now a simple computation shows that

n
((emPoime=eim)" 1) (1) = Va(t.t = ©)0.m)(t = 7)1 = 7).
Then by straightforward calculations we find that
Vilt,s) = e m T0a6H T (g e

Theorem 2.10 ([10, Proposition 3.1]) Let g € L([0, 1]) be non-negative. Then

©(Dy+Q) _ (,~Do/n,~10/n)"
su e e
i Opl] H ( ) 2{2(0,1)))
( t.5)EA )
as n —r oo,

Note that by Theorem 2.10 the operator-norm convergence rate of the Trotter product
formula for the pair {Dy, Q} coincides with the convergence rate of the integral Darboux-

Riemann sum approximation of the Lebesgue integral.

Theorem 2.11 ([10, Theorem 3.2]) If the function: ¢ € C%P([0,1]), B € (0, 1], is non-

negative, then for n — o one gets

sup
7€(0,1]

e~ TDo+Q) _ (e—TDo/ne—TQ/") (l/n )

H (L2([0,1)))
Theorem 2.12 ([10, Theorem 3.3]) If ¢ € C([0, 1]) is continuous and non-negative, then
for n — o

He—r(Do-&-Q) _ (e—fDo/ne—TQ/n)n =o(1). 2.17)

Hf(Lz([O-,l]))

It follows that the convergence to zero in (2.17) may be arbitrarily slow.
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Theorem 2.13 ([10, Theorem 3.4]) Let &, > 0 be a sequence with §, — 0 as n — oo,

Then there exists a continuous function g : [0, 1] — R such that

sup
7€(0,1]

=w(8,), 2.18
L(L2(0.1))) (%) (@18)

e—r(D0+Q) _ (e—‘cDo/ne—rQ/n)”

as n — oo. Here @ is the Landau symbol: ®(6,) < limsup,_,., |@(5,)/0,]| = oo .

If g is only measurable, it can happen that the Trotter product formula for that pair
{Dy, 0} does not converge in the operator-norm topology:

Theorem 2.14 ([10, Theorem 3.5]) There is a non-negative measurable function g €
L>([0,1]), such that

> 0. (2.19)

liminf sup Heff<Do+Q)_(efwo/nefrg/n)"
] 2(2(o,1))

0 el0,1

Theorem 2.14 does not exclude the convergence in the strong operator topology.
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