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A basis- and integral-free representation of time-dependent
perturbation theory via the Omega matrix calculus

Antbnio Francisco Neto

Abstract. We obtain a basis- and integral-free representation of the n-term in time-dependent
perturbation theory of the quantum time-evolution operator. The main technical tool to construct
the aforementioned representation comprises the Omega matrix calculus; that is, an exten-
sion of MacMahon’s partition analysis to the realm of matrix calculus. In particular, we show
that if we specialize our formulation to the time-independent and finite-dimensional case, we
recover Putzer (1966) original formulation to compute the matrix exponential avoiding the Jor-
dan canonical form. Furthermore, if we use an explicit basis for the time-independent part of
the generator of evolution, then our work implies a representation of the perturbation expansion
similar to an approach discussed in the recent work of Kalev and Hen (2021) using divided
differences. Finally, we obtain closed form expressions which generalize and unify all the per-
turbation calculations considered in Kalev and Hen (2021) and advance some considerations
regarding degeneracy associated with the unperturbed Hamiltonian in the context of adiabatic
switching.

1. Introduction

The solution of the time-dependent Schrédinger equation (in units # = 1)
1p'(t) = HOy () and (1) = ¥, (1.1)
where 1 is the imaginary unit, is given by
(@) = U 10)¥,, (1.2)

where U (¢, tg) is the time-evolution operator

Ut 10) = Texp(—l /t H(s) ds)
to
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with the time-ordering operator 7 [20, Chapter 1] and a time-dependent Hamiltoni-
an operator H (¢) acting on the Hilbert space . The determination of U (¢, fp) is
of paramount importance in a variety of applications, but, unfortunately, this status
is contrasted with the difficulty in determining U (¢, ¢y) either by non-perturbation
methods or using perturbation theory [23,31]. For example, the usual computation of
time-dependent perturbation theory of the evolution operator starting with the iterated
integrals involving time-ordered product of operators turns out to be rather difficult
even for simple cases [31]. Therefore, new methods to compute time-dependent per-
turbation theory which shed light on the intricate nature of the iterated integrals are
of great value. It turns out that methods based on combinatorics (discrete structures)
turn out to be quite useful in computing U (¢, ty). We mention notably graph rules
for functions of the time-evolution operator [14], ordered labeled rooted trees and
convergence criteria for series of integrals [35], tree parametrization of iterated inte-
grals [9, 10], the method of path-sums based on resummations on graphs [24, 25],
and, recently, an integral-free method for the Dyson series based on divided differ-
ences [31]. For other time-dependent perturbation treatments including Magnus- and
Fer-type expansions with applications and connections with the time-ordered product,
we refer the reader to [4,8,32,39].

Here we take another unexplored route to compute time-dependent perturbation
theory, but this time using combinatorial analysis rooted in the partition of natural
numbers. MacMahon’s partition analysis (MPA) or Omega calculus is a powerful and
easy to apply tool of combinatorial analysis originally devised to construct generating
functions describing the solutions of Diophantine systems in the context of the parti-
tion of natural numbers [37]. MPA was mainly concerned with scalar problems until
recently when an extension of MacMahon’s formalism to matrix analysis, referred
here as Omega matrix calculus or OMC for short, was introduced in [17]. Later on,
OMC was applied to problems of continuum mechanics; that is, the computation of
matrix derivatives [16]. Recently, exact formulas for the powers of matrices of general
interest such as the companion, tridiagonal, and triangular matrices were obtained [19]
as well as an extension of Putzer’s representation [40] to general analytic functions
including the Mittag-Leffler function and fractional matrix exponentials [18].

In this work, we obtain a basis- and integral-free representation of time-dependent
perturbation theory by recasting the terms of the expansion in the framework of OMC.
Our approach is quite simple and easy to apply since all we need is the computation
of rather simple Omega generating functions and the solution of an elementary initial
value problem (IVP) for ordinary differential equations (ODEs). Using our representa-
tion, we obtain an exact expression for the n-term of the time-dependent perturbation
expansion of the evolution operator which gives as special cases all the examples con-
sidered in [31]. We also advance some considerations regarding degeneracy associated
with the unperturbed Hamiltonian in the context of adiabatic switching [11,12,22,34].
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Here we consider the generator of dynamics composed of a time-independent Hamil-
tonian plus a time-dependent interaction term. As we will show by setting to zero
the time-dependent interaction, we recover Putzer original formulation in [40, The-
orem 1], and if we introduce a basis for the time-independent Hamiltonian, then we
recover a result equivalent to [31]. Therefore, our work can be interpreted in at least
two distinct ways: as an extension of Putzer’s representation in the context of the
time-dependent case and as a basis-free approach to the integral-free representation
of the time-dependent perturbation theory described in [31].

This work is organized as follows. In Section 2, we establish the necessary back-
ground in order to introduce our main results in Section 3. Some examples show
the usefulness of our approach in Section 4. Section 5 is devoted to the concluding
remarks.

2. Basic definitions and auxiliary results

2.1. Brief review of Omega matrix calculus

We recall the basic definitions of OMC following [17]. See also [1,2,37] for the orig-
inal formulation in the scalar case and for the implementation of the Omega package,
a computer algebra package in MATHEMATICA suited for the Omega calculus. We
write 0, = (0, ...,0) € C” throughout this work.

Definition 2.1. Let X, € CV*V for each @ € Z" and A* = A{!--- A3". We define
the linear operators acting on absolutely convergent matrix valued expansions

- — def
Q Y D XA =X, 2.1
o a|=—00 an=—00

in an open neighborhood of the complex circles |A;| = 1.

Remark 2.2. The convergence of the series in (2.1) guarantees that no singulari-
ties in the variable A; in an open neighborhood of the circle |A;| = 1 exists. As
remarked in [1], this is an important ingredient avoiding ambiguous results and lead-
ing to unique Laurent expansions. Note also that since the Omega operators are linear

operators, they commute with the derivative d(x where we write (X);; for the

a)ij’
entry in row i and column j of X ,. Without further mention we use this observation

whenever necessary.

Definition 2.1 encodes the essence of the Omega calculus: the elimination of the
Omega variables. Note that the left-hand side of (2.1) contains the Omega variable A
which after applying the Omega operator is eliminated resulting in the right-hand side
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of (2.1). It turns out that it is not always straightforward to eliminate the Omega vari-
ables, but luckily our formalism fits in the most simple case. The Omega expressions
considered here are all of the type

Aoo)n
@ P(x/A)

(2.2)

with n > 0 and a factored polynomial P(x) € C[x]. The parameter x is taken small
to fulfill the conditions stated in Definition 2.1. In what follows, we recall the def-
inition of the generating function of the homogeneous (a.k.a. complete) symmetric
polynomials A, (x1, X2, ..., Xn) [36]

1
(1 —=x10)(1 — xa1) -+ - (1 — xpp1)

= Zhn(xl,xz,...,xm)t”. 2.3)

n>0

In contrast to (2.2), the most difficult expressions to consider are those having non-
factored denominators along with powers of A and A~!. Indeed, compare [1, Theo-
rem 2.1] with [1, Lemma 2.1] and see [27].

The next lemma shows that it is quite simple to eliminate Omega variables in (2.2)
with a factored polynomial P(x).

Lemma 2.3. Letn > 0. Then we have

A A 1 ifn =0,

Q = 2.4)

=1 =x1/A)A =x2/A) - (1 = xpm/A) hy(xX1,Xx2,...,%Xm) ifn>0.
Proof. The proof is straightforward from (2.3). |

We will use throughout this work the terminology Omega free for the expression
obtained after the elimination of the Omega variable. For example, the right-hand side
of (2.4) is an example of an Omega free expression.

Another nice feature of OMC is that under the Omega operator we can represent
a matrix function in terms of another matrix function. Indeed, if

F(X)=) faX* and G(X) =) gsX*

acs acs

for some set S provided the conditions in Definition 2.1 are valid, then we have the
next lemma.

Lemma 2.4. The following identity holds:

G(X) = siz 3 %A“F(%).
acs 74
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Proof. Observe that

) X )
8a ,q . 8a b a-b _ a _
QY TAF(T) = X TAX QAP =) X =G(X)
acsS a,beS ~—— acs
=]_[;1:1 8al‘,b,~

with the usual Kronecker delta §, p. [

2.2. Auxiliary results

Let

;
P(x) =det(x] — A) = [ J(x —a)™ (2.5)
i=1
withm; > land Y ;_, m; = N be the characteristic polynomial of A . It follows from
the Cayley—Hamilton theorem that P is an example of an annihilating polynomial;
that is, a polynomial P such that P(4) = O. The annihilating polynomial of the
smallest possible degree d is called the minimal polynomial [3,21,29,33]

,
0x) = H(x —a)" =x teqxiT 4+t ax + o (2.6)
i=1
with 1 <n; <m;.

It follows from the existence of the annihilating polynomial that analytic matrix
functions can be represented by a finite sum. In particular, we have the representation
for the matrix exponential

d—1
exp(tA) = Z xk+1(t)Ak. 2.7
k=0

We also recall that the coefficients x4 (¢) are unique using [13, Proposition 2]. We
use this result to prove the next lemma which is equivalent to [40, Theorem 1] apart
from the fact that the minimal polynomial Q(x) in (2.6) is used instead of the char-
acteristic polynomial P (x) in (2.5). For other finite sum representations of the matrix
exponential and other matrix function definitions, we refer the reader to [5-7, 38]
and [28], respectively.

Lemma 2.5. Let A € CN*N_ Then we have
d—1

exp(tA) = ) 1 (A",
k=0

where
x(1)=By() (2.8)
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with x (1) = (x1(1),...,xq(0))T,

cp ¢ o+ Cqg— 1
Cr) €3 e 1 0
B = . . . . . ’
cqg—1 1 .- 0 0
1 o .- 0 O

and y(t) = (y(t), y'(t), ..., y¥4 V()" € C? such that
YD)+ cg1y“TV@O) + -+ 1y (0) + coy(t) = 0 (2.9)

with the coefficients of the ODE in (2.9) determined by Q(x) in (2.6) and satisfying
the initial conditions

y(0)=y'(0)=---=y4D0)=0 and y“V0) =1 (2.10)

Proof. Observe that

d—1 d—1
D Xk (AT = AexptA) = ) xpy, (A (2.11)
k=0 k=0

and by the uniqueness of the expansion in (2.11); that is, the corresponding coeffi-
cients in the left-hand side and right-hand side of (2.11) are equal. Thus, we obtain

Xpq1 (1) = xp (1) — cixa(t) (2.12)
using
d—1 d—2
D e AF =3 " x (A 4 xg(0)4¢
k=0 k=0

d—2 d—1 )
=Y xnOAT = x4 (1) YAl
k=0 i=0

which follows from the fact that the minimal polynomial in (2.6) is annihilating.
We can easily show that (2.8) is equivalent to (2.12) since x4(¢) = y(¢). The initial
condition in (2.10) is similarly proved by setting t = 0 in (2.11). |

Concerning y (t) = (y(t), y'(¢), ...,y =D (1)) in (2.8); note that we can write

r ni—1

y(t) = Z Z c,-jtj exp(a;t), (2.13)

i=1 j=0
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where the coefficients c;; in (2.13) are such that (2.10) is satisfied. Therefore, to deter-
mine xx (), all we need is the solution of the most elementary IVP: an ODE with
constant coefficients in (2.9) and the initial conditions in (2.10)!

An exact formula for ¢;; in (2.13) is given in the next lemma.

Lemma 2.6. The following identity holds:

(2.14)

o 1 ni—j— 1( (A — ;)" )
PTG A D — - [Ti=1 (A — ae)
Proof. We first show that

A=a;

exp(At)A!
—Hk 1A —ag)me

Note that the expression for y(z) = y©@ (¢) satisfies the IVP given in (2.9) and (2.10).
Indeed, we have

yi=D() = (2.15)

d+1 d+1 i—1

e A A
> iy = m exp(At) (X ;’ ! nk) QAexp(At) =0
i=1 l_[k l( _ak) -

(2=6)1

with the convention c¢; = 1. Regarding the initial conditions, note that

6D ) Al é Ai—d _Jo 1=i<d
—I_Ik 1A —a) =TT (= ai/A)m 1, i=d.
Finally, using partial fraction decomposition, we have
1 LY by
= —_— (2.16)
Mems (e~ 2 2 G—apy™

with b;; given by the right-hand side of (2.14). The result follows if we can show that
cij = b;j. Indeed, observe that

A
o) O 15) Aexp(At) i) Z Z 'buQ A exp()u)

n’r<=1(k — )™ i=1j=0 i)/ T
r ni—1 r ni—1
. exp(At) d :
- Z Z bij 3&1 Q2 XA /A Z Z bijt’! exp(a;t)
i=1j=0 \ﬁfa__, i=1j=0
—exp(@; )

from the uniqueness of the solution of the IVP in (2.9) and (2.10); that is, we have
bij = c;j given in (2.13). ]
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3. Omega matrix calculus and time-dependent perturbation theory

Let us consider

H(@)=Ho+yV(), 3.1)
where H  is a time-independent Hamiltonian and y V (¢) represents a time-dependent
interaction term. Throughout this work, we assume that the spectrum of H ¢ is given
by a countable (discrete) set. We will be interested in the IVP (1.1) with H (¢) given
by (3.1) and ¥ (¢) in (1.2) determined by the time-dependent perturbation theory of

the evolution operator
Ut.to) =Y _ y"U™(t.10). (3.2)

n>0

where U(O)(t, to) = exp(—1(t —t9)H ) and
t 1
U™ (t,10) = (—1)" exp(—tho)/ dt / dty -
to to

th—1
x / iy V1)V 1(2) V1 (t) expito Ho)
1

0

ifn > 1with V(t) = exp(1 Hot)V (t) exp(—1 H ot). Here the subscript / stands for
the interaction picture [15]. The associated Dyson series is given by

Ui(t.t) = ZV"Ugn)(fJo)
n>0

with U (¢, to) = exp(it Ho)U (¢, t9) exp(—1to H o). For the convergence of the afore-
mentioned series see, e.g., [41, Theorem 69] and [30]. It turns out that for our purposes
it is sufficient to consider an interaction term of the form

p
V()= exp((twg + &)V, (3.3)
qg=1
Indeed, if
D
Vi)=Y f1(0V, (3.4)
qg=1

with analytic f; in a neighborhood of 0 so that we have locally

fa®) =Y 9] fo(0)1" /n,

n=>0

then we can use Lemma 2.4 with F — exp and G — f. More precisely, we have

p 14 A
Vi)=Y fi(0V4 = lim DD £ QA exp(t/M)V

q=1 I<mg=1



Time-dependent perturbation theory via the Omega matrix calculus 391

such that the dependence on ¢ of f; is transferred to the exponential function. The
potentials considered in [24,31] are all of type (3.4). The time-dependent potential
in (3.3) goes to zero as t — —oo with a small parameter ¢ > 0. This class of poten-
tials appears in time-dependent perturbation theory for bound states using adiabatic
switching. See, e.g., [34, (104) and (106)].

To justify the use of the Neumann series in the following theorem, we introduce
a complex parameter z small to ensure the convergence. Therefore, whenever we write

(1-3)=2G)

n=

we actually mean
(1-5)=X(3)
A o A
making the replacement A — A/z everywhere. Since the final result (after the elim-
ination of the Omega variable 1) does not depend on z, we omit this parameter for
simplicity. Recall that only null powers of A survive the action of the Omega operator
resulting in the cancellation of all the factors containing the parameter z. This strategy
was used before in the context of OMC [16-19].
We are now ready to state our main results.

Theorem 3.1. Assume that H (t) € CN*N (N < 0o) or H(t) is a restriction of (3.1)
to a subspace of H of finite dimension. Then we have the basis- and integral-free
Omega representation

p p
U(n)(t’to) = exp(llo(Qqn —1ne))(—1)" Z Z
qn=1

q1=1

Q=

eu(t—lo)MRqO (. €)

XVag Rg,(1.8)V gy R, (11, €)V g, Rq, (11, ),
where Hoq,(e) = Ho — (24, —i18)1,
Ry, (€)= (uI +1Hog, ()", (35)

and

Qqg, = Z Wq;

1<j=<i

with the convention qu = 0. Furthermore, we have the alternative representation

d—1 I
. Y 1
Ryi(pe) = lim 573 19 e () -0F Bl 00 G6)

I<m k=0

for the resolvent in (3.5) with xj 11 (t) given in Lemma 2.5 with A — —1 H o4, ().
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Proof. First, we observe that

n
Z(a)qi —18)ti = (wg, —18)(t1 —12) + (g, + wg, —218)t2 + -+ + (g, — L&)ty
= (wq, —18)(11 — 12) + (g, + wg, — 216) (12 — 13)

+ (wg, + wg, + wg; —318)t3 + -+ + (g, —16)ty = -+~

n
= (g, ++ + wg, —i16)(ti — li11)
D e

i=1
=qu

with the convention ¢, = 0. Therefore, a typical contribution to U Q) (t,19) reads as
follows:

t 13} h—1
/ dt / dty - / dty exp(—1(t — t1)H o4, (¢))
to to 1o

X Vg, exp(—i(t1 —12)Hoq, (¢))V g, exp(—t(tn—1 — tn) Hog,,_, (¢)) - -
X Vg, exp(=i(ty —to)Hogq, (¢)) exp(ito(24, — 1n€))

using
Hy = Hy,,(e) + (24, —1ne)l.

The result now follows using a strategy similar to the proof of [17, Proposi-
tion 3.4]. Using the Neumann series

iRy (1) = (I + z—HOZ‘ (8))_1 =3 (= —HO‘“(S))m", 3.7)

m;>0 K
we obtain
V n
Qe“(’ 1R, (1, o Lar Mqu(M 8)7 'MRq,I,l(Mﬁ)TqMRq,,(M,S)

= > (z)""'HOqo(s)VqlHOql(quz~-~ Hg' ™ (e)V g, Hoy ()

m=0, 4
1% eM(t—l‘O)
x S=2 ,Lle|+n
mo my mn 1 mn
= 2 (—l)|"‘|HO‘IO(S)V‘IIHOql(‘E)V@"' @V, Hyg (e)
mzon_,_l (|m| + n)'

% (t _ to)\mH-n

with m = (mo, ..., my,) and |m| = Y} _, mk. On the other hand, by expanding the
matrix exponentials in U (")(t, to) and applying repeatedly (a slight extension of) the
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incomplete beta function identity
k!
(k+14+ 1!

we obtain the desired result. Identity (3.8) can be easily obtained by showing that the
left-hand side and right-hand side of (3.8) satisfy the same IVP:

e r,1(t,10) = ldri—1(t,10) and g 1(to.70) =0
using Leibniz rule for differentiating definite integrals. Note the symmetry
P (1. 10) = (=1} gy 1 (10.1).

We now turn to the alternative expression for the resolvent in (3.5). We have

vy Ho,.
Ry, (n.e) = mll_1>noo Z l!S=2v— exp(—zo'l—;(‘g))
I<m K w

t
/ (s —to)*(t — s)'ds = (t — o)k T+, (3.8)
to

using the Neumann series in (3.7) and Lemma 2.4 with F(X) =exp(X) and G(X) =
(I — X)7! so that

I-X)" = lim Qv exp (%)
I<m

Finally, the result follows by recalling the representation given in Lemma 2.5. |

Using Theorem 3.1, we can easily obtain an Omega free generating function
which gives exact expressions for the n-term of the perturbation series (3.2).

Corollary 3.2. Let H( be diagonal with simple spectrum, that is, all the eigenvalues
of H ¢ have multiplicity one. Then we have the Omega free representation

(U™ (t.10))ij = exp(ito(Rq, — 1ne)) Z Z Z Z Z (—(t —fo))

q1=1 qn=1 i in—1 mzn
X hmn (i @iy 0y 0) (Vg iy - (Vg iy
with oi; = €i; — qu + jie suchthatiy =i and i, = j and an eigenvalue €; of H .

Proof. 1t follows directly from Theorem 3.1 with the resolvent representation in (3.5)
that

U™ (1. 10))i; = explito(Qy, — tne))(—1)" Z Z > Z Q

q1—1 an=1 1 in—1

x(l—i—z%) (1+ O‘/;‘) (1422 ul) (1+z%)‘1

X (Vql iip * " (V‘In)in—lj’

eM(t 10)
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which gives the desired result after using Lemma 2.3 and observing that
hm—n (=10, =104y, ..o =10, —10g) = (=) " hpp (0t @iy Gy, 0)
holds. "

It is possible to extend the result stated in Corollary 3.2 to include degeneracy as
we now show, but the resulting expression is more involved in comparison to Corol-
lary 3.2. Indeed, under the presence of degeneracy xj1(¢) in (2.13) carries besides
an exponential factor in ¢ also a monomial in ¢ resulting in a more involved expression
after the elimination of the Omega variables.

Theorem 3.3. Let 0(H o) = {€1,..., €} with an eigenvalue €; of Hy of multiplic-
ityn; and i € [r] such thatny + --- + n, = d, where d is the degree of the minimal
polynomial of Ho. We have the Omega free representation of the n-term in time-
dependent perturbation theory

p p
U™(1.10) = exp(io(Qq, —118)) D+ DY o> Ay -e- Ay,

q1=1 qn=1 ig in

x ) Mhm—|j—m\—n(“i0""’“i")

m!
m>|j—m|+n

x H, ko 20V g, an (8)

where |j —m| = Y} _oUr — mp), @i, = (... 05) € CHTmctl g = ¢ —
qu. + jie,
r ni—1d-—1 I—k—1

2= 2 YT ey (3.9)

i,j.k,l,m i=1 j=0 k=0I/=k+1 m=0

I —k—1
Al_Aljklm—cl]lkmch( m )

and

ifni >landset j =0=mifn; = 1.

Proof. We have

d r ni—1
X1 = Yty =>"> Z cijerdyF (1 exp(—et))
I=k+1 i=1j=0 I=k+1

r n;j—1

It tkemer G0 (1—k—1
3E Y Y et (0

i=1 j=0 I=k+1 m=0
EX:iyjyl,m
x 177 exp(—1a;t) (3.10)

EAijklin/(j_m)!
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if n; > 1 with the convention that c; = 1 and using Leibniz rule for the derivative of
the product. If n; = 1, then j = 0 = m. In our case, a typical contribution to xz ()
reads as 1/ exp(—ia;t) and a simple expression is obtained after eliminating the vari-
able v. Note that the following identity holds:
l .
. vy . 10 j! 1
lim NQ—(uv)™7 ex (——’): . — .
m—>00 21 W () = exp pv/ It (1 ey /)

I<m

Indeed, we have

lim Z'Q;(MU) J exp(—i> _ lja‘{, lim llQ_l exp<—ﬂ)

m—00 I m—o0 v
I<m I<m —H K
ARV T/'7
_ aj ! l—n
= al i Y3 (1)
I<mn>0 \f_/
=81,n
Jo.
LV S
R S Ty

which implies the identity. Note that only polynomials in the variable 1/u appear.
As a consequence, we obtain

d—1 1
. vy 1
Ry, (o) = Jim 37 312 e (o) 0 HE, @)

l<m k=0

Aijkim K vk
= Z Mj_m+1(1+l(Xi/I,L)j_m+1 (_l) Han(S)

i,j.k,l,m

using (3.9). The result now follows from Theorem 3.1 with the resolvent representa-
tion in (3.6) after observing that

Qei=10) 1 . o 1 '
= '[,LJO_mO+1(] + laio/ﬂ)jo_mo—’_l MJ’1_mn+1(] + lOli,1/M)]"_m”+l
(r — 1)
= Z Thm_|j_m|_n(—lai0,...,_lain)
m>|j—m|+n ’
using the notation e;, = (e, , ..., ;) € C/A™k+1 and Lemma 2.3.

Finally, we justify the presence of the factor (—z)™. We list the terms and corre-
sponding contributing factors

U™ (t.10) - (—0)", cij = (—1)fiti=e,
(_lai)l[—ki—mi—l N (_l)l[—k,-—mi—l, ¢ — (_l)d—li,

() HE (e) > (-, hin—{j—mj—n — (=)=,
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Altogether, we have
n li—ki—m;—1 (_l)d_li ki m—|j—m|—n m—|j—m|+ji—m;
(=) (=) m(—l) =)™y = (=)™ s
and the result follows taking the product
n .
S B (ORI N COLS
i=0
which enters the expression for U (”)(t, t9). ]

For clearness, since the expression for U ™ (£, 10) in the presence of degeneracy
stated in Theorem 3.3 is involved, it is instructive to work out an explicit expression
for U™ (1, o) for a particular case. From now on, we set U ™ (z,0) = U™ (¢). Let us
taken =2, p = 1 suchthat V(¢) = exp((tw + &)t)V in (3.3),r =3,n1 = 1,n, =2,
and n3 = 3, sothat d = ny + ny + n3z = 6, to obtain

SUEED VD VDS O

i0,J05k0sl0,mo i1, 71k 101m 1 i25)2,k2,02.m2 m>3"2 (i —mp)+2

X Ai()yj()yk()’l():m()Ailajlakl=ll’ml Ai2,j2,k2 la,m>

Xy 522 @iy iy i) Hog )V Hoy (e)V HG? (o),
where
ni,— 6 Ip—kp—1
ipajp,g;lpamp ’172—:1 .1172—:0 kpX—:O Ip %—H MPX—:O
with p = 0,1,2. We also have a;,, = (ati,,. ..., a;,) € C/»~™r+1 with
iy = €y, Qi = €, —w + 1€, Qj, = €, — 2w + 2i¢,

Hog,(e) = Ho, Hog,(e) = Ho— (0w —16)I, Hog,(e) = Ho—2(w —18)1.

In the rest of this section, we establish contact with previous work. First, it is
clear that Theorem 3.1 provides a genuine generalization of Putzer’s representation,
because upon setting —1 H — H we obtain

n
exp(Hot) = U(1)]y=0 = UV (1) = Qe™ R g, (11, 0)

, S U\ gy
=mh—I>nooZZ S=2€ vxk‘i‘l(ﬁ)HO

I<m k=0

-1
=Y xes1(OHE, (3.11)

k=0
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where the last equality follows from the uniqueness of the coefficients in (2.7). Any-
way, for clearness, we confirm by an explicit calculation that this is indeed the case

) wy o L . welt v
lim E NQet = lim NQ— ™" =¢".
m—00 = (/’LU)n m—00 =" =
I<m Ism o ~——
=tn/n! =81.n

In other words, the term containing (uv)™" in xg4q(1/(uv)) goes to " under the
action of the Omega operators. From the above, we see that once the time dependence
of H(t) is set to zero (by taking y = 0 in (3.1)), we recover the original Putzer
formulation in [40]. Therefore, our work extends Putzer representation to the time-
dependent setting.

Likewise, we can show that Theorem 3.3 is a generalization of Lemma 2.6. Indeed,

we have
) Ik—m—1, ! —k—1 " X
U ([) = Z CijQ; Cl]! m Z ;hn_j+m(ai)HO
i,j.k,l,m n>j—m
with a¢; = (04, ..., 0) € C/7™F1 Result (3.11) with xx4(¢) given by Lemma 2.6

now follows by observing that

(j —m)! ’

hn—jym(o;) =

and comparing with (3.10). We can easily show that this identity holds using the
generating function in (2.3) by setting m = 1, taking 8{ ~™ on both sides of (2.3),
and comparing the final result with (2.3) by setting m — j —m + 1 with x; = x for
ie{l,....j—m+1}.

Next, we show that our work is associated with the representation of [31]. To
achieve this goal we give another proof Theorem 3.1 by introducing a basis for the
time-independent Hamiltonian H  and using the approach via divided differences
described in [31]. We will see that exactly the same result follows via this route and
another one taking as the starting point Theorem 3.1. Let us first review some defini-
tions and basic identities of [31]. We write

< S(xx)
f[xo, . ,Xn] = = Hj;ék(xk — XJ')

for the divided differences of a function f. In particular, we have

)m+n [OlO, o, Oln]m—i-n

(m + n)!

exp(—ttag, ..., ay]) = Z (=t

m=>0

(3.12)
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with
0, m <0,
[og, ... 0" = {1, m =0,
hm (g, ..., 05), m>0.
Note that
exp(—it[ag, ..., an]) = exp(—it[ac(o), - - - » Uc(m)])

for any permutation ¢. We also need [31, Appendix B, Identities 1 and 2]. More
precisely, we have

t t th—
(—z)”/ dt1/ 1 dtz---/ 1 dtyexp(—t(ogty + -+ + auty))
0 0 0
= exp(_lt[ﬂ()""ﬂﬂn—lvo])’ (313)
where B; = Y77\ a; and
exp(—it|ag,...,un]) = exp(—1tB) exp(—tt[Bo, ..., Bal), (3.14)

where 8; = a; — B. Equations (3.13) and (3.14) stand for Identities 1 and 2 of [31],
respectively.

Now let us consider the representation of U (”)(t) in the basis of the eigenvec-
tors of Hq with {€g,...,€,} € 0(Hy). Therefore, we are left with the integral to
be determined using the usual iterated-integral representation of the time-dependent
perturbation series

t 13} n—1
/ dt1/ dtz---/ dty exp(—t(e; — €9 — wy)t1)
0 0 0

X exp(—i(ex — €1 — w2)t2) -+ - exp(—i(€y — €p—1 — Wy)1y)

n n—1
:exp(—l[en—eo— E W, €p_1 — €y — E a)i,...,el—eo—a)l,O]),
i=1 i=1

which follows from (3.13). Using (3.14), we get

the
0

t 131 1
exp(—zteo)/ dt / dty - [ dt, exp(—i(e; — €9 — w1)t1)
0 0

X exp(—i(€2 — €1 — wa)iz) - - exp(—1(€y — €p—1 — Wn)ly)
n n—1

= exp(—lt[en — Za)i,en_l — Zei, € —a)l,eo]).
i=1 i=1

Now we show that exactly the same result follows directly from Theorem 3.1, but
this time instead of the iterated integrals we use the Omega operator representation



Time-dependent perturbation theory via the Omega matrix calculus 399

of U (”)(t) given in Theorem 3.1. Again, by passing to a representation in the basis of
eigenvectors of H o, we obtain

w eht 1 1 1 1
=u* 1 +tiag/pl+ia/mw 1+ iap—/pnl +i1a,/pn

m+n
= Z C lt) hm—n (Qy, - - . , ) = Z - lt) m(an""’aO)

(31)
=" exp(—it[an, . .., a])

with oy = € — Zle w; using the convention Z?=1 = 0.
We are now ready to explore Theorem 3.3 in applications in the next section.

4. Examples

As noted in [31], even simple Hamiltonians have complicated terms in the time-
dependent perturbation series if the integral representation is used, but the representa-
tion using OMC or divided differences turns out to be rather simple. To exemplify this
point, let us revisit [31, Example 1]. We consider the (non-Hermitian) Hamiltonian

H(t)=Hy+ye'E'F,

where F is a permutation operator of the eigenvectors of Ho with F|z;) = |zf),
where |z;) and |zf) are eigenvectors of H o with associated eigenvalues €; and €y,
respectively. In this case we have p = 1, w; = E, and V1 = F. Using Corollary 3.2,
we have

(U™ (@))z;)

(=)
= Y e @i ity i ) (F iy (F )iy

I15eesin—1

(= lt)”’
=Z hm-n(er, € —E,....,eg —(n—1)E,¢; —nkE)

m>=n

=exp(—itle, —nE,ef —(n—1)E, ..., ¢ — E, 7))

if n is odd and zero otherwise. We used that «;; = €;; — jE, and the representation
of F using the basis {|z;), |zf)} is
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Therefore, in this case i = 2 and i,, = 1. Note that in the context of our framework
the expression for (zy|U ™) (£)|z;) is straightforward and agrees with the correspond-
ing expression given in [31] apart from a minor typo in [31, (19)]. The corrected
expression is given above.

Now let us consider a time oscillating two-level Hamiltonian

H(t) = wgo; + g cos(wt)o

with the Pauli matrices

(1 © d (0 1
02—0_1 an ax—lo.

In this case, we have |z) = |s) withs = 0,1, p =2,y = g/2, w1 = ®w = —w,, and
V1 =0, = V,. From Corollary 3.2, we have

(s|U™(@)]s)
N Z Z (_iZ!)m hnn (=1 w0, ... (=1)* T wo — Qq,,_,. (=1’ w0 — Qg,,)

m>n q
= > exp(—1t[(=1)*wo — Qq,,. (=1 'wo — Qg ... (=1)* " wp)),
q
where Q4, = —w Z;-:l(—l)q/ withevennand }, =3, . . A similar formula

holds for (s|U "™ (¢)|1 — s) with odd 7. Finally, we obtain

_ (a0 B0
W”‘Qw>mm)

where

as(1) = ZZ( ) exp(—1t[(—1)*wp — g . - ... (—1) T axg]),

n>0 ¢q
2n+1
b0 =Y"3(5) ep(rl—1'@0 = gy (C1 ).
n>0 ¢

which agrees with [31, (C3)].
Next, we consider the time oscillating infinite-dimensional Hamiltonian

1 r
= f Z — T 4
H() a)(a a—+ 2) + 1 cos(Qt)( ) (a" +a)".
In this case, we have |z) = |n) withn € Ng = N U {0}, p = 10, y = I'/(32m>w?),

w1,2,3,4,5 = £ = —0s,7,8,9,10, and

Vy= Zcq(n)ln +2q — 6)(n]

n>0
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suchthat V45 =V, forq € {1,2,3,4, 5} with

ci(n) = Vn(n —1)(n —2)(n - 3), c2(n) = Vn(n —1)(4n - 2),
c3(n) =32n% +2n + 1), ca(n) = /(n + 1)(n + 2)(4n + 6),

es(n) = /(n+ 1)(n +2)(n + 3)(n + 4).

The decomposition above is obtained by expanding (a' + a)* and collecting terms
with four annihilation operators (one term), three annihilation operators (four terms),
two annihilation operators (six terms), one annihilation operator (four terms), and no
annihilation operator (one term). Therefore, we can write

gcos(Qt)( ) (@’ +a)* = y(exp(th)ZV + exp(— zSZt)ZV )

q=1 q=1

From Corollary 3.2, we obtain

5
(mUD@)n) =" cqVhm-1(ent2g—6:€n — Dmnt2g—6 + (2 > —Q)
g=1m>1

= > " cq(n)exp(—it[entag—6.€n — 2mnt2g-6 + (2 —> —Q)
qg=1

with €, = w(n+1/2). Again our expression agrees with [31, (24)], apart from another
minor correction: D45 +4 should be replaced by D5 4 in [31, (22)]. To show the
correspondence, recall that £, = w(n + 1/2) and use (3.14) in [31, (24)].

Therefore, we have shown that all the examples considered in [31] are special
cases of Corollary 3.2. Furthermore, the closed form expression in Theorem 3.3 can
also be represented as follows:

p p
U™ () = Z Z Z”'ZA"O”'A""

q1=1 an=1 iy in

x exp(—1t[eti. ... i, NVHo &)V, Vg, Hen (e) 4.1

using divided differences. The closed form expression (4.1) is an Omega free gener-
ating function encompassing all the examples considered in this section and therefore
generalizes and unifies all the examples presented in [31]. We remark that it is easy
to obtain all the examples considered in this section starting directly with the Omega
free expression given in (4.1) by observing that

1—k—1
Aljklm = Ajokio = Ciol; Cl
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with
1

[T (i — )

Cio =

using Lemma 2.6 and

o = (D! Z Ciy = Wig_y-

1<ij<-<ig_;<d

It is worth mentioning that the exponential in (3.12) which appears in (4.1) can be
calculated efficiently with polynomial complexity in n [26].

Finally, we consider V (¢) = ¢*' V and take ¢ty — —oo before setting ¢ — 0. We are
interested in analyzing (in a non-rigorous way) the difficulties met under the presence
of degeneracy in the context of our framework. We first consider H( with simple
spectrum. In what follows, we have a; = ¢; and a; = €; + 1. From Corollary 3.2,
we obtain

WP (1, 10))5

—1(t —tp))"™
_ egzoezsite—zejto(y)ij Z Mhm—l(ai’aj)
m:

m>1
_ (—1(t —19))™ 2 Am—l
_ L&l te,t 1€ 1o | %
s D TR LYy Ty
(V)i (— l(l—lo))'” Ao A" A
— &0 L€t ,—1€ T J Q
e _afm2>:1 (l—a,/)k l—ozj/k)
_ pflo gicit y=1cj10 V)ij é(exp(—z (r —10)A)  exp(—i(r — to))t))
a — 0 = l—ai//\ 1—0[]'/k
R t()(V)ij exp(—1(t —to)a;) —exp(—1(t — to)ot;)
o — Olj

exp(et +1(e; —€j)t)
e+ 1(e;i —¢€j)

= =17y ( —(t — 1))

using Lemma 2.3 to get the second equality. Therefore, we have
(€)) : (1
U7t —00))ij = Mlim (U7 (t.10))ij

exp(et +1(e; — e])t)

=1 (V)i e+ 1(e; —¢€j)

This is a well-known calculation.

Now we turn our attention to H including degeneracy using Theorem 3.3. We
will see that the situation is much more subtle due to the presence of j, m ;é 0,,+1.
The intricate nature of the presence of degeneracy of H in adiabatic switching was
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already noticed before. See, e.g., [11,12] and references therein. In this way, following
the same route outlined above, we obtain

hon—1j—m|—1(et;, o)

é Am—lj—ml—l
=3 (1 _ai/k)jo—mo'Fl(l _ Olj/)\.)jl_ml—‘rl
8£O_m0 aél'_ml 2 Am—1
— i J Q
(Jo—mo)! (j1 —m)!'=(0—0; /A)(A —a; /L)
jo—mo  gJ1=mi A m m
_ .aal. . o, ( 1 Q( A B A ))
(Jo—mo)! (j1 —m ) N\ —oj =\l —0; /A 1—0;/A
| e
(Jo—mo)! (j1 —m)'\ o —«;
j
By o ay

~ Go—mo)! (e —ap)mmFT (i —my)! (¢ — ag)fomot

using again Lemma 2.3 to get the first equality. We have

. o™
gJ1—mi J

(aj — ai)jo_m()+1

Ji—my .
J1—my P —m— _i _
= 3 (7 e e ey,

n1=0

Going back to (U El)(t, t0));j and using Theorem 3.3, we note that

m
li etg 1€t ,—L€ 1o ( l(l B tO)) Jo—mo o; ~0
m e “e e - ,
to—>—00 m! "‘l (Ol,' _a.)jl—m1+1
m=|j—m|+1 7
but

. —1(t — tg))™

lim ef0ei€ite™H€ 10 E Mama'ﬂ

to—>—00 m! o; ]
m>|j—m|+1

= lim estoeleite—lej to
to—>—00
—1(t —19))"
x> =) '0)) m(m —1)-+-(m —ny + el ™
m=>|j—m|+1 n:

= lim estoeleite—lej to Z (_l (t — ZO))m am—nl

to—>— — 1T
0—>—00 m>|j—m|+1 (m nl).

= hm (1t —1o))"e 510 1€il , —le,tOZM

m=>0
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= lim (—1(t —19))" e®0e* i e 0 exp(—1a; (1 — 19))
tp—>—00
=exp(et +1(e; —€;)t) lim (—1(t —1p))"",
tp—>—00

which is not finite if 77 > 0. Recall that 0 < n; < j; —m;.

5. Concluding remarks

We introduced a new and simple combinatorial approach based on OMC to com-
pute the terms in the time-dependent perturbation expansion of the quantum-evolution
operator U (7, 19). To determine U ™ (¢, 15) all we need is the elimination of the Omega
variables involving the most simple case handled in Lemma 2.3 along with the solu-
tion of the IVP given by (2.9) and (2.10). We have shown that our approach implies as
special cases Putzer’s representation [40, Theorem 1] of the matrix exponential and
the integral-free approach to compute the time-dependent perturbation series using
divided differences put forward recently in [31]. After the elimination of the Omega
variables, we showed that all the examples considered in [31] are special cases of
Corollary 3.2. Note also that in contrast to the representation given in [31] our is
basis-free; that is, the eigenvectors of H ( are not assumed to be known a priori. Fur-
thermore, in the context of OMC, we have the additional feature of using Lemma 2.4
in order to transfer the matrix dependence of one function to the other. This feature
was a key step in order to generalize Putzer’s representation to the time-dependent set-
ting and in obtaining the closed form expression given in Theorem 3.3, which unifies
and generalizes all the perturbation calculations exemplified in [31]. We also show
that degeneracy associated with H ¢ in the context of adiabatic switching is a subtle
problem which already appears in the first order of perturbation theory. We believe
that due to the simplicity (yet furnishing us with non-trivial results) and versatility
of the approach discussed here that other interesting applications will appear besides
those considered here. For example, as time-dependent perturbation theory is con-
nected with Feynman operational calculus [30, Chapters 14—-19] we think it would
be interesting to explore Feynman method to disentangle the exponential of operators
using OMC.

Acknowledgments. We thank the referee for the constructive and helpful remarks.
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