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Many-electron relativistic quantum theories of stationary molecular electronic states have been developed
in so-called quantum chemistry, in which nuclear configuration is frozen in space-time under the Born-
Oppenheimer approximation. These time-independent methods are concerned with energetics, which are
supposed to determine molecular structures and dominate low-energy chemical reactions. Yet, rapid progress
in laser technology demands that theoretical chemistry should get prepared for relativistic electron-nucleus
coupled dynamics driven by unconventional ultrastrong laser pulses. We therefore generalize our previously
developed path-integral formalism of nonadiabatic electron dynamics [Hanasaki and Takatsuka, Phys. Rev. A 81,
052514 (2010)] to cover the relativistic regime in radiation fields. Starting from a formal relativistic path-integral
formulation of electron-nucleus coupled systems interacting with quantum radiation fields, we reduce it to a
tractable level of approximations to set a theoretical foundation for future applications.
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I. INTRODUCTION

The Born-Oppenheimer (BO) approximation, having
emerged from the large discrepancy between the timescales of
the dynamics of electrons and nuclei in molecules, effectively
separates the molecular quantum mechanics into two sub-
fields, one mainly treating energetics given by the stationary
electronic states at each frozen nuclear configuration and the
other for dynamics, which is represented by nuclear wave
packets running on thus derived electronic energy hypersur-
faces. Within the BO approximation, systematic ab initio
calculation methods for many-electron stationary states have
been developed [1] and have contributed to great successes
in understanding static properties of molecules and also in
explaining a large number of chemical reactions in which
most of the electronic states under study adiabatically stay in
the lowest energy level.

On the other hand, the breakdown of the BO approxi-
mation in the so-called nonadiabatic reactions has also long
been known [2-4]. Such breakdown has become critically
important with the advent of femtosecond laser techniques [5],
which enabled direct observation and control over dynamical
electronic state transitions with a timescale of typical nuclear
vibrational motion. The notion of ultrafast electron wave
packets undergoing kinematic interactions with moving nuclei
is a key to studying those dynamical processes [6—9]. Further
progress in laser technology has offered even more powerful
tools including free-electron laser sources [10] that generate
ultraintense laser pulses of variable wavelengths including
x rays [11,12] and attosecond techniques [13,14] that enable
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direct observation of electron dynamics, including those in
relativistic regime.

Electrons accelerated close to the speed of light exhibit
relativistic effects [15—-17]. In molecular science, relativistic
electrons have long been studied in heavy atoms [18-21] and
their static properties have been subjects of intensive research.
Radiation corrections arising from those electrons have been
extensively studied using field-theoretical approaches and
have achieved accurate reproduction of experimental observa-
tions [20,22]. The roles of those states on the static chemical
properties of many-electron atoms and molecules [21] have
been studied by chemists using quantum chemical ab initio
calculations, which include detailed analysis of the relativistic
orbitals [23,24] and clarification of characteristic bonding
properties of those materials [21,25,26].

Dynamics of those electrons, on the other hand, has not
yet been fully investigated, partly because those inner-shell
electrons hardly take part in dynamics of typical energy scales
in conventional atomic and molecular experiments. However,
the advent of intense ultrafast x-ray laser sources [10,12] and
development of core-excitation spectroscopic techniques [27]
have been removing such limitations. Core electrons as deep
as several keV can now be controlled with femtosecond time
resolution [12,28]. Indeed, a number of pioneering studies
including heavy elements [28-30] lead us to believe that
core-hole dynamics with significant relativistic effects can be
observed in the near future. Another type of dynamically con-
trolled relativistic electrons is realized in ultraintense infrared
optical fields by directly accelerating electrons close to the
speed of light [31,32], though the latter type of field-induced
dynamics, which requires nonperturbative treatment of strong
external optical fields, is not a subject of this paper, but has
been discussed in our recent publication [33].

Relativistic dynamics of interacting electrons is de-
scribed by the quantum electrodynamics (QED), which was
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established in the first half of the twentieth century by a
number of researchers including Tomonaga [34], Schwinger
[35], and Feynman [36,37]. The framework, including the
covariant perturbation theory and renormalization as its core
components, was soon applied to bound systems in the pi-
oneering works by Bethe and Salpeter [38] and Gell-Mann
and Low [39]. The bound-state QED was then applied to
the calculation of static properties of atoms [18-20], includ-
ing the radiative energy corrections of heavy-element ions
as a typical example, and realized accurate reproduction of
experimental observations. Study of atomic properties has
further been developed and is reviewed in Refs. [18-20,40—
42]. More recent progress in these studies include efficient
calculation techniques applicable to non-Coulombic potential
[43], Coulomb gauge formulation [44—46], and inclusion of
many-body perturbation theory (MBPT) techniques [47,48],
which should realize more accurate calculation of many-
electron systems.

Apart from these works, a number of low-energy effective
theories have been invented including the theory of Breit [49]
and Pauli [50], which provides low-energy expansions of the
Dirac Hamiltonian [51]. These theories provide useful tools
for inclusion of relativistic corrections into the nonrelativistic
Hamiltonian framework. However, we do not proceed in
this direction since the validity of these effective theories is
often limited to low-energy physics and their applicability to
dynamical processes is not clear.

A more systematic ab initio numerical calculation of
relativistic electronic states has also been developed by a
number of quantum chemists [17,52]. Advantages in their
approach include applicability to arbitrary molecular systems,
taking account of electron correlation effects and ability to
construct relativistic wave functions. Practical calculations
of chemical properties of large molecules are often best
achieved by two-component theories including the Douglass-
Kroll theory [53,54] and the exact two-component (X2C)
approaches [55-57] because of the smaller computational cost
than that of its four-component counterpart. In this paper,
however, we concentrate on the original four-component rep-
resentation. Such four-component wave functions can then
be constructed by a variational approach [58], by relativistic
density-functional theory [59,60], or even by exactly solving
the Dirac equation [61]. Multiconfiguration calculation proce-
dures to include correlation effects beyond the self-consistent
field (SCF) level include the relativistic multiconfigurational
self-consistent field [62] and the relativistic configuration in-
teraction [63,64]. On the other hand, those quantum chemical
approaches usually rest on the Hamiltonian formalism and the
equal-time (i.e., all N, electrons lies on the same spacelike
surface) wave functions. Although such formulation is essen-
tial for enabling direct extension of nonrelativistic quantum
chemistry, retardation effects, and/or dynamical coupling to
the radiation field are usually missing. Here, we note the
recent works [65-67] that explore systematic reformulation
of relativistic quantum chemistry with direct correspondence
to the QED formulation. They succeed in including one-loop
QED effects, including the vacuum polarization effects and
the electronic self-energy, into the framework of quantum
chemistry. At this point, however, it is not clear if such
advanced formulation extends to dynamical problems. In this

paper, we work on a formulation that explicitly takes account
of the radiation field degrees of freedom, which is beyond the
framework of quantum chemistry.

We start from the QED Lagrangian or the full Hamilto-
nian to formulate relativistic dynamics of molecular systems,
which is then reduced to a more feasible form. In the latter
step, we can take two independent tracks: a path integral ap-
proach and a wave-packet approach. These two bear their own
distinguished advantages and applicability. We here discuss
the path-integral approach, whereas the wave-packet approach
has been discussed in our recent paper [33]. The molecular
relativistic path integral, to be presented in this paper, is
formulated by extending our formerly built nonrelativistic
nonadiabatic path integral [68] into the relativistic domain.
We use the standard perturbation expansion [15,16] to include
electron-radiation couplings. Although such perturbative ap-
proach is close in idea to the most standard established
approach in QED [15,16], it also limits its application range
to perturbative dynamics such as dynamics induced by high-
energy x-ray irradiation. We consider that nonperturbative
dynamics is better formulated by the wave-packet approach,
which has been discussed in our recent publication [33]. In
the present molecular studies, nuclear dynamics is treated
within the nonrelativistic approximation, taking account of
their much heavier masses. Nevertheless, it must be formu-
lated in such a manner that is consistent with relativistic
electron-radiation coupled dynamics.

This paper is organized as follows. In Sec. II, we discuss
a formal theory of relativistic dynamics of molecules. After
formulating fundamental quantities and defining initial and
final states, we decouple the nuclear degrees of freedom and
construct perturbation expansion to derive a formal path-
integral expression of dynamical observables of our interest.
We then proceed to practical formulation in Sec. III, which
is the main part of this paper. We construct an effective
Hamiltonian and reformulate the formal path-integral expres-
sion derived in Sec. II to a feasible form in that matrix
elements required in practical calculations are within the reach
of existing techniques [41,42], which is briefly discussed in
Sec. IV. Section V is devoted to summary and discussion.

II. FORMAL THEORY OF ELECTRON-
NUCLEUS-RADIATION COUPLED DYNAMICS

A. Fundamental quantities in relativistic dynamics

We first define fundamental quantities required in our
discussion. In this paper, we use the sign convention
(1,—-1,—1,—1), and the metric tensor n"” is a diagonal
tensor with noo = 1, 711 = 22 = n33 = —1. Symbol ¢, rep-
resents the electronic charge, which takes a negative value:
qg. = —le|]. We use the Gauss unit for the electromagnetic
field and the fine-structure constant is e?/%ic & 1/137. Unless
specified otherwise, we consider a molecular system with
Npue nucleus and N, electrons allowing for additional vir-
tual electron-positron pairs arising from the electron-radiation
coupling. The nuclear coordinates are denoted by 3Nc-
dimensional vector R which collects N, three-dimensional
vectors R = (R, Ry, ..., Ry, ). We assume the ath nucleus
as a nonrelativistic pointlike particle with mass M, and charge
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Q. at spatial coordinate R,. Other notations, which follow the
standard convention in QED [16], are described explicitly in
the main text.

We first introduce an abstract expression of dynamical
observables, which represents the target quantity in dynamical
calculations. We consider a transition matrix element of a
set of arbitrary observables Oy, Op, ... at given space-time
points X4, X, ..., along the time evolution of the system
from an electron-nucleus coupled state |Q2; : R;) at time #; to
|27 : Ry) at time ¢/ to define

Myi(Xy, X, .. .;Rf, Ry)

= (Qf : Ryle M e MG Ry),

(D

where H'" is the total Hamiltonian in the Heisenberg picture.
The Coulomb gauge path-integral expression of the quantity
M reads

Mf,:f]_[dR/]_[dA”‘/]_[dw/]_[dx/f
X O(Xy)...8(V 'Atr)(QfEf)(éi'QiW%’Sa 2

where R, A", and v represent the nuclear coordinate,
transversal radiation field, and electronic field, respectively,
whereas S represents the action as a functional of these fields.
Symbols |;) and |&/) represent the initial- and final-state vec-
tors, respectively. The numerical factor (€2,[&/) (§;]€2;) adds to
an infinitesimal imaginary part to the action integral by which
the field propagators have the correct boundary conditions
[16]. The action integral S reads

Ou(Xy) ...

S = /dtL"”“(R, R) + / d*x{L¥ + Lo+ Loow + L},

3)
with
——— M,R?
L™ = — X{I:Mac2 1— Raz/c2 ~ Z aT + const.,
(4a)
1 .
Lig = gAAT/e) = (V x A"}, (4b)
il h 2
Lo =Y"|ihd; — | ca- =V + Bm.c” | |, (4¢)
i
1 3 1
LCoul == d ypmat(x7 t)—pmal(ya t), (4d)
2 Ix —yl
[-:g-l[ - Jmat : Atr? (4e)

where M, and m, indicate the nuclear and electron masses,
respectively, and pmar (Jmat) represents the matter field charge
density (current) or the summation of the electronic and
nuclear charge densities (currents). Symbols « and B represent
the Dirac matrices, and c is the speed of light. Symbol x
represents the four-dimensional coordinate of the field oper-
ator, whose components are denoted by x* = (xO = ct, X).
Following the standard convention, those denoted by bold
symbols, Xx,y, ... represent the (three-dimensional) spatial
part of coordinates.

For later convenience, we also write down an equivalent
Hamiltonian,

/Htot — Z M {PZ |:QaA(Ra)i| }

f d*x 2[4nc2n“2 J
3ot h 2
+ | d°xyr ca-—,V+ﬁmec W

/d3 /d Y Pmat (X, t) |pmal(yvt)

L(V x A)Z}
TT

— 2 [ i, )
c

where IT" = A" /(47 ¢?), negative of the transversal part of
the electric field, is the canonical conjugate of A". We then
introduce an electronic mean-field potential Wyr(X,y, ) to
rewrite the electronic Coulombic term as

LCoul(Xa t) = _WT(X’ t)Unuc(X)W(Xa t) - / dsy‘/ﬂ-(xv t)

x War(x,y, DY (y, 1) + L, (6)

where Uy, represents the nuclear Coulombic potential acting
on electrons

m@mz%/f

with f,(y) being the normalized charge distribution of the
ath nucleus. An obvious choice of f, is a § function f,(y) =
83(y — R,) but we also allow the use of a finite-size distribu-
tion function taken from existing nuclear models [69]. Such
nontrivial charge distribution is, however, only be used for
convenience of electronic wave-function calculations. Other-
wise, nuclei are treated as nonrelativistic point charges. The
last term in Eq. (6), L, represents the difference between the
Coulombic interaction and the mean-field potential defined as

fa(¥) )

Pel(y, t)

1
Lo(x,1) = -5 / d’yper(x, 1)

1
Ix —yl
+ f Iy x, OWar, VY (y, 1).  (8)

We then introduce a Fermionic eigenvalue equation

h
|:CO[ : 7V + :Bmecz + Unuc:|(pl(xv t)

+ /d3yWHF(Xv Y. Dee(y, 1) = ge@e(X, 1), 9

whose eigenfunctions are hereafter referred to as the molec-
ular orbitals (MOs). Here we are interested in the state with
a given configuration of N, positive-energy MOs represented
by an index set Z,.. (if we are interested in the ground state,
for example, the lowest N, are occupied and occupied orbitals
are Toce = {1,2,...,N,}):

PO =Y 9l (X Dee(x,1). (10)

L€Toec
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The mean-field potential Wiy is set in such a manner that
makes later calculation easier. The most natural choice should
be the Hartree-Fock potential

a
IX X'|

Zwu(y,m oy baxn. A

L€Toec

Wix, v =3 =8y [ @x T

with i and j representing the spinor indices. However, the
nonlocal nature of Wyp will later appear to be inconvenient
in perturbation expansion, which is discussed in Sec. [V. We
therefore replace the original Wyp by its local approximation
Wﬁ%‘: obtained by one of existing techniques [70-73]. Our
action integral now becomes

S= / dthuc(R, R; Atr) + / d4x(£}§ + 'Cmf + LCoul + Eint)s
(12)
with

L = I/IT(X, t)<ihat —ca- EV - Unuc>¢(x»t)
l

— ¥ (%, OWEE (X, DY (x, 1), (13a)
Line = L35 + Lt (13b)
L™ (R,R) = Z (%Mal'{ﬁ + Q“R -A"(R, t))
QaQb
— _ 13
2R, &, (130

Then the Hamiltonian representation H'*' = H™° + H¢ +

HE + H.,q follows with

nt

c 1 h Qth
Hnuc — V _ —A 14
Zw( ) LR gy (4
h
H:11f = /‘dSXw(Xat)T [Cu . 7V + ﬂmecz
+Unuc(xv t) + WI.II(;:C(X,I)1|W(X, t), (14b)
HE = 53 /ds /d%y \(x, t) y|Je°1(y,;)
- / dPxy (x, 1) Wit (x, DY (X, 1)
d’xJe - A", (14c)
C
Hna = l/dax P 4 (VX AT (14d)
rad ) yp s

where J!| represents the electronic current operator formally
defined as [74]

1
Ji (1) = 5D I 0 096 ) = ¥ 6 DY (%, Dlear,
L)
(15)

with o” = (1, &). In addition to those internal degrees of
freedom, we also allow possible addition of an external field
into H. ef in the form

Hext(t) = —q. f Ixy’(x, Dy (x, 1) - A™(x, 1),

which is to be added into the mean-field Hamiltonian Hrfllf.
In what follows, our discussion therefore takes account of
possible time dependence of HE..

B. Decoupling of nuclear degrees of freedom

We extend the path-integral formulation we developed
in Ref. [68], which closely follows the novel nonadiabatic
path-integral formulation established in pioneering work by
Pechukas [75]. The Pechukas formalism uses a formal step-
wise integration of the fast (electron and radiation field) and
slow (nucleus) components of the system. Application of this
technique gives our target quantity M ¢; the following form:

Myi(Xa, Xp, .. .;Rf,Ry)

Rf ;
= / DRteESnuc[Rr]Mef!i,rad[Rl](XA’ XB, . )’ (16)
R; ’

where flif " DR, represents a formal nuclear coordinate path
integral connecting the initial (R;) and final (Ry) nuclear
configurations and Mdf‘ld is a functional of nuclear path R,,
defined by the electron-radiation path integral

MR (X, X, - )

= (q,f|e—ier,';rfd/h o 7167{5(,‘31/ 04(Xp)e™ ieH LW,
17

where |W;) and |W ) are the initial and final electron-radiation
coupled state vectors in the Heisenberg representation, respec-
tively, whereas H'™ is defined as

Qa

fHel,rad(R’ l) = Hel,rad(R’ t) — R AU(Ra) (18)

a
with electron-radiation part of the Hamiltonian H ¢4
HE™(R, 1) = Hye(R, 1) + Hiy + Hra, (19)

where possible explicit time dependence of HS arises from
external fields. In Eq. (17), we have discretized the time in
the interval [t;, 7] into n infinitesimal slices of width € =
(ty —t;)/n and each step point is denoted by 1, = t; + ne. We
assume that time points X{, X, ... are approximated by the
step points j,, jp, Jje, - - .. In such discretized time represen-
tation, for notational simplicity, we use shorthand notations
suchas R; = R(z;) and ’H;l’rad = H(R;, 1;). We also drop
the explicit reference to the nuclear coordinate when obvious,
for example, |Ws : Ry) — [Wy). No approximation, except
for nonrelativistic approximation on the nuclear dynamics, is
formally involved in Eq. (16), provided that one can perform
the nuclear coordinate path integration exactly. In practice,
however, there is no established general way of performing
such path integration but the stationary phase approximation.
Nevertheless, we can formally treat R, as a given function
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of time in the evaluation of electron-radiation path integral,
Eq. (17), and thereby formally decouple the nuclear dynamics.

C. Formal perturbation expansion

We next formulate a perturbation expansion of the
electron-radiation part M?i’md, defined as Eq. (17). Since
we have decoupled the nuclear degrees of freedom, we can
treat the nuclear coordinates as a given function of time, R;.
We first set the zeroth-order Hamiltonian to the mean-field
Hamiltonian, that is,

Hy = H (R, 1) + Hya, (20)

which has an explicit dependence on the nuclear configu-
ration R, and additional explicit time dependence arising
from possible external field. We then introduce an interaction
representation for an arbitrary operator O by

é(t) = e*i.f/OHodt/hO(t — 0)efif(JtH0d‘L'/Fl’ (21)

where O(t) represents the Heisenberg operator, and we also
introduced time-evolution operator

. ra -a—b a—=b
e—tfh Adr _ lim e_’”TA(h+(’1_l)17)

M—o0

—i%LAb+(n—-2)52E)

x e e IHAB) (22)

or alternatively, using the time-ordering (7) and anti-time-
ordering (7 operators, we may compactly write

T exp[—i [, A(t)dT]
Texp[i [7A(r)dr]

The right-hand side (RHS) of Eq. (21) can further be rewritten
as

a fora>b
oy AdT — =

. (23)
for b > a

o) = iu(t, 0)O)it(0, 1) (24)
with time-evolution operator i, defined as
it 1) = e~ Hodv/hg=i [} Hd/h ,~i [} Hode/h (25)

J

(@ : Ry|TU (00, —00; R )04 (Xs) ... | i : Ry)

Since this time evolution operator satisfies the following dif-
ferential equation,

8 . .ot
i it 1) = [ 7 Hode R (R, £)e = Jo o™ /Miuce, ),
(26)

with the boundary condition (¢, t) = 1, a formal solution can
be obtained as

t
it 1) = T exp [%/ ds[-?i‘;’llt(RS,s)]. 27)
.

Without loss of generality, we can assume the initial and
final states of the dynamics to be the adiabatic states, or the
energy eigenstates of the electron-radiation coupled system
with a fixed nuclear configuration. We can also assume the
“adiabatic connectivity” between the zeroth-order eigenstates
of Hy(R) and the radiation-corrected eigenstate of H(R). The
initial state of the dynamics should then be obtained by a
formal infinite time integral

1 . U,(0, Foo : R)|D, : R)
Wy : R) = — lim ,
NF =0 (D, : R|U,(0, Foo : R)|D, : R)

(28)

where NP represents an appropriate normalization factor,

|®, : R) is the eigenstate of Hy(R), and |V, : R) is its

radiation-corrected counterpart. The adiabatic wave operator

U, (0, FFoo : R) is defined as

- 0
U,(0, Foo : R) = (T/T)exp [% / dse”™IHE (R, s):|,
’ (29)

with n being a small damping factor and I—?ﬁ}t(R) being the
electronic interaction Hamiltonian for a fixed nuclear con-
figuration R. In Eq. (29), 7(7) should be taken in case of
—00(+00).

We can thus define a formal perturbation expansion of our
target quantity for a given nuclear trajectory R,

ME™R,] = lim

n—+0 N;*/\/;@f :Ry|U (00, 0)|®f : Rp)(®; : R;|U(0 : —00)|®; : R;)’

where the nuclear trajectory is extended to an infinite time
domain,

~ R, fort <y
R, =R, fors; <t <y, 31D
R, fort >t

and the initial and final states in Eq. (30), |®; : R;) and |/ :
Ry), are the eigenstates of Hy corresponding, in the sense
of Eq. (29), to |[¥; : R;) and |W/ : Ry), respectively. In what
follows, we drop the tilde over R for the sake of simplicity.

D. Lagrangian formulation of nuclear dynamics

Having thus formulated the Lagrangian and Hamiltonian
as well as the initial and final adiabatic states, we now

(30)

(

proceed to the study of electron-nucleus coupled dynamics.
We first consider a direct relativistic extension of the Pechukas
formulation.

We first introduce a path-integral expression of the transi-
tion amplitude Ky; and its associated electron-radiation path
integral IC;'l.’rad by removing operators Oy4, Og, etc. such that

Rf f
K= / DR e SmRIICLIR, ). (32)
R;

The stationary phase condition for the nuclear trajectory R,(¢)
gives a Newtonian classical equations of motion

MR, = F,(1) (33)
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but with a nonclassical force derived by a functional differentiation of the effective action Sy, + 7 1n Kyi/i as

F,(t) = Re

h
Snuc R -Ink i R ’ 34
Slla(t)< R/ ]+ ; In 7il t]) (34
where the real part projection has been introduced, following Pechukas [75], in order to obtain a real-valued force. Applying the
same idea, our path integral leads to the following nuclear equation of motion:

-0 Unuc Qa

.. . el, rac . el,ra 8 .
MR, (1) =Re|:(‘11f|€’EH"]1d/h et d/”'< =t 7{—§AH(R(,) +R, x [V, x A“(Ra)]D

: g gel,rad ;g gelrad : el,rad : el,rad
X e_lEHk—l /h . e—léHO /h|\lji>/(\1’f|e_l€%”’l /71 L. e—leHO /Fll\yi)}’ (35)

where the operators in the curly bracket represent the Coulomb and Lorentz force acting on the nucleus. While the Coulombic
term, —aUy,./0R,, is essentially the same as what we find in the nonrelativistic theory [68], the rest arises from interaction with
the radiation field. In actual calculations, the radiation field is a summation of possible external field A®* plus the internal fields
arising from the electronic current evaluated by a perturbation expansion, the latter formally leading to the following expression:

Aj(x,1) ~ <<I>f|§_l—ec / dYYT{U )y Y MAT AT (X, 1)} @) /(D | T, (00, —00)|D;)

1 —
= Z/d4yD;r[(X7t’y)Jﬁl(y)’ (36)

with D;T[ representing the transversal photon propagator and 73 (v) representing the expectation value of the electronic current.
For classical nuclear dynamics, however, one should replace D;} (x, ;&) with the retarded Green’s function in order to get
a physically clearer picture. Such expressions recover the retardation effects and electronic current effects missing in the
Coulombic interaction.

In the nonrelativistic regime, the force given by Eq. (35) is sometimes referred to as the Pechukas force and the corresponding
dynamics, formally represented by a pair of self-consistent equations (33) and (35), is referred to as the Pechukas dynamics
[note that the Pechukas force expression Eq. (35) implicitly depends on the nuclear trajectory, and hence the Pechukas dynamics
requires self-consistency of the solution]. Although it is one of the most accurate formal expressions of the mixed quantum-
classical nonadiabatic dynamics, the Pechukas dynamics has a severe problem: There is no established scheme [76] to solve
these self-consistent equations. A more practical approach is then to replace it by the equal-time expectation value of the force
operator,

Fu(t) = (W] e"”i”fd/h[% + %{_%A”(Ra, 1)+ Ry % [Vy x A(R,, tk>1}>e_“%z]'md/h eIy,
(37)
which can be evaluated by a perturbation expansion of the form
F. (1) = (®;|U,(—o00, 1) Teitt;, T, n)[% + %{—%A“(Ra, tn) + Ry X [V x A"(R,, m)]})
x Uy(ti, —00)|®;) /(®;|Uyy (=00, 1) Teii(ti, T, 1)U, (8, —00)| ), (38)

(

with |®;) (|®/)) being the initial (final) zeroth-order state
vector corresponding to |W;) (|W)), the symbol 7. represent-
ing the ordering of operators along a folded timelike contour
represented by (t;, T, t;), which starts from #; and increases to
some far future time T > ¢, and then decreases back to ¢;. Here
the nuclear configuration in the time range ¢ > #; can be fixed
as R, , since all the contributions from the time range ¢ > #
cancels out. In nonrelativistic theory, the force represented
by an equal-time expectation value of the gradient of the
electronic Hamiltonian is referred to as the Ehrenfest force
and the corresponding dynamics is the Ehrenfest dynamics.
Equation (37) is a relativistic extension of the Ehrenfest force
[68,77]. The Ehrenfest dynamics, which is a combination of
Egs. (33) and (38), can be solved in an explicit manner since

Eq. (38) does not depend on the future trajectory, R,, with
t > t;. A well-known deficiency of the Ehrenfest dynamics
is that a system evolves into a fictitious superposition of
multiple adiabatic states with nuclei moving in an averaged
force field. Such problem is, however, avoidable by additional
modifications, including those proposed in Refs. [78,79]. For
simplicity of the discussion, we hereafter assume validity of
Eq. (38).

III. PRACTICAL FORMULATION OF
ELECTRON-RADIATION COUPLED DYNAMICS

Evaluation of the matrix elements represented by Eq. (30),
which contains time-dependent H,, requires real-time
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integrations, whose numerical implementation should require
large computational cost if not impossible. In order to get a
tractable expression, we propose an alternative formulation.
Below we construct an effective Hamiltonian that includes
radiation corrections.

A. Construction of an effective Hamiltonian

We first consider a d-dimensional subspace of the Fock
space, %), which we require to be invariant with respect to
the operation of Hy,

Vig) € o, Holp) € H. (39)

We also introduce a projection operator P which projects an
arbitrary state vector to 7). As is discussed in Refs. [80,81]
(also see Appendix A), one can construct a wave operator €2
having the following properties:

Hel,radgp — prHel,raszp’
PQ="7P;

(40a)
(40b)

i.e., the image of the linear map €2, which is hereafter denoted
by QJ74, is a d-dimensional space and is invariant by the
operation of the full electron-radiation Hamiltonian H°-™d,
An explicit expression of €2 is given as (see Appendix A)

Q= lim U,(0, —00) (41)
n—>+0

1
PU, (0, —00)P’

with U, being the perturbative time evolution operator with
a damping factor 7, given in Eq. (29). It follows that Q7%
is spanned by a set of eigenvectors of the full Hamiltonian,
{IW,) :a=1,2,...,d}, such that

HE™W,) = €| W,), 42)
with &, being the oth energy eigenvalue. We also intro-
duce a set of projected eigenvectors {|F,) =P|V,):a =
1,2,...,d}, which are also the preimages of the eigenvector
in the sense |V,) = Q|F,) by virtue of Eq. (40b). The map-
ping operator €2 can then be expanded as

Q=) |Wo)(Fal (43)

with {|1§) o =1,2,...,d} being the set of conjugate vec-
tors to the preimages in the sense

(Fy|Fp) = 8up. (44)

In order for the conjugate set of vectors to be well defined, we
here require the overlap matrix S,g = (Fy|Fg), which is by
construction Hermitian, to be positive definite. It then follows
that § is invertible and one can construct the conjugate vector
by (Ful = X, (S Fy 1.

We can identify PH el nd Q) appearing in Eq. (40a) as an
effective Hamiltonian H, :ﬁ;rad:

Heef!frad PHCI rddQP (45)

Although not being Hermitian in general, HS;™" maps % to
itself and decomposes as

el,rad __
H eff -

d
> IF)EaFal. (46)
a=1

which shows that the (right) eigenvalues are the true adiabatic
energies.

In practical application, we calculate HS:™ by a (finite-
order) perturbation expansion using a set of orthonormal basis
set{|I): I =1,2,3,...,d}. Wethen calculate right eigenvec-
tors of the matrix representation of HS;™" as

Y UHE)E] = E.F,) (47)

J

to obtain each eigenvalue &, and the associated preimage
vector |F,) = Y, II)F/.

We can also switch to a Hermitian expression of H%™ by
a transformation

Hel rad

i = S*l/zH‘:t!ttradSl/z’ (48)

together with an associated transformation on the state vector,
from |x) to |X) = S~!/?|x). Note that matrices S*!/? are both
well defined under the assumption of positive definiteness
of the overlap matrix S. Such symmetrization can poten-
tially be useful in numerical calculation, however, we here
keep the original non-Hermitian H™ for simplicity of the
discussion.

Up to this point, the requirements on the choice of 74
are the invariance with respect to Hy and the additionally
introduced positive definiteness of the overlap matrix S. We
may then expect that Zj can include an arbitrarily large
number of eigenvectors of Hy. Reference [80], for example,
discusses an infinite dimensional .74 that consists of the
whole set of two-particle states, though their analysis is based
on a model different from ours. On the other hand, as we
discuss in Appendix A, at least in our present model with
Coulombic bound states as the main target, there can be fur-
ther restrictions on % in order for the perturbative expression
Eq. (41) to be meaningful. We will later come back to this
problem.

B. Effective time-evolution operator and derivative couplings

We now formulate the molecular time evolution. Here-
after, the nuclear coordinate dependence of the operators
and vectors discussed above is written down explicitly. We
first consider the exact dynamics of the state vector start-
ing from a given superposition of adiabatic states |[¥;) =
> Wyt R)Cy (1o) at time £y and evolving in time to 7. By
discretizing the time in the interval [fy, f7] into small slices
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€ = (ty — to)/n, the time evolution can be described as

- el,rad . el,rad
e N DL 7% RO)Ca(tQ):|
L o

= ¢TI T N Wy < Ro) (e ) Cy(ro)
a,p

i I_I’fl_,rad B el g . —eRy-X(Ry) _ieHmd /g
= e I TS T Wy Ry (e KX (7T (1)

| @By
n—1 . i
= Z W, RM[H( L W P /h)ﬂkak}cao(m)’ (49)
s+ 00, Bt o k=0

where quantities at the jth time slice are denoted as t; = 1y + je, R; = R(t;), and Hfl’rad = H"I(R;, t;), etc. The symbol X
represents the derivative coupling of the true adiabatic states '

0
Xos = (¥, : R|—|¥5 : R). 50
g ={ |8R| s :R) (50)

We then define a corresponding effective time evolution operator by

71‘6Hel'mdn71/h

. el,rad
UR(ty, 19) = et e et /N (51)

with H eeflf‘mdj =H :t!f?rad (Rj, ;). The superscript () in the left-hand side (LHS) of Eq. (51) represents the number of time slices,

which should be sufficiently large. It acts on the projected initial state vector | F(fy)) = P|W,,) = Y |Fy : Ro)Cy(to) as

U (17, t0)| Fty)) = e Hais/h | g=ieHaiy'/h [Z |Fy : Ro)Ca (lo):|
o

- el,rad
— eilEHefl'n—l/h .

. el,rad - el,rad
LMY U s Ro) (e Chi)
a,p

. yrelrad
—ieHgg', "/ .

—ieHg"\" /1 . —€eRy X" (Ro) —ieH™ /n
..e i 1 Z |Fy : Rl)(e 0 o )aﬂ(e o )ﬁycy(to)

=e
_a,ﬁ,é
ol b 1,rad
eff . el,rac
— Z |Fa,l . Rn) l_[ I:(e—éRk»X (Rk))o,kﬂﬁk (e—lEHk /h)ﬂkak:lcao ([0). (52)

In Eq. (52), X defines an approximate derivative coupling
associated with the projected adiabatic states

Xt — (F -R|i|F :R) (53)
aff — a - IR B - ’

which is related to the true adiabatic derivative coupling X,z
by (see Appendix B)

(1 ="P)|¥g : R), (54)

0 ~
XM =Xop + (= Fy
wp = o T <8R

and the difference between ngé and X, g, represented by the
second term, is negligible or at least can be reasonably trun-
cated [82]. If we neglect differences between the derivative

(

couplings, Eq. (52) describes the same time evolution of the
coefficient c,(¢) as that of the true dynamics, Eq. (49). We
therefore propose Eq. (51) as an approximate time evolution
operator.

One can in principle calculate the true derivative couplings
between two adiabatic state vectors using the formula

1 aHel,rad(R)
(Vg : R|——F0—

Xy5(R) =
p(R) Ep— &, IR

|Ws :R)  (55)

where the matrix elements in the RHS are to be evaluated
by perturbation expansions. Nevertheless, Eq. (52), which
requires that we should neglect the small difference between
X and X, is practically important since it allows basis set
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transformation in the projected space J73. It is well known in
(nonrelativistic) nonadiabatic dynamics that numerical calcu-
lation can be much easier and more stable by avoiding the adi-
abatic basis set and using quasidiabatic basis set with smaller
derivative couplings [83]. We can indeed switch to an arbitrary
orthonormal basis set Z={|[:R):I=1,2,...,d}, which
has nonsingular dependence on the nuclear configuration, and
start our calculation from |F (%)) = Za’ M Ro)Fa’ (Rp)CY,
thus deriving

|‘7:ff) = Z

L (N

HZ Ry, 1)/l I
% (e ieH g (R, /1)Jk]k:|ZFaU(R0)Cg’
o

n—1
. —€Ry- X% (Ry)
1, Ry) |:1_[ (6 ! )Ik+l~lk
Jo

k=0

(56)

where Heff (R) is expanded by the basis set # and the deriva-
tive coupling is defined by [Xeff(R)]U = (I : R|9/0R|J : R).
One can indeed show that Eq. (56) is equivalent to Eq. (52)
[but not directly equivalent to Eq. (49)] within the basis set
expansion.

C. Path-integral expression using the effective Hamiltonian

We have thus rewritten the electron-radiation coupled time
evolution into a more managable form, Eq. (51). In order
to obtain the corresponding practical approximation for the
electron-radiation path integral in Eq. (17), we reintroduce the
radiation-nucleus coupling part ), Q,R, - AR, 1)/c, where
A(R,, t) represents a combination of the transversal radiation

J

field A" plus possible external field. Because of the factor
IR,|/c, which is small for nonrelativistic nuclear motion, we
can assume that its effect on the radiation-field dynamics
is negligible. We therefore treat it within the first-order ap-
proximation in the following sense: (i) We use H®""™, which
neglects the nucleus-radiation coupling, in evaluation of the
wave operator  and the effective Hamiltonian H%™, etc.
(ii) In evaluation of the path integral, > O.R,-AR,, 1)/c
is included in the action integral as a small external pertur-
bation that virtually does not affect the time evolution of the
system. (iii) In the calculation of the nuclear dynamics, for
example, by solving Egs. (33) and Eq. (37), we apply the
perturbative expression, Eq. (36), to evaluate the transversal
fields at the space-time points (R,, ). We also reintroduce the
operators O, appearing in Eq. (17) with an analogous manner
to Eq. (45) as

O = POLQP,

with R,, being the nuclear coordinate at time #4. The meaning
of Eq. (57) should be clear from the following expansion:

(57)

(Fu| O |Fy) = (Fu|PO4 <Z |wc><fi|)|Fﬁ>

= (FulP Y [Wa) (Wa|On| W) (Fe|Fp)
c,d
= (Wy|Oa W), (58)

where the last side represents the matrix element of O eval-
uated between the exact energy eigenstates. We can then
formulate our approximation on Mj,li’rad as

HLI rad

el N =20 Ra 120 Ay X! Ry-)]) = el H N~ 3, Ra 19 Aay o +iRXS (Ry—2)])

MR ~ (Fyle™s

i el,rad Qa T eff
O (1)L e REHE T K R LS AT HAXT R | 7y (59)

with A,; being a shorthand notation for A(R,, tj), and [Xfff(R)]a p= (Ex :R|3/0R,|Fp : R) being the effective derivative
couphng with respect to the ath nucleus. In Eq. (59), we have included the derivative coupling X° in an explicit manner.
We see that it appears together with the vector field in the form exp {i ), R, - [iAXeT + %A(Ra, t)]/h}, which is an expected
behavior by the (generalized) gauge symmetry and partly supports the appropriateness of our first-order treatment of the vector
field. We also note that, in Eq. (59), in contrast to Eq. (17), both the initial and final states belong to the model space, the initial
state being the model state projection of the adiabatic state, | F;) = P|W¥; : R;), whereas the final state (/| is the conjugate [in
the sense Eq. (44)] of the projected adiabatic state |Fr : Ry) = P|W¥, : R). In practice, those vectors are computed from the
right eigenvectors of Hg at the initial and final nuclear configurations.

There are yet more advantages in this approach relevant to solving nuclear dynamics. From Eq. (59), we find that the path-
integral expression using the effective Hamiltonian has the same form as that of the nonrelativistic electron-nucleus coupled
dynamics. It can therefore be mapped onto a Schrédinger dynamics [68]. To see this more clearly, we first recall that the full
time evolution of the system is described by Eq. (32). Applying the time evolution operator Eq. (51) for electron-radiation
coupled time evolution, we obtain

Rf i ~ i el,rad ’ Qa Atry pyeff
Kji = [ DR,e#SmiRI(F ;R |e~ helH T~ X Ro %A+ R,-))
R;

_ie el,rad R .1 Qa Atry cpyeff el,rad 2 [ Qa Atr_ iryeff
x e € et s =)o Ra [ 5 AT +iRX] R, —pelHg s =2, Ra [ 22 AT +ilX, (RD)”|F,~ ' Ry)
R(aJl R@ Lrad_ ('(-'21’ (a) o
M, (L )2 Le(Hy™ o L [ Qe AT iRXET(R )]} .
/ | |dR > § T TR 11y, Ry fere 2 - C®IIE,  R))IR))

Op—1
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n—1 n—1
~ _ i 1 (@) _ Qa pAtr__; 12

= /Hde/HdeE E H(RHIHFam LRy e 7€ T g P = AN R,

j=1 j=1 [ o)

iP.(Riii—R,) —Liepehnd

x eiPr R R HET B LR R,)

= — ~ i T il st — AT, R )P
= [ []ar; | []dP; D> - D [ [Rin1l{Fe., : Ripilve i

j=1 j=1 A1 o

el,ra

—iepelnd
x |P)(P;le” "™ |F, : R;)IR;),

where |P;) represents a momentum eigenstate, the boundary
terms, j =0 and j =n are fixed by the initial and final
conditions in a such manner that |Ro) = |R;), |R,) = [Ry),
|Fy,) = |F), |Fy,) = |Fy), etc. In Eq. (60), we have also
slightly rearranged subscripts and superscripts for notational
clarity; either Rj.“) (PE“)) represents the ath component of
R (P) at the jth time slice, etc. From Eq. (60), one can
extract an operator expression of the full time propagation
of the system. Switching from the path-integral picture to the
wave-packet picture, we expand the time-dependent electron-
nucleus coupled state as

20 = [dRIR) Y 1@ Ryu®, (6D
1

where Y, |®; : R) x; is an expansion of the electron-radiation
state vector at time ¢ using a given orthonormal basis set {|] :
R):71=1,...,d} which expands the model space %) asso-
ciated with the nuclear configuration R. The initial condition
on the state vector should be set so that >, |®; : R) x;(R, 0)
equals the projection of the initial adiabatic state

Z |P; : Ri) x1 (R, 0) = |Fy, : Ri) xo(Ry), (62)
I

where «; is the index of the initial adiabatic state and yo(R)
is the initial nuclear wave function. The time evolution of the
wave packet is then represented by the Schrodinger equation

1 [h \°
ihx (R, 1) = Z [Z o (;Va —inXe — %A)

J a

+ Hi™(R, t)} xR, 1), (63)
1J

where, since we are treating the nucleus-radiation coupling
by the first-order approximation, A is not a dynamical de-
grees of freedom but a summation of possible external field
plus an expectation value of the dynamical radiation field
evaluated in a similar manner as Eq. (36). Depending on the
strength of the induced current in the target system, the latter
can even be completely neglected. The Schrodinger equation
Eq. (63) then enables application of almost all the types of
existing nonadiabatic calculation tools. In particular, besides
the effective Newtonian-like equation of motion of Eq. (35),
it allows for larger number of choices of nuclear dynamics

(60)

(

implementation, including quantum-mechanical wave-packet
approaches (see Ref. [84-86] for just a few examples) or
various semiclassical wave-packet approaches developed for
nonadiabatic dynamics [87-89].

D. Discussion

We here discuss the validity and limitations of our present
approach. Our effective Hamiltonian H:™ includes radiation
corrections through the wave operator 2 which is rewritten as
a perturbation series as shown in Eq. (41). Unlike the formal
perturbative expression given in Eq. (30), the perturbation
series Eq. (41) is evaluated at a fixed nuclear position, and
thus it allows application of the standard techniques in QED.
In Sec. IV, we calculate the lowest few order terms in the
perturbation series.

Another implicit advantage of the present approach is that
our working equations, Egs. (60) or (63), formally reduce
back to the corresponding equations for the conventional
radiation-free nonadiabatic dynamics for vanishing electron-
radiation coupling. This aspect is important since we empir-
ically know that such conventional radiation-free approxima-
tion has successfully been applied to numerous nonrelativistic
dynamics of molecules.

Yet we also need to take care of the limitations in the
present approach. First, the size of the Hilbert space %
(or Q257}) is limited to a d-dimensional linear space. Unlike
in the nonrelativistic dynamics, there are certain restrictions
on the choice of J# as we discuss in Appendix A, though
we are at this point not certain about maximal extensibility
of A4).

Second, a considerable part of radiational excited states
are missing. While our effective Hamiltonian reflects radiation
field excitations that are coupled to the electronic states, other
types of excitations, for example, excited states of a pure
radiational character, are missing. Such missing effects should
only be recoverable by explicitly taking summation over all
possible radiational excited states in all the intermediate time
steps (see Ref. [90] for path-integral expressions connecting
different excitation levels of the radiation field). In this paper,
we assumed that those missing effects to be negligible but it
certainly illustrates formal deficiency of our present scheme
that expands the electron-radiation dynamics with a purely
electronic (photon free) basis set.

Third, we clearly need another formulation if there are
short-lived excited states with the radiative decay processes
within the timescale of the target dynamics. We discuss such
dynamics separately in Appendix C.
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IV. EVALUATION OF THE RADIATION CORRECTIONS

Here we discuss explicit expressions of the effective
Hamiltonian H5;™ [Eq. (45)] and the effective operator for
a given observable O§T [Eq. (57)].

A. General strategy

Below we consider an N, electron molecule with a fixed
nuclear configuration and we assume that the solutions of
the set of electronic mean-field equations, Egs. (9), (10),
and (11), are already at our hands. We also assume that the
exchange terms are localized by application of one of existing
techniques [70-73]. To our knowledge, such locality is pre-
requisite for performing QED calculation using established
techniques [20,40,43], though there are attempts to lift this
restriction as discussed in Ref. [66]. We set the zeroth-order
Hamiltonian as Eq. (20) and consider perturbative corrections
by HS = H"™ — Hj,. The full expression of HEl, given
as Eq. (14c), is, however, not convenient for a systematic
perturbation expansion because of its complexity arising from
the Coulombic and mean-field subtraction terms. Instead of
the full expression of H, we start with much simplified one,

int?

HY (1) = —é / PP (x, DAY (x, 1), (64)
to construct the diagrammatic expression of the perturbation
series. The remaining part, Hi‘fllt/ = Hifllt — Hi‘;lttr, can be rein-
troduced afterward by exploiting the one-to-one correspon-
dence between the Coulombic interactions and the transversal
photon exchange interactions (i.e., one should accompany the
other in order for the final expression to be gauge invariant).
We “reinterpret” the (transversal) photon lines in the obtained
diagram to include the Coulombic effects according to the
following scheme: (i) All transversal photon lines of the
self-interaction type, i.e., those emitted and reabsorbed by an
identical electron lime, are reinterpreted as the summation of
the Coulombic and transversal photon exchange interactions,

d*k  4rm
Q) k2 + ie
where € represents an infinitesimal positive constant, whereas
the symbol A, representing the gauge choice, takes either the

Coulomb gauge (A = C) or the Feynman gauge (A = F) with
corresponding factor @fw given as

K2 kk,
e, = —sgagﬁ —(1=8)(1—9)) (% - ;(—2) (662)

(66b)

/\ —ik(x—y)
D) (x—y)=— e ik })G/W’

v

(65)

F
O = Nuv-

(ii) All transversal photon lines of the other type, i.e., those
connecting distinct two photon lines are to be reinterpreted as
the summation of —D¢ or —DF plus the mean-field subtrac-
tion term

A _ A 0 04 ¢0 ¢0
—Dﬂu(x—y)——Dlw(x—y)—S(x =y )(SM(SV
W) + W)
> .

Hereafter, we use the Feynman gauge for its simplicity,
whereas we also note on the recent progress in the Coulomb

(67)

gauge formalism [44—46], which indicates that the Coulomb
gauge is also be applicable in practical calculations and it can
be even more suitable choice [91] for molecular systems with
strong electron-electron correlation effects.

B. Radiation corrections to the total energy

We first consider the relativistic radiation corrections to
the total energy. For this purpose, there are a number of ad-
vanced techniques available including the S-matrix approach
[92,93], the two-time Green’s function technique [42], and the
covariant time-evolution method [41]. A detailed comparison
among those three was given in Ref. [41] where they argued
that the latter two are more flexible in that they are applicable
to (quasi)degenerate multidimensional model spaces which
we discussed in Subsec. III A. We here adopt the two-time
Green’s function technique [42,94] for its clarity and broad
applicability.

Following Ref. [42], we introduce an N, electron Green’s
function defined as

N, . .
Gry(Xi,...stx), .51

1 —
= <QO|ET(\It(x,,z)\1:(x2,z)...\It(x;,e, 1)

x W(xy _p.1) ... )I0), (68)

with ©( representing the vacuum and W being the electronic
annihilation operator in the Heisenberg representation, and its
Fourier transformation,

Gy (X1, .. 5X), .. s 0)218(w — o)
E/dt/dt”'“”_i‘””’Gl}’”T(xl,...;t;x’l,...;t/), (69)

which is then expanded in the basis functions of the model
space, {&; : I =1,2,...,d}as

G2 = /Hd3xj/1_[d3x}¢;(x1,...,XN)

N, . .0 .0 0
X Grp (X1, .3 Xp, - SV Yin—1) - - - V)

x Dy(x], ..., Xy). (70)

We then consider its integration along the complex contour
I, which is supposed to enclose all the (true) eigenvalues of
H of the target states but not other poles of G]}]"T, whereas

in reality, poles of finite-order expansion of GJ}/fT arises from
the eigenvalues of Hj [94]. We then define the following two
matrices,

d
Sy = f e * Gu). (71a)
r <71

d
K= % oy Z.ZQIJ(Z), (71b)
r <71

together with their operator forms, S = Zf 721 | @S (D]

and K = Z?,J:] |®;) 17 (Dy]. The effective Hamiltonian is
then constructed as

Ha = KS™, (72)
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FIG. 1. The lowest order single-electron radiation corrections.
Panel (a) represents the one-loop electronic self-energy correction
to the Hartree-Fock propagator, which is decomposed into the free-
electron self-energy (b) and one- (c) and two-potential (d) terms,
whereas panel (e) represents the vacuum polarization effect, which
can be approximated by the Uehling potential (f). Single and double
arrows represent the free-particle and Hartree-Fock electronic prop-
agators, respectively, the wavy lines represent photon propagators
and the dashed lines emitted from crosses represent the mean-field
potential field Wi,

J

which expands as
(1) (D
eff =K

2) _ @
Heff =K —

— KOgMm
]C(O)S(Z) _

(732)
KO S50
(73b)

(K(l) _

Below, we show the outline of our scheme, which follows
the Green’s function approach described in Refs. [41,42,94].
Details are summarized in Appendix D.

We first evaluate diagrams arising from a single-electron
interaction with the radiation field. The contribution of the
one-loop self-energy [Fig. 1(a)] to the effective Hamiltonian
is

H(LSE)

1
eff i (K:( :

= KOOSOy = (rIzeli), (74
and hence we only need the MO matrix elements of the self-

energy operator X at energy &;.

Following Ref. [93], the self-energy of the Hartree-Fock propagator, Fig. 1(a) is decomposed into Figs. 1(b) to 1(d). Using the
free-electron one-loop self-energy ¥, and the vertex correction [16,40] Fi‘L, the summation of Figs. 1(b) and 1(c) is evaluated

as

3
(r|=(enli)™ = / / d3xd3x’¢,<x>< / éT‘;efP“*"’){zm(p, &) — dmec® — (Zo — D[(eiy® — cp - ) — mc*1}

d3 / .
/ / (2;;3 ok P XY (p, e p. &) — (Zy — Dy Wi (pf —p)><pz(X) (75)

with §m.c? = T1.(p)| p=(m.c,0)» Zo — 1 and Z; — 1 being the mass, wave function, and vertex renormalization, respectively, where
Z, = Z; follows from the Ward identity [95,96]. Since the MOs satisfy the mean-field Dirac equation, divergent contributions

proportional to Z, — 1 and Z; — 1 cancel and the remaining divergence is only &m,.c?

. Both ¥y, and T}, have analytical

expressions [40]. The remaining one, Fig. 1(d), is finite but requires numerical evaluation of the following integral:

/ _ dk
(IS (i) = / f Pxdx / f &Pyidy:7,x) f Sy Sg e yiser — AV W)

x SF(y1, y2; 8 — ck®)y W,

with S5 and S¥ being the free-particle and Hartree-Fock
electronic Feynman propagators, respectively. Since the ex-
pression in Eq. (76) is finite, coordinate integrations can
be performed numerically using the real-space expansion of
those propagators, and the remaining k¢ integral is to be
performed along the imaginary axis, as is established in
Refs. [43].

We also consider the vacuum polarization effects, rep-
resented by Fig. 1(e). Within the first-order correction to
the free-electron result, it is approximated as Fig. 1(f) and
evaluated as

(r2(eni) = f / dE*xd*x'@,(x)" (x, X' 0)@i(X),
(77)

where £V7! is defined as
, ’q
i) = [ S8yl g0

x T1}%(q, 0)Wi(q), (78)

WS (v2)Sg (v2. X1 &1 — ck®)y @i (x)DF,, (x, X' ck?), (76)

(

with IT}; being the one-loop vacuum polarization function
[16] calculated using the free-electron propagators. This in-
tegral is then evaluated by using the integral representation of

1

FIG. 2. Electron-electron interaction diagrams. Notations are the
same as those in Fig. 1. Each panel is referred to as (a) single-photon
exchange, (b) ladder, (c) crossed ladder, and (d) three-electron ladder,
respectively. As stated in the main text, each photon line in these di-
agrams is evaluated with the mean-field subtraction term as Eq. (67).
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(a) (b) (©)

A

t

FIG. 3. Diagrams arising from combination of single-electron
and electron-electron interaction terms, referred to as the screened
self-energies. Notations are the same as those in Fig. 1. In these
figures, the photon lines connecting the two distinct electron lines
accompany the mean-field subtraction term.

the Uehling potential [20], which results in

3 2 %]
d’q S —e

@2n)y T Ji

(E+ L)t w09
352 35t J @2+ 4522 T
where «¢ = m,c/h represents the inverse of the (reduced)

electronic Compton wavelength. The total self-energy, in our
present scheme, is thus given by

dsv/s? —1

£ (x, y; @) =6(x—y>/

T=30 + 3% + 3@+ (80)

where the subscript fin. stands for the finite part.

We next consider the lowest two orders of the electron-
electron interaction terms, which are represented by the four
diagrams in Fig. 2. The corresponding explicit expressions are
shown in Appendix D.

We also consider the second-order diagrams arising from
a combination of single-electron and two-electron terms. In
the present level of calculation, such combination takes the
same form as the screened self-energy, which is discussed
extensively in Refs. [46,97-99]. We therefore follow the dis-
cussions in Refs. [46,98] and consider the three diagrams in
Fig. 3, whose explicit expressions are also given in Appendix

D. We have thus shown a perturbative calculation scheme of
Hel,rad
eff

J

FIG. 4. Diagrams representing the second-order expansion of
O.tr. Hexacrosses represent the operation of O, whereas other no-
tations are the same as those of Fig. 1.

C. Radiation corrections to general observables

We next discuss evaluation of general matrix of the form
Eq. (57), which represents a radiation-corrected operator for
a given observable O [hereafter, we drop subscript A in
Eq. (57)]. We use the perturbative expression of Q2 given in
Eq. (41), to derive an order-by-order expansion of Oyt

ot — pop, (81a)
o™V = pouhp, (81b)
ot = poup — POUL PSP — POPSOP,

(81c)

with 7 = PU;’)P. All n appearing in Eq. (81) are to be
understood as a sufficiently small positive number, which is
to be taken the limit  — 40 in the end.

We take an example in the single-particle potential-type
operator O = fd3x$(x)y00(x)1p(x), where o(x) is an arbi-
trary given potential function. Again, we construct perturba-
tion series by Hg.". Since HS\" is odd in the photon number
while potential type operator O is not, the lowest order
nontrivial contribution therefore arises from the second order,

0§ =POUPP - POP.S>P. (82)

The diagrammatic expression of the corresponding
perturbation series are shown in Fig. 4. Among those
diagrams, we first evaluate the one-particle irreducible ones,
shown as Figs. 4(a) and 4(b), the sum of which reads

0
0P =ihe? / d*x f / &y d’y, f f dndng, (y)y"SE (&, 11:x, 0)y0x)ST (x, 0, y2, 1)y

o0

0
x (pi(y2)el(€rfl*fifz)DMv(yl’ T1;¥2, T2) + ihez/d3x f/ d3y1d3)’2 /f dfldszI'[)/OSF(X, 0;y1, Tl)yﬂ

o0

x ST (y1, 1%, 0] §,(y2)y ' 0i(¥2)e' @ =D (y1, 113 y2, 1), (83)
with &, being the reduced molecular orbital energy &, = ¢¢/h. In Eq. (83), the photon propagator D,,, is the transversal photon

F
Y

propagator DEU, but it is to be replaced to D

further rewritten as

when we reintroduce the Coulombic interactions. Equation (83) can then be

0
Oé?f’b),,- = /// d*xd’y,d’y, // d1dng, (YD (y1, 115 Y2, 125 X, 0)g;(y2)o(x)e & —5m)

—0Q

0
+ / / / Pxdyidys / / dt1d 20T (x, 03 y1, 7)Dpn (31, 713 ¥, )0, (Vs )y iy & 502 (84)
—00
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with 'z, and IT;; representing the one-photon vertex function and the vacuum polarization function, respectively. With use of
the established techniques for removing divergences from these functions [16,40], we can set Eq. (84) free of divergences.
We next consider the one-particle reducible diagrams, Figs. 4(c) and 4(d). We first consider the part POU ®P whereas the

“subtraction term,” POP.®P, will be taken into account later. The diagram Fig. 4(c) reads

O(C)

0
off i = // dudr /// d*xd’y1d’y2,(x)y "o(x)S" (x, 05 y1, 7))y  i(y1)e ™
—0o0

x €Dy (y1, 713 Y2, ) Tr[—ifiy*S* (y2, T2 — 0;y2, 72)] — subtraction term

4772 N

d?k 1 1
:’E/Z (zn>3;f-z(w—a—in)h[w—éx(l—ié)] k2

Matrices newly introduced in Eq. (85) are
[ dPre=®TTr[—iRST (r,
limited to 4. We thus obtain

defined
—e¢;r,0)y"]. The subtraction term has the same form of expression as described above with A

ov (@ 1% 191) (@17 0l@s) — subtraction term. (85)

= [d’xp,(x)y"e " **g,(x) and o} =

as  (9ulv lon)

1 47 e? N

0© ,=ih/‘— d’k Z 1
effri 2 ) @n)? (o — & —in) hllo — & (1 —ie)] k>

rA

We can also evaluate Fig. 4(d) as

0@ ‘=ih‘/— d’k Z 1
eff ri 2 ] @2n)? & — o —in) hlo — & (1 —ie)] k2

r¢ A

ov (@, 1% 19:) (@, 1y ol s (86)
1 477 2 N
ou (@, 1% 192) (@51 Yol i) 87

For the diagonal element, where Oé‘zf)ﬁ should take a real value, Egs. (86) and (87) sums up as

47 ? Nuv

4’k 1
(e,d) _
O u—/(zn).% Z hlE — &6 —ie)] K2

r¢

Much less convenient expressions in the general cases, as
Egs. (86) and (87), result from the upper limit in the time
integration. We will discuss this problem in Appendix D.
Nevertheless, we have shown a formal expression of radiation
corrections to a typical potential-type operator.

V. SUMMARY AND DISCUSSIONS

In this paper, we have discussed a general framework for
relativistic electron-nucleus coupled dynamics of molecules,
which has been recently realized by progress in experimen-
tal techniques. Starting from the exact QED formulation of
the system, we derived a formal expression of our target
dynamical observable as Eqs. (16) and (17), with the latter
represented, using a formal perturbation expansion given as
Eq. (30). Although being unfeasible for numerical implemen-
tation, we consider these expressions potentially useful to
get an overview of the correlated dynamics of the electron,
nucleus, and radiation field.

We then have rearranged the perturbation expansion as
represented by Egs. (41) and (45) in order to obtain a more
tractable expression. Under several restrictions, we derived
Eq. (59), as a practical expression, potentially feasible for
numerical implementation. Indeed, calculation of the effective
Hamiltonian Eq. (45) and effective observable, Eq. (57), for
a given nuclear configuration should be within the reach
of existing techniques as we examined in Sec. IV. More-
over, inclusion of the radiation corrections into the form of
an effective Hamiltonian realizes smooth connection to the
Schrodinger dynamics of nuclei. We have shown that the
dynamics represented by the path-integral expression with
effective Hamiltonian, Eq. (59), is essentially equivalent to

ov (@il 192) (@51 Yol gi). (88)

(

the Schrodinger dynamics represented by Eq. (63), whose nu-
merical integration should be achievable by many of existing
techniques.

We have also carefully examined the limitations of Eq. (59)
and/or restrictions intrinsic to this formulation, which include
limited size of the basis set and absence of radiative excita-
tions. The formulation given here should also be insufficient
for dynamics with rapidly decaying states. Although we pre-
sented possible extension in Appendix C, details are left to
future study.

In this paper, electron-radiation couplings are treated in a
perturbation-theoretic manner. Yet it should be applicable to
experimental dynamics induced by high-energy photons such
as x rays, in which smallness of the vector field amplitude
allows perturbation theory analysis [28]. On the other hand,
it should be hardly applicable to systems of nonperturbative
strength of electron-radiation coupling, such as dynamics
induced by ultrastrong infrared laser fields. Nonperturbative
formulation has been discussed separately in our recent publi-
cation, which proposes a wave-packet approach to relativistic
dynamics [33].

Another advantage of our approach is its close tie to the
established static QED calculation schemes, which should
work favorably in extending and combining the present the-
ory with the other developing sophisticated theories such as
MBPT [48] and Coulomb gauge formalism [44—46]. Although
we have shown, in Sec. IV, explicit expressions of radiation
correction, we further need to find a way to obtain high-
quality correlated wave functions in order to obtain accu-
rate numerical values in calculations, as was suggested in
Ref. [41]. For this purpose, we conceive that we can make use
of tools developed in relativistic quantum chemistry since our
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effective Hamiltonian at each step is built on a fixed-nuclei
model. Assets in the quantum chemistry, including efficient
basis sets [100], variational techniques [58], and computation
techniques [101,102], should be exploited in future numerical
calculations.

ACKNOWLEDGMENT

The work has been supported by JSPS KAKENHI Grant
No. JP15H05752.

APPENDIX A: THE GENERALIZED
GELL-MANN-LOW THEOREM

We here discuss a multidimensional extension of the Gell-
Mann-Low theorem, represented by Egs. (40a) and (40b),
which was formulated in Refs. [80,81]. In order to clarify the
details including underlying assumptions, we briefly show the
derivation, closely following Ref. [81]. A similar theorem was
also discussed in Ref. [41] but with different assumptions.

We assume that the total Hamiltonian H is decomposed
into the zeroth-order Hamiltonian H, and the interaction
part Hi. We introduce a projection operator P which
projects state vectors in the total Hilbert space J# onto a
d-dimensional subspace 7%). We require that the subspace
7% should be invariant with respect to the operation of H
[Eq. (39)].

We then switch to the interaction representation and intro-
duce a perturbative time-evolution operator with a damping
factorn > 0

1/1\ [° ~
Uy(0, Foo) = Y ;<E> / [[di(T/THe

:F
X Hin (1) ... Hin(1,)e 25101 (A1)
|
0 1
H:Fl'hng_i|U(¥) —_ [
[ gl " PuPP " PUTP

= U

Assuming the existence of the limit  — 40 and also assum-

i i AyE L i
ing finiteness of g % U, PUTP [so that the second term in the

LHS of Eq. (A6), ihng%UfF)PU;;)P vanishes as  — +0], we
finally obtain
HQEP = Q{PHQF P} (A7)
with
QT = lim U, (0, :Foo);, (A8)
n—-+0 PUr](Oa :FOO)P

which is a linear operator acting on 7. This proves the main
part of the generalized Gell-Mann-Low theorem, Eq. (40a) in

" PUTP

with g being a dimensionless constant that scales Hi,, which
takes a fixed value g=1 and is to be neglected in the
final results. As was shown in the original derivation [39],
U, (0, FFoo) satisfies the following equation:

[Ho, Uy(0, F00)]
0
= —Hin (0)U; (0, Fo0) = ihnga—gUn(O, Foo),  (A2)
or, equivalently,

9
HU,(0, Foo) = Uy,(0, Foo)Hy £ lhngEgUn(O, F00).

(A3)

We then introduce a mapping operator U, (0, :Foo)m ,
50,

where W is to be understood as Pmﬂ
Using Eq. (A3), we obtain
0 1
HF ihng—]U(]F)—
[ dgl " PUFTP
1 1 R1IASR 1
= U Hy— = £ UP ———ifing—" e
77U,7:F P 77U,73F P 0g PU,,:F P
(Ad)

with a shorthand notation U,¥ = U, (0, F00). Recalling the
assumption that 7% is closed with respect to the operation of
Hy, we have

1 1
UFHy——— =UFPHyP———TP
TPy PUTP
1 1
=UFPP———PUFHP———P.
v pue T pUP

(AS5)
Substituting Eq. (AS) into Eq. (A4), and also making use of

Eq. (A3), we obtain
1 BU(I) 1
PUFHP———P +iling—"1— ———
( " PUTP dg PUTP
U7§=F) == |- (A6)
PU,TP
(
the main text. Using Eq. (A8), we can also show
) 1
PQT = lim PUFP——=— =P, (A9)
n—+0 ,PUrg$)IP

which proves the supplemental relation Eq. (40b). As we
have shown that either expression of 2 [Eq. (A8)] satisfies
Eqgs. (40a) and (40b), we can drop superscript (F) in the
subsequent discussion, which does not depend on the choice
of sign.

As we discussed in the main text, H*f = PHQP works
as an effective Hamiltonian in 7). Expanding 73 with a d-
dimensional orthonormal basis set {|I);1 =1,2,...,d}, we
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obtain

d
=Y _Q)H;f

J=1

HQI) (A10)

and the right eigenvector of H°T works as a preimage of the
true eigenvector

d
Y HTFS = &.F)]. (Alla)
K=1
d
QY IK)ES = (A11b)
K=1

These preimage vectors are in general not necessarily eigen-
vectors of Hy, which is in contrast to the remark related to an
another variant of the generalized Gell-Mann-Low theorem
(or the generalized Gell-Mann-Low relation) in p. 183 of Ref.
[41]. The starting assumption here is invariance of .7 with
respect to the operation of Hy. It is a natural multidimensional
extension of its one-dimensional counterpart [39], which re-
quires the preimage vector to be an eigenvector of Hy.

In the above discussion, there appears no explicit restric-
tion on the choice of J#%) except that it should be invariant
with respect to the operation of Hy. In the application to
bound-state QED models, however, we have to take account
of radiative decays of excited states when we construct a
perturbation expansion of U,. One of the most sophisticated
formulations of quasidegenerate models of bound-state QED,
given in Refs. [42,94], suggests that one should introduce
photon mass p, which is much larger than any of energy
differences among states in .77 but much smaller than any en-
ergy differences between an energy eigenstate in %) and one
that does not belong to 7%). Such treatment should certainly
remove possible radiative decay among .74, whereas it also
means that the largest energy separation among .7 should
be much smaller than the smallest energy separation between
states in and outside of J4).

QU

APPENDIX B: PROOFS OF SEVERAL EQUATIONS
RELATED TO THE DERIVATIVE COUPLINGS

We here prove several equations related to the derivative
couplings we encountered in Subsec. III A. We first derive
Eq. (54). We start from evaluation of derivative coupling
between two distinct preimage vectors
1 -9 Hel rad

Fa eff
g —&, R

and by differentiation of Eq. (45), dH ™ / dR expands as

<~| =) = |Fg),  (BI)

0 1,rad 0 1,rad 1,rad
_~ pelrad _ He ra Q He ra Q
S e ( 8RP> P+P( g P
+ PHel rad 8 P+ PHel radQ d —P
BR oR

(B2)

We then consider the derivative of P. Using an arbitrary
orthonormal basis set {|I) : I = 1,2, ...,d}, which expands
7% and also extends outside of 4, as {|I) : I =d + 1,d +

2,...}, dRP expands as

a—RP— > |><A|3—R|I><|

AR e

iy

A¢ Iy 1€y

d
Nz 1AV AL (B3)

which does not include block-diagonal projection to 7, i.e.,
P(%P)P = 0. Turning to a specific representation, P =

ZZ=1 |F,)(F,,|, we can derive

>F|+Z|F<

a
P

F,|(1="P).

(B4)

The remaining parts can also be expanded using Eq. (43).
Since we are only interested in the matrix element in
Eq. (B1), we only need a part of Eq. (B3), projected as
’P(Z)H:fllgrad /OR)P, which is expanded as

9 . el,rad P -
P(a—RH:f!g ad)P: 3 e P Bl Y R Wl W) (|
a,f=1 o, f=1
d 9 9 9
Fa £ _f Hel rddQ Hel rddQ
+a;1| ) <R +P<8RP) P+P &")P

d

o,p=1
d

a,p=1

~ 0 ~ 9 ~
F) (Fy| ==P|W3)Es + Ey (Fy| —P|F3) ) (F3],
+ 2| >(< IR 7198 Es + Ealbul 5P ﬁ>)<ﬁ|

d

a ~ ad ~
=Y IFa>(5ﬁ—5a)(‘Pa|a—R|‘1’,s)(F,s|+ Y IR)E ((‘If Iog!¥e) — ¢ a|a_R|Fﬂ))<F/3|

a,p=1

(BS)

where in the last side, (Ex | %P|Fﬂ) vanishes because of P(%P)P = 0. We therefore obtain

<| 1Fp) = Wl 2wy + —E (w2
4 YR T g g, U oR

~ 0 1 ~ 0
Wy) — (Fo|-—|F —  ((E1=Plwye&s ).
i) = Elg i) + o (Fol g Plones )

(B6)
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Moving (Fa | 8% |Fg) in the RHS to LHS and applying Eq. (B4),
we finally obtain

~ 0 0 0 ~
(Fal s 1F8) = (Wal o IWp) + (oo Fal(1 = P)lvg), (BT)

which proves Eq. (54).

We next show equivalence of Eqs. (52) and (56). It is
enough to show the equivalence of a single-step time evolu-
tion, which reads, for each representation,

e MmN " Fy < Ro)ch

B
—eR.Xeff —ieH, o
=Y IF, Ry (e XD p e MM gl
v Ba
= YV ROE/R)(e™RXT), g (eieHally g (BS)
Jy Ba
and
eTHAIMN L Ro)FY (Ro)cl
LB

= |/ Ry) (e RXE) (e FE (RS
_¢R.XZ —icHZ? o
= |/ s Ry) (e "% g B Ro) (e /M) G, (BY)
respectively. Our task thus reduces to prove

Z F);/ (R, )(efeR-Xeff )yﬂ _ Z (€7€R'ng )jKFﬁK(RO)' (B10)
14 K

To prove Eq. (B10), we consider an overlap (J : R;|F3 : Rp),
which can be evaluated either by forward propagating the ket
vector or backward propagating the bra vector as

(J . R1|Fﬂ . R())

= R1||:Z IF, : R1>(e—fR'Xe“)yﬂ}

Y

= [Z (e—fR'Xf"f%)JK(K : R0|}|Fﬁ :Ry), (B11)

K

which proves Eq. (B10). Extending the above observation to
multiple steps, we can show equivalence of Egs. (52) and (56).

APPENDIX C: DECAYING STATES

Short-time and/or high-energy dynamics naturally includes
excited states, which are, in general, subject to radiative decay
processes. Such decay processes may restrict the validity of
the standard wave operator formulation which is based on a
formal long-time limit of perturbative time propagation.

Here we consider a possible alternative formulation that
takes account of radiative decays in an explicit manner. We
assume unstable states with relatively large radiative decay
widths whose corresponding life time being comparable in
order to the typical timescale of the target dynamics. We
then consider the Laplace-Fourier transformation method in-
troduced in the classic textbook by Heitler [103] with a slight
extension.

1. Basic formulation

We assume that the total Hamiltonian H is decomposed
into the zeroth-order Hamiltonian H, and the interaction
part V. We expand the states with a set of states {|®Dx)}
which are eigenstates of Hy, Hy|®x) = Ex|®x). We consider
a d-dimensional subspace % and its associated projection
operator P and its complement Q@ = 1 — P. States in J74
and its complement space, denoted by 7 C. are labeled by
indices I, J, K, ... and A, B, C, ..., respectively, whereas states
of general type are labeled by indices X, Y, Z, .... States with
distinct labels are, for simplicity of discussion, assumed to be
orthonormal. We also use a symbol Z, to indicate the set of
state labels in .7%).

Time-dependent state of the system is represented as
W) = > x [Px)ex (t), which starts as [Wo) = > ;7 |®;)cini
at t = 0. With such an initial condition, we solve the time
evolution equation

ihd, W) = (Ho + V)| Wr). (ChH

We then apply the Laplace-Fourier transformation to the
coefficients

1 [ )
Cx(w) = _—/ dte' cx (). (C2)
ih 0
It then follows that

[hw — Ex + iinlCx (@) = Y _VxrCy + i, (C3)
Y

where 7 is an infinitesimal positive number. We then introduce
a matrix Ty;

Ca(@) =Y Tu(@)Cr(w) (C4)

IEIO

and rewrite
o — ENCi(w) = ) V" Crw) + ) Vii°
J AJ

x Ty (0)Cy(w) + ¢, (C5a)

[hw — ExlTa (@) = V¥ + ) V.3CTp (@),  (CSb)
B

which can formally be solved as

Tu(w) = (hw — Hy — V7'V, (C6a)
Ciw) =Y (Iho — Hy— V™" = S(0)] c),  (Cob)
J
with the self-energy operator X(w) defined as
Y(w) = VP9 hw — Hy — V9 V9P, (C7)

For later convenience, we also write down the first few orders
of expansion

0) _ini

[hw — EfC; 7 () = ¢, (C8a)

[ho — EIC;V (@) = Y _V]7CP (),
J

(C8b)
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[ho — E1C7(0) =

Z ViPC (w) + ZVZQ

x TP (@)C(w), (C8¢)

and
[liw — EAIT,(w) = V.7, (C9a)
[hw — EA)T,; (@) = (C9b)

> VAT ().
B

2. Fixed nuclei QED model

We now apply the formulation we developed in the pre-
vious subsection to the electron-radiation coupled dynamics.
For simplicity, we assume that the decay lifetime is so much
shorter than the timescale of the nuclear dynamics that we
can apply a fixed nuclei model. Following the discussion
in the main text, we decompose the total electron-radiation
Hamiltonian H¢"" into the zeroth-order Hamiltonian Hy =
HS\ + Hy,q [Eq. (20)] and the interaction part V = HS\. The
d-dimensional space 7 is constructed from N, electron
bound states without photons or antiparticles requiring that
it contains the initial state vector |Wy) € ), which we as-
sume to be a stable excited bound state under Hy. It then
follows that V77 describes the Coulombic mean-field correc-

Concentrating on the lowest order expansion, we consider
a single-photon emission-absorption. We then need two types
of states in 77 E,

I kA) = af, éler |1, (C10a)
\I;a, rikA) = a, eibi|I), (C10b)

where a, ¢, and b represent the annihilators of photon,
electron, and positron, respectively. Symbols k and A rep-
resent the photon wave vector and polarization, respec-
tively, where modes are formally discretized in system a
volume ¥, which is later taken the limit ¥ — oo. Low-
ercase indices r and @ represents positive- and negative-
energy MO indices. The uppercase index I = {I}, L, ..., Iy,}
represents a set of MO indices that characterizes an N,
electron Slater determinant, whereas I,’ is defined as I; =
J

b ... L1, r L. ... D). All N, electron states that
derives from the initial state via a “real” photon emission
is represented as a linear combination of states of the form
Eq. (C10a), which is orthogonal to %). Our treatment here
is thus closely related to the Tamm-Dancoff (TD) expansion
[104,105], with which we have recently formulated a wave-
packet representation of relativistic electron-nucleus coupled
dynamics [33].

In what follows, the orbital energy of the rth MO is denoted
by ¢,, and the total zeroth-order energy of N-electron state
|I) is denoted by E,(N ) = > €1,- We also introduce notation

tion term, whereas V< describe electron-radiation coupling E [(C' D=F ,(N) — &y, We then obtain the lowest order of T (w)
terms, through which the initial excited states decay. as
J
1
(LRAT D (0)l) = o) T, (Clla)
ho — (E,(N)—i—ha) ) +ifin Z o
1
(L@, r; kAT V(o)) = (£ )s.alllenell), (C11b)

hw — (E™ + |ea| + &, + hox) + ifin

with ( ,gfd)[m =q. f d3r7€(r)yﬂeﬁk*e”'k'r Xm(X)/4mwc i/ (2w Y representing an effective electron-radiation coupling to the
transversal photon mode kA with polarization vector e, . By expanding the transversal part of Hyy, the zeroth- and second-order
terms of C; reads

1

Cw) = m (C12a)
C1<2)(a)) = m %: ;(ﬁ/k,\)h,r (EI(C’ . +18r - (ﬁ(x)rsc‘“‘ + ;(ﬁ(x)u SC}'?}
_ m %: ;(ka)a,r " E T ] 1+ o & i) i (£l aCp - (C12b)
Taking account of the Coulombic term, we obtain the final result,
G = m {Ci’m ; e il;o o — (EfV +ler ko) 1 1S (cklrae;
+ Y [z (o — ESTV)1s) + (125 (B + &, — fiw)|s) e (C13)

Jjoos¢l
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with the four-electron matrix defined as

A’k .
(rs|.7 (cko)lij) = —& f / &ridr, f S T T )y e D, 0

2

with

Do) = 76,00 (C15)
T kR 4 de M

where € is an infinitesimal positive constant, whereas
the factor ®,,(k) in the Coulomb gauge reads @,% =
—(1— 82)(1 — 808, — kyky /K?} — 8288k2/k2. For sim-
plicity of the discussion, however, by assuming the gauge
invariance of the final results, we replace ©,, (k) in Eq. (C15)
by its Feynman gauge expression ®£u(k) = Nyv. The self-
energy operators %" appearing in Eq. (C13) are the finite
part of the one-loop electronic self-energies, defined as

o0
X (ry, 12 0) Eifiez/ dte X, (r)y" S (ry, 512, 0)

—00

X ¥V xi(r2)Dy (1, 312, 0), (C16)

where ¢ represents >, <, or F, depending on the type of the
electronic propagator appearing in the RHS, which can be one
of the following;

SF(x, ;% , 1) = <O|$Tw(x,z)w(x’, H|0), (Cl7a)

S2(x, ;X 1)) = 0(£(t —t')SF(x,1;%,t'). (C17b)

The finite part of the standard one-loop self-energy,
Yr(ry, ry; w) is well-defined based on the renormalization
theory and is also numerically available using established cal-
culation techniques [20]. Using such a finite part expression
EE“', the finite parts of other types are obtained as

do’ 1
2riw — ' £ in

E?n'(x, x; o).

(C18)

Egn‘(x, Xjw) = :Ff

3. Resummation of V77

We go back to Eq. (C5) and, assuming that we can solve
the eigenvalue problem of the projected Hamiltonian H*% =
Hy+ VPP as

Z (Et81s + V" )R = Ri:Ey.,
7

(C19)

we consider a linear transformation of expansion basis as

C = ZR,,\C,\. (C20)
A

We then obtain
[ — £1C (@) = Y _(RIVP), (T R)ac(@)Ce (@)
AJ

~ini
+c,

(C21a)

1
! / (84,0 W) (1) + 8,070, 0y “WSE (1), ()

(Cl14)

[
o — EANTR)u(@) = (VP R)u + Y VLT R)p ().
B

(C21b)

We then find that we can apply new expansion basis for %
but keep those for .77 C,

In the molecular application, we may apply such tech-
niques to diagonalize the Coulombic interaction in the sense
of the configuration-interaction (CI) theory. In such reformu-
lation, the electron-electron interaction term (rs|I(cko)|ij) in
Eq. (C13) should be replaced by the transversal interaction,
whereas one does not have to change the self-energy expres-
sion, since the Coulombic terms included in the resummation
here are the interelectron Coulombic interactions and do not
include the Coulombic self-interaction appearing in the self-
energy expression.

4. Inclusion of nuclear dynamics

In the previous subsection, we assumed that the lifetime
of the initial electronic state is short enough to apply a fixed-
nuclei approximation. Such an assumption is, however, not
always applicable in models with rapid nuclear motion such as
molecular decay models including Coulomb explosions [28].
In such cases, we may be able to switch to the Tamm-Dancoff
theory of electron-nucleus-radiation coupled dynamics, devel-
oped in Ref. [33], which includes nuclear dynamics, though
we can no longer use the Fourier transformed expressions like
Eq. (C13), which gives better insight to decaying dynamics
than real-time expression does.

APPENDIX D: DETAILS OF PERTURBATION EXPANSION

1. Energy corrections

Here, we derive explicit analytic expressions correspond-
ing to the diagrams shown in Figs. 1, 2, and 3, which were
discussed in Sec. IV. We follow the approach given in Refs.
[41,42] to derive those expressions. In the following discus-
sions, orbitals in the initial and final states, labeled by i, j,
r, and s are all positive-energy MOs, since our model space
consists of N,-electron (no positron) states. We use the symbol
& to describe the fth reduced orbital energy, & = ¢;/h, and
&un to describe the difference, &y, = & — &,,. The symbol €
represents an infinitesimal positive number. Following Ref.
[42], we also introduce “photon mass” /i /c, which is to be
taken the limit © — 4-0 after all calculations. The frequency
of a photon with wave vector k therefore becomes wy =

e/ K2 + ul.
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a. Single-electron terms where fg dz/2mi represents complex contour integral that
We start with the self-energy contribution to the effective  encircles the (discrete) zeroth-order energy pole z = . Taking
Hamiltonian ., shown in Figs. 1(a) and 1(f), and given as ~ account of a similar expression for S, we obtain
Eq. (80). We first evaluate IC [Eq. (71b)] as

= H ¢ } (¢ 12GIE ) Her 59,5 = (KO = KOSy, = (rIZ@0). (D)
¢r2G T 2)NPi
£ where evaluation of ¥(w), the self-energy operator of the
5 E(sl) + Er (&), DD Hartree-Fock propagator, is discussed in the main text.

b. Electron-electron interaction terms

Following Ref. [41], we introduce a two-body integral

i @)lij) = ¢ / / 1T, )Y ()T )y o (DA (11, 123 )

d’k 3. 3. _ v e’ ik(r1—r2) g
~ [ 5 / / T ey e
o c c
= | dk{rs|f*(k)lij - : D3
/0 (rslF )|U>[a)—wk+ie wwk_ie] (D3)

where A represents the gauge choice, either C or F, whose corresponding coupling ©,,,, given as Eq. (66), whereas f*(k) in the
last side is defined as

o2
(rs| f*(R)1ij) = /f drid’roy, )y )X (r)y” %(l‘z)—sm(khz)—o v (K). (D4)

It then follows that

1

do o 1 B Y A gl s 1 1
/ 2w (sl (a))lu)[w —&(1—ie) w+&01— ie)] B l/O cdk(rs\f (k)|l]>|:9a(wk —i0) + &, " O —

i0) + éb]’
(D5)

where 6, = £1 for &, = 0. In our model, we further need to include the mean-field subtraction terms in the effective interelectron
interactions

1
(rs| M (@)lij) = (rsII*(w)]ij) — 3 / dr (8%, ()Y " Wik (1) x: (1) + 8,1, ()Y " Wik (1) (1)), (D6)

which is a slight extension of Eq. (C14). We also introduce an expression (rs|V*(&,, &,)|ij) by [41]

A c d_a) 1 . 1 3 1
sV o)) = [ 30517 (w)|u>[w_$d(1_ie) w+g,,(1_ie)]‘ 7)

Hereafter, we use the Feynman gauge and drop X in the superscript.
The single-photon electron-electron interaction (eel) diagram shown in Fig. 2(a) is evaluated as

Hééel):; =KL _ Ogm

da)] 1 1 co ..
=f%[wl Y _Es(l_ie)}<rs|f(w—si>|u> = (rslV (&, EliJ),  (DB)

with E; being the incident energy, E; = ¢; + ¢;. The two photon electron-electron ladder (ee2L) diagram shown in Fig. 2(b) is
evaluated as

H(eezL)ff__Z/ @@( 1 3 1 )( 1 B 1 )
off i — 2r 2m \or+w, =& tie, o +wr+ & —ieg ) \wr —&i +ie  wr+ 5, — i€y

1 1
X E—(VSIf(wl)llu)(lulf(wz)lij) - Z (rSIV(érz,Esu)ltw (tulV(én,SuJ)llﬁ (D9)

M t,ue )
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where €, is a shorthand notation for €,, either an infinitesimal positive or negative number depending on the sign of the
associated orbital energy &,. The denominator in the first term can be further decomposed as

-1 -1 I AT A=l o AT A=T A—]
—ATATLAT A Ay = —{ATT AT (AT s + AL = {AT AT ATy + A A AL (D10)

where Afl represents an energy denominator associated to the ith transition whereas combined ones are denoted as Al’j,i =

A+ A+ A+ )~!. In the ladder diagram in our current discussion, A; = &; — ws, Ay = §,; + w2, Az = &,; — w1, and
Ay = &g, + w;. Two curly brackets in the RHS of Eq. (D10) represent the separable and nonseparable components, respectively.
We now rewrite Eq. (D9) as

dCL)] da)z _ _ _ _ ..

H;gZL)j?:/ — Z (AT AL AT AL Avasa) (rs| I (@) ltu) (tu] I (02) i)
J 2w 2w Ny

N 44

+ Z {AT' AL AL, 4+ AT A AL sl S (o) [tu) (tul 7 (w2)]i f)
t,ue I

+ > AT A (A + AT ) Vsl @Dl (1l 7 (@2)]i)
t,ue 74

1
— > sV, Ea) ) (tMIV(SmEU lij)

t,ue s

dw; dw>
= / S 2 t;f(A ATLAT AL Avoas) (rs| I (w))tu) (tul I (02)]if)

+ Y AT AT ALy + AT AL AT LI (@)tu) (tu] I (w2)]i)

t,ue 4
(rs|V (& + B2 £ + B2) |tu) — (rs|V (&, E)ltu) y
+ ) { ’ E) : (tulV (&, & + DNij). (D11)
t,ueF) M
Performing w integration, we obtain
(ee2L)"s __ 2
M / / Edkdie (s £ ) (el £ (o)1 )

(t,u)¢. %0

1 1 1 1 1
<[] et (et )l
oy, toy, & o, +& o HE& T\, HE& o o, + &

1 1 1 1 1
o el o)
' wp, o, & o, —&i  wy & \o, — & wr, + o, &

1 1 1 1 1
<o “orre " (ore )l
wp, + g, + & o, +E& ok & &\, HE8 Wk o, + &

1 1 1 1 1
ool ot bl )]
N o ton+&i on—E&; o t+Eu\on,—&j o o, +E;

1
dkydka (rs| £ (k k
* . )Z%p // 1dkatrslf (kultueul £C 2)'”)((w;ﬂ i+ ) (0 + 06 + 1) (00, + &)
N 1
(wr, + &i + &) (01, + o1, + &) (n, + &)
n Z (rs|V (& + Epa /R, Eus + Epg /1) tu) — (rs|V (&, Eug)tu) tulV & Elif), (D12)

e Eym/h

where the symbol 6; takes 1 if & > 0 or O otherwise, and the energy difference between the initial and intermediate state, Eyyy,
here indicates Ejpy = €; + €, — &, — &.
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We next evaluate the two-photon crossed electron-electron ladder (ee2xL) diagram shown in Fig. 2(c), which has no reducible
contribution and is evaluated as

DS _ o) _ 0 g(1)

eff ij
// d(x)l da)z 1 4 1
E]M 2 2w [} —g,(l—ie) E]/Fl—a)l —E;(l—lé)

><|: — + ! -
wz—ét(l—lf) Er/h— w; —&,(1 —ie)

=y / dkadks (rul )1 ) 051 (ko))

(t,)

](rulf(wlz)ltj)(tSIf(wz — &)liu)

1 1 1 1 1
<[] “arre (et )l
wp, T, & o, +& oy &+ &\, +&i oy + o, + &

1 1 1 1 1
R
' Wy, + g, + & o, =& oy +E \wr, — & wr + o, + &

1 1 1 1
+e{ « + ( + )}
Now, +or, +&; o +Ey o +Ej+Ei \op +Ey o + ok, +En

1 1 1 1 1
ra —eu){— x - < + >” (D13)
wp, to, & w, — & o & \or, — & o + o, H&

The lowest order three-electron term (ee3), shown in Fig. 2(d), is

HEDT =K® — KOS — (KO — KO5D) s

Z[/ da)1 da)2 1 1 + 1
21 27 | — Euj tie,\wr =& +ie,  w —wy — &+ e

1 . .
x <w1 e ij T l.et)(rSIV“(wz)IluMutlf(wn)IJk)}

1
— (rs|V (&, Eg) i) (rs|V (&, 5su)|iu)m~ (D14)
Jju t

The denominator can be decomposed as
ATH AT+ AR) (AT + A7) = ATTAL AT AT Ass = ATTAR AT AL Agss + AT AT AT AT Ay
—LA-T(A-l -1 I A—1A-1 —LA—1A-1 LA—TA—T A1
={Aar'A7 (A + A} +H{(AT AL A + ATTAG A+ (AT AL ATTA A}
(D15)

with A} = &,; — w1 — i€,A7 = &y + wp — i€,A3 = &y + w1 — i€, Ay = §,; — w7 — i€,. The three round brackets in the last side
of Eq. (D15) indicate perturbation processes, where two photon lines (i) do not overlap, (ii) overlap, and (iii) cross in time,
respectively, and hence only the first one, (i), is separable. We therefore rewrite Eq. (D14) as

(ee';)rst . Z // dw1 da)z 1 1 4 1
Hetr i 2 27 W — Eijtie, \wy —&i+ie, o —wy —&;+ie

u¢ 74

" (w — & —ésj +ie, o1 +Ex —ie[)(rs|j(w2)|i”)(””j(wl)ljk)

da)1 da)2
——Z/ o 271 {(ATTAL AL + ATTAL AL + AT AL A AL Ao (rs| I (w2)iu) (ut |7 ()] jk)
ue

IV . Eu)it) (rs|V (& + A, §u + Ah/lfu) — (rsV (&ris Esu)lin) (D16)

with A" = &,j + &y
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¢. Mixed terms

Here, we evaluate screened the self-energy (sSE) diagrams shown in Fig. 3. Figure 3(a) gives

rs by i J Vv ris Stj -V ri its» Stj . .
HGE T = 3 sl G i) A 5 g PO B I E R By sy, 1)

eff ij hé;
g o Eir

whereas Fig. 3(b) reads

(SSE—a)’s 1dwy
jiefvf ¢ ij = E / |: . — X ) — X ) N
h - 2m 2w | wy —wy — &y + i€, wy — & +ie,  wy — &, + i€,

1
X ———— (& + &) (rull (wy) |ut) (ts|I(wy)]ij) | — D> t)(ts|V (&, Ei)lsT , D18
w1+ésj+les($j £i) (rull (o) |ut) (ts|1(w))| J)i| t;ﬁ)( |Z(ED)) 151V (1, &) ]>8,-,+8,-s (D18)
where the denominator in the RHS decomposes as
AAy ATIAL = {AT AT AR A {ATT AL (A + A1) Al (D19)

with Ay = &; — w1 — i€, Ay = & + wy — i€, A3 = &, — w1 + i€, and Ay = &; + w; — i€,. Two curly brackets in the RHS
of Eq. (D19) are identified as the separable and nonseparable parts, respectively. The separable contribution sums up as

rs(se dwi d 1 1 1 1
HGFEE® = 3 / / ﬂﬁ( _ . ) (rull(@n)lut) (15| (1))
Y - 2w 2w \wy —&;+ie o+ & —ie )M+ &) &+ & —wr— &,

e PIEGE g o
= th—h(&j o IV G I, (D20)

and the first part of nonseparable sums up as

(SSE_b)rs(non—sep),l 1 d(,()l d(,()z 1 1
Hee™ ™ Z_ﬁz o on o —Eiti . o — '
P " 1 ti 1€ Sl + w w2 SM + igy
1

(rull(w>)[ut) (ts|I(w1)|ij)

w1 — Sri + i€,

=77 Zt:/ o r1EGE+ an)lt)wl b (ts|(@)if). (D21)

r

We therefore have

FUSE=b)S _ _ Z (rIX(&i + &j5) — X)) (rIX(&i + &0l

(tsIV G ENEJ) — Y (tsIV uir E:1i)

eff ij
/ e h(&s; + &) g h(&s; + &)
- = ——(r|ZGE + w))lt . — (ts|I(w1)lij
; Z/ 2 (ME G+ 0Dlt) e X e sl @) i)
1 dw; dw 1 1 1 .
1y / / dew doy _x : — (rull (@) |ut) {111 (@1)]i ).
h = 2r 2w —&i i€ o —wy — i i€ 0y + &y + & + i€
(D22)
The third diagram, Fig. 3(c), which accompanies no counterterm, is evaluated as
gose-ors _ 1 3 / doy dwy 1 _ ! L
R 27 2m \wi — & +ie, o+ & —ie o —wr — & + i€
1 . .
(rull(@)|ti)(ts|.7 (@1)|uj). (D23)

X .
& —wr — &, +ie,

Integration over w;, w; gives

S, —c)rs 1 . .
Hat =5 ¢ / / dkydko (rul f (ko Iei) o1 f (ko))

1 1 1 1
X — X
[(Srwkl —&; S + Sri) Siwy, + Siwp, +&i  Siop, +Eui
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1 1 2wy,
+ 6, X 5

- 1 1 2w,
— X X
sj a)kl ' _%-ri — W, + éti —Wr, + gui 5,2, - wl%]

x
&+ wp, & o, +Eu

1 1
~6,1-8,) ( - ) « N
' { o, — & o +Ei) o +Eu EL— ol G+ bl — o)

2wy, 1 2wy, 2wy, }

X
2 2
%-S.f — Y

1 1
1-6,)6, —
+ ( ) { <_wk1 - ssj _wkl + éri)

1
~ s edk—— wley
h "/C Stwk+'§ti_i5t( HF)tuStwk+$ui_i€u

1—ss, 1 / | 2wy
— ————si— | cdk—(Wi¥),, 55—
"8

2 h Eiu

X
a)kl + %—tu Suzl - w/%z

(rul f(k)|ei) + (

1 2a)k2 1 2(,()k2 261)/<l
Etr - sui u2i - wl%z Szj - a)/%]
(rul f(k)|ti)

1
Ejs + iEs

& tie )Z(‘?i)(Wﬁ‘if)sj, (D24)

where S; takes 1 or —1 for §; > 0 or & < 0, whereas 6; = (1 + s;)/2 takes 1 or O for &; > 0 or §; < 0, respectively.

2. General matrices

Here, we discuss possible simplification of the perturbative
evaluation of general matrix elements. We consider a slight
generalization of Eq. (41) as (see also Appendix A)

QF = lim U,(0, Fo0) (D25)
n—>+0

PU, (0, Foo)P

The corresponding effective Hamiltonian can also be written
as

HE =PHQD.

(D26)
Here, we note that the effective Hamiltonian in principle
should not depend on the choice of sign in Eq. (D26). As-
suming the absence of degeneracy, the ath energy &, and the
eigenvector |W,), together with its projection |Fy) = P|W,)
and its conjugate |Fy), are all uniquely defined. It follows
that, in the limit of infinite order perturbation, the effective
Hamiltonian, Heg = Zi:l |Fo)Eq (F;,|, is uniquely defined.
Nevertheless, we here keep distinction 4+ or — in Egs. (D25)
and (D26) since the discussion above does not apply to a
finite-order perturbation results.
We then redefine the effective operator O°" as

o = QO OQ), (D27)

(
which is expanded as

d
O = | E) (o | O W) (Fy 7).

a=1

(D28)

where |F,F) and |I’ff) represents the oth right eigenvector
of HY and its conjugate. The quantity & is different
from the matrix of our interest, O, defined as Eq. (57),
but it is easy to transform into the desired form as O°f =
Yomt IESONESD| O,

By virtue of definition, Eq. (D27), 0° is expanded as

o =(lim —— U, (00,0
(nfinopym(oo,ow n (20 ))

x O\ lim U,,(0, —00) ——|. (D29
<nﬁo e )PU,,Z(O, —oo)P) (b29)
We can safely assume that the two limiting operations
(n1, n2) = (0, 0) can be deformed into (n, n) — (0, 0) [92],

and therefore we obtain

1
O = lim ——— T (U, (00, —
nl—% ’PU,,(oo,O)’PT( (00, —00)

x 0(0)) (D30)

PU,(0, —0c0)P’
where the calculation of 7 (U, (co, —00)O(0)) should be eas-
ier than OU, (0, —oo) because of the absence of the upper
limit in the time integration.
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