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Abstract

A unified electromagnetic response theory has been formulated in terms of quasi-energy deriva-
tives within the nonrelativistic single-determinant framework. The formalism is applicable to both
optical and non-optical electromagnetic responses, without restriction to monochromatic fields. Elec-
tromagnetic properties are expressed through quasi-energy derivatives, providing a consistent and
general description under arbitrary static or dynamic perturbations. Magnetic properties obtained
from this framework are inherently gauge-invariant, since a gauge transformation of the electro-
magnetic potentials corresponds to a unitary phase transformation acting on both the Hamiltonian
and molecular orbitals. The present theory thus offers a comprehensive foundation for evaluating
(hyper)polarizabilities, (hyper)magnetizabilities, and other related response properties.

Keywords: electromagnetic response theory; time-dependent perturbation theory; analytical quasi-
energy derivatives; polarizabilities; magnetizabilities

1. Introduction

Since the early development of quantum chemistry, one of its central goals has been the accurate
prediction of molecular properties from first principles. Among these properties, those associated
with the response of molecules to external electromagnetic fields—such as (hyper)polarizabilities and
(hyper)magnetizabilities—play a critical role in understanding spectroscopic behavior, intermolecular
interactions, and optical phenomena[1-13].

A straightforward way to evaluate such response properties is the finite-field approach[14,15],
which computes changes in self-consistent field (SCF) energy under small variations of the applied
field. In each field direction, this approach requires a few single-point calculations at slightly different
field strengths to approximate a derivative of a given order. However, its accuracy is highly sensitive
to the choice of field step size, and the accumulated numerical error becomes more pronounced
for higher-order derivatives. This finite-field approach, moreover, is inherently limited to static
field perturbations and cannot capture frequency-dependent response properties induced by time-
dependent electromagnetic fields.

Another commonly used approach is the sum-over-states method[16—-19], which expresses re-
sponse properties as explicit sums over electronic excited states. This formulation is derived by taking
derivatives of the expectation value of the dipole operator (f). It originates from Rayleigh-Schrodinger
perturbation theory, where the system’s response is expanded in terms of eigenstates of the unper-
turbed Hamiltonian. In principle, the expansion involves a complete set of many-electron excited
states, rendering the method formally exact. In practice, however, the summation must be truncated to
a manageable number of states in an infinite-dimensional Hilbert space, which introduces numerical
approximations. While conceptually straightforward and potentially accurate when a sufficiently large
and well-described excitation manifold is available, the sum-over-states method is computationally
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demanding and strongly dependent on the quality and completeness of the excited states. These
limitations significantly hinder its routine applicability, especially for large systems and higher-order
response properties.

A more widely applicable and systematically accurate alternative is the analytical derivative
method[20-25], in which molecular response properties are obtained by expanding relevant physical
quantities in a Taylor series with respect to external perturbation parameters. Within this formalism,
the response of molecular orbitals to the applied field must be explicitly taken into account. If the
ground-state orbitals are well-suited, it is often assumed that orbital responses of all orders can be
represented as linear transformations of the unperturbed orbitals. Under this approximation, the
resulting set of equations reduces to a linear system for the transformation matrix, which is often
referred to as the coupled-perturbed (CP) Hartree-Fock (HF) equations. These equations, derived
from the stationarity conditions of the underlying variational energy functionals, provide a rigorous
route to compute response properties of arbitrary order. Because higher-order response properties
are very sensitive to electron correlation effects[20,26], attempts to improve predictive accuracy have
motivated the extension of analytical derivative theory beyond the HF level. Although post HF
methods can offer systematic improvements, they are computationally demanding and impractical
for large systems. The use of nonorthogonal localized molecular orbitals can reduce the cost in large-
scale calculations[13,27,28]. In contrast, Kohn-Sham (KS) density functional theory (DFT) provides
a more computationally affordable means of incorporating electron correlation, prompting several
researchers[26,29-33] to extend the analytical derivative formalism to the KS framework. Compared
with its HF counterpart, the KS-based formulation introduces additional complexity at higher orders—
for instance, third-order response properties require explicit evaluation of the third derivative of the
exchange-correlation (xc) functional with respect to the external perturbation.

In the historical development of the analytical derivative theory, there have emerged three different
formulations, where the response properties are defined as the derivatives of (i) the expectation value
of the dipole operator (1), (ii) the energy E = (#), or (iii) the so-called quasi-energy W = (¥ — id;).

Sekino and Bartlett[20] first introduced a systematic formulation at the HF level for evaluating
static and frequency-dependent polarizabilities, based on derivatives of the expectation value of the
dipole operator (fi). They thought that, whether the perturbation was static or dynamic, response
properties derived from the dipole expectation value were equivalent to those obtained from energy
derivatives. Building on this foundation, Rice et al.[21] and, independently, Karna and Dupuis[22] later
proposed simplified formulations by leveraging the (21 + 1) rule, which streamlines the computation
of higher-order responses. Their framework was subsequently adopted in numerous studies, including
various extensions to KS-DFT[26,29-31], and has been widely implemented in modern electronic
structure codes. In principle, response properties obtained from this framework are equivalent to
those derived from the full, untruncated sum-over-states method. However, despite its popularity,
the dipole-derivative-based framework suffers from conceptual and formal inconsistencies. First,
the Hamiltonian does not commute with the dipole operator and hence cannot share its eigenstates,
making the dipole expectation value, strictly speaking, not a well-defined observable. Moreover, the
dipole operator is incompatible with periodic boundary conditions in crystalline systems—a well-
known inconsistency that has motivated alternative formulations such as the KGB method, which
introduces the vector potential to circumvent this issue[34]. As a consequence, response of (fI) to
perturbations lacks rigorous physical meaning. Second, frequency-dependent response quantities,
such as the first hyperpolarizability tensor f%°(—wp — wc; wp, wc), can violate the symmetry of
mixed partial derivatives, and the frequency dependence associated with the first dimension is not
treated in a physically meaningful way. Furthermore, the simplification of the second-order response
density matrix necessitates the use of unphysical constructs involving the CP-HF/KS equations that
do not exist under such electromagnetic perturbations. More fundamentally, for a time-dependent
perturbation, the traditional Hellmann-Feynman theorem is no longer valid. There is no physical
justification for the assumption that the electron density remains unaffected by the external field. In
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other words, the dipole moment, i.e., the first derivative of the energy E with respect to the external
field, cannot be equated to (fi). The analytical forms of energy and dipole derivatives are no longer
equivalent in the presence of dynamic fields.

Although, to the best of our knowledge, there have been no published formulations that rigorously
express frequency-dependent response properties as energy derivatives under time-varying fields.
Our work shows that, in the presence of time-varying fields, higher-order energy derivatives naturally
contain additional terms with explicit frequency dependence, whose contributions become increasingly
significant at high frequencies. Nevertheless, defining response properties via energy derivatives
under time-dependent perturbations is not without its own theoretical challenges. For such systems,
one must resort to the time-dependent Schrédinger equation, where energy ceases to be a well-
defined quantity. The Hamiltonian expectation value only carries a time-averaged meaning and is
not an observable in the conventional sense. In addition, for magnetic response properties, issues
such as gauge-origin dependence become particularly pronounced. Our deeper analysis, however,
reveals that the commonly perceived gauge problem stems from an incomplete treatment: while most
existing methods account for the gauge transformation of the vector potential in the operators, they
neglect the simultaneous transformation of both the basis functions and the scalar potential. In reality,
electromagnetic fields exhibit gauge invariance, and the HF and KS equations should remain gauge
covariant. Gauge transformations amount to translations of energy-momentum space and leave the
physical system unchanged. Under such a transformation, the wavefunction merely acquires a phase
factor e 8, with ¢ being the gauge function associated with a chosen gauge origin. While this resolves
the gauge-dependence of energy response in static systems, it also underscores the fact that energy is
not a gauge-invariant quantity under time-dependent magnetic fields. As such, energy-derivative-
based magnetic response properties remain inherently ill-defined in this context. This motivates a
shift to quasi-energy-based formulations as a more consistent foundation for electromagnetic response
theory.

The quasi-energy W is a well-defined, gauge-invariant observable in general, owing to the gauge
covariance of the HF and KS equations. Notably, Rice and Handy[23], as well as Sasagane, Aiga, and
Itoh[25], first suggested the idea of defining response properties as quasi-energy derivatives, though
they did not provide a complete derivation. Later, Banerjee and Harbola[32], together with Aiga
and coworkers[33], advocated using the Floquet-state[24] energy as a means to characterize response
properties. However, the time-averaged Floquet energy is itself time-independent and therefore does
not yield general and meaningful field derivatives. For these reasons, we adopt the quasi-energy
derivative framework proposed by Sasagane et al., which offers a physically consistent foundation for
treating time-dependent perturbations and recovers conventional response theories in the static limit
(w —0).

In this work, we present a systematic derivation of analytical quasi-energy derivatives (up to third
order) at the SCF level where the electronic wavefunction is described by a single Slater determinant.
These analytical derivatives are based on a straightforward Taylor expansion in the external fields and
can be applied to a wide range of electromagnetic response properties, including electric-field-induced
polarizabilities and magnetic-field-induced magnetizabilities. The resulting formulation not only
offers enhanced physical clarity for arbitrary-order derivatives but is also amenable to implementation.
Moreover, we generalize the framework to arbitrary time-dependent electromagnetic perturbations,
going beyond the conventional setting of static and monochromatic fields, and thereby extend the
applicability of quasi-energy response theory to a broader class of physical phenomena such as second-
harmonic generation (SHG). In addition, we address a commonly neglected yet essential aspect of
analytical derivative theory: the explicit perturbation dependence of basis functions. In some cases,
a basis set may be adapted to or parameterized by external fields, which introduces an additional
layer of complexity. Under time-dependent perturbations, the operator id; also acts on such a basis.
To account for this, we develop a generalized derivative theory that includes the explicit response of
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basis functions to external fields, ensuring that all sources of perturbation dependence are consistently
treated.

2. General Formalism
2.1. Time-Harmonic Electromagnetic Fields

An electromagnetic field may be either static or dynamic, with the latter exhibiting time depen-
dence. In most cases, a time-dependent field can be modeled as a time-harmonic oscillation. According
to Maxwell’s equations, the time-dependent part of such a harmonic field typically consists of two
linearly independent complex-conjugate solutions, e“! and e . Any linear combination of these
components can be used to represent the time-harmonic field, i.e.,

F(r,t) = Fr(r)e 4 F~ (r)e v (1)

Sometimes, multiple fields may be present simultaneously, possibly including a static component. The
overall effect is then described by the vector sum of the individual fields,

F(rt)= ) [Fj(r)ei“’f‘t +.7:'Z(r)efi“’f‘t} = ZTA(r)ei“’At. )
A A

(wa>0)

In particular, the case of w4 = 0 corresponds to a static field. Eq. (2) represents the general form of an
electromagnetic field. Even in the case of an anharmonic time-varying field, expansion in a Fourier
series allows it to be expressed as a linear combination of harmonic components, each with a specific
frequency wy.

We now turn to the question of how the quasi-energy of a system responds to these fields. For
notational simplicity, the partial derivative of a physical quantity with respect to the a-th Cartesian
component of an independent field F 4(r,t;w4), evaluated at zero field, is denoted by placing a
superscript 4 and appending its characteristic frequency w,4 in parentheses, e.g.,

oE
EY = Fwy) = =———— 3
It follows directly that
oE* oE *
E* = . = . =E"™(— 4
(CUA) a[an(r)el“’At] 0 a[an(r)e*WAt] 0 ( WA)/ ( )

where the asterisk (*) denotes complex conjugation and the spatial field distribution F4,(r) is assumed
to be real.

2.2. Quasi-Energy Response

Under general time-dependent perturbations, the many-electron wavefunction is no longer an
eigenstate of the Hamiltonian. Instead, its evolution is governed by the time-dependent Schrodinger
equation (in atomic units)

[FL({r}, ) —i0:| ¥ ({r},t) =0, ©)

where {r} represents the set of all electron coordinates. Following the treatment of Sasagane et al.[25],
the wavefunction can be written as

Y({r},t) = O({r}, ) exp {—i /t: dt’W(t’)}, ©)
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where ®({r},t) is represented as a single Slater determinant and W is the quasi-energy. Substitution
of this ansatz into Eq. (5) transforms it into an eigenvalue equation

[(H({r},t) —i0 | @({r}, 1) = W(t) D({r}, ). (7)

If the Hamiltonian carries no explicit time dependence, Eq. (7) reduces to the conventional time-
independent Schrodinger equation. Assuming that ®({r}, t) remains normalized at all times, we can
evaluate the quasi-energy W(t) as

W(t) = (®TL|D) — (Plidy|D) . (8)
E(t) T(t)

The first term in Eq. (8) corresponds to the instantaneous energy of the system, which can be written in
terms of the density matrix D, as

1
E = DyyHyy + EDV]‘»D)LK(.”V|KA) + Eye, )

where Hy,;, denotes the core Hamiltonian matrix and Eyc is the xc energy. The Einstein summation
convention is adopted throughout. The second term in Eq. (8) represents the dynamic phase arising
from the time-dependence of the wavefunction, and evaluates to

T = Dl/y’];w + iniC;iSyvathir (10)

where #; is the occupation number of the i-th orbital, Cui denotes the matrix of orbital coefficients, S,
is the overlap matrix in the basis function representation, and 7, is defined as

Tuw = (ulioe|v). 11)

Theoretically, the responses of 7, to a static field should vanish at all orders, i.e.,

T =0, (12a)
Ta,(0) =0, (12b)
T (0,0) =0, (12¢)

In particular, if the basis functions are independent of the external perturbation, 7, vanishes identi-
cally.

The energy response can be obtained directly by taking successive derivatives of Eq. (9). The
zeroth-order energy reads

1

0_ no 0
E® = DY, Hp, + 5

Dy D3t (v [xA)° + Exe, (13)
which characterizes the unperturbed system. The first-order energy response is given by

1
EA" = DyiFy, + Dy, Hia! + EDSVDRK(MK?\)A” + Dy, (v [oe), (14)

where vy, denotes the xc potential, and ng is the zeroth-order Fock matrix, defined as

F;f,/ = ng + DY, (uv|kA)? + (u°|oxe). (15)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1887.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2025 doi:10.20944/preprints202510.1887.v1

6 of 42

Note that the derivative appearing in an xc integral acts on the basis function pair, e.g., (44 |vx.) =
((uv)A|vxc). The second-order energy response takes the form

AaBb __ 1yAaBb 10 AaBb Bb ryAa 0 AaBb
EA®BY — DAIBUES  DATEBY 4 DBpAT 4 DO, HS

1
+ Dy DY (uv[xA) 4 + 2 DY, DY, (v [icd ) A5 (16)
+ DI (v foxe) + DY (A" o) + DBy (v fuclp™),

where fy. is the xc kernel, i.e., the second functional derivative of Ey., and p is not restricted to the
electron density but depends on the variables entering the functional. The third-order energy response
AaBbC AaBbCc 0 AaBbrC AaCcBb Aa pBbC BbCcp7A
EAPC = Dy Fuy + Dy Fy + Dy ) + Dyl FyC + Dy Hy

+ DEHAC + DYSHAMY + DY, HittBoCe + DEIC DY, (pvxd) A

+ Dy DR (uv[xeA) A% + DEZDY, (pv|kA) A7 + DD, (v |kA) AP

1
+ 5 D0y DR, (v |kA) A7 + DRICE (v ose) + Dy (A" oxe) (17)

+ DB (v fie o) + D5 (v ™ oye) + DY (AP o)

+ DBV(FVAaBb‘fXJPCC) + DEﬁ(V"Aa | frelo®) + DBV(FVAaCC|fXC|PBb)
+ DY, (v fe | 0%"°) + DY (v e 0™ |0°°)

involves kyc, the third functional derivative of Ey.. All terms that involve vxc, fxc, and kyc correspond
to xc contributions of increasing order. Particularly, kx. vanishes in the case of a pure HF exchange.

The response of T cannot be directly obtained by taking derivatives of Eq. (10), as the orbital
coefficients C;,; implicitly depend on the external perturbation. To resolve this, we expand both sides
of Eq. (10) as Taylor series in powers of the external fields { F }, which results in

) T(p) © oo D(P)T(Q)

Y —{FY =) Y R FFY
p=0 F° p=0q=0 F'T 1
o o o P (18)

ting Y VY M Eyp Y FY

p=04=0r=0 p!q!r!

Since each field in { F} is independent, we can collect terms of equal perturbation order on both sides.
The expansion up to third order yields the following equations:

0 =0, (19a)
TA% = D), Tia" — waniCidS),Clif, (19b)

AaBb _ 1yAagBb Bbg-Aa 0 g-AaBb
T = Do T’ + Dy Ty + Doy Ty

— wph; [C,’;?“S,(iu + C;?Sﬁlf} ch (19)
C
— wan; | CiPYSh, + CIshy | ce

0c0 ~AaBb
— (wa + wB)”iC;;i Syvcvia ’
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vu " pv

Bb-AaCc CcAaBb 0 AaBbCc
+ Dvy,];n/ +Dvy7;u/ +Dv;47;41/ }

TAaBch _ [D]é;angc + D]z/ﬁ;Can?/b + D]l/?ﬁCcf];ﬁl/a + DAaTBth

— wen; [c;;““BbsgV +CifagBl 4 cxBhsda c;?s;‘gBﬂ cce

— wpn; [C;;;““Ccsgu +CpA7sCe + Creesila + c;;?s,;‘ga} CBb

— wan [c;?bCngv +CiPhsCe + Cicestl + c;;?sﬁfj‘-‘ﬂ CAa (19d)
— (wp + w)m [ Ci8Y, + Cils | CBrce

— (wa +wc)n; [C;FbSZV + C;?Sﬁﬂ Clir

— (wa + wp)ni| C;Ee80, + CIsGe| et

—(wa +wp+ wc)niC;?ngclﬁ”BbCC.

A detailed derivation is provided in Appendix A.
The quasi-energy responses up to third order are thus given by

w9 =E°, (20a)
WA? = pAT 1A%, (20b)
WAaBb _ pAaBb _ pAaBb (20c)
WAaBch _ EAaBch _ TAaBch. (20(21)

2.3. Density Response
The density matrix Dy, is defined as

Since the quasi-energy responses involve the density matrix at each order, it is necessary to evaluate
how the density matrix (21) varies with respect to external perturbations. This can be directly achieved
via differentiation. In the absence of perturbation, we recover the zeroth-order density matrix

DY, = n,C,Ch: (22)

Vi i’

which corresponds to the ground-state density. The first-order response of the density matrix is given

by
Djl = Djy(wa) ”s
= [l a)C; + ChC (o) =
i ~vi\WA ) i Vi i A)|r
the second-order response is
Dii® = Dijy(wa, wp)
=n; [Cﬁ?(wA,wB)CfJ + Cﬁi(wA)CZ}k(—wB) (24)

+ Chilws)Cp (—wa) + CHCH" (~wa, —wp)],
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and the third-order response reads
DA = DI (w0, wp, wc)
— [cﬁw(wA, wp, wc)CY + C (wa, wp)C5i (—we)
+ Cif (wa, we) Cif (—wp) + Cy(wa) Cpi* (—ws, —w) (25)

+ Chf (wp, we)Ci (~wa) + Cry (wp) Cif (~wa, —wc)

+ Cyi(we)Cpi* (—wa, —wp) + CLCH™ (~wa, —ws, *wc)] :
For convenience in the subsequent derivations, we assume that the orbital coefficients at each
order are related to the ground-state coefficients through a linear transformation. These transformation
matrices U are defined by

Cpi(wa) = Cpii(wa), (26a)
Cib(wa,wp) = CoU (wa, ws), (26b)
CZIb‘C(CUA;(UB,CU(j) = ngUfibC(wA,wB,wc), (26¢)
Then, Egs. (23)—-(25) become
Diy(wa) = i [COUS (wA)Cl + CoC UL (~wa)], 27)
D (wa, wp) = n; [CSjU%"(wA,wB)C,Sf + COUS (wa) Uy (—ws) 28)
+ COUL (wp) COUL (—wa) + CoLCHUN™ (—wg, —wB)},
DI (wa, wp, we) = 1 [COU"‘”C(w wg, we)C% + COU (w4, wp)COUH (—we)
vu ArWB,WC 1 vj i ArWB, WC ui vj i AsWB yk ki C
+COU (@) UL (~wn) + COUR@AICRUL (—om —we)
+ C) U (wp, we) CopUR (—wa) + CUL (wp ) CorUf™ (—wa, —wc)
+ CQUS (we) CopUL* (—wa, —wp) + CoL,CH U™ (—wa, —wp, —wc)} .
It follows that
Dy, (wa) = Dy (—wa), (30a)
Dﬁ]ljl (wAr (UB) = DZ?/* (7(‘)14/ 7(‘}3)/ (30b)
DzZC(WA/wB,a)C) = D%]/C*(—OJA, —ws, —wc), (30¢)
2.4. Orthonormality
We assume that the molecular orbitals remain orthonormal at all times, i.e.,
Sij = C;iSWCV]- = djj. (31)

Note that matrices with subscripts i, j, k, etc. are represented in the molecular orbital basis. Since the
ground-state orbitals are already orthonormal, we have

5§ = Cpi SpCyy = 0y (32)
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As a consequence, the higher-order orbital overlaps must vanish. For instance, the first-order condition

reads
S = Coi(—wa)SpyClj + Chi Siy (wa)Cl; + Chi S5, Cli(wa)

= Ui (—wa)Sy; + S§i(wa) + SyUfi(wa)

= Uji (= wA)5k] + Sii(wa) + iU (wa) (33)

= Uji" (—wa) + Sij(wa) + Ujj(wa)

= O,
where S?j (wa) = ng‘ Siw(w A)ng. In our notation, when perturbation indices appear in the superscript
of a molecular orbital integral, such as Slf?“ = Sfj(w 4), they denote a derivative acting solely on the
matrix elements in the atomic orbital basis, not on the orbital coefficients. To indicate a total derivative,
the perturbation indices are placed as a superscript on the entire matrix element, as in Si].A“. It is
worth noting that the derivatives of S,, with respect to different fields should be identical, such
that Sl‘;‘f = Sjy(wa) = Sy,. Accordingly, we omit the frequency argument in parentheses for the

derivatives of S, throughout this work. Following a similar procedure as in the first-order case, one
can derive the second- and third-order orthonormality conditions as

8B = U (—wp, —wp) + Uf (—wa)Sp; + Ufy (—wa) U (ws)
+ Uy (—wp)Sf; + ST + SiUL (ws)
+ U (~wp) Ui (wa) + S (wa) + Uff (wa, wp)
== O,

(34)

SijAaBch _ uq,bc* (—wa, —wp, —wc) + U,‘c’ib* (—wa, _WB)SIch

U“h*( —wa, —wp)Ufi(we) + Uff* (—wa, —we) Sy + Uff (—wa)Sis
+ U (—wa)SUfy(we) + Uff* (—wa, —we) Uy (ws)
+ U”*(—wA)S,C(lUl”j(wB) + U,‘j;‘(—wA)U,f]?(wB,wc)
+ U (—wp, —we) i + U (—wp) SE + Up; (—wp) S (we)
Uit (—we) S + Si° + SEUL (we) + Ui (—we) SiUf(ws) (35)
+ SEUY (wp) + SEULS (wp, we) + Ui (—wp, —we) U (wa)
+ U (—wp)S{Uf(wa) + U (—wp)Ufs (wa, we)
+ Ui (— wC)SklUl](wA) + 5 x Ugj(wa) +55 (Ui (wa, we)
Ui (—we) U (wa, wg) + S§UE (wa, ) + U (wa, w, we)
=0.

These expressions impose constraints on the orbital transformation matrices U.

2.5. Determination of U: The CP-HF/KS Equations

To determine the transformation matrices U, we minimize the quasi-energy Eq. (8) with respect
to orbital variations, subject to the constraint of orbital orthonormality. This leads to a Roothaan-like
equation

[P;u/ - 7;41/] Cui — isyvatcvi = S]/M/Cvjeji (36)
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in the atomic orbital basis. To facilitate the treatment of the time derivative d; acting on the orbital
coefficients, we expand each quantity in the above expression as a Taylor series in the external fields:

P c@ o oo glP)-)

T HEEY L Y I F Yo (F
p=04=0 p:q: p=04=0 p:q:
o oo oo s(P)C(‘?)s(r)

=Y ¥ Y L E Y

(37)

In analogy with the derivation of the responses of T, we obtain the original CP-HF /KS equations (up
to second order)

FpuCi = SuuCoiely, (38a)

Fi(wa)Ci + Fay Cli(wa) = Ty (wa) s + w8, Cli(wa)

= §5,COe% + S5, Cli(wa)e); + Sp, Coeli(wa),

(38b)

Fiv(wa, wp)Cl; + Fiy (wa)Cli(ws) + Fly (wp)Cli(wa) + F),Co¥ (w4, wp)
— T (wa, wB)CY — Tty (wa)Chi(wp) — T (wp)Cli(wa)
+ wBSI”jViji(wB) + wASZ,,Cﬁi(wA) + (wa + wB)Sgl,Cﬁ?(wA, wpg)
= SZ?/CSF% + SZva;j(wB)e?i + 85, Cyjeii(ws)
+ Sﬁvcﬁj(wA)S% + S%VCﬁ;’(wA,wB)s?i + ngczj(wA)SJb‘i(wB)

+ S;Iivcgjs(]l'i(w/i) + ngCSj(wB)e?i(wA) + ngcﬁje‘}f’(wA,wB),

(38¢)

where ¢ ji is the Lagrange multiplier matrix, and the first- and second-order Fock matrices are, respec-
tively,

Fi,(wa) = Hy, + D3 (wa) (uv]xA)® + DY, (uv[kA)® + (v [oxe) + (10°] felo®(wa)),  (39)
and
Fiv(wa, wp) = Hyy, + Div(wa, wp) (uv[xA)° + D4 (wa) (uv[xd)? + D, (wp) (uv]xA)?
+ DY, (v [cA)® + (™ [ose) + (| fel0” (@B)) + (10| el 0" (wn)) (40)
+ (1) fe o™ (wa, w)) + (1 kxclo®(wa) |° (wp)).-

The derivatives of H,, are typically independent of field frequencies, but may exhibit frequency
dependence when the system is subject to a gauge transformation. This case is not considered here,
but will be discussed in Subsec. 3.2.

2.5.1. The First-Order CP-HF/KS Equation

By substituting the definition (26a) into Eq. (38b) and contracting with Cg’lz over u and v, Eq. (38b)
can be transformed into the molecular orbital representation:

Fi(wa) + Ui (wa) = T (wa) + waSpUfi(wa) = Se); + SqUfi (wa)e) + Siiehi(wa).  (41)
Since e?j and S?j are diagonal, we can express the above equation as

Fi(wa) + S?Ufi(wA) = Tii (wa) + walji(wa) = S;-‘l-s? + U;’i(wA)s? +&ji(wa), (42)
with no summation implied over the indices of the ground-state orbital energies 7. If we further
assume that 8?1’ is block-diagonal, i.e.,

el(wa) =0 (43)
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whenever j € virand i € occ, or j € occ and i € vir, then we have
Fi(wa) — T (wa) — Sfel
i ji ji%i
Uji(wa) = PO . (44)
i i A

]

As for the occ-occ and vir-vir blocks of U]‘-’i (wa), they can be obtained from the orthonormality condition
given in Eq. (33):
Ufi (-wa) + Uj(wa) = =S (45)

fori, k € occor i, k € vir. The above equation also holds in the static limit of w4 = 0, which implies
that S?k must be Hermitian. For convenience, we further assume that

Ufi (—wa) = Uj(wa), (46)
so that the diagonal blocks of Uf} (w4) can be directly obtained as

U (wa) = —5 % @)
It is important to note that the orthonormality condition (33) may no longer hold for the vir-occ and
occ-vir blocks if the basis set depends on the perturbation. This can potentially violate the overall
orthonormality of the orbitals, and care must be taken when constructing perturbation-dependent
basis sets.

Eq. (44) allows for an iterative determination of the off-diagonal blocks of U;‘i(a} 4). Alternatively,
a more direct approach is to substitute Eq. (39) into Eq. (44), and rearrange the terms such that those

involving U]‘?i (wa) appear on one side and all constant terms on the other. This yields

[Aﬁkl + wAfsik‘sjl} Ui (wa) + B Uy (—wa)

= —Hj; — ni(jilkk)" — (ji" [oxe) = me(Gi® | e kK") + T (wa) + Sief, 0
where
Ajiig = nie (il [K1)° + (€Y — €2)6i651, (49a)
Bjix = ng(jil|1k)°. (49b)
The two-electron integral (ij||k!)? is defined as
(1K1 = (i + ficlkI®). (50)

In Eq. (48), we may take i,k € occ and j € vir, while the index I typically runs over the full orbital space.
When the basis functions are independent of perturbations, the occ-occ block of Ujj (w4) vanishes
(see Eq. (47)), and thus only [ € vir contributes. However, if the basis set is perturbation-dependent,
contributions from all orbitals may be nonzero. In this case, since Ujj (w4) for I € occ is already known
from Eq. (47), we may split the summation over / into contributions from virtual and occupied orbitals,
and move the known terms with I € occ to the right-hand side as constants. This leads to

{Ajz‘kl + wA5ik5jl] Uj(wa) + BjiUj (—wa) = Rjj(wa), (51)
where i,k € occ, j,I € vir, and the right-hand-side constants R?i(a) 4) are defined as

Ri(wa) = —H§ — m(jilkk)" = (ji"|oxe) — me(Gi®| fuelkk™) + Tif (wa) + S}

nefl,.. 0ca .. 0 cax : (52)
o Gl k) S5+ (il k) 0S5 .
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The index m in the last term runs over the occupied orbitals. When the basis functions are field-
independent, only —H]’?i survives on the right-hand side. By taking the complex conjugate of Eq. (51)
and replacing w4 with —w,4, we obtain another independent equation

[A;.;kl —w Aaik(sj,} U (~wa) + By Uf (wa) = RY (~wp). (53)
Together with Eq. (51), this forms a standard linear system:

Ajik1 + wadixdjj Bjik

) , (54)
Bk Afiy — wadixdji

Uf(wa) ] _
Uy (—wa)

R;'Ii (wa)
R?i* (—wa)

whose solution directly determines the first-order response density. The above equation bears resem-
blance to the Casida equation[35], but with a key distinction: while Eq. (54) is solved for the response

density, the Casida equation seeks the poles of this expression, i.e., the eigenvalues for which the
operator matrix becomes singular, yielding the excitation energies.

2.5.2. The Second-Order CP-HF/KS Equation

In a similar manner, multiplication of both sides of Eq. (38c) by ng followed by summation over
u and v yields

Fif (wa, wp) + Ffy(wa) Ui (wp) + Ffj(wp) U (wa) + eUS (wa, wp)

W& (wa,wp) = T (wa) U (wp) = T (wp) Uy (wa)
+wBSZju]bi(wB)+wASkj "(WA)+(WA+‘UB)51<]‘ Usf (wa, wp) (55)
= Sije) + Siluzbj(WB)8 + 57t (wp) + SHU(wa)e) + SHUTT (wa, wp)e)
+ SyUfi(wa)eli(wn) + SEieh(wa) + SUT (ws)el(wa) + Syl P (wa, wp).

This is equivalent to the following expression, given that both s?j and S?j are diagonal matrices:

Fif (w4, wp) + Ej(wa)Uji(wp) + Fj (wp)Ufi(wa) + €]Uff (wa, wp)

— T (wa, wp) = T (wa)Uji(wp) — Ty (wp)Ufi (wa)

+wpSHUH(wp) + waSHUf(wa) + (wa + wp)UF (wa, wp) (56)
= Sff’e? + SL UL (wp)e? + Sﬂeh(wg) + S0 UL (wa)ed + U‘f (wa,wp)e?

+ UG (wa)ehi(wp) + Shefi(wa) + Uj(wp)ef;(wa) + €5f (wa, wp).

We make a similar assumption as in the first-order case, namely that
8?5’(0}14,603) =0 (57)

for the vir-occ and occ-vir blocks. Under this assumption, we obtain

Fﬁ-b((UA, wg) + G;-lib(wA, wg) — W]?”ib(wA, wp)

8?—8?—(0/1—603 ’

U (wa, wp) = (58)

where G;?Z-b and W]‘-Zz-b are defined as
G (wa, wp) = Fj(wa)Up(wp) + Fj(wp)Uf(wa) — Uj(wa)eyi(wp) — Uj(wp)el(wa),  (59a)

Wﬁb(wA,wB) = Sﬁ’e? +5j LU (wp)el + S]kskl(a)g) + S UE (wa)ed + S]kskl(a)A)

(59b)
- wBS}llUlbi(wB) wAS Ui (wa) + ﬁ?b(wA,wB) + ﬁ?(WA)uli(wB) + 7;1 (wp)Uji(wa).
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The diagonal blocks of U]’?ib (wa,wp) can also be determined by exploiting the orthonormality condi-
tion (34):

U (—wa, —wp) + Uf (w4, wp) = —UF (—wa)Up(wp) — Uj (—wp)Uj(wa) (©0)
- Sfl? - uﬁ‘*(—wA)Ska - u]bi*(_wB) ;‘lk - S?i*ujbk(wB) - S]bi*u;lk(wA)'

Choosing
Ui (—wa, —wp) = U (wa, wp) (61)
leads to the following working expression:

1
Uff (wa,wp) = —5 [u]"li*(_wA>u]bk(wB) + Ui (—wp)Ujj(wa) + S

(62)
+ U () Sl + UL (—wp) St + S5 Ul (wp) + Sy Uf(wa)]

To facilitate a more direct solution of the off-diagonal blocks of U]‘?ib (wa,wp), we insert Eq. (40)
into Eq. (58), isolating the terms involving unknowns on one side to give

[Ajikl + wA5ik5jl] U (wa, wg) + B U (—wa, —ws)

= —H? — D§(wa) (jilkA)" — D3, (wp) (jilxA)" — ny (il ki)
— ng(jilln!)° [ Ufy () Ub (—wp) + Ul (@)U (~wn) |
— (ji" [oxe) = (G| frelp® (@) = (] frclp(wn))

— D (@a) (ji®| frc #A") = D (wp) (| fuc KA") = ni (i) fc | kK™)
= (ji lkxclo" (wa) 0" (w)) — G (wa, wp) + Wi (wa, wp).

(63)

The index I on the left-hand side is summed over all orbitals, as nonzero contributions arise regardless
of whether the basis functions are perturbation-dependent. Following the same procedure, we partition
the index [ into virtual and occupied orbitals and move all constant terms to the right-hand side to
obtain

{Ajikl + (wa + WB)‘Sikéjl} U (wa, wp) + B U (—wa, —wp) = R;'ib(wA, wg), (64)

where
R (wp, w) = —HP — D}, (wa) (jilkA)? — DY (w) (jilkA)" = g jilkk)
— i il |n)° [ U (o) Ul (—wp) + Ut (wp) Ugi (—wa)]
— (" [oxe) = (| frcl0" (wB)) = (ji® | ficlp® (@)
— D3, (@) (ji°| fuclkA") = DY) (i®| fxe KAT) = 1y () fee [ KK)
— (ji°lkxel0" (wa) 0" (wp)) = GE (wa, wB) + W (wa, wp)

— [ (illkm) Ut (o, wg) + (il lImk) U3l (~wa, —p)|.

(65)

In the two equations above, we take i, k,m € occ and j,! € vir. The index n may be restricted to virtual
orbitals if the basis functions are field-independent; otherwise, it must run over all orbitals. Taking the
complex conjugate of Eq. (64) and replacing (w4, wp) with (—w 4, —wp) yields

[A;ikl — (CUA + wB)(Sik‘sjl} Lll“kh*(—wA, —(UB) +]B%]’filklll“kb(wA,wB) = R]”?ib*(_wA, —wB). (66)
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Combined with Eq. (64), this leads to a standard linear system:
Ajir + (wa + wp)dixdj Bk Uit (wa,wp) | _ R}Zf’(a}A, wg) 67)
Bk Al — (wa +wp)didj | | U (—wa, —wp) R;?ib*(—wA, —wg) |’

which constitutes the working second-order CP-HF /KS equation. It depends on the solutions of the
first-order equation (54), and together, the first- and second-order solutions determine the second-order
response density.

2.6. Quasi-Energy Response: Working Form

Using the expressions derived in Subsecs. 2.3-2.5, the quasi-energy derivatives from Subsec. 2.2
can be simplified to yield the following explicit working formulas that are suitable for practical
evaluation (see Appendix B for details).

The First Order:
W (wa) = —m;Sg[e) + 4| + DY, [ iy = Ty (wa)] y
+ 3098 (kA + DY (1 foxe). ()
The Second Order:
W (wa, wp)
= —%U]‘-’i(wA)S;’i* (s? —wa + w3> - %U}’i(wB)Sﬁ* <s? +wy — w3>
- % [u;*(—wA)s; + u};*(—wg)s;i} (8? fwa+ wB)
- %sg}’ (260 +wa +ws) + % [stisty +stistr | (e +3¢0)
+ 5 |(wa +3wp)SiiSt; + (wp +3wa) S} |
= 2 st Ry (—ewn) = T (—wp)| + 55 [Fii(ws) — T (ws)] (69)

+ S [ (—wa) = T (—wn) | + 8k [Fi(wa) — Td(wa)] }
+ 5 (D8, (@) [Hh, — T (ws)] + Dby (wn) [, — T (wa)]
+ Dl (@) DY (v 1A + Dl () D (vliA) + Dl () (12 oxe)
DY () (10 loxe) + DY (10| el (@) + DYy (0 el () }

1
+ DY, [ Hilh = T (wa, )] + 5 D%,DS (uv[xA)™ + D, (v loxc),

where i,k € occand j € vir.
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The Third Order:

W (@, wp, )
= 2 U (wa, wp) U (—we) — Ut (—wa, —wp) U (we)
+ U (wa, wo) U (—wp) — U (—wa, —we) U (wp)
+ UL (wp, o) Ug (—wa) — U (—wp, —wc) U (wa)] (@a + wp + wc)
[ Ejwa) = Tiwa)] [Uh (@n) U (~we) + Ui e U7 (~w)
+ i [Fl(ws ] (—we) + Ufi(we)Uf (~wa) |
zc( )] [ulz(wA up (—ws) + UZ(WB)UJ%*(_WA)}
)] (Ul (—on) S + Ul (~wp) U (we)
o+ Sh + S UG (we) + U (—we) Ul (w) + S5 Ul (wp)]
(

) -

)

) = T (ws)] [l (~wa) S + Uf (—wa) U,
)
) -
)

)
)= Tj (ws)| [Uf (a5
+ i [Fi(we) — )
(70)
—n; sz( A

+ U5 (~we)S,

—n; sz(“’B wc)
U (—wc)S8 o+ S + 53 U (we) + U5 (~wc)Uw) + 55 Ukl
T (w )} [u%*(*wA)S?k+ Wi (—wa)Uji(wp)

+ UY (—wp) S + Si + S U (wp) + U (—wp)Uf(wa) + S} ]l'lk(wA)}

—n

sz (CUC

j
+ 8% (wa, wp, we) + VP (wa, wp, we),

where i,k € occ, and j € vir in the first bracketed term. The quantities S™¢(w,,wp, wc) and
V“bc(w A, wp, wc) are defined as (with 7, k restricted to occupied orbitals)

S (wp, wp, wc)

S [u;j (wa,wp)SEH (sk +&+wa+ wB) + U (—wa, —wp)Sg; (82 +é) + WC)
+ (wA,aJC)S (82 + s(l-) +wy + wc) + Ui (—wa, —wC)SZi (82 =+ 89 + (UB)
+ Ub¢ (wp, we)SE (82 + &)+ wp + wc> + UY* (—wp, —we) S (52 +e) + wA)}

0
+ = (wa + wp +wc) [Uﬁf’(wA/wB)Si}k + Uff (wa, wc)S}; + Ups (ws, we) g

2 (
+ Ul (—wp, —wp) S + US* (—wa, —we)SY 4 UL (— wB/_(UC)SZi]

_ El{{u]bi*(_wlg) ;l—l-u]‘?i*( )51+Sbc*] Ufi(wA)(Ze?—wA—i—wB—l—wc) 71)

+ [u]’?i*(—wA)S]C-l +U]§i*( WC)S?Z 4 uc*}uli(wB)(ZS?—FwA — wp +wc)

+ [U]‘-’i*(—wA)SmeUﬁ (—wp)S} +5ab*]ufi(wc)(2£?+wA+wB —wc)}

n; * *
-5 [(wc —wa — wp) U (wa, wp)S§; + (wp — wa — W)U (wa, we)SY

+ (wa —wp — wc)uﬂ (wp, wc)S; ] o {U}Ii”*(—wA, —wp)Sj;
+ U]L-zic*(—wA, —wC)S;’i + U]Z-’f*(—wg, —wc)SH (wA + wp + wc)

"
— ZH[U (—wa)she + Ul (—wp) St + Us (—we) S + S (269 + wa +wp + ),
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and
VP (w4, wg, we)
= Dfy (wa) [His = TH (s, wc) + (uv™foxe) + (] el (e) + (u fuclp () |
+ DY (w) [HiE — Tk (@, @) + (1™ ose) + (107 fuel (@) + (0 felp (w1))]
+ Dy (we) [Hip — T (wa, i) + (1™ oxe) + (10 fuclp" (8)) + (v fuclp ()]
+ DY, [Hite — Tate(wa, wpwc) + 2 D4 (o)™ + (0™ oxe) 72)

+ D e(wa) (uv[xA)" + D (wp) (v |kA)™ + DS (we) (uv|xA)™
+ (" frclp®(@a) + (™| el (wB)) + (W”blfxclpc(wc))]
+ Djy (wa) D (ws) (uv]kA) + Dy, (wa) D (we) (v feA)”
+ Dy (wp) DS (we) (v lrA)* + (o (wa) ke |o® (wB) o (wc)),
respectively. The third-order derivative of the xc functional (0%(w ) |kxc|0? (wB)|o¢(wc)) is computed

numerically but in different forms for various types of functionals, as detailed in Appendix C.
If a perturbation-independent basis set is used, Egs. (68)—(70) simplify to

W* = D), Hy,, (73a)
1
W (e, wp) = 5 [Dﬁy(wA)Hgv + Db, (wp)HY } + DY, Het, (73b)

WP (w4, wp, we)

nj * *
=2 [U]‘-’ib(wA, wp)US (—we) — U (—wp, —wp) U (we)

+ Ufic(wA,wC)U]l-’i*(—wB) — U;’f*(—wA, —wC)U}-’i(wB)

+ ufiC(wB,wc)u;*(—wA) — U (—wp, —we) U (@) | (wa + wp + wc)
wa) U (wp)US (—we) + U (we) UG (—ws)

+ i (wp) [Uf (wa) U (—we) + Ufy(we) U5 (—wa) |
(73¢)
ji

— niF(wa) [u;;*wg) ¢ (we) + U (—we) Uk (wp
— il (wp) U (—wa) U (we) + U (—we) U (wa) |
— mFS (we) u;i*(—wA)u;’k(wBHu?*(—w )u;k(wA)]

+ Djy (wa) Hy + Dy, (wp) Hi, + DS, (we) Hyy + Dy, it

vuttuv
+ (0" (W) [kxelp” (wB) [ (wC))-

i
i
+ i (we) [Ufi(wa) Ul (—ws) + Uf () U (—wa) |
(
(
(

3. Applications

The general formalism developed in the previous section can be directly applied to two com-
monly encountered types of perturbations: electric and magnetic fields. Electric fields give rise to
(hyper)polarizabilities, while magnetic fields induce (hyper)magnetizabilities. In this section, we
examine the explicit forms of these perturbations, which is essential for practical calculations and
program implementation.
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3.1. Polarizabilities

For a system with zero net charge, if the external electric field can be approximated as homoge-
neous, its interaction with the system may be described by the dipole approximation:

H = —pe-E, (74)
where £ is the external electric field and fi. is the electric dipole operator:

fie =) Zirr— ) 15, (75)
T i

which includes contributions from both the nuclei and electrons. If the nuclear positions are considered
fixed and unaffected by the external field, the nuclear contribution becomes a constant. As such, only
the electronic part of the dipole operator needs to be taken into account in the SCF procedure.

To characterize the system’s response to such a perturbation, we define the electric dipole moment,
polarizability, and first hyperpolarizability as follows:

pe(wa) = =W (wa)

0 a
= DvyH;wr

(76a)

zx“b(wA,wB) = —W”b(wA,wB)
= [Pt (wa) Y, + Dl (wp)Hy ], e
B (wa, wp, we) = =W (wy, wp, wc)
2 [ (wa, wp) U (—wc) = US (~wa, —wp) U (we)
U (w0, e YUY (—wp) — UL (—wa, —we) U

(ws)
+ Ul (wp, we) U (~wa) = U (~wp, —wo)Uf(@a)

:

% (wa +wp +we) = (p"(@a) kel (wp) o (wc))
Fi(wa) [U (@)U (—wc) + U (we)Uf (—ws)] 760

w3>[ul U (—we) + Ufi(we) U (~wa)]

we) | Uf(wa) U (~wp) + Uf (@)U (~wa) |

b ]k<wc> + U (—we) Ul (ws)]

[w’* AU (we) + U (—we) U (wa)]

I

where i,k € occ and j,I € vir. In practice, computation of such electric response properties can be
performed with standard (field-independent) basis sets, for which the derivatives of the basis functions

Fh(
< (we)
+niFf(wa)
+ niEfy(wp) )
+ niFG(we) {u;*ewA)ujk(wB) + UL (—wp) U (wp)

with respect to external fields vanish. The core Hamiltonian has nonzero field derivatives only at first
order:
Hyy = (ulr|v)- (77)

Derived from the quasi-energy formalism with a field-independent basis set, the first-order
response (76a) coincides exactly with that obtained from the expectation value of the dipole operator,
and the second-order form (76b) is also largely consistent. The only difference at second order lies in
the quasi-energy formalism’s explicit incorporation of the symmetry with respect to the permutation
of differentiation orders. However, discrepancies begin to appear at third order: the quasi-energy
response (76¢) includes additional terms involving the second-order response density and exhibits an
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explicit dependence on field frequencies. This indicates a breakdown of the so-called (2n + 1) rule
for time-dependent perturbations. Nevertheless, it is worth noting that when the applied frequencies
satisfy the equation w4 + wp + wc = 0, the additional terms in Eq. (76¢) cancel out. In other words,
nonlinear optical phenomena such as SHG can still be correctly described. Eqs. (76a)—(76c) can thus
reduce to the special cases presented in the works of Rice ef al.[21] and of Karna and Dupuis[22].
However, their derivations are not sufficiently direct—for instance, interpreting SHG by invoking an
artificial external field oscillating at 2. In contrast, our formulation is grounded in a more general
framework that allows for arbitrary combinations of time-harmonic perturbations, leading to a clearer
physical interpretation of the resulting response properties.

3.2. Magnetizabilities

When a magnetic field is applied, the system can also respond to it. If the source of the field is
sufficiently distant, the magnetic field B can be approximated as uniform. Under this assumption, the
nonrelativistic magnetic interaction takes the form

1 =Y | SiA(r) - V4 LA () + Lo
H _Zl:{ iA(r;) V1+2A (rl)+2tfz B]
i 1 2, 1
:Z[szri'Vi+8(Bx”i) +2‘7i’B] (78)
1

N 1 2
B L[ B,
1
where A is the vector potential, defined by V x A = B, and ¢; = o is the Pauli vector. The first term in
Eq. (78) corresponds to the paramagnetic contribution of the electrons, which is precisely the classical
magnetic dipole interaction, and the electronic magnetic moment operator fir, arises from both orbital
and spin angular momenta:

1 N 1 .
fim = _Eg(li —|—gs§i> ~ —5 Z(—u*,- x Vi+ o), (79)

1

where the leading minus sign results from the negative charge of the electron, the factor of % corre-
sponds to the Bohr magneton, and ¢s = 2 is the Landé g-factor for the electron spin, introduced to
correct the gyromagnetic ratio. The second term in Eq. (78) represents the diamagnetic contribution of
the electrons, which reflects the system’s tendency to oppose the applied magnetic field.

Strictly speaking, the magnetic interaction operator should also include paramagnetic and dia-
magnetic contributions from the nuclei. Even under the Born-Oppenheimer approximation, atomic
nuclei possess spin magnetic moments and exhibit diamagnetic responses to an external magnetic
field. However, these terms involve mass in the denominator, and since the nuclear mass is at least
three orders of magnitude greater than the electronic mass, the nuclear contributions to the mag-
netic interaction are negligibly small compared to those of the electrons and are therefore commonly
neglected.

We now define the (permanent) magnetic moment, magnetizability, and first hypermagnetizability
of the system as

Pm(wa) = =W (w4)

(80a)
= ~DiyHjus
& (wp, wp) = —~W™ (w4, wp)
1 (80b)
= —5 [Dlu(wa) H}, + Dl (p) Hy, | — DS, HEL,
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7" (wa, wp, we) = —W (w4, wp, we)

n; *
=5 [Uﬁb(wA,WB)Ufi (—we) = U (~wa, —wp) U (wc)

+ U]‘-zf(wA,wC)U}’i*(—wB) — U]’?ic*(—wA, —wC)UZ-’Z-(wB)
+ U (wp, we)Uf (—wa) = UjF* (—ws, —wc)ufi(wA)}
x (wa +wp + wc) = (" (wa)kxelo? (wp) 0 (w))

—niFj(wa) Ulbi(wB)ujci*(_wC> + Ufy(we) U (~wp)

— n;Fh(wp ):ul“i(wA)Ufi*(*wc)+Ufi(wc)ufi*(*wA)} 500

5 (we) [Ufi(wa) Ujy (—ws) + Ufi (wp)Uff (~wa)

+ 1 (wp) [U}’i*(—wg) G (we) + Ufi*(—wc)ufk(wla

( )
+ i (wp) (U (—wa) U (we) + U (—we) U (wa)]
+ i (we) [ U5 (—wa) Uk (ws) + Ul (—wp) Uf(wa) |
— Dy, (wa)Hy, — Dy, (wp)Hi, — DYy (we) i,
where i,k € occ, j,I € vir, and a field-independent basis set is used. Due to the presence of non-
linear (quadratic) terms in the magnetic interaction operator, the one-electron core Hamiltonian has
nonvanishing derivatives up to second order:

1 . i
Hy, = E(V|*1€ajk”]ak +0'v), (81a)

Hff, = %(m&“hrz — '), (81b)

where €* ik is the Levi-Civita tensor. Egs. (80b) and (80c) can be decomposed into paramagnetic
and diamagnetic contributions, owing to the differing orders of the paramagnetic and diamagnetic
interaction operators in the external magnetic field. Specifically, for magnetizability, we have

1
':gb(wArwB) = D) [Dzy (WA)Hpbu/ + DSy (wB)H]ZV:| ’ (82a)
g = —D),Hib. (82b)

For the first hypermagnetizability, the paramagnetic and diamagnetic parts are given by

nj * *
T (wa, wp,we) = — - U (wa, wp) U (—we) — Ui (—wa, — wp)Uj;(wc)
5 Y j j

+ Uff (wa, o)UY (—wp) = U (—wa, —we) U (ws)
+ UL (s, W)U (~wy) = U (~wp, —wo) U (wa)
X (wa +wp +wc) = (0" (wa) kxe|o” (wB) |0 (wc))
= miEf(wa) [Uf(w) U (—we) + Uf(we) Ul (~wp)]
on) [ (@)U (~ewc) + Uf (o) ()] (55
F(we) [Ufi(wa) Ul (—ws) + Uf () U (—wa) |
(wa) [Uff (—wp) U (we) + U (—we) Uk (wp)|
+niF£i<wB>'u;*(fwA> (we) + US (—we) U (wa)]
G )

we) [Ug (~wa) Ul (wp) + U (~wop) Uk (wa),
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Cébc(wA/ wB/wC) = _Dzy(wA)Hfﬁ/ - Dsy (“‘JB)HZ;/ - Df/y (wC)HZ?/' (83b)

Magnetic response properties bring in considerations related to gauge transformations, as the
vector potential enters explicitly in the interaction Hamiltonian. According to Maxwell’s equations, a
gauge transformation of the scalar and vector potentials,

¢ ¢ =¢—0g (84a)
A— A =A+Vg, (84b)

with g being the gauge function, leaves the physical electromagnetic fields unchanged. Similarly, the
HF and KS equations must obey gauge covariance—i.e., they must retain their validity under such
transformations. It would be unphysical for the HF/KS equations to break down simply because the
gauge has changed. Under a gauge transformation, the one-electron wavefunction acquires a position-
and time-dependent phase factor:

¥ = ) = pre 8, (85)

As rigorously shown in Appendix D, The function g appearing in the exponent of the phase factor is
exactly the gauge function.

When a gauge transformation is considered, both the transformed operators and wavefunctions
(more specifically, the basis functions) must be taken into account. Due to the introduction of a phase
factor, the basis functions become dependent on the external magnetic field (see Eq. (A63)). In this case,
more general expressions for the quasi-energy derivatives are required to properly evaluate magnetic
response properties. Fortunately, the added phase factor does not affect the overlap between basis
functions, as it cancels out:

Sy = (W) = (ulv) = Sy (86)

It follows that all field derivatives of S;, vanish at any order. As a result, the magnetic response
properties up to third order take the forms

Hin(wa) = DYy | T (wa) = Hiu(wa) ], (872)

§" (@, wn) = 3Dl (wn) [T (ws) — HY, (ws)]
+ 5 Db, (@n) [T (wa) — Hiy (w)] (&70)
+ DY, [ T (wa, wp) — Hif(wa,wp)|,
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EMe (wa, wp, we) = =2 [ USP (wa, wp) U (—we) — U (—wa, —wp) U (wc)

+ Uff (wa, wo)Uff (—wp) — U (~wa, —we) Ui (wp)
+ Ul (wp, wo)UY (—wa) — U (—wp, —we) U (ws)]
X (wa +wp +we) = (0" (wa) kxc|o” (wB) [ (wc))

ni B3 (@4) = Ti(wn)| [Ub(ws)US (~we) + U (wo) U} (~wp)|
[ Fhcop) — T eon)] [ @)U (~coc) + U ()L (~c0)
—mi[Fjlwe) = Tilwe) | [Ublwa) U (~wp) + Uf(wp) U ()]
+n; :FJZ‘(WA) - 773(60/4)] [u]bl*( wp)Uji (we) + Uji' (= wC) (@ B)} e
+ i [Ehwon) — T wn)] [u <—wA)ujk<wc> U (~wo)U k(m}
B (ae) - Tetac)] [u;z* AUk (wp) + U7 (~eop) U (1)

+ Dl (wp) | T (wa, ) — V<wA, we)
+ Dy, (we) [naf(wA/WB) o (wa, wg ]
h

_|_
>
§O
T
B
>
£
S
3
Q,
LZ
S
2>
£
g
3
o

Note that the gauge transformation of the scalar potential causes the core Hamiltonian matrix Hy, to
become explicitly dependent on the magnetic fields (or field frequencies), which must be properly
accounted for in practical calculations. 7, can now be explicitly expressed as

T = (W'[i0¢[v")
= (V!(atg)lv) (88)
— Y waBe“at . R x (ulrlv),
2 A

which is, perhaps unexpectedly, identical to the result of the gauge-transformation operator for the
scalar potential. Moreover, it involves only the first-order field derivative:

Th(wa) = —SAen Ri(ul o) (39)

Egs. (87a)—(87c) are exactly equivalent to Egs. (80a)—(80c), thereby confirming that the response proper-
ties derived from quasi-energy derivatives are completely independent of the choice of gauge origin,
as all gauge-dependent contributions cancel out. This is a direct consequence of the gauge covariance
of the HF/KS equations.

3.2.1. Comparison with the GIAO Method

The magnetic response properties derived above are gauge-invariant, as the quasi-energy itself is
a gauge-invariant quantity. In contrast, the energy and the dipole expectation are not conserved under
gauge transformations. Consequently, frameworks based on their field derivatives inevitably lead to
gauge-dependent magnetic properties. To address this so-called gauge-origin dependence, several
gauge localization schemes[36—41] have been developed. Among them, the most widely adopted is
the gauge-including/independent atomic orbitals (GIAOs)[39—41], originally referred to as London
atomic orbitals[42]. In this method, the gauge in a gauge-transformed basis function ¢}, is modified as

1
Qv = —EB' (R—Ry) x, (90)
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where the gauge origin R is fixed at the center R, of the v-th atomic orbital, i.e.,
9, = g8 = gye 1B (Rl oD

However, the gauge function appearing in the field-dependent operators remains unchanged. This
artificial treatment compromises the covariance of the HF/KS equations under gauge transformations.
In this case, the gauge-transformed overlap matrix S;W no longer vanishes:

Shy = (ule®Hmly), (92)
where we define ) .
i i
ul,u/: _ERHer:_E(RV_RH) X r. (93)
The matrix 7}, becomes
Ty = 1200 Be st (R, — R) x (u|reB%m|v) (94)
uwo— 2 — ARPA v ]/l .

Both Eq. (92) and Eq. (94) contribute nonzero higher-order field derivatives, which necessitates the use
of the full formulation with field-dependent basis sets in magnetic response theory.
Moreover, one can show that gauge-origin dependent terms in Egs. (87a)—(87c) such as

Hyy(wa) = Tiy(wa)

1 Z i ; 1 i - (95)
_ a | _ 12 I Lo k, t a 1 a pl .k
— (y Z,{w[ ZV ; |1’—"I|] 5€ jkr{,a + 50" — Jwae aRur 1/)
and ) )
Hyy (wa,wp) — T’ (wa, ws)
1 Z i i
_ a /b | 12 I _ Ygga b b .a J ~k
= (y uwu,w[ ZV ; = 1’1} 7 [vae ik +Uy€ jk} 73,0 (96)

1 i ' 1
+t3 [Z/(;jvab + Uﬁvaa} ~3 [wBU§Vebjk + wAZ/lfwe”jk] R,r* + 1 [5“br3 - rﬁrﬁ]

')

(with r, defined as r — R,) merely redistribute the gauge dependence over the atoms. While the
resulting expressions may appear free of explicit dependence on the gauge origin R, the computed
magnetic properties remain strongly basis-set-dependent.

In this regard, the GIAO method does not fundamentally resolve the gauge problem but instead
introduces additional complexity. If all the atomic centers R, Ry, ... in the GIAO expressions are set
to zero, one immediately recovers the expressions under the conventional gauge transformation. The
core issue is that GIAOs fail to recognize the inherent gauge covariance of the HF/KS equations. Since
the quasi-energy is an observable, it should by construction be gauge-invariant—without resorting to
artificial gauge localization schemes.

4. Results and Discussion
4.1. Numerical Tests

We have implemented the newly developed electromagnetic response theory based on the HF/KS
quasi-energy framework within the PySCF platform[43—46] for computing general response properties.
The core computational step is solving the CP-HF /KS equations (54) and (67), which are linear and
can, in principle, be handled by standard linear solvers. However, such direct approaches are often
inefficient for large-scale and sparse systems. To improve performance, our implementation includes
interfaces to not only an exact solver but more efficient iterative techniques, including Krylov subspace
methods[47,48] and Newton-Krylov (N-K) algorithms[49,50]. These methods enable faster convergence
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to a target accuracy in many cases. We benchmarked all implementations against the conventional
solver as a reference, evaluating both their numerical accuracy and computational efficiency.

First-order response properties require no additional elaborate computation; once the unperturbed
density is known, they can be directly evaluated. Therefore, these properties are not included in
the following numerical tests. When the sum of the frequencies of the external fields acting on
different components of the response tensor is zero, the second- and third-order electromagnetic
response properties obtained from our formalism coincide with those given by existing frameworks.
Accordingly, we computed the second- and third-order electromagnetic responses corresponding to
several conventional optical properties of the H,O molecule (O-H bond length: 0.957 A, H-O-H bond
angle: 104.5°) at both the spin-restricted HF and KS-DFT levels, using the STO-3G basis set from
the Basis Set Exchange (BSE) database[51]. The results obtained by different numerical solvers were
compared.

For KS-DFT, which includes electron correlation effects to some extent, the numerical complexity
of the ky. term in Eq. (72) depends on the form of the xc functional (see Appendix C). For exam-
ple, the local-density-approximation (LDA) functional depends only on the electron density p; the
generalized-gradient-approximation (GGA) functional further includes its gradient Vp; and the meta-
GGA (mGGA) functional introduces V2p and the kinetic-energy density T as additional variables.
Non-collinear functionals may also depend on the spin magnetization vector m and the kinetic spin-
density vector u. Although our implementation is capable of numerically evaluating all these cases, the
present tests were limited to collinear functionals, among which SVWNS5, PBE, and TPSS were chosen
as representatives of the LDA, GGA, and mGGA functionals, respectively. The radial and angular
grids were set to 99 and 590 points for the numerical integration.

Tables 1 and 2 summarize the computed results for the electric and magnetic response properties,
respectively. The monochromatic field was assigned a frequency of 0.1 a.u. To make the data more
compact, spherical averages of the response tensors were used—for example, the spherically averaged
polarizability:

1

X = glxiir (97)

and the spherically averaged first hyperpolarizability:

B =1\/Bipi, wherep; = %(,Bijj + Bjij + Biji) - (98)

For the electric response properties, reference data from Gaussian 16 Rev. B.01[52] are provided for
comparison, while for the magnetic responses, results from Dalton 2020.1[53] are included. There are
only a few quantum chemistry packages that support the calculation of magnetizabilities. Even the
Dalton program still lacks a complete library of mGGA functionals and is limited to the evaluation
of static magnetizabilities for closed-shell systems. Since odd-order magnetic response properties of
closed-shell systems are purely imaginary for one-component nonrelativistic theory, only the second-
order results are presented here. In Table 2, the diamagnetic contribution depends solely on the
unperturbed density and does not require solving the CP equations, whereas the paramagnetic term,
analogous to the electric polarizability, involves the first-order CP equations. Accurate solutions
of the CP-HF/KS equations rely on well-converged unperturbed molecular orbitals; therefore, the
ground-state SCF energy was converged to 10~ a.u. in all calculations. The Krylov solver used for the
CP-HF/KS equations employed a convergence threshold of 10~ a.u. within the subspace iterations.
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Table 1. Static and dynamic (w = 0.1a.u.) spherically averaged polarizabilities and first hyperpolarizabilities of
H,O calculated using various solvers at the spin-restricted HE, SVWNS5, PBE, and TPSS levels with the STO-3G
basis set. All values are given in atomic units.

Method Solver 2(0,0) a(—w,w) B(0,0,0) B(—2w, w,w)
Krylov 2.456114 2.493836 9.724434 10.67309
HF N-K 2.456114 2.493836 9.724434 10.67309
exact 2.456114 2.493836 9.724434 10.67309
Gaussian 2.456114 2.493836 9.724434 10.67309
Krylov 2.337072 2.378101 9.601582 10.94481
SVWN5 N-K 2.337072 2.378101 9.601582 10.94481
exact 2.337072 2.378101 9.601582 10.94481
Gaussian 2.337074 2.378104 9.601611 10.94484
Krylov 2.389041 2.430847 9.490396 10.78105
PBE N-K 2.389041 2.430847 9.490396 10.78105
exact 2.389041 2.430847 9.490396 10.78105
Gaussian 2.389024 2.430829 9.490255 10.78088
Krylov 2.447234 2.488514 9.555978 10.75230
TPSS N-K 2.447234 2.488514 9.555978 10.75230
exact 2.447234 2.488514 9.555978 10.75230
Gaussian 2.447381 2.488667 9.563478 10.76102

Table 2. Static and dynamic (w = 0.1 a.u.) spherically averaged magnetizabilities of H,O calculated using various
solvers at the spin-restricted HF, SVWNS5, PBE, and TPSS levels with the STO-3G basis set. All values are given in
atomic units.

Method Solver &q &p(0,0) ¢(0,0) (~w,w)
Krylov -3.004265 0.354248 -2.650016 -2.638684
HE N-K -3.004265 0.354248 -2.650016 -2.638684
exact -3.004265 0.354248 -2.650016 -2.638684

Dalton -3.004263 0.354248 -2.650015 -
Krylov -2.997094 0.391350 -2.605744 -2.589627
SVWNG5 N-K -2.997094 0.391350 -2.605744 -2.589627
exact -2.997094 0.391350 -2.605744 -2.589627

Dalton -2.997093 0.391350 -2.605744 -
Krylov -3.010564 0.399143 -2.611421 -2.594833
PBE N-K -3.010564 0.399143 -2.611421 -2.594833
exact -3.010564 0.399143 -2.611421 -2.594833

Dalton -3.010565 0.399143 -2.611422 -
Krylov -3.017507 0.380711 -2.636796 -2.622316
TPSS N-K -3.017507 0.380711 -2.636796 -2.622316
exact -3.017507 0.380711 -2.636796 -2.622316

Dalton - - - -

As shown in Tables 1 and 2, the results obtained from our implementation are largely reliable.
In Table 1, the deviations from the Gaussian 16 results become slightly more pronounced with the
increasing complexity of the xc functional, which is likely attributable to the different numerical
integration grid pruning schemes employed in the two programs (NWChem-type grids in PySCF vs.
SG-1 grids in Gaussian 16). In addition, the results produced by the various solvers implemented in
our code are virtually identical. Considering the superior efficiency of the Krylov solver for large linear
systems, it is therefore adopted as the default solver for the CP equations in subsequent calculations.
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4.2. Non-Optical Properties

The electromagnetic response formalism developed in this work encompasses all conventional
optical properties, which correspond to processes where the sum of the perturbation frequencies
equals zero—i.e., the frequencies of the emitted fields match those of the incident ones. In practice,
however, inelastic scattering processes can occur, where the frequency balance is broken due to energy
exchange between the external field and the electronic system. Such situations give rise to non-optical
response properties, including frequency-mixed or frequency-converted responses that are typically
inaccessible in standard optical response theories. The present formalism enables direct prediction of
these non-optical responses, which can exhibit pronounced dependence on the field frequencies. To
illustrate this capability, we computed several frequency-dependent non-optical properties of the H,O
molecule at w = 0.05,0.10,0.15,0.20 a.u., and the results are summarized in Table 3.

Table 3. Dynamic (w = 0.05,0.10,0.15,0.20a.u.) spherically averaged non-optical electromagnetic response
properties of H,O calculated at the generalized HE, SVWNS5, PBE, and TPSS levels with the STO-3G basis set. All
values are given in atomic units.

Method w a(w,w) Blw,w,w) ¢(w,w) {(w,w,w)
0.05 2.465426 10.03915 -0.096125 1.060108
HF 0.10 2.493836 11.07370 -0.087554 1.104119
0.15 2.542842 13.17900 -0.072223 1.167423
0.20 2.615197 17.39514 -0.048216 1.254649
0.05 2.347162 10.04824 -0.060547 1.184807
SVWN5 0.10 2.378101 11.58515 -0.048325 1.236818
0.15 2.432036 15.09977 -0.025942 1.318000
0.20 2.513118 24.29370 0.010578 1.437984
0.05 2.399326 9.921563 -0.058666 1.182924
PBE 0.10 2.430847 11.39941 -0.046085 1.233733
0.15 2.485755 14.74416 -0.023015 1.314061
0.20 2.568186 23.14165 0.014707 1.433669
0.05 2.457400 9.962100 -0.079933 1.117914
TPSS 0.10 2.488514 11.33683 -0.068962 1.163513
0.15 2.542545 14.35058 -0.049021 1.234274
0.20 2.623225 21.48152 -0.016914 1.337470

To obtain nonzero third-order magnetic responses, the generalized HF/KS framework was
employed. This approach allows each molecular orbital to mix a- and B-spin components, thereby
accounting for spin-magnetic coupling and non-collinear operator contributions that are essential for
accurately describing magnetic correlation effects.

For non-optical properties, as indicated by Egs. (76¢) and (80c), the (2n + 1) rule breaks down,
and the third-order responses show explicit frequency dependence. Consequently, they vary more
strongly with the field frequency than the second-order responses under dynamic fields, as illustrated
in Table 3.

4.3. Gauge-Invariant Magnetic Properties

Gauge transformations of the electromagnetic potentials introduce a gauge-dependent phase
factor e 718 into the orbitals and simultaneously impose a unitary transformation on the Hamiltonian.
Since a unitary transformation leaves all physical observables of the system unchanged, the quasi-
energy and its derivatives are inherently gauge-invariant without any additional corrections.

In contrast, the magnetic properties derived from the GIAO method are based on energy deriva-
tives. Under a dynamic electromagnetic field, the energy is not a gauge-conserved quantity, and the
correction introduced by GIAQO effectively adds a degree of arbitrariness by distributing the gauge
origin among individual atomic centers. This leads to a stronger basis-set dependence of the computed
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properties. Nevertheless, as the basis set approaches completeness, the difference between GIAO and
non-GIAO results diminishes, as can be seen from Table 4. Despite its widespread use, the GIAO
approach is conceptually and computationally more involved, and offers limited physical insight.

Table 4. Static spherically averaged magnetizabilities of H,O calculated with and without GIAO at the spin-
restricted HF, SVWNS5, and PBE levels using the STO-3G, 6-31G, cc-pVDZ, and Sadlej-pVTZ basis sets. All values
are given in atomic units.

Method Gauge Basis STO-3G 6-31G cc-pVDZ Sadlej-pVTZ
HE - -2.650016 -2.997862 -2.820516 -2.949613
GIAO -2.459860 -2.798452 -2.773012 -2.931758
SVWNS5 - -2.605744 -2.983692 -2.820797 -3.062157
GIAO -2.417908 -2.784379 -2.768266 -3.059146
PBE - -2.611421 -2.967591 -2.796043 -3.032509
GIAO -2.402182 -2.754203 -2.740750 -3.027743

5. Conclusions

Conventional electromagnetic response theories often suffer from internal inconsistencies and
limited generality, particularly under time-dependent perturbations, where the expectation value of the
Hamiltonian is no longer an observable. In such cases, frameworks based on energy derivatives become
invalid, whereas the quasi-energy provides a more general and physically well-defined quantity. In this
work, we have developed a general electromagnetic response theory based on quasi-energy derivatives,
which enables the calculation of a wide range of electromagnetic response properties. First, the present
theoretical framework provides a more general, consistent, and rigorous derivation, particularly for
systems under time-dependent perturbations. Second, the formalism places no restriction on the type
or combination of external fields, allowing the treatment of arbitrary dynamic or static perturbations.
As a result, it not only encompasses all optical properties but also extends naturally to the prediction
of non-optical responses. Additionally, the gauge dependence of magnetic properties is fully resolved
within this framework, since the quasi-energy and its derivatives are themselves gauge-invariant
quantities.
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Appendix A. Derivation of T-Response

Isolating the first three orders of the expansion in Eq. (18), we directly obtain

0 =0, (Ala)
T Faa = DY, T  Faa + iniCy0 Sp Coi 0 F aa (A1b)
1 1
ETAaBb]:Au-FBb = {Dfﬁﬁﬁb + zDgynﬁaBb] FaaFpp

i [c;{‘”sg,, + c;;?s;‘ﬁ] CBY F 40 Fip (Alc)

1

i
+ EniC;?S,gVCé“Bh@tha}—Bb,
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1 AaBbCc 1 AaBb~4Cc 1 Aa~BbCc 1 0 AaBbCc
ET FaaFspFce = EDvy 7;41/ + EDvy 7;41/ + gDvynv FaaFsoFece
|1 1
+ in; |:2C;:§4a3b52v + C;;““Sﬁf + zcﬁ?sﬁf%} C]%canfBbatfcc
(A1d)

i

+ ETli {C;‘,{‘“S%V + C;?Sﬁg} C]ljibCCanathb‘FCC
i

+ 8TliC;?SgVCéuBbCCathaFBbfcc.

The summation indices in Eqs. (Alc) and (Ald) are dummy variables, and exchanging them does

not affect the value of the expressions., e.g., D;“ﬁ’];ﬁ,b}" AaFBy = Df}j’ﬁﬁ”]—" AaFBy- Therefore, the

expressions can be symmetrized by averaging over all permutations of the field indices, which gives
T4 F paFap
= [DYIT + DT + DY, Tk | FaaFn
+in; [C;{‘”Sﬁv + C;‘?Sﬁﬂ] CBY F a0t Fpp (A2)
+ini [ CiFYSY, + CHS L | A Fidi Faa

: AaB
+ mic;?sg,,cvi" bat]:AufBb,

TAaBbCC]:Aa]:BbJ—_'CC

_ AaBb~4Cc AaCcBb BbCcAa AagBbCc
- [DW 7;11/ +Dv;4 7;11/ "’Dvy 7;:1/ +Dvy7;v

+ DT + DETA™ + DY T ™| FauFanFee

+ing | CRATBUS0, + CrAISEL + CiPt st + Crs et | € FauFindi Fee
+in; [ CAICCS0, 4 CiATSCE 4 CrCes AT + c;?s;‘fa] CBY F gy Feeds Fip )

- A3
+in; | CpPCeSh, + CiPtSEE + e sl + c;?sﬁ,’,’cﬂ} CA Ty Feedr Fag

+iny | CfS0, + CilSibe | CBIC Foaadt Fin Fee

+in; _c;;?bsgv + C;?Sﬁﬂ CH FrporFaaFee
+in; c;?csg,, + C;‘,?S,(fﬁ} CABY Fe 0 F aaFpp
+ iniC;?S](/)wCéuBbCCathuFBbfcc.

By inserting each independent field as Fa,(r,t) = Fa,(r)el“sl into Eqgs. (Alb), (A2), and (A3) and
canceling out the shared factors, we arrive at Egs. (19a)—(19d).

Appendix B. Derivation of W-Response
Appendix B.1. The First-Order W-Response

Let us first evaluate the first term in the first-order energy response (14):

Dy, (wa)F)

0, = n; [co.u.“ (wa)CY +CoCY U]?’i*(—wA)} FO

vj i Vi~ uj uv (A4)

= i [ Ufi(wa) B} + UL (—wa) FY).

Since the ground-state Fock matrix is diagonal in the molecular orbital basis, i.e., Fi(])' = (Sijs?, the
summation over j yields

(A5)

1

Ui (wa) Fj + Uf; (—wa) By = [Uf(wa) + UG (—wa) e},
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By virtue of the orthonormality condition (33), we have
Diy(wa)Fy = —niSiiel. (A6)
Thus, the first-order response of the electronic energy becomes
a a0 0 rga 1 0 no a 0 a
E* = —n;Sjie; + Dy, Hyy, + EDVHD)LK(Vle)\) + Dy (uv*|oxe).- (A7)

Now we turn to the first-order response of T, as given in Eq. (19b). The second term therein can
be rewritten as
—wAninjS?WCzi(wA) = —wAninjS?WCSjU]‘?i (OJA)
= —wan;6;jUji(wa)
A8
= —waniUji(wa) (49

= —wpn;S%.
2 Altioji

Then, Eq. (19b) is equivalent to

1
T*(wa) = DY, Ty (wa) + 5@WAN;Si. (A9)

The total first-order quasi-energy response is therefore Eq. (68)

Appendix B.2. The Second-Order W-Response

Similarly, we begin by evaluating the first term in Eq. (16), using the definition of the second-order
density matrix (28):
Db (wa, wp)FY, = n; [u;.b(wA, wp)F + Ul (wa)Ufy (—wp)E

" (A10)

+ US(wp)Uf (—wa) E + U (—wg, —wB)F]ﬂ .

Owing to the diagonal structure of the zeroth-order Fock matrix in the molecular orbital basis, the
summation over j can be carried out to produce

Uit (onrwon) By + Uja)Uef (—wom) By + Uglon Ui (—won)Fy + U (o —an)Bp
— {Ufi(wA)U]l"i*(—wB) + U]l‘]i(wB)U][‘li*(—wA)]E? + {Ufib(WA/WB) +UP (—wa, —(UB)} &,

where the expression inside the second brackets can be reduced by virtue of the orthonormality
condition (34), resulting in

U?ib(wA,wB) + Ufzih*(—wA, —wp)
= ~Uj (—wa)Sj; — U} (~wa)Uji(ws) — U (~wp)S]; (A12)

— S = S Ui (wp) — Uj (~wp) Ui (wa) — Si U (wa).
Accordingly, we obtain

Dib (wa, wp)FY, = m; [u;(wA)u};*(—wB) + u;’i(wB)u;i*(—wA)} (eg? . 89) At
— i | UG (—wa) S+ UL (—w) S + I + S5 Ul (ws) + Sf U () |

1
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For further simplification, we separate the summation over j in the above expression into contributions
from virtual and occupied orbitals (the latter can be transformed using Eq. (47)), and write

]
—n [u;i*(—wA)sj?i + U (—wp)Sh; + ST + S5 U (ws) + sj?i*u;(wA)} e (A14)

Db (wa, wp)FYy = mi[ U (@)U} (~wp) + Ul (wp) U5 (—wa) | (0 - &)

+ 5 [susty + stisgr] (0 +3¢2),

where i,k € occand j € vir.
The second term in Eq. (16) can be recast into

Dy, (wa)Fyy (wp) = n; {ujai(wA)Fjbi*(_wB) + Ufi*(—wA)Fﬁ(wB)]- (A15)

Similarly, by separating the summation over j into contributions from virtual and occupied orbitals,
we obtain

Df (wa) By (wp) = | Ufi(w ) Fl* (—wg) + U (—wa) Fl ()]
— 2 [StEL (—ws) + S{ Fi(ws)]
= mUj(wa) {U}’i*(fwg) (e? - 8? + wB) + 7;?*(*603) + Sﬁ-’i*s?] (A16)
+ niUfi*(—wA) [U}’i(wg) (e? — e? — aJB> + 7;5’(003) + Sf’isﬂ
— 2 [spEl (~ws) + S{ Ei(wn),
where i,k € occ and j € vir, and Eq. (44) has been fully utilized.
It can be seen that the combination of Egs. (A14) and (A16) leads to partial cancelation of terms:

DzZ(wA/WB)F;(J)V + Dﬁy(wA)Fﬁv(wB)
= U (wa) [T (—~ws) + wsllf (~wp)|

L (—wa) [ T (wp) — wplll(ws))|

(A17)
—n; {U]l.’i*(—wg)S?i + Sfib + Sﬁ‘u}’i(wg)} e
n
+ 3 [stst + stisir] (e +3¢0)
n
— 2 Sty (~wn) + S Ely(ws)]-
Consequently, the second-order energy response takes the form
E™(wa, wp)
= m U (@) [T (~wp) + wpll (~ws)| +mUs* (~wa) [ T (ws) — wpUf(wp)]
n:
— | Ul (—wp) S+ SI + S5 Ul (wp) | + 5 |SESty + St | () +3¢0)
n; (A18)
— o [SHEL (—ws) + Si Fl(s)] + D, (w) Hfy, + DY, Hi
Db DO A)? lDO DO A ab Db a
+ vy(wB) )\K(I’H/|K ) + 2 VH )\K(l/”/|K ) + 1/;4((‘)3)(7/”/ |UXC)

+ DYy (™ [oxe) + DYy (v felo® (wp)).-
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However, upon closer inspection, one can show that the first-order terms in Eq. (16) can be
reorganized as
D{y(wa)Fyy (wp) + Dy, (wp) iy, + Dy (w) DY (v kA)*
+ Dy (wp) (v |oxe) + Dy (10| fclp® ()
= Dy, (wp)Ey (wa) + Df (wa) Hyy + DYy, (w) DY (v kA
+ Dy (wa) (10 |oxe) + Dy (| frelp" ()

according to Eq. (39). Proceeding in the same manner, we obtain an alternative expression for the
second-order energy response:

(A19)

E%(wy,wp)
= nillj(ws) [7;?*(_“’1‘1) +wAu]t?i*(_wA)} + U (—wp) [7}?(60,4) - wAU]‘?i(WA)]
ni{u;?i*(_(UA)S;?i-f—S?ib+S;?i*U;?i(wA):|E + -t { She 4 sh.se }<810(+3€9>
P [ShEE (—wa) + S (wa)] + Dy )Hb + DY, H (420

1
+ Dfy (wa) DR (pv[xd)” + EDgyDRK(MM)“b +Djy (wa) (1’ |oxc)

+ D0y (0™ [oxe) + DY (1v” | fclp® (@)
This expression is mathematically equivalent to Eq. (A18), but to make the symmetry under the
interchange of differentiation order explicit, we take the average of the two forms in the final result:
E® (w4, wp)
= 2l (wa) [T (~ws) - Sed] + %u%*(—w ) [7;b<w3> - s,% ]
wn) [T

nj * * *
Ul (wp) [T (—wa) — S57ed] + SLul( spel]

ji €
2 (o — ) U (@)UY (~cwp) — U (cwop) U (— WA)]

—n;8%e0 ¢ i{ St +5Zi51’iﬂ (€k+3€i)

Ni[ca ax b b pax bx ra (a21)
T [StF (—ws) + S Fly(w) + SPEG (—wa) + S} i (wa)
1
+ 5 | Dy () Hhy + DYy (wp) iy + Dy () DY (pev]ed)!
+ Dy (wp) DR (uv]eA)” + DY (wa) (v |oxe) + Dy (@) (1 0xc)
+ DY (v’ | felp® (wa)) + Dgy(ﬂvulfxclpb(WB))]
1
+ Dy i, + 5 Dy DR (v [x4)™ + Dy (v foxe),
where we choose i,k € occ and j € vir.
The second derivative of T is also simplifiable. From Eq. (19¢), we find that
[C“*(—w S + Cli Sty | Cli(wn)
= [COUE (—wa)Sh, + Clr iy | COUl (wp)
(A22)
= [0 (—wa) + 55| Uk (wp)
[uu* + Sa*:| ub (wB)-
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Similarly,

[Cli (—wp) St + ChiShy | Cli(wa) .
= Ul (—wp) + S | Uf(wa).
For the last term in Eq. (19c), we have

Chi 8D, Cif (wa, wp)
= S%U]‘-Iib(wA,wB)
= 5»]~U]’-Zib(wA,wB)
= Uf! (wa, w) (A24)

1
= LUt (con)Sh + U (—wa) i)
U (~wp) S+ S+ S} U ()

+ UY (—wp) Ul (wa) + sj?i*u;(wA)].
Hence, T’ (w4, wp) can be cast into

T”b(wA,wB

= 2 Ut (@) T (~wp) + Uf (—wa) T} (wp)

+ Ul(wp) T (—wa) + Ul (—wp) T (wa)|

~—

11 b b . 0 b (A25)
+ 5 [ Diu(wa) T (ws) + Dby (w) Ty (wa) | + DY Ty (wa, wp)
+ %(‘UA - wB){ [Uﬁ*(—w,q) - s;?i*} Ul (ws) — [u}’i*(—wg) + sj?l.*} u;.(wA)}

n; * *
+ 2 wa + wp) (U (—wa)Sh+ S+ Ul (—w)SE.

Splitting the summation over j into virtual and occupied orbitals gives

T (wa, wp)

= 2 Uk (@) T (~wp) + Uf (—wa) T} (wp)

+ Ub(wp) T (—wa) + Ul (—wp) T (wa)]

n; * * *
— T [StT (—w) + S T (w) + SLT (—wa) + ST (wa)|

1 (A26)
+ 5 [ Dty () Ty (wB) + Dy (p) Ty (wa)] + DYy Tl (wa, )

+ %(WA - wB){ [Uﬁ*(—wA) + Sff} Ul (wp) — [U}’i*(—wg) + S]bz-*} U]‘-‘l-(wA)}
+ 2w + wp) U (—wa)Sl + SIF + Ul (~wp)S]

- % [(3‘UA +wp)Sf; S+ (Bws + WA)SZ?SZZ} ,

where i,k € occand j € vir.
Consequently, the second-order quasi-energy response can be written as Eq. (69).
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Appendix B.3. The Third-Order W-Response

By analogy with previous derivations, we make use of the canonical form of the ground-state
molecular orbitals and the orthonormality condition (35), which allows us to simplify the first term in
the third-order energy response (17) as

DI (wa, wp, we)F,
= i [UgP (wa, ) U (—we) + U (we) U (~wa, —ws)
+ U (wa, wo) U (—wp) + UG (wp) Ul (—wa, —we)
+ Ul (wp, @)U (—wa) + U (@) UL (—wp, —wc)] (2 = 0)
— iU (—wa, —wB) 85 + US ™ (—wa, —we) S + Uf* (—wa) Sl az)
+ U (—wa) SR UE (we) + U (—wa) S5 URy (wp) + U™ (—wp, —we) S5
+ U (—wp) S + U (—wp) SHUF (we) + U (—we)SY
+ S+ SIUS (we) + U (—we) S{ UL (wp) + S5 U (wp)
+ S U (wp, we) + U (—wp) SG Ui (wa) + U (—we) ShUF (wa)

+ SEUL (wa) + SHUL (wa, we) + S§UL (wa, wB)} .
According to the definition of the second-order Fock matrix (40), we find in Eq. (17) that

Dl () ELS (s, wc) + DY, (s, we) [Hiy + DS, (uled)" + (1 oxe) |
+ DY, [ (1" | o™ (w, we)) + (10 kel (3) o (e ) |

= DIt (wp, we) Fiy (wa) + Dy (wa) [ H + DY (p) (uvliA)” + D () (uv]ed)”
+ DR (kM) + (v osc) + (0| el () + (v fclo? ()|

+ Dy (wp) (0 felp (@A) + Dy (we) (1’| felp(wa))
+ DYy (| frclo® (@) + (0% (@A) [kxe|0” (wB) [ (wc) ),

(A28)

where

DY (wp, we)Fiy (wa)

=n; {Uf'c(wB,wc)Pﬁ*(*wA) + U (—ws, —wc)Fﬁ-(wA)} (A29)

+ miEf (wa) [Uf (@) U5 (—we) + Ufy(we) Ul (~ws) .

The summation over j in the first brackets above can be partitioned into contributions from the
occupied and virtual subspaces. For the occupied part, using the orthonormality condition (34), we
have

n; [Uﬁf(wB/wc)Ffi*(—wA) + UpE* (—wg, _wC)FI?i(wA)}

= niFfi(wa) |UfE (s, we) + U (—wp, —wc)] 0

+ S+ S UG (we) + U (—we)Uj (ws) + S]C'i*u]l‘Jk(wB)} ,
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where i, k € occ, and j runs over the full orbital space. For the virtual part, by virtue of the first-order
CP-HF/KS equation (44), we obtain

i | Ul (wp, ) Bl (—wa) + Ul (—wp, —we) Fi(wa)

] J
= U (wp, w) {Uﬁ*(—wA) (89 —& + WA) + Ti* (—wa) + S?i*e(z‘)} (A31)
+ nl-ll]-bf*(—wg, —wc) [U]’?i(wA) (s? - 8? = wA> + T (wa) + S]”-’is?},

where i,k € occ and j € vir. Consequently, Eq. (A29) becomes

D% (wp, we)Fiy (wa)

wv
= niu}’ic(wg,wc) [U]‘-‘i*(—wA) (s? — s(]? + wA) + ﬁ?*(—wA) + S;-‘i*s?]
+ niU]l-’f*(—wB, —we) [U]@i(wA) (s? - 89 - wA) + Tii (wa) + S}-‘ie?}

a bx ¢ bx c c* b (A32)
— niFg(wa) [Uﬁ (—wg)Sj + Ui (—wp)Uji (we) + Uji" (—wc) Sy

Sl + Sy U (we) + U (—w) Ul (wp) + S5 Ul ()|

+ miFf (wa) [Uf (@) U (—we) + Ufy(wo) U (—ws) |,

where i, k € occ, and the indice j is restricted to the virtual orbitals in the first two terms, but otherwise
runs over all orbitals. Similarly, we have

DY (wa, we)Fhy (wp)

= niu]%’f(wA,wc) {U]l-’i*(—wB) <£? — E(; + w3> + ﬁ?*(—wB) + S;-’l-*eﬂ

+ niU]’?f* (—wyu, —wc) {U]’?i(wg) (8? - 8? — wB) + 7}?(603) + S]bz-sﬂ

— niFg(wp) [Uﬁ*(—wA) i+ Ui (—wa)Uj(we) + Uj (—we) S

+ SIE + iU (we) + U (—we) U (wa) + S5 Uk (wa)

+ i (wg) [ Uy (wa) U (—we) + Uy (wo) U (—wa)]

(A33)

and )
Dy (wa, wp)Fyy (wc)

= ”iu]l‘lib(“]A/WB) {Uﬁ*(—wc) (S? -+ wC) + T (—we) + Sf;‘sﬂ

+ mUf* (—wa, —wp) [Uﬁ'(wc) (89 —e)— wc) + Tji (we) + S]C‘is(i)}

— niFG () [U5 (—wa) Sk + Uf* (—wa) Ul (wp) + U (—wp) S5

+ S8+ ST UL (wp) + Ul (—wp)US (wa) + sﬁ?i*u;k(wA)]

+mif(we) [ U (wa) Ul (—ws) + U (wp) U (—wa)] -

(A34)
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By separating the summation over j in the second-order U-dependent terms of Eq. (A27) into contribu-
tions from virtual and occupied orbitals, we find that Egs. (A27) and (A32)—(A34) can be combined in

such a way that certain terms cancel out:

Dy (wa, wp, we) Epy + Dijy(wa, wp) Fiy (wc)

+ Dy (wa, we) Fly (wp) + DYy (wp, we)Fiy (wa)

= ni{ Ul (wa, wp) | T (~we) +wellf (~wo)|
Ui

+ U (—wa, —wp) | T (we) — wcuﬁ-(wc)}

+ Ujf (wa, we) [7;?*(—(03) + wBujbi*(_wB)}
U (~wa, —wc) | T (wp) = wsllf(wp) |

+ U (wp, we) {7;?*(—6014) + (UAU]%'*(_(UA)}
:7;?(0)14) - wAU}zi(wA)] }

i (wa) (U@ U (~we) + Uf(we U (~cwp)]

+ i (wg) | Uy (@) U5 (—we) + Uy (wo) U (—wa)]

+ nif (we) [Uf (@A) Ul (—ws) + Uf () U (—wa)]

Ul (—wp, —wc)

— i (wa) [ Ul (—wg)§ + Ul (—wp) U (we) + U (—cc) Sl
+ SIS U (we) + U (—we) Ul (wp) + S5 Ul (wp)]

— iy (wp) UG (~wa)S§ + Ug (—wa) U (we) + U (—we)S]

)
(—we)S},
+ SI + SHUS (we) + U (—we) Ul (@a) + S5 U (wa)

— niF(we) [Uﬁ*(—wA)ka + U (—wa) Uk (wp) + U (—wp) Sk

+ S8+ SH U (wp) + UY (—wp) Ul (wa) + SY 7k<wA)}

n
— ?’ [Uff’(wA,wB) o+ U (—wa, —wp) S + U (wa, we) S}y

(A35)

U (~wa, —we)Sf + U (ws, we) S+ UfE™ (~wp, ~we) S| (£ +¢7)

—n; [U}’i*(—wA)Sff + U (~wa)SHUf(we) + U (—wa) iU (wp)

+ UE (—wp) ST + Uj (—wp)SHUf (we) + U (—we) S + S
+ S U (we) + U (—we) SHUj (wp) + S5 U (ws)

+ Ujy (—wp) S (wa) + U (—we) ShUfi(wa) + s}’f*u}‘i(w,q)}s?,
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with i, k restricted to occupied orbitals, and j,! running over all orbitals except in the first term in
braces, where the index j refers only to virtual orbitals. Therefore, the third-order energy response
reads
Eabc(wA/ WBa, WC)
= Dyl (wa, wg, we)FY, + Dy (wa, wp) Fyy (we) + DY (wa, we) Fly (wp)
+ Dyjy(wp, we)Fiy (@a) + DYy (wa) Do (wp) (v |xA)©
+ Djy(wa) Di,e(we) (uv|xA)” + Dy, (wp) DS, (we) (v xA)®

)D}

+D§y(wA)[HZi+ (" Joxe) + (v°] frelp (we)) + (v°| frelo® (ws)
)
)

)
+ DYy (ws) [ Hif + (™ [oxe) + (10" | felp® () + (0 fclp® (wa)) | (A36)
+ Dy (we) [ Hip + (™ [oxe) + (| fuclp(@8)) + ("] fclp" (@)
+ D, | Dy (@) (uv[kA) + Dl () (uvled)™ + Dy (we) (uv|er) |

+ DYy [ (1 fuclp () + (™| fuclp® () + (1™ fuclp® (o)) |

1
+ Dy I 308 0) (o) |+ (6 ()bl on) (o))

For T (w4, wp, w¢) as given in Eq. (19d), one can observe that

{Cbc* —wp, — wc)SO + cb*( wB) Sy, +C§j§(—wc)sbv +C0>iks;’fv] Chi(wa) (A37a)
a
[ U (—wp, —we) + U7 (—wg) S5 + Ui (—wc)Sh +Sbc*}ulgi(wA>/
|Coe(—wa, —wc) S0y + Cli (=@ )85, + Cif (—we) gy + CLi 81| Chilws) )
= uger wA,—wc)+Ufi*(—wA)S]C-k+ 7 (—wc) S + S | Ufi(ws),
[Cub* _ 0 ax b bx/ a 0% qab | ~c
—wa, —wg)Shy + Cpf (—a)Shy + Chf (—wp) Sty + Chr it | C5i(coe) 7o
C
= (Ut (—wa, —ws) + U (—wa)Sh + Ul (—wp) S + S | U (we).
Similarly, we can obtain
(G5 (~we) S0, + S5, | Cob(wa, wp) .
a
= U (—we) + 85 |Usf (wa, wp),
|Ch (—wp)Sp + Cli Shy | Clf (wa, we) s
— [u;;*( w) +s;g*} U (wa, we),
|G (—wa)Shy + Cpi St | Clf (ws, ) s
C

— [Ua*(—CLJA) + S;ll*:| u]l]iC(wB/ WC)'

The third-order coefficients ijibc(w A, WB, W) appearing in Cg’: SgVC”bC (wa, wp, wc) deserve particular
attention, as this term can be recast as
CO%SO Cubc(w/{/ Wwag, (,UC)
— SO Labe (CUAr wg, WC)
v (A39)
= 55U (wa, wp, we)

= uzqibc ((,L)A, wpa, CUC),
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to which we need to apply a further assumption. Imposing the relation Ul’jf’c(—w A, —WB,
—wc) = Ufkhc(w A, wp, wc) for the occ-occ block gives
U (wa, wp, w)
1 *
2 U3 (~on, )5 + U (~w, ~wom)U () + UL (~wp, ~we)S)
+ U (—wa)SK + U (—wa) SiUii (we) + Ui (—wa, —we)Uji (ws)
+ Ui’ (—wa)S; L UP (wp) + U?“*(—wA)UZ"'C(wB,wC) + U}’ic*(—wg, —wc)Sj
+ U (—wp)SE + U (—w) S U (we) + Uf (—we) ST (A40)
+ I+ S U (we) + U (— wc)$} U (wp) + S5 U7 (ws)
+ S;?i*u}’f(wB,wc) + Ub-c*(—wg, —we)Uji(wa) + U;’i*(—wB)S]?kU,’ji(wA)
+ U (~wp)Uff (wa, we) + U (—we) Sjls (wa) + SF U (wa)
U (@ we) + U (—wo) U (wa, wg) + S5 U (wa,wp)|.
Therefore, T*" (w4, wp, w¢) finally takes the form
Tabc(wA/ wpg, (‘JC)
= [Di (w4, wB) T (we) + Dl (w4, we) Ty (ws) + D (wp, we) T (@)
+ Dfy(wa) Tt (w, we) + Dy, (wp) T (wa, we) + Df ( ) Y (wa, wp)
+ DB Tﬂfc<wA/wB/wC):| —(UATIZ' |:U]l(]lc*(_wB/ —w ) )
+ U (~we)Sh bf*]u,g.(wA) — wpn | UL (~wa, —wc) +u;i*(—wA)s;k (Ad1)
+ U (—we) St + Si* | Ul (ws) — weni [UEP (—wa, —wp) + US* (—wa)SY

+ uh*( ws uh*] Ukl(wC) (aJA + cuB)nl |:u (—CUC) + S]Cl*} U]‘?ib(wA,wB)

]l
[Ub*( wp) + S;']i*] Ujf (wa, we) — (wp + we)n; [Uﬁ*(—wA)
+ 5}11‘*] Ul (wp, we) — (wa + wp + we) U (wa, wp, we).

Subtracting Eq. (A41) from Eq. (A36), one arrives at Eq. (70).

Appendix C. Evaluation of (0 (wa)|kxc|o?(ws)|p(wc))

Table Al. The variables on which different types of xc functionals depend

(x} LDA GGA mGGA
spin-restricted [y 0, Vp 0, Vo, V2,7
collinear {pq a o1] v ot [pT] .V [pq , V2 [PT] / [Tq b
Pl eyl ey Pl Py pLl T
locally-collinear {pﬂ ¢ o] v o+ {pﬂ ,V [P+] , V2 {Pﬂ , {ﬂ] d
p- [ M p- P— p-1 LT
non-collinear {p] [P- V-P} [P},V[P}Vz[P],{T}
m ml” Y lm m m m|’ |u

alor] _ Ylo+m] p (o] _ L[t4u] [or] _ Llo+m] 4[] _ 1[t+u
o] 2lp—-m|" |7y 2|t—u|" |p-| 2|p—-m|" |t-| 2|t—u|
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When the third-order (quasi-)energy response is evaluated in the main text, the third-order
derivative of the xc functional, E”bc(a) A,wp,wc), is involved. In many cases, a standard basis
set independent of perturbations is used, and for an LDA functional, E“bc(w A,Wwp, wc) reduces to
(0™ (wa) lkxe|0® (wB)|p (wc)), with the explicit form given by

(0" (@a)lkxclp” (@) 0 (we))
= /drp“(r;wA)épé(r) /dr’pb(r’;wg)épfr,)/dr”pc(r”;wc)éif(;:;)

5 5 de
. a/.. 0 1 b, 4 C xc
= /drp (r'wA)ép(r /dTP ("' r(UB /dr 1‘ wC ap(r//)
) 5p dexc
B o , " 7 <
= /d"P (T,(UA 6p(1’ /d"P (1" WB /dr 5P r/ 6p /dr 1" wC ap(r”)

) 9% eye
— /drp“(r;wA)ép(r) /dr’pb(r’;wg)/dr”é(r’—r")pc(r”;wc) 5

dp (r'") (A42)
:/drp“(r'w ) 5 /dr'pb(r"w )PC(T"CU ) az'f'?'xc
s WA (1" s WB rUC ap2(r’)
1 00( r’ / /. ey
—/drp rwa /d (r) 59 r’ dr'o"(r'; wp)p ("“’C)apz(w)
d%e
—/drp r;wa /dr& ot (¥; wB)pC(r’;wC)ap3(>;C/)
= [ (rwn)e (reon)p (i) Pevc
7 7 7 ap (r)/
where ey, is the xc integrand:
Eye = / drexc. (A43)

If the xc functional is a pure HF exchange, which depends on the second-order reduced density
p(r1,12), we know that (for a closed-shell system) the non-local HF kernel has the form
16(r1 —11)d(ra — 1))

—_ _ - Ad4
frEx 5 P , (A44)

and thus kypx vanishes. For GGA, mGGA, as well as non-collinear functionals, Ex. may depend
on additional independent variables. In this case, the chain rule for functional derivatives must be
expanded in a complete function space. By applying integration by parts, we obtain a more general
form for E2¢ (w4, wp, we):

de
abe a(.. bi,.. C (40 xc A
EXC (("”A/wB/wC) /drxl' (r,CUA)x]' (rrwB)xk(r/wC)axi<r)axj(r)axk(r)° ( 45)

Here, {x} represents the independent variables on which ey depends. The specific set of variables
differs for different types of functionals, as summarized in Table AT.

Appendix D. Gauge Transformations

Maxwell’s equations permit arbitrary gauge transformations (84) of the scalar and vector poten-
tials without altering the physical electromagnetic fields. To maintain gauge covariance of the HF and
KS equations

(f — 18t> ll)i = S]llIJ] — (f/ — 18t) l/Jl/ = S]le]/ (A46)
under such transformations, it is natural to assume that the single-electron wavefunctions transform

by a local phase factor:
gi = e V0, (A47)
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where f is a scalar function to be determined. We now examine the gauge-transformed HF/KS
equations to verify whether they retain their form.
For the term f'y/, we have

N 1 1 1 i
fi= 572 A+ V) V4 (A4 VP 4 Jo B gt () eV
1 . r . » .
=5V (e Wy, + Ve lf) —i(A+Vyg)- (e iy +y; Ve lf)

1 T i - i
+5(A+ V) ye i + 50 - Byie f — gesipie ™ + e Faig

2 (A48)
_ 1 (Ve—if> B VAT le—ifv%/}‘ - E(le') Ve lf — llp.v2e—if
2 2 2 ! 27
—i(A+Vyg)- (efifVl/Ji + lPiVe*if) + %Azlpiefif + e fA. Vg
1 i 1 . : .
+ eV (Vg) Vgt oo Byie V — pertpie + pie M ayg.
We can then apply the identity
Ve f = —ie VY, (A49a)
V2V = e (Vf) Vf—ie V2 (A49b)
to obtain 1 1 .
. A . 1
e/ i =i(V ) Vi — 5V + (V) -V + 54V f
1
—i(A+Vg) Vi~ (A+Vg) - $iVf + 5 A%y (A50)
1 1
+iA- Ve + S9i(Vg) - Ve + S0 BYi — @esrhi + Yiorg.
For the time derivative term iatzp;, we can write it as
0] = e | (A5
= ie"fatlpi + itpiate"f.
By virtue of the chain rule
e = —ie a,f, (A52)
we get
eV (101) 9} = i0r; + Pi0:f. (A53)

Therefore, substituting Egs. (A48) and (A51) into the gauge-transformed equation in Eq. (A46),
and left-multiplying by e/, gives

i01p; + it f + €y
1 1 i
= i(Vf)- Vi = Vi + 59i(VS) -V + 2y V%

. 1, (A54)
—i(A+Vg) ¢ — (A+Vg) $iVf+ Ay
1 1
+iA- Ve + S9i(Vg) - Ve + S0 BYi — eitthi + Piorg.
Subtracting the original HF/KS equations
v ave e Lo B g0 ) g = ey (A55
> 1 > 20' QPeff — 10t | P = 8]11;[)] )
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from Eq. (A54), we arrive at the condition that the scalar function f must satisfy:
. 1 i .
Pioif =i(Vf) - Vi + 9i(Vf) -V + iV —iVg- Vi,
2 2 . (A56)
—(A+ V) i Vf+ A Ve +59i(Vg) Vg + ¢iorg.
It follows that this condition is fulfilled only if
f=8+a (A57)

where 7 is an arbitrary constant. Without loss of generality, we may set a = 0. Therefore, the phase
factor must be of the form e %€, and g is required to satisfy the Laplace equation V2g = 0.

This shows that the gauge transformation of the electromagnetic potentials does not alter the
form of the HF/KS equations. The resulting wavefunction differs from the original one only by a
unitary phase factor e "¢, which indicates that the transformation corresponds to a global unitary
transformation of the system.

If we express the external vector potential A in terms of the magnetic induction B, we can
construct

A= %B X g, (A58)

where the gauge-shifted position vector is defined as ry = r — R, with R being the gauge origin. The
magnetic field B is assumed to be spatially uniform in the vicinity of the molecule, i.e., independent of
the electronic coordinate r. This expression can be derived from the definition of the vector potential:

VXxXA=B<+— GijkajAk = Bl’. (A59)

Integrating both sides gives
eijk(Ax — Ao) = Bi(rj — R;), (A60)

where A and R; are integration constants. Setting Ao, = —0dg, multiplying both sides by €;; followed
by summation over indices i and j, and using the identity €y;j€;;; = 26y, we obtain

2651 (Ax + %) = €iBi(r; — R;), (A61)
which is equivalent to
1 1
Aj+9g= EelijBi (1’]' — R]') — A=A+ Vg = EB x (r—R). (A62)

By setting A = 0 at r = 0, a one-to-one correspondence is established between the gauge function g
and the gauge origin R:

1 1
Vg:—EBxR:g:—Er-BxR—kgo. (A63)
The integration constant gy can be set to zero, as it has no effect on observable quantities. It is also

evident that this choice of g satisfies the condition V2g¢ = 0, as required. By dropping the prime on
A’ in Eq. (A62), we recover the general expression for the vector potential under a uniform magnetic
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field, as given in Eq. (A58). It can further be verified that this choice of A satisfies the Coulomb gauge
condition:

1
9;A; = S0i€;Bjry

1 1
= Eeijk (aiB]-)rk + EeijkBjairk

1
=0+ EeijkBjéik

(A64)

=0.

Since our primary interest is in the response of the system to external magnetic fields, the magnetic
fields generated by the motion of nuclei and electrons are neglected.
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