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Abstract

For general exchange—correlation functionals with a dependence on the local spin densities and
spin-density gradients, we provide computationally tractable expressions for the tensor-averaged
quadratic response functions pertinent to the experimental observables in second-harmonic
generation (SHG). We demonstrate how the tensor-averaged quantities can be implemented with
reference to a derived minimal number of first- and second-order perturbed Fock matrices. Our
consideration has the capability of treating a situation of resonance enhancement as it is based on
damped response theory and allows for the evaluation of tensor-averaged resonant-convergent
quadratic response functions using only ~25% (one-photon off-resonance regions) and ~50%
(one-photon resonance regions) of the number of auxiliary Fock matrices required when explicitly
calculating all the needed individual tensor components. Numerical examples of SHG intensities in
the one-photon off-resonance region are provided for a sample of makaluvamine derivatives
recognized for their large nonlinear optical responses as well as a benchmark set of small- and
medium-sized organic molecules.

1. Introduction

Discovered in 1961 [1], secondary harmonic generation (SHG) is a scattering process in which light is
observed at twice the frequency of the incident radiation. Since then and based on this process, spectroscopic
methods and applied technologies have been developed. The SHG process enables the distinction between
surface-bound molecule and molecules that are randomly oriented in the bulk phase as the latter do not
produce a second harmonic signal due to destructive interference. SHG spectroscopy has been used to study
the surface molecular orientations at interfaces [2—4] and in microscopy to visualize cell and tissue structure
and function [5-8]. By relating spectroscopic response signals to molecular structure and organization,
theoretical simulations play an important role in this work and also in the design of materials that exhibit
strong second harmonic scattering.

Response theory is an established framework for calculating nonlinear optical properties of molecular
materials with modern formulations and associated implementations based on either the Ehrenfest [9, 10] or
the quasi-energy approach [11, 12]. These developments include situations when the external
electromagnetic fields are in resonance with transition frequencies in the molecular system, and with the
introduction of phenomenological damping parameters associated with the inverse lifetime of excited states,
the resulting response functions are physically sound in the entire spectral region and they are in general
complex-valued. However, the accurate determination of frequency-dependent molecular
hyperpolarizabilities depends critically on the treatment of electron correlation [13]. As to provide a
reasonable compromise between computational cost and accuracy, response theory at the level of density
functional theory (DFT) has been developed [14, 15], and the efficient and numerically stable solution of the
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linear response functions underlying SHG response calculations has been demonstrated for large-scale
systems such as the Csyg fullerene [16].

A challenge in regard with the applicability of nonlinear response theory is associated with the large
number of components of the involved multi-rank property tensors. In efforts to mitigate this issue, we
recently presented an approach for the efficient calculation of tensor-averaged response functions directly
pertinent to the experimental observable at hand, in that case coherent two-photon absorption (TPA) [17].
At the Hartree—Fock level of theory, it was shown that the presented tensor-averaged methodology reduced
the computational cost by more than 90% by exploiting the linearity of the generalized Fock matrices
associated with the perturbed densities [17]. But a question was at the same time raised as to whether the
presented approach could be extended to the level of density functional theory, where exchange—correlation
kernels have nonlinear dependencies on the densities. In the present work and within the adiabatic
approximation, we demonstrate that such optimization techniques are in general applicable also at the level
of Kohn—-Sham DFT, and we do so by a study of the relevant tensor-averaged quantity of the first-order
hyperpolarizability associated with the observed intensity in electric-field induced SHG (EFISHG)
spectroscopy. Compared to TPA that involve the second-order hyperpolarizability, there are fewer tensor
components involved in the procedure and computational savings are therefore less dramatic but the
principle remains the same in the two cases.

In section 2.1, we present the molecular property of interest to compute in a simulation of an EFISHG
experiment. In section 2.2, the connection between said property and response functions is presented.
Section 2.3 provides the setup for the quasi-energy based derivation of computationally tractable formulas
for these response functions and which is presented in section 2.4 with a focus on terms in the energy
associated with the exchange—correlation functional. This derivation is included for the benefit of the reader
as to make this work self-contained but also to introduce a notation suitable for the purpose of the present
work.

With use of the formulas derived primarily in sections 2.5- 2.6, we reach in section 2.7 the underlying
principle for the main contribution of this work namely that the exchange-correlation kernels are linear in
the perturbed densities and which, in section 2.8, allow us to define auxiliary, compounded, Fock matrices
for tensor-averaged quantities. In section 2.9 , we introduce a physically well motivated approximation valid
in one-photon off-resonance regions that gives further computational savings. We denote results obtained
with and without this made approximation by labels full and reduced and summarize in section 2.10 the
overall computational efficiency of our tensor-average approach to EFISHG calculations (possibly
resonance-enhanced).

In example calculations, we study three makaluvamine derivatives that have been shown to exhibit large
nonlinear optical responses and which are also known to inhibit topoisomerase II [18]. In addition and to
further assess the accuracy of the reduced form expression for EFISHG intensities, we perform a benchmark
investigation involving a mixed set of small- and medium-sized molecules that are of biochemical interest
calculated in the one-photon off-resonance but two-photon off-resonance and resonanceregions.

2. Theory and implementation

2.1. EFISHG and hyperpolarizabilities

Molecular polarizabilites and hyperpolarizabilites can be derived using response theory as corrections to the
expectation value of the electric-dipole moment operator in the presence of an external electric field [19]. In
order to describe nonlinear optical phenomenon, one assumes that the first moment of the charge
distribution, i.e. the dipole moment, can be expressed in a power series expansion in the electric field
strength. Under this assumption, the time-dependent dipole moment can have Fourier amplitudes
oscillating at frequencies differing from that of the incident light. The expansion coefficients in this power
series of the time-dependent dipole moment defines the response functions:

[ee]
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The coefficient linear in the field strength, the polarizability o, determines the linear response and
corresponds to phenomenon such as one-photon absorption, the coefficients for the squared field strength,
the first-order nonlinear hyperpolarizability j3, is related to the quadratic response functions, which is of
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main importance for this work as it relates to the process of second-harmonic generation. For an EFISHG
experiment, a static electric field is applied along with a time varying field, subsequently when two quanta of
light interact with the molecules, scattering of photons of double the frequency may be observed. If one
assumes that the sample is isotropic, the measured second-harmonic intensity is related to I as:

I'= —
)+
X,9,2
1
(7(—2w;w,w,0)) = 5 Z (Yaas + Yappa +YaBap)- (2)
a,B

The EFISHG experiment measures the isotropic second-order dipole hyperpolarizability given by (7). In
dipolar samples, there is also a temperature dependent term that depends on the vectorial component of the
first-order hyperpolarizability 8 tensor given as [20-22]:

x,y,2

ST _ N Mol
B(—2w;w,w) Eaj R
fa = éz (Baps + Bsap + Bpsa) - (3)

B

2.2. Hyperpolarizabilities and response functions

Within the quasi-energy formulation, the equation that governs the responses of the wave function
parameters with respect to the perturbation is the time-dependent variational principle for the
time-averaged quasi-energy [23]:

5Qr =0. (4)

One can show that the quasi-energy satisfies the time-dependent Hellman—Feynman theorem,

d 1 % A~ 1A ,—iw
bt [ oy, )

2

where the time-averaged quasi-energy is defined in terms of the time-independent Hamiltonian Hy, and the
time-dependent perturbation operator V(¢) [11]:

ar=1 [ @) (+ 70 -i3 ) o ©

ol

In the presence of the field, the quasi-energy is written as a power series expansion of Fourier amplitudes
of the field:

wi pws ,—i(wiFws )t
S Fgle

F —uul d QT
R 3 Y i

wi,w? o,

dqQ
zzdpz

#Qr
Z 2 dFg dF5 dFs” |y

w] wa,ws , B,y

wlezF;Jse*i(wl+W2+W3)t + ... (7)

Combining the time-dependent Hellman—Feynman theorem, equation (5), and the expansion of the dipole
moment, equation (1), it can be shown that [12]:

d*Qr

Qap(—Woiw2) = —((fla; 18))w, = — JF@ JF%:
@B p=o

)

& Qr

Wi w? w3 (8)
dES P dF |

6016’)/(7‘*)0;“27(*)3) = <<ﬂa5ﬂ[3vﬂ’y>>wz7w3 =

When the time averaging is carried out one arrives at the conclusion that w; must equal minus the sum of
the other optical frequencies in order to get a nonzero result.
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2.3. Kohn-Sham reference state parameterization

The time evolution of the Kohn—Sham determinant is parameterized in terms of the time-dependent orbital
rotations:

(1)) = *0). 9)

The anti-Hermitian orbital-rotation operator & can be written as an inner product:

N A A Knlt At A %o ata
0=t ) ([200) = 3 (a0l 0], (10)
n a,i
where the excitation and de-excitation operators are given by:
4h = ala, 4, = afa, (11)

With indices 4,7, ..., a,b, ..., and p, ¢, ... we denote occupied, unoccupied, and general spin orbitals or spatial
orbitals when the operators are accompanied with a spin index, respectively. We also introduce compound
indices, n,m, ..., to denote pairs of orbital indices {a,1}. Furthermore, we use Greek letters for Cartesian
coordinates in the molecular frame of reference. Using equation (10), we define the state-rotation parameter

vector in two blocks as:
Rn
= . 12
g () (12

Using the Baker—Campbell-Hausdorff expansion one can expand the density in terms of the orbital-rotation
parameters as [24]:

p(r,1) = (0]e"0 p(r)e™010) = (01p(r)|0) + Y (01l (1)t} — 5 (1)dn, A(r)]]0)
1 N £/ A N * (A
+ 57 201 [0} — 155 (), [ (D], — 1, (), A(N] ] 10) + ., (13)
where the density and density gradient operator are defined as [25]:
o(r) = Qpq(r)afa
P4
=)V (rafa
P?q

qu(r) = w;(r)wq(r) (14)

2.4. Response functions and orbital responses
In the presence of the perturbation we write the order-corrections to the orbital-rotation parameters as,

dﬁ 1 t dZ w1 wy " (oot
Fen —1w1 w1 s i1
1=23 i T oD D Pk e
« wi,wy o, 8
Pk wi,w,ws )
w. - t
Z Z de18szde3 7 F;ulFﬁzF,‘;‘*e i(witwrtws) R (15)

W17w27w3 a,B,y

The first and second-order corrections to the k-vectors can then be constructed in terms of the Fourier
amplitudes of the field as:

Ak w
Ry ! —iw; del « —iw
<=3 (. )= T8 | gl fe )
o o oo
dF—Wl @
dZKJ:’IWJZ wi W2
1 KWI’UJZ (w14w ngjlasz *"h —i(witw
(=22 ({f: b wz}) - 0D Dl [t & emilerten (17)
205 2t | L pwipe
dFo* OF ;* ?

Using the parametrization of equation (9), we can get working expressions for the order-corrections to
the quasi-energy of equation (7) with respect to orbital-rotation vectors as:
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dQr|  9Qr
dFg' k=0 OFg"’
dZQT o 82QT dr 2
dFs " dFg* li=0  OF“° 0k« dFg’
A PQr dkvrdev PQr  dre )
dFo e dFS dFS =0 OFo " k20K dFS dFS  OF,*7 Ok dFG dFs

The evaluation of the order-corrections to the quasi-energy requires the order-corrections to the orbital
rotation parameters, which are themselves solutions of the response equations. With use of the
time-dependent variational principle equation (4), we get the linear and quadratic response equations:

d aQT ' o 82QT 82QT dK’WI -0 (19)
dFg' \Ok=<> JIp=0  Ok~-OF;' = OKk~w- 0k« dFy"
d* 0Qr ‘ _ 2*Qr dx s *Qr dr 2
dF5?dFg* \ Ok~ ) k=0 B OKk~wr Ok OFg* dFY® — Ok~wr OKk“20F5" dFg?
3 wy w3 2 2 . wW2,w3
n 0°Qr dr“? dk 0°Qr d“K _o (20)

OK~wo Ok* 0k dFg* dFy>  Ok~*s0k“»« dFg*dFy?

Solving for the second-order response vector in equations (19) and (20) where we have symmetrized the
response vectors in frequency variables w;,w, we get:

ds  ( 0Qr \T P 1)
dFyg" B OK =% QR Ok~ OF "’
Preres 8’ Qr - & Qr drs & Qr drs
dF3*dFy” Ok —we QR waws OKk~wo Ok« OFg* dFy® ~ Ok~%s 0Kk OFy” dF
3 wy w3 w3 w2
_ 0°Qr dK‘,w dnw +dnw dK',w . (22)
Ok~wsOKk“20ks \ dFg* dFy> ~ dFy” dFg?

The quadratic response function being part of the third-order correction to the time-averaged
quasi-energy can by the 2n + 1 rule be written in terms of the first-order response of the wave function
parameters. If we substitute equation (22) into equation (18) and symmetrize with respect to w, and w3 we
get the working formula for the quadratic response function as:

d3QT _ 83QT <dnwz drws N dr w3 d,,‘:uu)
dFo @ dF*dFS” li=0  OF " Ok«:0k«s \ dFg* dFy®  dF5® dFg?
L dse [ &Qr dk | PQr dn“Z]
dFg*" | Ok~ Ok OFS" dFy* Ok~ Ok OF;" dFy’

dr—we 8*Qr Ak dr“* dr* dk*?
+ —w —w, w w W w3 + w3 w? ) (23)
dFe 7 Ok~ 0k“20Kk* \ dFg* dFy dFy® dF
where again w, = (w; + w3) and where we have made the substitution:
dr e . BZQT 82QT -1 (24)
dF®"  OFy“" dkwrws \Ok—wrOrwres )

Some important features to note here are that the evaluation of the quadratic response function requires
. 8°Qr . . . . . 8°E
the contr?ctlon of the tensor 5—.%,-55,.=; Which contains the electFomc c1.1b1c-H6551an, SR O T BRET
see equations (A.10) and (A.11). The two-electron part of the electronic Hessian has been treated elsewhere,
here we are only interested in the exchange-correlation contribution to the electronic Hessian. In summary,
by solving the response equations equations (19) and (20) we obtain the corrections to the orbital-rotation

parameters in the field. In turn, we can use these to find the corrections to the density:
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dz w1,ws

Z Z Fgle 4 @ Fpe it
o ’ — a 21 Z Z w1 Jnw2
dF = 2 wi,w2 o, B dF dF
d3 w1,w2,w3 '
Z Z deldez dez F(‘;IFEJZF";’S o~ i(witwrtws)t Foenl (25)

wl,wz,w; a,

Using the chain rule and the orbital rotation parametrization of the density of equation (13) and the
first-order correction to the orbital-rotation parameters, we can get the Fourier amplitudes of the first-order
correction to the density as:

. (26)
F=0

w dp® Ip®
P (r)_dEng_o_zn:(amn

Differentiating the density expansion of equation (13) we get the derivatives:

w
dr

F=0 dF¥

F=0 Ok, “" IF=0 dF,"

o

OKY lF=0

op~¥
8/4,”_“)*

= (0l[a}, p(n]l0);

—(0][gn, p(r)]|0). (27)

F=0

Combining equations (26) and (27), we get that the perturbed densities can be written as:

()= 0 |Gl = S oo 0

@ oy Ory@*
= St 01 Gl - G im0
_ZQM (0| [*,a}a,] |0)

- ZQM D, (28)

where we have defined the operator:
dry dr, “*
Y = - =G ). 29
" ;(wq” dF;“q) )

2.5. Contraction of the second-order Hessian with a response vector

Owing to the large size of the electronic Hessian, the generalized gradient vector formed from the
contraction of the electronic Hessian with a response vector is derived analytically. Here we derive the
transformed exchange-correlation contribution to the generalized gradient vector required for the
exchange-correlation part of equation (19):

OEy. OEy dk !y
Z aZEXC(H) dR;)} = Z 8”::;(78”"1;0’ an a’ﬁ:m o’ dFEJI —_ T/xc,ai;a (30)
— Ok e 0K} In=0 dF! , 0%Ex. azxc s, o\ Vciao |

* —
alin;ga/{m;gl 8/6,1;08/%;0, =0 dFB w1

Using the expression for the exchange-correlation contribution to the electronic Hessian of
equation (A.9), for a functional of the form of equation (A.1), the lower part of the resultant vector on the
right hand-side can be written as:
—wy*
dﬁ m;crl’ )
—
=0 dFB

O°Ex(k
chzadzz<8/§nga/@ma k=0
e e
S or]atan (28 jos P Goes ) el o
;<< ||:aaaa ’/<apgapg'pg apUQVpU VPU p ) 1‘:|| >
626 826
ol |al_aj,, o o P Vet 5o ViV, | 1|0
+{ |[awa / ( oV, apa/pg Vs + OV a0V pg VpsiVp ) r} )

Oe Oe
At oA ~ Wy XC A XC ~ 3 1
+ (0 [awam, [H : / (3p0p0+5'v,00 Vpa) d r” 0>>, (31)

dﬁr‘::;lo’/ azEXC(KJ)
dFy " OrpoOr,,,
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where the perturbed density is given by equation (28). The perturbed exchange-correlation matrix of
equation (31) can be seen as composed of two parts, one where the « operator of equation (29) is commuted
with the zeroth-order exchange-correlation operator of equation (A.7) and one term which only depends on
the first-order exchange-correlation operator of equation (33):

eaio = (O] [l s #2559l 0) (2)

The first term, v ;, in equation (32) is what we call the first-order exchange-correlation matrix operator
and is defined by combining equations (28), (31) and (32):

&% &e e
e XC o' QVyeo + X 90 o' Qs + 2 0O o' Vo
20 T (s e Ot e P B e,
oKk} Ok, “1f

326xc m;o’ At mo! A Af A
8Fw| qm — OF-“1 Qm,ﬂp(,/aqgl ‘0>ﬂ am
a

b T Y0 Vs | S0
avpgavpg, Pg; ) TZ ‘

_ ) -
Z Z xcpqrscra" Izlo’a'rrﬂaSU? (33)

Psq;r,s o

where an element of the tensor ")

cipgursione’ 1 €quation (33) is given by:

2 2
(1) — &Q Q) &VQ .0 F
ch;pq,rs;o,a’ / (apgapgl pg;o S trsio + apgavpal pq;o = Ersio r

+/ P o ga e o va. )dr (34)
avpgapg, pg;o’ rs;0 8Vp(,—8Vp[,/ pq;o’ r5;0 .

2.6. Contraction of the third-order Hessian with two response vectors

In the direct approach the cubic electronic-Hessian, a rank three tensor, is not computed explicitly, instead
we here derive the analytical expression for the generalized gradient formed from contracting the electronic
cubic-Hessian with two response vectors:

OPEyc (k)

Ok IR IOKRY:, k=0

dr2) dr?3,  dkZ Ak, Vyc.aivo
o1 = + w5 w1 =|="" 5 (35)
dF,B dF»Y dF»Y dF,B Vxc,iazor

’

oo’

where each element of the double transformed exchange-correlation matrices are given in terms of the
permutation operator P, ., as:

3 wy ws 3 —wl* wz
0 Z Z 0 Exc dﬁm;a’ dHl;o” 0 Exc dlim Head dli
Xc, ul o — Wwi,Ww2 — w W, — — w:
P Ko OOkl Ok, AFgt dEY? Ok, o Ok, 21 Or,) 2, dF ™" dF'yZ
+ 83Exc dﬁrb;lj;lo’ dﬁl?(fw/z’* + 83 xc aﬁ:r;uél* d’ﬁiwz (36)
Ot 27 Oy Ok 7 ARG dFY™ Oy o Ok 20 Ok 7 OF 5 dF;“’2

Using the expression for the cubic-Hessian of equation (A.11) with the expression for the density
expansion of equation (13), we then get that equation (36) can be written as:

_ Oe Oe
Vxeaizo = Py w ao Aw‘, sza - AO' = AU ?
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e
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where we have that the second-order perturbed density is given by the contraction of the second-order
derivative of the density expansion of equation (13) with respect to the orbital rotation parameters with the
corrections to the orbital rotation parameters in the presence of the perturbation:

wi,w2 d"i"‘j;la’ At d”;;ut;l’* - d”lw;” T d'iffz* A
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m,l

=SS0 [ G i~ S - i)
= o,0'90 ' ,0%4pq wr Imyo’ —w; Amio’s ot —w, dho!h Opofar

P m,l dEgh "ot dFge dFy” dE;

= 3 S (D55 9

We can write equation (37) compactly using the expressions for the first and second-order
exchange-correlation operators as,

;XC,‘U'%U = Z PUJl,UJz 0‘ |:Cl all(ﬂ ["{ 5V xco+[H ”7VXC U]] + ["%w%” xc o’] +A)L:élawz:| |0> (39)

ool

The two-time transformed exchange-correlation matrix of equation (39) can be used to define the
second-order exchange-correlation operator:

pwLwr E E E wl,wz E w1 ws At oA
xco’ xc,pq,rsao’ pqo’ + xcpq,tu rs;o,0 7 a"’quO' Dua” A5 s0 (40)

ol,o!! s p.q,t,u

/» Is given by equation (34), and we define v(z)

(1) .
where v we,patursiono o A0

xc,pq,ai;o,0

3 3
(2) _ Pexe Dex
ch;pq,m,rs;n,o’,a” - / <apgapalap0” qu;a’ﬂtu;a”grs;a + 8Vpgapo—/5pgu qu;a’Qtu;a/’VQrs;a
P ey D exc

Qrs;anq;a 4 VQtu;a 1+ qu;a 4 Qtu;o’ r vSlrs;a’

apgapg/ﬁvl)g OV ps0p5 OV por/
ey D’ exc
90N pe Opar Vo Qo s + OV poON po 1 Oporr
Oey
Bpac‘?Vpg/BVpau
o €xc
8Vp68VpJ/8Vpg”

Vqu;J’Qtu;J”VQrs;U

Vqu;a’VQm;o”Qrs;a

VQM;U,VQMU,/VQ,S;U> Pr. (41)
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2.7. Fock matrix linearity at the DFT level of theory
At the Hartree—Fock level of theory, the transformed Fock matrices used for quadratic response are
constructed as transformation of the generalized perturbed density matrices:

m o ngpq pq;0 (42)

w W D¢
azla ’ Zgalpq pqlo ’ (43)

where g,4i, represents an element of the two-electron integral tensor and D refers to perturbed density
matrices. Sums of transformed Fock matrices can be computed by first summing the transformed density
matrices:

ZF (D) = £ (ZDfN’) (44)

The linear transformation of equation (44) allows for the evaluation of sums of Fock matrices at the same
computational cost of a single Fock matrix. Within the DFT frame-work, transformed Fock matrices, can
with use of equations (34) and (41) be constructed using v )(Cc)pq a0 xc)pq taio.0 o

quantities that are in-dependent of the perturbed densities:

Fiir = 2 s Dsr D22 Vpgaio.a i’ (45)

o’ pq

FYw2 § D&1w2 E E D2 § E (2) wi W)
ala gmpq pg;o + xcpq ai;o,0’ pq o’ + xc,pq,tu ai;o,0’ J”qu;U’Dtu;o”' (46)
o./

o’,0' p,q,t,u

and which are

Using the expressions for the exchange-correlation kernels of equations (34) and (41), and the expression
for the DFT Fock matrix, equation (46), it is clear that sums of two-time transformed Fock matrices at the
DFT level of theory are linear transformations of the perturbed densities:

Z F(z) (Dw"“&,Dw]D“&) _ F(2) (Z le,wz7 Z DUJ1DW2> i (47)

wi,wsz wi,W2 Wi,W2

One can thus in principle reduce the number of kernel integrations required in order to compute
quadratic response functions at the DFT level of theory by computing sums of Fock matrices instead of
computing them individually.

2.8. Compounded Fock matrices for the vector components of first-order hyperpolarizability

In this section, we will derive the compounded Fock matrices required for computing the vector components
of the 3 tensor. With use of equation (47) one can reduce the number of kernel integrations if one can
reformulate the vector components of 3 in terms of sums of Fock matrices. Combining the expression for the
isotropic average, equation (3) with the last term of the expression for the quadratic response function
equation (23) and the contraction of the cubic-Hessian, equation (35), we get that the total contraction of
the cubic-Hessian can be written as:

) %: ) ko OE(x)
oG | dF™ 0k 0K 0K,
dK./;Zw 83E(K)

dwy, dxZ,,
k=0 dF[‘;i dF[‘;i

T dK/ dK;o.// + dK; dK/o.//
dF5* 0k; 2 0KE,0kE, k=0 \ dFy dFg — dFy dFg
= LK";ZM [ (QZ;U + F;‘T5U)ai :| + Z dmt;Zw (Qaﬁ ot F%B;J)ai (48)
—2w s m —2w )
dFa (Qa;o' +Fa;o')ia Bta dFﬁ (ﬂaﬁ ;o + FaB;U)ia
where we have defined the compounded two-time transformed Fock matrices:
Fé,@; _F;J,Bwa FE)ozwa’ (49)
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XY,z
FJ, =4F5%, + 2F5 . (50)

Recalling that the compound index for the elements of a response vector refers to a pair of virtual (v) and
occupied (o) molecular orbitals, see equation (10), we scatter the elements of said vector into the ov- and
vo-blocks of a matrix according to:

0 dx?
K";)t),tf dK,_w ngj 9 (51)
a ( dE,* )
such that Q) .0 and Q7 are given by:
ﬂaﬁc‘f [Ka U’[Kﬁ ;00 ] +2Fﬁ cr] +2[K‘5 U’[Rz;avFU]"_ng;a]’ (52)
00, = 4 2 [R5 Fo] #2652, 237 [ [, Fo] + 265, . 53

B

Using the expression for the two-time transformed Fock matrices, equation (46), we can write
equations (49) and (50) in terms of sums or compounded perturbed densities as:

A _ P (1)
Eisao = 2_SumDpgasio + 22 Mcpnairo Pogasior + 2 D Uepmuaicrs' o Dgeso Dl
(7/

o’,o'!p,q,tu

(54)
X,52 )
1
FZ;@;U_Z<Zga’Pq qaﬁ’a_'_zzvxcpqawo ‘1‘“”5
B\ pa af

+ Z Z xcpq,tuazao’ o'”(4Dan’Dtuaa”—"_ZDqﬁa’DtuBa”)>7 (55)

oo’ p,q,tu

where when using equation (51), the compounded densities are given by:

D pg;aBio = [H‘O‘i?g’ I:K/gﬂT’DG]:IPq + I:K'LEK’" [K/:%U’DU:HPq7 (56)

Dyoin = 4550, (85,0 Do 1, +2 (W5 (55,051, 67

Dpgsgio = [KE;WDU]M' (58)
2.9. Reduced expression

We can further reduce the number of Fock matrices required to perform the EP tensor contractions needed
to calculate 5(—2w;w,w). The EB! contributions to the real and imaginary parts of 8, in equation (3) are
given by:

TR T, R id i
Re () = M~ (e, g7 (o277,
o) T R (QZ’RMZ’R) . dFa’ (QZJJFF‘;‘“]) i
Z o [(F +F’R) aw [ (920 +E),
+ 2w AR + 2w \,I =4 : ’ (59)
e dF (Q —|—F)\ ) #a dFB (Qab +F2b )ai
w5 e R T, R
Im (Ba) = ﬁ (Qa +F, )ia dr” <Qa e )ia
UARE | (enT Rt ] AR (Q0R R
R (ng +F2,ﬁﬂ) A (Q/\,R +F>\,R)
N Z a1 (60)

ia +
)+ |

—2w .7 —2w
dFy (Qa e U5 (Q)\ﬁ +Fos )

B#a
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Table 1. Number of one and two-time transformed Fock matrices per frequency for the calculation of equation (3).

Tensor-average

Tensor-component Full Reduced

Re Im Re Im Re Im
F¥ 3 3 0 0 0 0
Fever 9 9 6 6 6 0
Total 12 12 6 6 6 0

Hence, one needs both the real F7"® and imaginary FZ*" components of the two-time transformed Fock
matrices to form the real and imaginary component of /3. In one-photon off-resonance regions however, the
response vectors with frequency w are approximately real while the 2w response vectors might have an
imaginary component due to two-photon resonances. This means that the perturbed densities of

equations (56)—(58) are all approximately real, hence:

F,7 Fy” F&7 ~0. (61)

One can therefore approximate the expressions of equations (59) and (60) as:

r R T, R ] B AR R ]
k% (Qa +F, )ia k™ (Qaﬂ +Fiﬁ )ia
Re (fa) ~ dF-2w o R R + Z dFo2w AR | AR ' (62)
o (Qa +F ) . a8 (Qab +F.5 ) .
L ai A L ai A
©nR | pmR) ] r AR, pARY T
I (ﬁ ) dr” (Qa +F, )ia + Z dw” (Qaﬁ +Fa’8 )ia (63)
m(Pa) < ——55 2w
dFy? (QZ’R—FPE’R) ' s dFﬁ2 (Qigz _A,_nggz) '
—- a1 - —- ai -

2.10. Minimal set of Fock matrices

In this section, a comparison is made between the number of auxiliary Fock matrices required for the
calculation of 3, equation (3), using the tensor-average (full and reduced) algorithm and the
tensor-component algorithm (standard). The quantities in table 1 are given on a per frequency basis and are
irrespective of the molecular system and basis set used.

The tensor-component algorithm refers to the calculation of all the individual 5 tensor elements in order
to compute 3 of equation (3) without the use of equation (47). In table 1, there is a listed need for three real
and three imaginary one-time transformed Fock matrices, corresponding to the Fock matrices of the form
F¥ that are defined in equation (45) and found in equations (52) and (53). One needs to construct a
perturbed density of the form given in equation (58) for each spatial component to get all 3 vector
components. Furthermore, one needs to compute nine real and nine imaginary two-time transformed Fock
matrices, equation (46), from two-time transformed densities of the form found in equation (38). As seen in
equation (38), the two-time transformed densities do not possess permutation symmetry with respect to
interchange of the spatial components 8 and ~.

In table 1, the tensor-average algorithm in its full and reduced forms refer to the calculation of 3 using
equations (59), (60) and equations (62), (63), respectively. In the tensor-average approach, one does not
obtain information about individual 3 tensor elements but instead directly obtains the elements of the 3
vector. Using the subspace extraction method of Ahmadzadeh et al [17], we can write the first-order Fock
matrices F* as linear combinations of the electronic Hessian contractions with the vectors that span the
subspace and, hence, circumvent the need to recalculate them. As for the compounded two-time
transformed Fock matrices of equations (54) and (55) found in equation (48), there are six unique two-time
transformed Fock matrices. There are three real and three imaginary Fock matrices of the form F7,, one for
each spatial component c. For the F) 5 two-time transformed Fock matrix, o # 8 and the compounded
density D) 5 of equation (56) have permutation symmetry with respect to interchange of « and §3.

Furthermore, as seen from equation (37), interchanging the perturbed densities for the second-order

(2) w

. . : w —
kernel integration has no effect of the net result, thatis 3, ., Vic oo i .01 Ppgsaso Phgiorr =

@) A pA : A
2t Vaepauaizoo’ o' Ppgigio Piaso 1> hence Fy g = Fj . and there are thus only three unique F; 5 Fock
matrices. As seen in table 1, the full tensor-average algorithm offers a reduction in the number of kernel
integrations and two-electron integral contractions with the perturbed densities by 50%. In regions far from
one-photon resonance, where the only linear response vectors used to construct the Fock matrices, are nearly

real, the reduced tensor average algorithm allows for the calculation of 3 with 75% fewer Fock matrix

11
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HO

Figure 1. Molecular structures of makaluvamine derivatives.

constructions as compared to the tensor component algorithm. We will illustrate this method with
numerical examples in the following sections.

3. Example calculations

3.1. Computational details

We adopt optimized structures for three makaluvamines (A—C), see figure 1, at the B3LYP [26, 27] level of
theory with the polarized split-valence def2-SVP [28] basis set. All response calculations were performed
using our tensor-average quadratic response implementation in the VeloxChem quantum chemistry software
[29] using B3LYP with the def2-SVPD basis set. For all response calculations, a damping parameter of

hy = 62.0 meV was employed.

3.2. Makaluvamine derivatives A-C

The smallest makaluvamine derivative used, molecule A, which is an isolated cationic pyrroloiminoquinone
core moiety, has a strong two-photon resonance at A = 652 nm corresponding to the S, <— Sy transition and
a static 3y = —42.0 a.u. The two remaining molecules, B and C possess an aromatic side-chain that is
conjugated with the cationic pyrroloiminoquinone core moiety. The side-chain extended, methyl substituted
makaluvamine derivative, molecule B, has a two-photon resonance at A = 1358 nm corresponding to the

S; + Sy transition and a static 3y = —15630 a.u. The hydrogen substituted side-chain extended
makaluvamine derivative, molecule C, has a two-photon resonance at A = 1355 nm corresponding to the

S; + Sy transition and a static 3y = —15170 a.u. The EFISHG spectrum in figure 2 refers to the one-photon
off-resonance region, and it is calculated based on the full, equations (59) and (60), as well as the reduced,
equations (62) and (63), expressions for the isotropic second-order hyperpolarizability.

As seen in figure 2, results obtained with the full- and reduced-form expressions are in perfect
quantitative agreement in the entire spectral regions under consideration. This provides a strong indication
that the assumptions underlying the reduced-form expressions in equations (62) and (63) are sound and
valid in off-resonance as well as low-lying two-photon resonance regions of the spectrum.

3.3. Computational efficiency in quadratic response SHG calculation

The main focus of the present work is to maximize the efficiency of the construction of 3 by reducing the
number of auxiliary Fock matrix constructions required for the evaluation of the 3-vector components of
equation (3).

In this section we discuss the calculations gains obtained from using our algorithm for constructing the
EFISHG spectra in figure 2 and compare the full and reduced algorithms. The most time-demanding term
for the evaluation of the 3-vector components is the contraction of the third-order electronic Hessian of
equation (23). Equation (48) represents the total cubic-Hessian contractions required to get the
a-component of the S-vector and its real and imaginary components are given by equations (59) and (60).

3.3.1. Calculation of orbital-rotation corrections to first-order
In order to compute the quadratic response function, we require the first-order corrections to the
orbital-rotation parameters. For the 35 frequency points used for the construction of the spectra in figure 2,

12
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Figure 2. First-order hyperpolarizability B(—2w,w,w) results for makaluvamine derivatives (A)—(C) at the B3LYP/def2-SVPD
level of theory. Real part of 3(—2w,w,w) (full: blue stars; reduced: yellow stars), imaginary part of 8(—2w,w,w) (full: green
stars; reduced: red stars). Two-photon resonances are indicated by vertical dashed lines.

we need to solve response equations of the form equations (21) and (24) to get the first-order corrections to
K: Ok“ [OFg and Ok~ JOF,*. These equations are solved using a preconditioned iterative subspace
approach with symmetrized trial vectors as outlined in the work of Kauczor et al [30, 31]. An extension of
this algorithm is implemented in our work where multiple frequencies and multiple right-hand sides are
solved simultaneously using a common subspace. For the 35 optical frequencies, we need a total of 210 linear
response equations out of which 105 are nearly real-valued in one-photon off-resonance regions and 105 are
typically complex-valued as they can be close to two-photon resonances.

3.3.2. Contraction of electronic-Hessian

The contraction of the cubic-Hessian is in our double-direct implementation written as transformed Fock
matrices as illustrated in equation (48). The terms resulting from the contraction of the cubic Hessian
require the construction of one-time time transformed Fock matrices, equation (45) and two-time
transformed Fock matrices equation (46). The one-time transformed Fock matrices are found in

equations (52) and (53). One-time transformed Fock matrices are constructed once each iteration of the
subspace procedure for obtaining the first-order corrections to the orbital-rotation parameters, that is when

13



10P Publishing

Electron. Struct. 4 (2022) 044004 K Ahmadzadeh et al

Table 2. Number of Fock matrices and wall time (in minutes) required for the calculation of the 8 vector components required for
computing an EFISHG spectrum for molecules A, B, and C (adopting 35 frequency grid points and a damping parameter of 62 meV).
The calculations employ the def2-SVPD basis set (399, 666, and 630 contracted basis functions for molecules A, B, and C, respectively)
and is performed on two cluster nodes (dual AMD EPYC™ 7742 2.25 GHz 64-core processors, 256 GB) with a hybrid MPI/OpenMP
parallelization scheme.

A B C
Full Red. Full Red. Full Red.
Fock t Fock t Fock t Fock t Fock t Fock t
LR solver 266 2.87 266 2.87 282 13.5 282 13.5 299 11.8 297 11.8
EP] 420 491 210 2.56 420 21.4 210 10.9 420 17.7 210 9.18
Total 686 7.78 476 5.44 702 34.9 492 24.5 719 29.5 507 21.0

Table 3. Wall time (in minutes) for the calculation of the 420 (Full) and 210 (Reduced) auxiliary two-time transformed Fock matrices
associated with the EP] contractions required to determine the EFISHG spectra of molecules A, B, and C (adopting 35 frequency grid
points and a damping parameter of 62 meV). The calculations employ the def2-SVPD basis set (399, 666, and 630 contracted basis
functions for molecules A, B, and C, respectively) and is performed on two cluster nodes (dual AMD EPYC™ 7742 2.25 GHz 64-core
processors, 256 GB) with a hybrid MPI/OpenMP parallelization scheme.

A B C
Full Red. Full Red. Full Red.
ERI XC ERI XC ERI XC ERI XC ERI XC ERI XC

t 3.17 1.61 1.57 0.89 17.26 3.64 8.63 2.03 13.45 3.55 6.80 1.85

solving the linear response equations of equations (21) and (24). We have previously shown [17] that the
one-time transformed Fock matrices in equations (52) and (53) can be constructed as linear combinations of
the Fock matrices required for the subspace of the linear response equation solver, and we therefore avoid
recomputing three real and three imaginary one-time transformed Fock matrices per frequency as seen in
table 1, or a total of 210 one-time transformed Fock matrices for the evaluation of the 35 frequency points.
Using the first-order corrections to the orbital-rotation parameters, we can then construct the two-time
transformed Fock matrices by computing the one and two-time transformed densities of

equations (56)—(58) in order to evaluate the 420 or 210 two-time transformed Fock matrices of

equations (54) and (55) for the full and reduced methods respectively as compared to the 840 two-time
transformed Fock matrices required for the tensor-component approach. In table 2, we show the timings for
computing 3 for the 35 frequency points used to construct figure 2.

3.4. Computational timings

The spectrum calculations for molecules A-C required the construction of less than 300 one-time
transformed Fock matrices to obtain the first-order corrections to the orbital-rotation parameters. For the
full method, the EP contractions amount to 63%, 61%, and 60% of the computation time for molecules A,
B, and C, respectively. For the reduced method that requires only half the number of two-time transformed
Fock matrices, the EP] contractions were done faster than solving the linear-response equation solver and
amounted to 47%, 45%, and 44% of the computation time for molecules A, B, and C, respectively, as seen in
table 2.

Separate timings for the two-electron Coulomb and DFT exchange—correlation parts of the E[3]
contractions are presented in table 3. It is seen that the kernel integrations comprise a mere 34%, 36%, 17%,
19%, 21%, and 21% of the total calculation time for molecules A—C with the full and the reduced methods,
respectively. Given the algebraic complexity and length of the kernels in quadratic response that are presented
in detail in the supplementary information, this suggests that our DFT implementation is highly efficient.

That said, however, the most important message conveyed in this section and specifically in table 2 is the
low number of auxiliary Fock matrix constructions that has been reached with the presented tensor-average
approach.

3.5. Assessment of the reduced form expression
In order to further assess the accuracy of the reduced form expression of the EFISHG observable, we have
performed a benchmark investigation involving a set of six molecules. This set includes small- and
medium-sized molecules that are of biochemical interest calculated in the one-photon off-resonance region,
as seen in figure 3.

The first-one photon resonances, w1, were found at transition energies of 4.26, 5.26, 3.86, 4.82, 4.47 and
5.79 eV for diazine, selenophene, p-nitroaniline, benzothiazole, dopamine and caffeine, respectively. For all
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Figure 3. First-order hyperpolarizability, 5(—2w,w,w), of six small- and medium-sized molecules at the B3LYP/def2-SVPD level
of theory in the one-photon off-resonance regions of the spectrum.

molecules in the benchmark set, we have plotted 3(—2w,w,w) in the spectral region ranging up to

wio — 2hy, where 2hy = 124 meV corresponds to the full width at half maximum. As expected from
equations (59), (60) and (62), (63) and as seen in figure 3, the full and reduced formulations are displaying
some discrepancies the closer one gets to a one-photon resonance point. Most clearly this is seen for caffeine,
which has the strongest S; <— Sy one-photon resonance point of all the molecules in this benchmark set. Less
distinct but visible, there is also a discrepancy seen for p-nitroaniline that has a strong S, <— Sy transition at
4.14 eV. However, based on the results presented in figure 3, it can be safely concluded that the reduced
formulation gives quantitatively correct results for the complex first-order hyperpolarizability 3(—2w,w,w)
in one-photon off-resonance spectral regions.

4. Summary and conclusions

Computationally tractable expressions for the calculation of resonance-enhanced SHG spectra from the real
part of the first-order hyperpolarizability have been derived and implemented using the complex
polarization propagator approach to quadratic order in perturbation theory. The present work adopts the
density functional theory approximation with a Fock-matrix driven handling of the contractions of second-
and third-order generalized electronic Hessian matrices with trial and first-order response vectors.

We have demonstrated a highly efficient algorithm for obtaining the vector components of the quadratic
response function for SHG spectra for molecules in an EFISHG experiment where the vector components of
the 3-tensor is put in computational focus without the explicit reference to individual tensor components.
The presented tensor-average algorithm introduces compounded Fock matrices without the introduction of
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approximations, SHG intensities are determined with a mere 50% of the number of unique Fock matrices
required in the tensor-component approach. With the introduction of physically well motivated
approximations in one-photon off-resonance regions of the spectrum, the number of Fock matrices in the
calculation has been further reduced by a factor of two. The error in the SHG intensities as introduced by
these approximations are shown to be negligible in example calculations on a set of three makaluvamines as
well as for a wider benchmark study of small- and medium-sized molecules that are of biochemical interest.

The complex polarization propagator approach presented here is perfectly applicable to systems with a
high density of states. Combined with the fact that the presented novel reduced-form algorithm largely
removes CPU and memory bottlenecks associated with quadratic-response based SHG calculations, we argue
that our work will be important so as to enable SHG spectrum simulations for large-scale systems of real
technical interest.
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Appendix

Al. DFT energy expansion
In this section we will derive the DFT contribution to the generalized Hessians contractions used for the
evaluation up to the quadratic response function (23) for functionals of the form:

Ex = /eXC (po (1), Vo (r))dr. (A.1)
The starting point for this section is the expansion of the energy about x =0,
OExc 1 &Ey 1 OB
EX (e == EX o 1 A a T A A A~ tet . A.2
o(o) °+zg: Db | +§, 2 OrgOryr | "1 31 Bwowor| T (&.2)

Taking the derivative of the scalar function of equation (A.2) with respect to the orbital-rotation
parameter vector equation (12) which has two blocks we get a energy gradient vector with two-blocks:

OFExc
= (%%;:) : (A3)
k=0 ko ) =0

Likewise, the derivative of equation (A.3) by the orbital-rotation vector is the vector derivative of a vector
and will give a tensor with four blocks:

OEy.
0Ky

) & Exc & Exe
0 Exc B 6/1;‘;08/&,";0/ BN,,;U*SI{:”U, - <A B (A 4)
- OEy OEyc “\B* A"/ :
0KoOK, |, Do Ogr Dol |

Using the chain-rule on equation (A.1), we get that the contribution to the electronic gradient is given

by:
_/<8exc apa
K=0 8pa 8’@1;0

Using the BCH expansion of the density, equation (13), we can rewrite equation (A.5) as:

OEy.
aﬁn;a

8exc avpo
8V,00 aﬁn;a

> &r. (A.5)
k=0

k=0

OE Oe Oe
XC _ Yxe ~F A XC A ~ 3
a"{n;a 0 /'(ap(7 <O|[qn,o"p0'(r)]|0> + avpa <0|[qn,U7Vp0'(r)]|o>> d r
= (0| |4} / 86“,5 (r)+ Oerc Vpo(r) ) dr||0). (A.6)
") \aps"’ OVps 7
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Equation (A.6) being the exchange-correlation contribution to the electronic gradient defines the
exchange-correlation potential operator as:

. Dexc . . Dexc
Vxc;o = o
’ 9p."" " 9V,

Ve dr. (A.7)

The second-order derivative of the exchange-correlation contribution to the electronic-Hessian
equation (A.4) is likewise given by the expression:

O%E,.

E)nn;ganmm/

_/ 0ee  Ops Opor 0ee.  Ops OV pgy

i o 0ps0ps’ Oky Ok 0peOVps: Ok, Okpy
e OVp, Opg N 0%ey. OV ps OV py
GVpUOpU Ok OKkym  OVps,OVps: Ok, OFy

Oexe 0py Oee 0*°Vp,
dr. A8
+ 0po 0KnOKy, + OV poe 0KknOKy, r (A8)
Using the BCH expansion of equation (13) we can rewrite equation (A.8) as
O*E e Opey e OV pg
XC -0 At XC o Aa XC o AU 'd3 0
ann;aaﬁm;a’ ~=0 < | |:qn’/ (3pgapg/ a:‘ﬁm;g/p + 8pg(9Vpg/ 8I€mm/p )7 T:| | >
0% Opo e AV
0 AT7 XC o/ \VZ) . XC o VAU d3 0
+< | |:qn /(avpaapo a’ima P avpoavpa/ a’imga’ P r >
ol Oeyc . dexe o .

+ (0] [QE, {QL,/ (8 Pt 50 pa> d3r” |0), (A.9)
which is the exchange-correlation contribution to the electronic Hessian. Likewise, an element of the
exchange-correlation contribution to the cubic Hessian is given by the expression:

03 Exe
aﬁ/n aaﬁm U’aﬁlo” —0
6 €xc 8/0(7’ + 8/0(7 8200’
3Paaﬂo/ aHn aaﬁl o’ aﬁm o’ 8’@1;0‘ aﬂm;a”aﬁl;o”
exc pcr avpa’ + apa azvpzﬂ
6P08Vpo 8“11 UaK/l o’ aﬁm Head a"in;a aﬁm;a’aﬁl;a’”
0%eyc PVps  Opyr N OV, O pg
8Vpaé)pg/ OFnoO0kLg 1 Omo'  OFpo ORKmo' OKLo
ey Vs, OVpy: n OVps 0*Vpg:
8Vp08Vp,, OFnoOKLg1r OFmo'  OFpg OFmo OKLo 1/
Oexc P po Deyc PVp,
apa 8Hn'oa/€m;o’a’£l;a” avpo 8/€n;aa’€m;a’8/{l;o”
63exc apa apa’ apa” 83exc 8Pa apa’ avpa”
8pg(‘)p0/8pgu OFno Omor OKLgrr  Ope0psrONV pgrr Okpo ORmer OKlgrs
ey Ops OVpg: Opgrs N ey Ops OV pg: OV pgir
(’“)p,,(?Vpar@p,,u Okno Okmor OKLgrr  0peOVPe OV porr Okine Okmer OKpgr
Oey OVps Opsr Opgr OPey OVps Opsr OV pyii
8Vp,,8pc,/0pg~ Obne OFmyo' OKLgrr OV Pe0ps OV P11 Okine ORmor OKlor
o’ €xc 6Vﬂa avpo apa” 83exc 8Vpa 8Vﬂa' avpo”
avpoavpo/apo” 8’@10 a"{m o’ 6510” OV psOV pgr OV pg 1/ aﬁn;a 8/‘€m;a’ aK’l;O’”
a €xc a Po apa’ 8 €xc 8 Po 8vpa
apaapa 8/@1 Uaﬁm o’ 8/@ ol 6003VPU a"@n Ua"fm o’ 6/"fl ol
2 2 2
0%ey. 0°Vpo 0po 0% exc 0°Vps OVps Pr. (A.10)
8Vpg(9pg OknoO0Kkmor OkLorr  OVPeOVpsr OkpoOkmor Okl »
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Combining the density expansion of equations (13) and (A.10) we get:

Oexc .. Oexc A 3
<8p0 bt V,%) d r] ” 10)

2
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O Exc
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A2. Transformation of variables
The exchange-correlation functional form of equation (A.1) is typically not used in practical
implementations, instead functionals in use are of the form:

Exc[p] = /exc(povvpa' ' VPJ’)dST; (AlZ)
where
Vo Vpsr =VipeVipsr +VypeVypor +VopeVaps:. (A.13)

Starting with the expression for the electronic gradient equation (A.5):

aexc apa 3
_ Pr. (A.14)
= »

We can rewrite the electronic gradient in terms of the norm and the product of the alpha and beta gradients
using the chain rule,

aExc
OFno

Oex. OVps
5V,00 O

k=0

Dexe Oexe 9(Vps-Vps) n Oexc 0 (Vpa-Vpg) (A.15)
OVps, 9(Vps-Vps) OVp,  O(Vpa-Vps)  OVp, '

which can be written more compactily in terms of X € {Vp, - Vp, '} as:

B / Oeye Opo
k=0 Ipo Okino

18

OFx.
al{n;a

Z@exc 0X '6Vp<7
0X OVp, Okpneo

) Pr. (A.16)
k=0

Kk=0



10P Publishing Electron. Struct. 4 (2022) 044004 K Ahmadzadeh et al

We denote the term ag a first-order transformation vector. Using equations (A.22)—(A.24) we get the

working expression for equatlon (34) as:

Y
%
XCPMMU _Z/<8p a); , Pq,a’Qai;a

D*exc
Q J’Qai'o
Zapaayav o VSt Sl

O%e
= 1 Qaico pg.o7
+ Z 0X0py avupo vV Pa,
Oeye 0?X

—v Q ’-O-VVQ o’
DX OV pa 0V opg, * 1t Vil

0e..  OX oY
= =V Qm e
Y 8X8Y8VNpU . 8VU Po’

=V qucr’>dr (A.17)

Likewise, using equations (A.25)—(A.31) we get the working expression for the second-order term of
equation (41):

X,¥,Z

(2) 2 OPey _ Oac 0 0.

ch,pq,tu,ui;o’,a’ﬁ” - ZB: apﬂapa/apa” pq;o’ S tuyo ! S faiso
@ 7

D ey Y4
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+Zapgapg,azavapa,, paic’ VoSl ai
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Vaoro Qo' Qaicer
+2Y:8P08Yapgu avapo_, a=8pg; tu; ai;

De oY o7
= aQ o’ Q”'U”Qui'o'
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= QQ 5o Q M'U”Qai‘a
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Taking the vector derivative of the scalar function equation (A.13) we get the vector:

9(Vpo, - Vpg,)

= 0,000 010005+ A19
8vp,pa'3 vﬂp 2Y 0103 +vﬂp 170203 ( )
Likewise, the second-order vector derivative of the scalar function equation (A.13) we get the rank-two
tensor:
82 (vpa ) vpo )
2 =5, (06,0,00,04 F 0010400503 - A.20
8vﬂp03avupa4 . ( s + ) ( )
A3. Transformations
A3.1 First-order transformations
Oexe Oexc d(Vps-Vps) . Oeyc 0(Vpa-Vpg) (A21)
OVps  9(Vps-Vps)  Vps 9(Vpa-Vps)  O0Vps '
A3.2 Second-order transformations
Dex N Dex O(Vpsr-Vps) D%ey 9(Vpa-Vpg) (A.22)
0ps0Vpsr  0ps0(Vpsr-Vpsr)  OVpys 0ps0(Vpa-Vpg)  OVpsr '
e O%e,. d(Vps-Vps) N O%e,. d(Vpa-Vpg) (A23)
OVpsOpsr  0(Vps-Vps)Ops  OVpy d(Vpa-Vps)Opsr  OVps, '
O%ey, B Oey. 9* (Vo - Vo) Oey. 9*(Vpa - Vpp)
OVpsOVpsr  O(Vps-Vps) OVpsOVps: 0(Vpa-Vpg) OVps0Vps
+ Pex 9(Vps-Vps) d(Vpg:-Vpgr)
9 (vpo : Vpa) (vpcf’ : Vpo') 6fof 6Vﬂa'
i D%ey d(Vps-Vps) 0(Vpa - Vpgs)
9 (vpa : Vpa) (vpa : Vpﬁ) OVps OV s
N O%ey. I(Vpa-Vpg)d(Vpsr-Vper)
9(Vpa-Vpp)(Vpsr -Vpsr)  OVp, OV pgr
2 . .
N D%ey 9(Vpa-Vps) 0(Vpa-Vps) (A24)
9(Vpa-Vpg)(Vpa-Vps) OVps OV pg
A3.3 Third-order transformation
One gradient variable
Dey, B Dey. d(Vps-Vps) Dey.
OV ps0ps1Opgrr O(Vps-Vps)0ps:Opsrs Vp, 9(Vpa -Vpg)@pg/apo—u
9(Vpa - Vpﬁ)
'/ A2
X Ny (A.25)
Bey. _ Oey. O (Vpsr-Vpgr) Oy
0psON po'Opsrr 0ps0(Vpor - Vps:)Opgr OV o 9ps0(Vpa-Vps)ps
9(Vpa-Vpp)
A.26
X OV o (A.26)
Oey. B Oey. O (Vporr-Vpgrr) N Oey.
9ps0ps 1OV pgri Opa0psr0(Vpgri -V pgr) OV pg s 9ps0ps19(Vpa - Vpg)
9 (Vpa ’ VPB)
_. A.27
x OV g1 ( )
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Two gradient variables,

Oe,, 0%e,, 0 (Vps-Vps) 0%e,, 9*(Vpa - Vpg)
OV peOV pyrOpg 1 B O(Vpo-Vps)0psr ONVpOVpsr  8(Vpo-Vpg)Opsrr OVpe0Vps:
n Pey 9(Vps-Vps) 0(Vpsr-Vpsr)
O(Vpo-Vps)0(Vpsr Vg )O0psr OV peo OVpo:
N Pex 9(Vps-Vps) 9 (Vpa-Vps)
9(Vps-Vps)0(Vpa-Vpg)Ops: OV ps OVps
N ey, 9(Vpa-Vpg) d(Vpsr Vo)
d(Vpa-Vpg)0(Vps: -Vps1)0psr  OVpy OV py
N Dy 9 (Vpa-Vpg) d(Vpa-Vpg) (A28)
9(Vpa-Vpg)9(Vpa-Vps)Opg: OV, OV g ’
Oeye B 0%ey, 0*(Vps-Vpo) n ey 9* (Vo - Vpp)
OVps0ps1OVpsr1 O(Vps-Vps)O0psr OVpeOVpsrr  0(Vpa-Vpg)Opsr OVpsOVpgr
N Dey 9(Vps-Vps) 0(Vporr-NVpgi)
(Vs Vps)O(Vpgir - Npgii)Ops OVpes OV g
n Dey 9(Vps-Vps) 0(Vpa-Vpp)
O(Vps-Vps)d(Vpa-Vpg)dpsr  OVpgs A
N ey, O(Vpa-Vpg)d(Vpsrr-NVpgr)
9(Vpa-Vpg)0(Vpsr-Npgrr)Opsr OV pg A
N Oe,. 9(Vpa-Vps)0(Vpa-Vpgs) (A.29)
9(Vpa-Vps)9(Vpa-Vps)Ops  0Vps OVpsrr
ey B O%ey. 0 (Vpsr-Vpgr) N O%ey, 9*(Vpa-Vpg)
0psOV s 0V pyri 0pe0(Vpor-Vpe:) OVps OV pgis 0ps0 (Vpa-Vpg) OVps OV pyri
N Dex 9(Vpor-Vpsr) O(Vporr-Vpor)
9ps0(Vpo-Vpe:)0(Vpgr-NVpor) — OVpg: OVpors
+ 633xc a(vpa/ 'vpﬂ’) 8(vpa 'vPﬁ)
9ps0(Vps+Vpsr)9(Vpa-Vpp) OV o OV pg s
N Oey. O (Vpa-Vpg) 0(Vpsrr-NVpgr1)
9ps0(Vpa-Vpg)0(Npsrr-NVpgrr) OV pe: OV pg
n Dey 0(Vpa-Vpg) 0(Vpy - Vplg). (A.30)
9ps0(Vpa-Vpp)d(Vpa-Vpg) OV po OV pg

Three gradient variables,

ey
OVp08Vpa /GVpU 2
— Oexc & (VPG : VPU) Oexc o (Vpot : VPB)

9(Vpo +Vps) OV psOVps:OVpsrr 0 (Vpa-Vpg) OVpsOVps OV pg:

+ Pexc <82 (Vpo-Vpo) d(Vps:-Vps1)  0(Vps-Vps) & (Vpo 'VPU/))
9(Vpo-Vps)d(Vpsr-Vpgr) \ OVpsdVpgi: OV pg: OV po OV Py 1OV pg 11

+ P 0’ (Vpo -Vpo) O(Vpa Vo)  0(Vpo-Vps) 0 (Vpa: Vps)
d(Vpo-Vps)d(Vpa-Vpg) \ OVpsdVpsrr  OVpyr OVps  OVps:OVpgri

+ 826)“ 62 (meVpg) 8(vp(7"vp(7/) _l_a(vaZ'Vpﬁ) az(vpa"vpo/)
3(Vpa ~Vpg)8(Vpa/ “Vpgr) \ OVpeOVpgsr: OVps: OVps OV pg OV pg 11

+ Pex & (Vpa-Vpg) 8(Vpa-Vpg) | 9(Voa-Vps) & (Vpa-Vpp)
9 (Vpa-Vopg) (Vpa-Vpg) \ OVpsOVpsrs OV pg OV po OV py 1OV pg 11

+ P e & (Vo - Vpo) d(Vporr - Vporr)
9(Vpo-Vps)d(NVpgr-NVpgrr) OVpsdVps: OV pg 11

+ Pexe & (Vpo - Vpo) 9 (Vpa - Vpg)

8(Vpg ~Vpg)8(Vpa Vpﬁ) GVpaﬁv,oU/ avpg//
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4 P exc & (Vpa-Vp5) d(Vpgrr - Vpar)
9(Vpa-Vpg)0(VpsrrVpgr) OVpsdVps: OV py s

s P 7 (Vpa - Vps) 8(Vpa - Vps)
9(Vpa-Vps)0(Vpa-Vpg) OVpsdVpsr  OVpsr

+ Pexc 9(Vpo -Vpo) 0(Nps:-Vpsr) 0(Vpgrr-Vpg)
9(Vpo -Vpo)d(Vps:Vps)0(Vpgrr-Vpgrr) OV pa OVpgs OVpg

4 Dex 9(Vpo-Vpo) d(Vpg: - Vpgr) 0 (Voa-Vos)
9(Vpo-Vpo)d(Vpsr-Vps)0(Vpa-Vpg) OVpo OVpy: OV g1

N Dex 9(Vpo - Vps) d(VpaVps) 8(Vpgrr-Vpgrr)
d(Vpo-Vpo) (Vpa-Vpg)0(Vpsr:-Vpsr) OVpo OVps: OV g1

+ Do 9(Vps-Vps) 0 (Vpa-Vps) 0(Vpa-Vpp)
9(Vpo-Vpo)d(Vpa-Vpg) 0 (Vpa-Vps)  Vpo OV po OV po 7

N D exe 9(VpaVps) 0(Vpsr-Vpgr) d(Vpg:r - Vo)
9(Vpa-Vpg)0(Vps: V)0 (Npgrr-Vpgr) OV po OV g OV pyrs

4 e 9(Vpa-Vpg) 0(Vpsr-Vpsr) 0 (Vpa:-Vpg)
9(Vpa-Vpg)0(Vpsr-Vps)0(Vpa-Vpg) Vo OV py OV porv

N Pexc 0(Vpa-Vps) 0(Vpa-Vpg) 9(NVporr-Vpsrr)
9(Vpa-Vpg)d(Vpa-Vpg)0(Vpsrr-Vpsr)  OVpo OV po OV pg 7

N ey d(Vpa-Vpg) d(Vpa-Vpg) 0(Vpa-Vpp) ' (A31)
9(Vpa-Vpg)d(Vpa-Vpg)d(Vpa-Vpg)  OVpo OV po OV py s
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