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' Interacting system: What do we want to get? Non-Interacting Kohn-Sham (KS
| [ | system
GS: GS energies E,, GS densities n(r),
geometries Same
density —»
Excited states and Spectral properties, excited- ' Ciround state Kohn-Sham eqns
response: state densities / ' GS: (—EV,-Z T VKs(r)> ¢P(r) = €,(r)

Linear Response

 Excited stat
| EACIIEE SLATEs on(r,t) = J ya,rt—1)V, . (', t)dr'dt

1o T = B 1 -0 ) 'and response:

Dynamics (e.g. TD properties (density,

17 . Time-dependent Kohn-Sham eqns
driven by laser field): dipole moment, etc.)

1 .
Dynamics: (—EV% + vgg(T, t)) ¢, (r, 1) =10,(r, 1)

H(HOY(ry, ..., Ty, 1) =10 P(rq, ...,ry, 1) ﬁ DFT/TDDFT enables study of large and complex many-
B body systems



Dynamics with TDDFT — Standard approach

Time-Dependent Kohn-Sham (TDKS) Adiabatic approximation:
Electron dynamics under an applied v [n ¥ P ] (I’ t) ~ V gs [n(t)] (I‘)
field vPP via XC 0> =0
- Uses xc from a ground-state for a non-ground-state
1 , . system!
(_EVZ’ + V(T t)> ¢P,(r, 1) =10,9,(r, 1) - No memory-dependence

Adiabatic approximation fails in certain kind of problems:
vis(1s 1) = VO +VAPP(r, 1) + vy [n](r, D+ vy 13 W, D] (r, 1)

31 I I l I
— HF
2 ol
— CIS
n(r,f)= ) ‘ Pi(r, 1) ‘ — CISD
k _ 1r|— LDA
o —
—> any observable is accessible S 0oF
(by the Runge-Gross theorem) ;
=T
oL
e.g. Charge-transfer dynamics in LiCN

S. Ragunathan, M. Nest, J. Chem. Th. /
Comput. 7, 2492 (2011).




Dynamics with TDDFT — Response-Reformulated approach
TDKS RR-TDDFT

Electron dynamics under an applied Instead, solve the problem in terms of many-body
field v¥P via state expansion

\lP(r>>—ZC<r>|\P

-~ unperturbed Hamiltonian

(=377 +xw0)) e =00

Where -
Vs(r, 1) = Végt)(l‘)+vapp(r, 1) + vyln](r, H+vyc [”; Yo, (Do] (r, 1) H © “P > L,

| ,‘ Ck(t) = = lEka(t) — ZZ C. (t)VaPp(t)

n(r,) =) | gy, t)‘z
k

Adiabatic approximation:

Vxcln; lP(), Dy(r, 1) ~ Vgs [n(t)](r)

Requires xc functional on a fully non-
equilibrium domain, but the adiabatic

VibP(r) = (¥,

P, = Jd3rvapp(r, Hp,, (1),

Py = (%] i) | %, )

The time-dependent observables are

approx. uses xc of a ground-state! available with just response quantities — n(r,t) = z : C*()C(¢) D (r)
_ : ’ k JNIEk]
many-body wavefunctions need not to be :
calculated Ik

D. Dar, A. Baranova, N. T. Maitra, Phys. Rev. Lett. 133, 000401 (2024)



RR-TDDFT : what ingredients do we need and why should we do this?

Solve ODE’s - & extract observables

Cut) =~ iEC(D) ~i ), Cj(t)V,;“](t) VaPP<t) = J VR Dpy(r)  n(e D = ) CGHOCDp(r)

Ar) ‘yj>

‘Energies E: from ground-state DFT (E)) and LR-TDDFT Pr(Tr) = <\Pk
(Ejz0)

-‘Transition densities p; . : from LR-TDDFT (p;,) and QR-
TDDFT (9).;4())

‘Densities p;_: ground-state DFT (p,) and LR-TDDFT

(Pr=j20)

All ingredients involve xc evaluated only near a ground-state,
Vxclnol(r), fxclnpl(r, v, w), gxclngl(r, vy, ), 0, w,)
- adiabatic should work better than in TDKS where the
fully non-equilibrium xc vyc[n; W, @pl(r, £) is needed



RR-TDDFT: LiCN Dipole Switching Revisited

Resonant Charge Transfer System driven by the pulse at the “Exact” — TD-CISD reference
in LiCN under z-pulse TDDFT-predicted resonant frequency: S. Ragunathan, M. Nest, J. Chem. Th.
—431eV Comput. 7, 2492 (2011).

\\\\\ wBNL — 6 80 eV ~ p&Xact

e \\\\\\

‘\\

[\ ) ey Ly —  — —
\kl\'“ Exact /.~> ;7" RR-tBNL

RR-TDDFT works where TDKS fails under S
the same adiabatic functional ©
N
=<
D. Dar, A. Baranova, N. T. Maitra, Phys. Rev. Lett. 133, Time (a.u.)

0006401 (2024)



RR-TDDFT can be used for non-perturbative dynamics with as much confidence as
TDDFT in the response regime

But sometimes TDDFT with adiabatic functionals fails even in the response regime!



What to do when the adiabatic functionals fail even in the response regime?

Fortunately, when this happens is much better characterized than for non-equilibrium dynamics

And soluti - 3 Curve-crossing between 1! Bu and 2! Ag states of butadiene
nd solutions exist! 2 ; ,

X —
o T PO e
- Double excitations 7.5 N Ak
: Ag(DTDDFT) —— Bu(exact)
v'Frequency-dependent kernel derived from 7 0o - BUATODFTCAMBILYP) —g= Ag(exact
first-principles — Dressed TDDFT _a. Ag(ATDDFT CAM-B3LYP) -
>
— 2 0.5
— DTDDFET 6.0 =
Qqq/(a)) T I/qéqq/ + 4\/DQUQfHXC qq’ (a)) R S .
5.5
749)
G'|1 G, =1
X d (a)z) - >.0 I I I I
w=w, 0.05 0.00 —0.05 —0.10
Gives good energies and oscillator strengths! BLA(A)
DTDDFT xc kernel: excitation energies and transition densities “Exact” — 0-CR-EOMCC(2,3) reterence

D.B. Dar & N. T. Maitra, J. Phys. Chem. Lett. 16, 703 (2025) W. Park, et al., J. Phys. Chem. Lett. 12, 9720 (2021).



RR-TDDFT : what ingredients do we need and why should we do this?

Solve ODE’s & extract observables

C,(t) = —iE,C(t) — i Z Cj(t)VaPP(t) n(r,r) = 2 CHO)C(1)py(r) VaPP(t) = J S ppaPP(, Dp;(r)
Energies £, : from ground-state DFT (£,) and LR-TDDFT ij(r) — <\11k n(r) \Pj>
(£fzo)
Transition densities Pt from LR-TDDFT (p,,) and QR- For double excitations:
TDDFT (p)220)) . w-dep xc kernel from Dressed
‘Densities p;_; : ground-state DFT (p,) and LR-TDDFT gggf&aié&ggtn)ﬁ@ é}q?qu/Z 11:696 03 (2038
(,Uk=° ()) . ..

7 .can we get excited state densities
All ingredients involve xc evaluated only near a ground-state, n,(r) from Dressed TDDFT? —
VXC[nO] (r)’fXC[nO] (I‘, l”, a)), gXC[nO] (l’, r,T,, o, 602) Yes! A. Baranova & N. T. Maitra, J. Chem. Theory

Comput., to appear, 2025
- adiabatic should work better than in TDKS where the

fully non-equilibrium xc vy [n; W, @pl(r, £) is needed



Double excitations via linear response — excited state densities

The excited state densities are available through linear

. . . . . F. Furche, The Journal of Chemical Physics 114, 5982 (2001).
response in adiabatic approximation. ~—

SN, Furche and R. Ahlrichs, The Journal of Chemical Physics 117, 7433 (2002).

5Ek — [d 37‘ nk(r)évext(r) nk(r) — —k — n() (I') 1 k
5Vext(r) 5Vext(r)
Can also get 1,(r) for the doubly excited states!—— Bara“‘)vca;;“piijo' zgg i-oigem- Theory
5w, e.g. 1d Harmonic potential: v, (x) = Exz v|x]
via Dressed TDDFT — compute when
OVexi(T) KS

one single and one double mix




Double excitations via linear response — excited state densities

The excited state densities are available through linear

. . . . . F. Furche, The Journal of Chemical Physics 114, 5982 (2001).
response in adiabatic approximation. —

~ifp F. Furche and R. Ahlrichs, The Journal of Chemical Physics 117, 7433 (2002).

. 3 5Ek 560k
5E, = | @)oo () = 2 — o) 4 2%
] o : .. _ . 5Vext(r) 5Vext(r)
1.0 (a) Excitation 1 (b) Excitation 2 (c) Excitation 3
/\ /\ N A. Baranova and N. T. Maitra, J. Chem. Theory
Comput., to appear, 2025
- _ _ Al A e.g. 1d Harmonic potential: v, (x) = Exz v|x|
y=0 ’ ’ ’ ’ KS
% 0.0
<l (d) Excitation 1 (e) Excitation 2 (f) Excitation 3
1.0 A 4 : J n
A
0.5 A - J
y=1 \/ / \ — exact
— adia (EXX)
— dressed
0.0 = : I l l l
—4 —2 0 2 4—4 —2 0 2 4—4 —2 0 2 4




RR-TDDF'T via DSMA — Dipole Evolution

2 electrons in 1d model 0.3 sin2 (=) sin(wt
potential 5(t) — { (100) ( )
0 ¢>100a.u.
w=1.9a.u.

driving pulse with @ = 1.9 a.u.

Dhyey Ray

0.00 = TDSE —  Dressed RR-TDDFT
— TDKS/AEXX

Dipole (a.u.)
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RR-TDDF'T via DSMA — Density Evolution

2 electrons in 1d model €(t) B 0.3 sin” (%) Sin(wt)
potential L 0 ¢t>100a.u.

driving pulse with @ = 1.9 a.u.

t = 0.000000 Dhyey Ray
mee Trunc-T1DCI =xx: [DSE
== == RR-DTDDFT TDKS/AEXX
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Conclusions

 RR-TDDFT enables TDDFT to be used as confidently and reliably for non-
perturbative dynamics from the ground-state as it is for response properties

* RR-TDDFT outperforms TDKS under the same adiabatic approximation because it
only needs xc functionals to be evaluated near ground states.

* RR-TDDFT can harness non-adiabatic functionals developed in the response-
regime to describe the non-perturbative dynamics of the systems involving double
excitations

- Requires deriving densities of excited states, which can be done with available
non-adiabatic approximations for the double excitations
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Dressed TDDFT kernel

Q(a))qq’ — qzéqq’ T 4\/ I/qufHXCq'(a))

DTDDE adia For one single + one double characters
f; XCqq’ () = chqf+qu'(60) in the excitation — Dressed Small
Matrix Approximation

Different “flavors” of DTDDFT:
) 2 .2
W = I/q + 4I/quXCq(a))

2

H DHD /
X0 (w) = : 114
qq T 2
4 quq 0)2 — (HDD — H00> 2 2
- - frear (@) = Fegg+——[1+7
U
4 w? — <(HDD — Hy)* + H§D>
S HqDHDq’ | <I/q + I/D> <1/q, + VD) - -
X . q,(a)) = ] A —
4, /v U, w* — Uf

<Q§1‘ + Q4 + %) <Qg‘ + Q4 + lez)
1 +

W o2~ (@) + )’




Excited State Densities via Dressed TDDEF'T

For one single + one double characters in the excitation:

2 .2
W = I/q + 4I/quXCq(a))

y
- 9
DSMA* adia ‘HqD ‘ (0" + (Hpp, — Hy))
XCqq (a)) — Jxcqq + A 1 +— _
v, ) B >
@ (HDD Hoo) +Hp,

oW,

nk(r) — n()(l') + Ank(r)/ } OVexi(T)

oadia | Single excitation
- An, ~ G2 An?dia(r) character

H, — Hy, 5 (Hdd _ Hoo) Double excitation

W
1
!
l
W+ 5Vext(r )

+(1 = G2) character
1 SH,q ) | Coupling
: +2G.G_ [H <wadla+ Hoo—H )]
204 \ OVey((7) P S () L1 ( dd oo) term '




Excited State Densities via Dressed TDDEF'T

- — S S —————— ==

‘ o 2d1a | Slngle excitation
Any = G - An*3(r) character ‘.
W i - q
_g. 5(H,, —H Double excitation i
0 ( i OO) character '
5vext(r) |
0 . Coupling *
+2G.G_ [H (a)adla_l_ H..—H >]

+ 5Vext(7”) qd ( dd OO) term | (I)mn(X) — ¢m(x)¢n(x)

Evaluating Hamiltonian matrix elements (Slater-Condon selection rules applied)

14r)

) . - < P -1
- 1 h — 3 —_
One-body integrals Sv () (¢}, S s Ia’ X ; p— D (X) + ];és = @, (x) (I = fineXs) (X, 1),
roo(cﬁpcbslqugb) (¢¢|¢¢)
— 3
Two-body integrals 6v.(r) (s | ) = J s p;r €, — €, CprlX) + pz#s e, D))
o |\ D5 | Dy, &by | D )
+ Z ( . _ : ) pm(X) + Z ( ) @, (%) ¢ (I = fuxcxs) 1(X, r),
pFm m p p#n €p




Transition densities

/p()k

. 2
F dt , o[ (Fol 2 Tk> ‘
rom groun
0 .g U 0 | Gk| = ; Available from Dressed TDDFT
excited state A )
Vq <(I)O 14} (I)q ‘
From excited to N
. Pi(r) = <‘P ni¥y > — approximation required
excited state Ik / k PP ‘




