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How to Survive the COVID-19 Apocalypse

Some people bake sourdough bread...

Craig C. Martens University of California, Irvine Zombie Cats



How to Survive the COVID-19 Apocalypse

..others home roast coffee beans...
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How to Survive the COVID-19 Apocalypse

The subject of this talk
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Spectroscopy

Absorption spectrum
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Spectroscopy

Time-dependent view (Heller)
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Quantum Coherence

Coherence peg
Peg = |15(1)) (W&(2)]
Wavepacket correlation function
(8(1) | ¥°(t)) = Tr eg

This is often treated semiclassically

Tr Peg =~ /pggc(q: p, t)dqdp
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There is an issue...

Semiclassical theory gives wrong mechanical frequencies

350 PRINCIPLES OF NONLINEAR OPTICAL SPECTROSCOPY
us consider the time evolution of p, in a period when the electronic state is [n){m| |

dp3™() i
= = — [H,pi™() — pi"(OH,], 12.12)
m a [H,p5™(®) = pi"(OH,] (12.12)
where the choice n, m = ¢, g depends on the path () as well as on the specific
interval (t,, ¢, or t3). We next choose a reference Hamiltonian that is taken to
be some weighted average of H, and H,, i,

H,=nH, + (1 — nH,, (12.13)

where 0 < # < L. Some obvious choices that will be adopted below are n =1

(H, = H,). 1 = 0 (H, = H,,), or n = 1/2 H, = (H,, + H,)/2. Using this definition,
we can recast Eq. (12.12) in the form

dpim i i

—= = H,, pm] — = [(1 = MUpmpZ™ + 105" Upm s 12.14)

2 i oo 271 = L =) Um0 1 (12.14)

where U,, = W, — W, is the difference of the two adiabatic potentials.

A classical approximation can now be obtained by replacing the commutator
in the right-hand side with the classical Liouville equation and assuming that
pim and U, commute. We then have

dp [0H,épy"  oH, (7;1:"'] i
G’ | O 0Ps  Cha e | Ly, 1215
dt oq d dp Oq Wl 213

A more systematic approach involves a switch to the Wigner representation.
Making use of Eq. (3.110) and taking the classical (4 — 0) limit we get Eq. (12.15)
with the choice 7 = 1/2,i.e., H, = (H, + H,)/2. For physical reasons, as explained
in Chapter 7, we may wish to retain the more general form (12.15) with some
fiexibility in the choice of #. The solution to this equation is

From: Shaul Mukamel, Principles of Nonlinear Spectroscopy; Oxford=(1995)
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Formalism: Wigner-Weyl-Moyal-Groenewold

An exact representation of quantum mechanics
in phase space

Operators become phase space functions

The density operator becomes a (quasi) probability
density in phase space
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Weyl Symbols and Wigner Functions

The Weyl symbol of the operator A:
A(q,p) = / (q+ 5| Alg— %) e ™/ dy
The Wigner function of density operator p:
poa.p) =55 [ (a+5|pla—§)e ™ dy
For pure state ¥(q) = (q| ¥):

plq,p) = % /¢*(q+ (g — %)e P/ dy
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Star Product

Weyl symbol of an operator product:
(AB)(q /kq+4ABM—y>€W”dy A(q, p) x B(a, p)-

The star product:

ih %

AxB=Ae2 "B
where
N =040, 0,0,
Expansion in h:

h
—AB+mAAB—§AA2B+q#)
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Commutator and Moyal Bracket

Weyl symbol of commutator [A, B]:
AxB— Bx A= 2iAsin <ZW> B = ih{{A, B}}.
This defines the Moyal bracket:

{{A.B}} = - (A*B B A).

or

<>

{{A B}} = fAsm <2 A > B = {A, B} + O(h?).

Poisson bracket plus higher order terms in A
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Liouville Equation in Wigner-Moyal Representation

Quantum Liouville equation
LA pa pa ap
ih— = [H,pl = Hp — pH.
Moyal equation
op 2
9% {{H,p}} = 7 Hsin <§ A ) p-
Moyal series (for H= T+ V)

O ) V@D

Classical Liouville equation plus higher order terms
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Quantum-Classical (Semiclassical) Liouville Equation

Quantum Liouville equation

.
nal
War ~

Two electronic states (diabatic representation)

- iy V) . ( P11 P12 )
H= = n ~
< V Hop P P21 P22
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Quantum-Classical Liouville Equation (Martens et al. 1997)

0 2V
% = {Hu,pu} + {V,Rep1n} - ?ImPIZ
~———— ~—————

classical dynamics nonclassical dynamics .
sink/source term

0p2>

2V
= {Hxn,p2} + {ViRepz} + —Impp
ot ~———— ~————— h

—_——

classical dynamics nonclassical dynamics .
sink/source term

dp12

. 1 i
9 = {Ho, p12} — iwp12  + E{V’ p11 + p2} + =V(p11 — p22)

h

nonclassical dynamics  coherence generation

generalized classical dynamics

Ho = (Hi1 + H»)/2  w = (Hi1 — H2»)/h
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Quantum Coherence

Focus on the evolution of coherence:

dpi2 ¢

jh—— = H — H
I a 1912 — p12Ho

The Moyal equation becomes

I'h2w// 82p12
8 0p?

higher order Moyal terms

8,012
ot

= {Ho, p12} —iwp12 +
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Harmonic Potentials

For harmonic systems the series terminates:

ih2 W' o 2p12
8 0Op?

Op12 )
% = {Ho, p12} — iwp12 +

Ho = (H1 + H2)/2 w= (U —Uy)/h

Qo= /(R +Q)/2  '=m(Q]-Q)/h

The semiclassical limit:

Ip12

5 = {Ho, p12} — iwp12

Note: coherence between two harmonic systems is not
“classical” unless the frequencies are equal
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Exact Solution: Phase Space Thawed Gaussian

The harmonic system is exactly soluble

ih2w// a2p12
8 Op?

op12
ot

= {Ho, p12} — iwp12 +

Thawed phase space Gaussian ansatz:

p12(q, p) = exp[—a(g— Q) = b(p— P)* + c(g— Q)(p— )
+u(q— Q)+ v(p—F)+ w]

A closed set of ODE's for (a, b, ¢, Q, P, u, v, w) result
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The “Classical” Phase Space

Moyal term couples (Q, P) and (u, v) subsystems

-
Q=—
m
.hz
P=-U,(Q)— ITw"v
Q Y
° Moyal

b= —i(Q) + Up"v

V=——u
m
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Analytic Solution

Complex phase space transformation

ih
gl—Q‘F?V fl—ﬂ
m
ik . ’
m=P-Zu m=—U"(§)
— : 2
ik S =—
§2ZQ*EV m
i = —U'(€)
e = P+ ?U

Classical dynamics on the individual surfaces!
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The mechanical frequencies €2; and £2, reappear!

Q and P are superpositions of
two independent classical motions

Q= 2(Qu+ Q)

§&1— @ 1

S — @ P= E(Pl )

m— P _(PL—=P2)
h

m P Q- @)
h

(Qj, P;) simple harmonic motion on jt state
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Semiclassical limit solution

In the semiclassical limit:

Op12

ot = {Ho, p12} — iwp12

(Q, P) and (u, v) almost uncouple

Q=— = U,"v—id'(Q(t))
m
) , . 1
P=-U, (Q) v:—;u
Harmonic motion Resonantly driven
with single frequency , harmonic motion
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Spurious semiclassical decoherence

In the semiclassical limit:

R

(sin(Qot) — 2Q0t cos(Q5t))

iw” R(0)

v(t) =
4mQ2

(3 cos(2ot) — 3+ 2Q5tsin(26t))

Secular terms in (u, v) lead to
spurious decoherence of p1»
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Exact Moyal and semiclassical trace
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Exact Moyal: Schrodinger's Cats are Alive and Dead

L AG T

Multiple paths—independent evolution
of live and dead cats
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Semiclassical ZOMBIE CATS

Sl AL

Single path evolution on average potential
—neither alive nor dead!

al
)

semiclassical
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Experimental Evidence for ZOMBIES?

" Moyal : Model system

0.101 spacing=Q, ]

0.08f 1 Q]_ == 001 Q2 == 0004

Intensity

ooaf  correct
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U,
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spacing =Q
(To obtain semiclassical spectrum,
i ] further approximation: linearize
of 1 difference potential!)
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Motivation and Future Work

The semiclassical coherence has issues:

0 .
% = {Ho, p12} — iwp12

@ Incorrect mechanical frequencies

e Spurious decoherence
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Motivation and Future Work

The first Moyal correction solves these
problems (for harmonic systems)

Ih2 1/82/)12
8 0Op?

aplz
ot

={Ho, p12} — iwp1a + ——

Future work:

Approximations to Moyal term
in trajectory-based methods
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Motivation and Future Work

Surface Hopping Methodology

@ Improve absolute accuracy of individual trajectory phases

@ More accurate overall fidelity of ensemble coherence
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Even Farther Down the Road

Ehrenfest dynamics: A zombie apocalypse
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Motivation and Future Work

Moyal correction: Vaccine against quantum zombies?

ZA

Fi1GUure 12.—Hypodermie jet injection gun, developed by the U.S.
Army Medical Research and Development Command, being used
to administer an inoculation. This device provides a fast, safe
method for giving mass inoculations to troops.
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