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Important Milestones in Quantum Interpretation and
Quantum Information

e Quantum measurements are random.

e Two prevailing schools of thoughts.

e Bell's theorem and inequality: John Stewart Bell
(1928 — 1990).
|E(a,b) — E(a,c)| < 1— E(b,c)

e Test of Bell's theorem in 1982 by Alain Aspect.
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Our Karma is not written on our forehead when we were born!
Our future is in our hands!
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A Quantum State Is a Linear Superposition of States
--Quantum Weirdness

It is not real: only ghosts and angels can do that.




More on Quantum Linear Superposition:

Proverbial Story of a Schrodinger Live Cat vs a Dead Cat!
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a Tiger, c1890. Lim Kheng Chye Collection ...
pinterest.com

Erwin Schrodinger - Biography, Facts ...
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Google’s Quantum Computer:

Google’s Sycamore Processor: n=53, and 2°° ~ 1010
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Quamun'.n SL‘Jpremacy Milestone Matters ... .x’ Ox’ .’x’ Qx’ 0x’ ’x

nytimes.com| x x x x x x
x Qubit @ Adjustable coupler
Quantum linear superposition of 10'® quantum states! Nature | Vol 574 | 24 OCTOBER
2019

Quantum Coherence Made Simple:

P = |¥(z,t)|°.
U(z,t) = Uy (x,t) + Uy(x, 1) incoherent if averages to O.
’ B SR <see>—()
(2, t)|? = [ (2, 8) P+ Wa(, 1) P+2 Re {1 (, 1) U3 (. 1)}
@ @* @

Dead Cat Live Cat Neither Dead Nor Alive Cat
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Bloch Sphere---Spln State
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Quantum State Equation ? ,
W) = in ()

W (1)) = ap(t)[T) + ay(?) \Ai) = ay(t) [1) + ao(t) |0)
(W(t)) = e M0(0))

State-variable approach in control theory:
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Two Factory Case:
Va(t) = vi(t) ® valt)

Aggregate | ~=vi(t)y
State . =
Vector

Two-qubit Register:
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Linear Superposition of 4 States.
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Three-qubit Register: Linear Superposition of 8 States.

(Wa) = [W)[W)[ ")
= apoo|001) 4+ apo1|001) + ap10]010) 4+ apy1|011)
+ a100|100) + a101[101) + a110/110) + @111 |111)
= ap|0) + ay|1) + as|2) + as|3) + aqld) + as|5) + as|6) + a7|7)

n-qubit Register: Linear Superposition of 2™ States.

Google’s Sycamore Processor: n=53, and 2°° ~ 10'°
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Quantum Fourier Transform: Power of Quantum Parallelism:

n Qubits T%‘J;
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Quantum Fourier Transform, Contd:

n Unitary Operators

1 N-—-1
. 2mijk/N L HOW'S YOUR THE PROJECT EXISTS
]  — e QUANTUM COMPUTER IN A STMUL TANEOUS CANT  THATS
VN mempporens | [Rmar el [y
E=0 A AND NOT EVEN [ OUReROR
STARTED. J |
N -1 N-—-1 ' ‘ L
. \ N 2 /
L |]> ’!’ yklk} , T
k=0 k=0
U

Order n unitary operations — linear superposition of 2" states.

Computational complexity O(n?) = O(log® N) < Nlog N.

The above is an important component of Shor’s algorithm, with order finding
and period finding.
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How can CEM help?

e Problem: Present day quantum computers are very
noisy! (not enough knowledge base)

e Spins are mimicked with two-level atoms: artificial or
real.

e Many of the spin dynamics or two-level systems are
done with EM fields.

e Better math-physics modeling with CEM can reduce
errors and noise, and improve precision engineering.

I 1) I ) l>
|0) 0)

10)
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Quantum Maxwell’s Equations (Heisenberg Picture)
e Derived using energy conservation L
e Quantized in coordinate space

V x H(r,t) — 9,D(r,t) = Jex(r,t)., FESSGR-"
V x B(r.t) + 0B(r.t) = 0,
V-D(r.t) = peu(r.t), V-B(r,t)=0

Blo)=|7)

e Quantum State Equation for a Quantum System:
H|W) = iho, | V).

() = e MW (0))

Schrodinger Stock lllustrations — 5...
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Quantum Field is a Random Variable

Electric Field

(Courtesy of Kita and Koch
(q) = (V[g|W). {G]¥)}two-some
o7 = (V|(q— (a)7|®).
(q") = (V[(q)" V).
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Mode Decomposition Approach
V- E(r) Vo(r,t) — x(r)0? ®(r,t) = 0.
D(r,t) = s,.(1)Pr ().
Ofs,g (f) — _QA 5;1( )

Sycamore

v . E . V(Dh (r) + gz%X(r)(Dh (I") _ 0. quantum Computer
fdrVi)(r,t) -€(r) - Vo(r, )
— Z SA 5}1,* fdrv(bk( ) (1") * V(I)h;(r)
k. k'
_ Z sy (1) ‘ZQz Hg = %Z [[Pe.o (t)] + [Qr.a (t) ]
= 125[13 (OF +1Qua®F]
A =73 rA(l)]” + ([Qralt)]”
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More on Mode Decomposition:

1 i D v
H = 3 Z [P, 2(1) + QR (1 )] \ Tb wom o
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‘ | i o
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ok researchgate.net
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A Quantum Beam Splitter Can Be Modeled
Using Mode Decomposition (Bloch-Floguet Modes)
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Qutput Beam

Classical : 1 T N ——
Boam Single Photon A~ [ PP, Tl N iR gl
Output . = ) ; 09r
Beam - -
f“ I Photodetection 08¢+
@f w 0.7°F
éﬁ Classical Beam 4?65 @ Singlo Photon _:; 0.6
(a) (b) N
% o05F
) X 5 041
A= <\1;<2> ’A(—) (1, t0) A (2g, to + 7) =
= 03 ——&— FEM (N = 2,501)
A A » FEM (N =5,
x A (3,0 +7) A (2, 10) [0 ), 02| o v i |
A ) ol " EDa (v~ o) ||
By = (0 ]AH (20, t0) A (09, 10) ] v, - T
0 | } | i 1 1
) ) 6 4 2 0o 2 4 6
By = (WO |AO) (s, to + 7) AW (19 + 7)| 0@ ), " fsec g0
A
(2) (1 . _
g\ (wy, tos e, to +7) = BB HOM Effect

Chew, PQSEI Seminar Series, Purdue U, 2020



Quantum FDTD for Solving Quantum Maxwell’s Equations:

FDTD for the Field Operator

0? 82
A (1. 4) =
Then, using finite difference method, can be approximated as Dr Dong-Yeop Na
R n N n R n n+1 R n . n—1
[Am] ) [Am] n [Am} {4&)] —9 [A(H] n [4t+)}
i+1 i il _ o i i i _
Ax? ' At?
(a7)

Define a relation between field operator and coordinate space operator

Via the Vector Potential Hopplng Function (VPHF) G
N

[}1(_’_)} = 1‘4( l@ fn Z g isbn; Lj, to = 0) Bﬂ?j — Z [g];’?j 5333"

j=1

FDTD for the scalar hopping function G

N, n n n+1 n—1
. [g]i—l—l.j [glz N [ ]z 1,5 [g}aj —2 [g]z_} + {g}l‘j‘ 8 —0 50
2 N — €itio A =0 (50)
j=1
for i = 1,2, ..., Ng. Since there is no coupling among VPHFs with different j, by solving
n ; n n n+1 ; n—1
[g]i—l—l.j —2 {g]tj + [g]i—l.j [g]'LJ —2 [gh j + [g]'LJ

=0 (51)
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Quantum FDTD:

Qt+r

A= <\p<2>];1<—) (1, to) A (o, to + 7)
X A (myto +7) AD) (21, 0) W),
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By = (U] A0 (ag,tg + 7) A (9, 10 + T>]m<2>>,
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O Q-FDTD with exact initialization

* Q-FDTD with approximate initialization
numerical canonical quantization (FDM)
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Modeling of Dispersion in Quantized Field
--Coupling of Field to Lorentz Oscilators — F
O

Fields Lorentz Oscillator I
1 —— T
_ AT 2 2 | Aay2 2
H= /d‘l’ 2 [E°+H + 5V + [P - Total energy of the system
4= 1/wf),f — wg/wg - P(r,t) = V(r,1)
[ . PY2 4 (T % A2 4 (T A2 7 Classical Hamiltonian with conjugate
_/(rﬁ {( ap + P+ (Vx A+ (V-4) | variables
— 112, — (VO)* +113/8 + fP2 + 2P - Vb {Tap. A} {llg. @}, {lIp, P}

@ Energy conservation argument

H(r,t) = -V x E(r,t)

E(r,t) =V x H(r,t) — V(r, 1)
: - Classical Equations of Motion

V(r,t) + wiP(r,t) = W E(r, 1),
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Quantum Case: variables

Quantum Hamiltonian with conjugate

g/dré[(mﬂp)ﬁ(vm)ﬂ(v.l&f

. AN\ 2 N . - .
iy (w)) Y I1, /3 + fP2 4+ 2P V(I)] o

@ Energy conservation argument

P(r.t) + wiP(r.t) = w E(r,t) -

Fat e

E(r,t) =V x H(r,t) — V(r,t).

Chew, PQSEI Seminar Series, Purdue U, 2020

Quantum Equations of Motion



Dispersion Effect on Quantum Media

Potentially can be used for quantum plasmonics -~ .
Dr. Dong-Yeop Na
Dispersion Effect on Quantum Beam Splitter

P(r.t) + w2P(r.1) = W E(r.1) !

08
. photon photodetector
zoomedin o 0, + + + . e —_ 0‘6
/ P(ri ) \-l:l
)%( .\ s .
. photon h Lu;ex‘ltz Q 0’4
photodetector oscillator

0.2

0 1 2 3 4 5 6
T [s] x 10710

FIG. 5. Second order correlation versus time delay for various
plasma frequencies.
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Quantum Sensing

Early alarming
Radar : Target detection (Yes/No), Target Ranging (Distance), Target Imaging

low
reﬂectivi*
Entangled ’
noisy/loss Target L el 2 i
y chann low " wnoisy/loss
reflectivity y channel
/
g
measurem
Quantum Radar (Quantum illuminatigsyt
T Rx
Higher sensitivity upon background noisy
Classical Radar SNR — Psignal 1. Entangled p)c}%j%gﬁgairs (signal/idler)
Phoise 2. Joint measurement (strong

correlation)



Possible collaboration with A. Weiner’s group.

Frequency (energy)-time Entangled Photon Pairs*

Entangled state Biphoton wavepacket
Spontaneous four-wave mixing (SFWM), (frequency basis) Phase coherence across  rsp'  (gelay basis)

in a microresonator TPume frequency modes?

Structure too fast
for single photon
detectors

.? ‘I‘ 1ll A A
i N Aw
- —— FSR Frequency
on | idler —
p wg . signal

N
) =) alkk
k=1

Ik, k)g, = f dQ ©(Q — kdw) |w, + Q,w, — Q)

X # of modes =d
L 1

SI —

U) = ay |wp + Aw) , |wp — Aw), + az |wp + 2Aw) _ |w, — 2Aw),

s

Coincidences (180 s)

+ag |wp + 3Aw) _ |wp — 3Aw),

S

+ -+ ay ‘wp -+ dAUJ)S |wp - dAw)i

Entanglement dimension = d

d d
- Z ak |wp + kAw)  |wp — kAw); = Z o [k), k). has the higher dimensional
k=1 k=1 entanglement than

[¥) = alf)y Mg + B0 1),

*J. A. Jaramillo-Villegas et al. (Pl: A. M. Weiner), “Persistent energy-time entanglement covering multiple resonances of an on-chip biphoton
frequency comb,” Optica, vol. 4, pp. 655-658, 2017.



Performance Comparison

_ Unentangled single photon Entangled photons

Ui nd

Good regime =>1 —>1
n n
# of trial to detect
the presence of a target C4) S
Bad regime Z> 1 UT <1
n n
# of trial to detect _ _
0(871/n%) 0(871/n*d)

the presence of a target



Time-Frequency Entanglement Modeling

idler photons signal photons ‘ a .

' ' Dr. Dong-Yeop Na
Lo L

FQ 1 Fl Dl

three
level

A

I)

' coincidence

«— T
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Correlation Tomogram (Using Synthetic Data)

Dr. Dong-Yeop Na

* Frequency bin entanglement
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Dr. Dong-Yeop Na

"

single-pixel initialization of

detector " entangled -
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P detector
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S S
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Full-Wave Modeling of a Single Photon Source

e  Single photon sources (SPSs) are important devices in various quantum
information systems

e  Current modeling methods do not incorporate photon propagation effects into
estimations of photon coherence

e  Will analyze a circuit QED SPS that uses a transmon qubit as a quantum e e i
emitter & a
(a) ] ]
{ e D _BLE e [‘"l o
| 5 100 pm
| Transmission lines ; /"’— - LI
TR : a8
|- £ = .;.:‘
1y 5 d° = fo0um
fo=5.75GHz, \y = 5.2cm fo =4.68 GHz, A\g = 6.4cm
J. S. Tsai et al., DOI: 10.1103/PhysRevApplied.13.034007 M. Devoret et al., DOI: 10.1038/nature06126
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Modeling Process Development

1. Quantization of the Electromagnetic Field

Port Regions
(analytically
accounted for)

Port Regions
(analytically
accounted for)

Simu(latiol_n %omain ~ Modified from M. Devoret et al., DOI: 10.1038/nature06126
explicitly )
modeled) 2. Formulate Coupled Field-Transmon System

Dr. Thomas E Roth

M. Devoret et al., DOI: 10.1007/s11128-009-0100-6

Interaction Hamiltonian

H; = /drA(r)-ﬁd(r)Z [Qeﬁ(ﬂﬁu + 198,65 j+1|+ H.c.
1 i

A
Transmon Current Operator —» =J;

290 um

3. Derive Coupled Equations of Motion

dn

dt

Ly = 8Fc(n — ng) + 2e /][E(r) +fa(r)dr

dt

V x V x E + ped?E = —udpJ;

=—Ejsing
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Solution Procedure

1. Weak Coupling Approximation — Linearizes System

@
dt

% = 8FEc(n — ng) + 2¢f By (1) dr

VxVxE + ped?E = —p0pJ;

= —Ejsing

Strong Coupling

Dr. Thomas E Roth

Weak Coupling

b
g

Power (arb. units)
=
on

& o 041

8

F. Nori et al., DOI: 10.1016/j.cpc.2012.02.021

Time

02 02 04 05 tips)

J. S. Tsai et al., DOI: 10.1103/PhysRevApplied.13.034007

2. Transmon Operator Time Evolution with Lindblad Master Equation

d

- f.', - -~ Al Ao ]. 2t A &
J

o . 1., . o
H = h|61611 + 02022 + 55‘-”-(5)(510 + 601) +

2
5 E¥(t)(621 + 612)
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3.

Dyadic Green’s Function Photon Propagation Model

]:J(r,t) = —ud; / Gg(r,r',t = t) -jt(r",t’)dt’dr"

ﬁ(r. B) = // Gy(r,x',t—t)- jl(r", t")dt' dr’




Single Photon Source Geometry

Dr. Thomas E Roth

Microwave single photon source is an excellent example of a multiscale structure typically encountered in circuit QED systems
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Actual Mesh Used!

Dr. Thomas E Roth
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Decay Rates

e Decay rates must be included in Dr. Thomas E Roth
Lindblad master equation to correctly model system

= Dephasing rate very difficult to calculate — used state
of the art experimental parameters in modeling 4
= Current state of the art is ~30 kHz
= Spontaneous emission rate can be computed using
potential-based TDIEs

=  Note: field-based method was unstable for this
system

u
n
T

L]
T

g
th

Spontaneous Emission Rate Computation

2w . o B
€oc? (2¢8)7|(f17]2)|7 | fua - Imq G p(ro, To,wo) ¢ - 7
\

tn
T

Modeled SER is

’“r(f.f.)(l‘o,wu) =

Spontaneous Emission Rate (MHz)
b2

h similar to the
Y - 1+ rates measured
Computed with potential-based TDIE for a similar
0.5 F single photon
Y(0,1)(ro, 27 x 4.32 GHz) = 27 x 1.0 MHz source
0 . . . . .
’}'(1,2) (I‘o, 2?T X 3‘95 GHZ) = Q'JT X 1‘52 B’IHZ 3.5 4 45 5 55 6 6.5

Frequency (GHz)
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Photon Propagation Results

Dr. Thomas E Roth

Approximately Bandlimited Impulse Impulse Response to Output Resistors
I Pul b
’ /' /\ \ 351‘]1:ut Clslirentl 1

Qutput Current 2 | 4

=20

40

-60 [

-80 |

Normalized Amplitude (dB)
Normalized Amplitude

-100

-120

-140 ' ‘ ‘
0 3 10 15 20
Frequency (GHz) Time (ns)

Transmon coupling scheme used in this single photon source leads to significant excitation of slotline modes as opposed to CPW modes

Chew, PQSEI Seminar Series, Purdue U, 2020



Casimir Force Calculation:

Courtesy of Wiki

Wave-Particle Duality
A B

Classical harmonic oscillator

. |

_ . x2potential
_— Quantum harmonic oscillator
C AP . lj'.[(x)'
A | C T
; 3 ~ /
N *_"’ . o o o p——
E F
- E, y 1 ()
FAITAN A[\_ - E: o W
\ )r \j - Ea . W imi
L lates A
fien () P fluctuations
fiew/2 X
G H o o A ie Casimir force between two metal plates exists at T = 0° K, due
X ence of vacuum fluctuating field (courtesy of Wikipedia).
/N J/\ Photon-Number State
Quantum State Eigenequation 1 Wave mechanics
H V) = E|v) E, = hw (n + —) Zero point energy

2
A? 2
3 P 1 2.2 . d
H=— —Nu N — a9 —— Vacuum state

Potential Well

Chew, PQSEI Seminar Series, Purdue U, 2020



Finding resonant frequencies of complex systems

e Resonant frequencies of complex circuits.

1 1000

1000 1000 1000 \/\/\/\/15

0.001 _15%uf 7Z.1=V KCL, KVL

2 5 6
.159uf

1 wolt

T .159uf e ST e s 7Z.I1=0— det[Z(w)] =0 — f("-‘-’) =0

node 0O

4

e Resonant frequencies of complex structures. i
> Integral equation of scattering (EFIE) ZT

—n x ES(r) =n x E'(r) = n x iwp./dr’ﬁ(r, r') - J(r’)
Z-J=V Matrix representation

Z-J=0—det[Z(w)] =0— f(w) =0

e Host of CEM methods available.
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Argument Principle o l
1
E, :E —hw;
wac 1 2 1

e The above sum is divergent! Renormalize below.

Phil ATKINS

1
g — Euac - EﬂO?"]"ﬂ — z Eﬁ* [f—di - ':dj,]‘lﬂ'?"ﬂ‘l]
ij

e Renormalized sum can be evaluated using argument

principle. Im w
E = fe dr In det_Z ()
21 Jo det Zo (K) e X
he [~ _ X XX
F=—-—— drV;Indet Z (k)
2T 0

where Z is a method of moments matrix. Lots of math-physics, CEM training!
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Repulsive Casimir Force:
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Fig. 8.

Fig. 6. Attractive and repulsive forces between dielectric objects at different
background permittivities.
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More Repulsive Casimir Force:

Fig. 9. The geometry and dimensions of the two tall U-shap PEC structures.
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Fig. 10. Attractive and repulse force as the displacement varies between the
two tall U-shape PEC structures as shown in Figure 9.
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Possible Collaboration with !

Shalaev and Boltasseva’s
Group on
guantum plasmonics.

input

— ]

——— —
Qutput

Figure 8.22 (a) A double-bus double-ring archi

(b} A two length drop filter. (c) A single-bus

Questions to
ask.

Should future quantum computers work
with optical photons or microwave
photons?

e First attempt at optical computers failed in
1980’s because of large optical
components.

e Why're microwave components much
smaller than optical components?

e |Is the difference in mode confinement?
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periodic ring structure as a broad band filter or slow light device.

Typical -
optical table:

Typical R S §

microwave

components: A/4 = ———— ¢
N



Conclusions

e Give an introduction on quantum parallelism and its power.
e Use the quantum Fourier transform as an illustration.

e Quantum computer has high payoffs but engineering a
guantum coherent system is difficult.

e Recently, we have developed CEM methods to solve
guantum Maxwell’'s equations. (Mode decomposition and
guantum FDTD) (Dong-Yeop NA).

e Transmon modeling in circuit QED and Time Domain Integral
Equations (TDIE) (Thomas E Roth).

e Report on recent progress on using CEM for Casimir force.

e Better math and full physics modeling through CEM can help
Improve the design of quantum computers. Math logic and
computer codes don't lie.

e Itisimportantto find the simplest approach to explain
things, in order for knowledge transfer between disciplines
and the development of advanced technologies. SEDRA SMITH

|||||||||||||||

7 billion transistors on a chip.
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Thank you!

e Thanks to colleagues at Purdue for interesting
discussions and support!
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