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Abstract: <p>Quantum triangles can work as interferometers. Depending on their geometric size and interactions between paths, &€cebeatsa€s and/or
a€osstepsaEe</p>

<p>patterns are observed. We show that when inter-level distances between level positions in quantum triangles periodically change with time,
formation of beats and/or steps no longer depends only on the geometric size of the triangles but aso on the characteristic frequency of the
transverse signal. For large-size triangles, we observe the coexistence of beats and steps for moderated frequencies of the signal and for large
frequencies a maximum of four stepsinstead of two asin the case with constant interactions are observed.</p>

<p>Small-size triangles also revealed counter-intuitive interesting dynamics for large frequencies of the field: unexpected two-step patterns are
observed. When the frequency islarge and tuned such that it matches the uniaxial anisotropy, three-step patterns are observed.</p>

<p>We have equally observed that when the transverse signal possesses a static part, steps maximize to six. These effects are semi-classically
explained in terms of Fresnel integrals and quantum mechanically in terms of quantized fields with a photon-induced tunneling process. Our
expressions for populations are in excellent agreement with the gross temporal profiles of exact numerical solutions. We compare the semi-classical
and quantum dynamics in the triangle and establish the conditions for their equivalence.</p>
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Motivations

1. Quantum Interferometry (High precision measurement)
2. Quantum Information Processing (QIP): Two-entangled qubits

3. Bose-Einstein Condensates: Optical lattices

4. Bose-Josephson Junctions (BJJ) etc
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Outline of the presentation

@ What are quantum triangles?

Where do we observe quantum triangles in the quantum realm?
General model for quantum triangles

@ How to deal with quantum triangles?

Understand the two-level crossing model (Landau-Zener)
Bloch picture and main equations

@ How are quantum triangles important in quantum
technology?

Quantum interferometry (High precision measurements)
Manifestation of interference patterns (beats and steps)

Pirsa: 17040025 Page 5/48



What are quantum triangles?

= &l
= S110

S]()l

SU(3)

Y
So11

Control parameter

Time, flux, chemical potential, pressure, Temperature
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Where do we observe Quantum Triangles?

Optical lattices

Energy (U)

AU

Lattice sites converted into
double-well potentials

Two-mode Hubbard model

H(t)=— > B,(t)S"+D(S*)>+ Dn(n—1)

v=1,2 I. Bloch et al 2008
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Effectiveness of triangles in experiments
(Non-Adiabatic evolution)

level crossings

I. Bloch et at, 2008
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Effectiveness of triangles in experiments
(Adiabatic evolution)

Energy (U)

-2

Avoided level crossings
I. Bloch et at, 2008
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Where do we observe Quantum Triangles? Cont'd
Double quantum dots
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How to deal with Quantum Triangles?

Two level crossing: Landau-Zener model
Out resonance Transition

Hamiltonian: H(t) = ato, +(Ar,,
Eigen-states(adiabatic states): |¢+(t)) and o (%))

Eigen-energies: . () = +v/a2t2 + A2
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What is the Landau-Zener effect?
(Landau, Zener, Stuckelberg, Majorana 1932)

H(t) = b(t) - &,

b(t) = [b:,,(t),(),bz(t)}, G = [a,f,,o,o—z]T,
Zeeman field Pauli matrices
H(t) = b,(t)o, + by (t)os,
Transition time: Toee = -z% Field variation time: Tpy = Z_i
Condition of short (5)2

transition time: Tree L Try mmhp b, K |b|

b(t) =b.(t)t, ey H(t) = b, (t)to, + by(t)os,

Landau-Zener model
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Populations

_ _ ~ (Fastdrive)
Diabatic basis

(unperturbed basis)

z;—ic(t) = H(t)e(t);

dt
ot A =

H(t) = { A —at ] C‘(t)

2

9

Piio\t) = |e1l?) Survival probability

Poaia(®) = |ea(®)]?, Transition probability
F)dw,( ) + RLdL(L( ) =1
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From Diabatic to Adiabatic Basis

Diabatic basis C(t) — [C] (t), Cg(t):T (Fast drive)
(unperturbed basis)

d ol A
’E((ﬂ = H(t)c(t), H(t) = _ . ] :
Passage
w=wouo, ¥ wo[ b ]

Adiabatic basis a(t) = [ay (t),az(t):T

Slow dri
(dressed states) PIOWCTIVE)

p e
. HG | ,
Ldtae(t) = Ha(f)a(t)’ ‘ ( ) [ W )\-f- ]
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Condition for Adiabatic Evolution

) Adiabatic theorem
|2

Energy Forbiden A slowly driven system
remains in the same adiabatic
1) Allowed 12) state

Time

Coupling less than splitting
d
dt

Superadiabatic evolution

—iWT W < |A_ — A4

J(t) — 0
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Results for two-state systems

-' 2 ..
Ll = = —— oS |:A12 (7, 'T())]

. 1
R'},(;ia g - 0 = ; ; _
{ (T Tn) 9 w(’r)w(’m) w('T)w('TU)

Q .(TT)—1+ 0 i %
adia\"5710) — 9 w(T)CU(T(]) w('T)w('T())

o(1) = 1) (’T\/ T2+ 4 +4In(r + /72 + 4)\))

Aqjo(T, "TO) = d)('T) — d)(TO)a

COS [AQ(T, 7’0)]
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Transition probabilities
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| Py_yp = exp(—27m))
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What is so exciting in QTs?

/ AN

H(t) = atS* + f(t)S* + D(S*)?
f(t) = A




What is so exciting in QTs?

SO‘Z Inose

Sl] /
/ . \
/ Splitter 1

\;ﬁ/ H(t) = atS? + f(t)S* + D(S7)?
ft)=A




What is so exciting in QTs?

Splitter 2

P =N

\;;/ H(t) = atS? + f(t)S® + D(S7)?
ft)=A




What is so exciting in QTs?

Splitter 2

/
/ Splitter 1 \

\;;/ H(t) = atS? + f(t)S® + D(S7)?
ft)=A




"Beats” and "Steps” pattern

Time difference between two
crossings

ot < tiz ot > tLz

-
TTTTTTTTT E J | 00 e e e 1—|—v—r‘r1—n—|—ﬁj—ﬁ—r L i Tl—rTl—rv—v—v—l—l—rT
T

J1 | R : o ;
E e S

z 225 P %
—_ g _ ; St ‘ .l i) n’\f.\\?m
o . 1.50; L7 o 1 T T | T T “
'rgu ll ([T ]\\vm-—J
o 0.7 'l :
= : f St(ppu‘t(ln%

UL crmeae s I = [

M. N. Kiselev et al 2013
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General Model for Quantum Triangles
HE)=- ) B,(t)S” + D(5%)?

Vv=x,z

@ Optical lattices (Two-mode Hubbard model)

H(t) = -B,(t)(al by +bT,a o)~ Bo(t)(ng =g )+ 2{ng (ng—1) 101 (ngr — 1)

5* = %((ﬁbﬂr + b! ,n(,) K = (Sl) + (‘5 ) (S )2 > (_ T 1_)
(af P lf,aﬁ)ﬂ ilg = Clirdg, nN="s Ty,
g’ = bir/bo’a [n,S”] =0

SY —

9|~

o= %(a Ay — b ba)
n,n

H(t)=— ) B,()S” + D(5%)? D 1

V=1T,z

@ Two entangled qubits ASehan Teb

H(t) = Z B,(t) (o) + 0?@) + JoVe® Kibble-Zurek model

V==,
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General Model for Quantum Triangles
HE)=- ) B,(t)S” + D(5%)?

Vv=x,z

@ Optical lattices (Two-mode Hubbard model)
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9|~

o= %(a Ay — b ba)
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@ Two entangled qubits ASehan Teb

H(t) = Z B,(t) (o) + 0?@) + JoVe® Kibble-Zurek model
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Correspondence between SU(2) and SU(3)
SU(2) SU(3)
Pauli Matrices o™, =1+ 3 Gell-Mann Matrices X% =1+ 8

) = Te(plt)-a?) Bloch vector  h(¢) = Tr(p(t) - A”)
52(1‘) = ] Surface f?(f) = |

Equation of Motion for the Density Matrix = Bloch equation

1 1
i = Tx([H, p -U“)J i = Tx([H, ] - A*)
( —

i—b=—-0xb

dt
((;) < g)ﬂi . Ec}fﬁ’y@ﬁbﬁ (6 X g)ﬂf _ fﬁfﬁ’y@ﬁb’y
1l 1

E(y.ﬁ'y L TTI'([O’“, 0.!3]) ] 0.7)’ fo:B”Y - ITI'([/\LT? ABD , A'W_
417 11
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Correspondence between SU(2) and SU(3)
SU(2) SU(3)
Pauli Matrices o™, =1+ 3 Gell-Mann Matrices X% =1+ 8

) = Te(plt)-a?) Bloch vector  h(¢) = Tr(p(t) - A”)
52(1‘) = ] Surface f?(f) = |

Equation of Motion for the Density Matrix = Bloch equation

1 1
i = Tx([H, p -U“)J i = Tx([H, ] - A*)
( —

i—b=—-0xb

dt
((;) < g)ﬂi . Ec}fﬁ’y@ﬁbﬁ (6 X g)ﬂf _ fﬁfﬁ’y@ﬁb’y
, 1 , .. P
E(y.ﬁ'y k& TTI'([O'“,O'ﬁ]) ) 0_7)’ f():ﬁ”y - ITI'([/\Q_, AL‘JD ' AT
417 49

Welcome to the 8-dimensional world |
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Crash course of SU(3)

—_

51 = = (A1 A2
1 2( )
=
% = 5 (MAsAy)
1
‘33—2(/\0)\ 7A_)
0 4 0 L 0
o =1 0 0] il
06 0 0 v 0
0 0 —i 1L 0
=100 0 00
> 00 0 0
0 B0 0 0 0
il e 0 6 o
0 0. 0 0 0

At = (V3hg £ A3)/2
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Reduction of the 8-dimensional world

p11(t) = 1(1 4+ £ 4 360, paa(t) = 3(1 + £ — CW

p22(t) = ;(1 — R(t))

dQ - 4 _ . - _ _

Tl ./_m f(t)f(t1) [A r=(t,t1)R(t1) + Kr (z_,z_.l)cg(tl)](ul +&_(t),
dR ‘ ot . s e . 1 : ‘ :

TS 5/_' \J f(t) f(tr) ll\ rT(t,t1)R(t1) + Kr~ (¢, [,__)Q([._l)]d[._l 4 3®.(2),
dW e o . o L |

T = l/_T‘ f(ty) [Rﬂ (t,t1)R(t1) + Ki (f.jf,l)Q({Jl):ld[,l + $p(2).

I{[Li(t, 1) = K;J_.“l (t,t1) £ Kp® (t,t1) Kus(t,t) = Lulexpli(£(t) — £(t1))]]

; _ : ‘ v D \2 D*
£(1) = (H(8), 2 (1)) V) =+30¢+ )’ F 5
pu=r1and Lr = Re, Li =Im
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SU(3) LZ interferometer : the beats

]»-()()()();”IIIIIII ERGRAFAESEERORATEE EEESIARAR
= 0.9997
QC:]
0.9994
t\/ o

What is the period of the beats ?
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SU(3) LZ interferometer : steps

1.00003 L

0.9994F

tv o

What 1s the time scale tor the steps ?
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SU(3) beats and steps: non- adlabcmc passage

1 OOOOW 1.0000¢

§ = 0.002
n=0.125 i & :

= 0.9997}
| :

a_(1(1(1z§
n= 20 :

i

0.9994F f 0
—40 —20 0 20 40 =4l = 0 20 40
?‘.\/(1» /\/“'

Blue - numerical solution of SE. Red - perturbative analytic solution of BE.

~ r A c2

Pyo(t) = 1 —py(t) — p-(¢) + O(6%)
D D D D
p+()7T(SF(/—I——I+ ) p()_ﬂﬁﬂ(___’t__)

& e Qo Q

F(z,y) = %[G + (_Z’(\/;)) (1 LC (\/iu)) + C + "(\/g’)) G v S(\/i”))]
6w = 3((3+(57) G+ 5(/59) - G+ 5(/52) G + ()]
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SU(3) LZ interferometry with transverse drive
M) = oztb"" + f(¢)S* + D(S%)?,
Monochromatic signal

f(t) = Acos(wt + ¢)

Paja(t) % 1= py(t) = p-(t) + O(6°)

D$w’tiD$w) +F(tiDiw,tiDiw)

0 Qo o 0

p+(t) =m0 !F (t +

D D D+ D
L9F (z‘. 0 i ”) cos 20F 4 9C (t . w) 5in 207
Q‘.’ Y Y Y
3= A? VT =oF Du/a

4oy ? Phase accumulated durina a linear sweeb
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FRERTal
SU(2)

11, %)~

. —--exact
. ——analytical

.

—40 -20

60

Numerical versus analytical results
Two-step, coexistence of beat and steps
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Numerical versus analytical results

_[ T T T T | T T T T ] T T T T E T 1] T T I_‘ IY T T T ] T T T T I T T 1 T [ T T T T l,
60 3,4+w) D=w |1,+w) ] 60.\\ |3, +w) 1, +w) ~]
211 e i iy L e = 7
= L |3, —w) n\‘,/’ I1,-w)] &= ﬂ w) \“\,”»’f |1-*w‘);
€3 i P T f &3 — (D + wla. "I D + w)/a]
|| e LT 01_".“;),/:_,_:,; e i e
2 L ; ] ] it | 1
L -~ I | I I~ 4
Sy 1 I 1 o M
£ _':)_ ): l: : D : \.‘
=D -wia) i (Drw)los

AR LA

E ==-=exact
F — analytical
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Five- and Six- Steps
f(f) — }‘( = A+ A(‘Os(wl‘ + (/5)

f\/n l\/r}

I UU()(](} t |||||||||||||||||| | LibAALLLLLAALLLLLL ] 111111111111111111 [ rrrrrrrrrrrrrrrrrrr I
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How do we understand these behaviors?
Quantized fields: Three-level system in a QED cavity

H(f) = atS* + H(‘,av o HT]ILS—C&V s D(S‘z)2’
Heav = w(blby — bLby),
HThLS—cav = zj*—"l,‘z g (b]; o bj)SI,

bio = . /7‘2_.1’267‘(‘*”"”"1)_, Mean field approximation
T € Y =
\pa/bn _ _4 SU(3) — SU(5)
Kok 4nq o
{|11,w), |1, -w), |2),]3, —w), |3, w)}
[ at + (D +w) 0 /\ll)az/\/j 0 0

0 at+ (D -w) AP/v2 0 0
HiE)=| Mi/V2  A3/V2 0 A/ V2 A5/ V2

0 0 A2 /V2 —at+ (D - w) 0

0 0 ABE /2 0 at + (D +w) |
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SU(3) ver'sus SU(5)

0.99999192

() 99995151+

P2—>2 (t)

0.99991111

|

—4 0

il
=20 B
tvVa

30 a0

0.9999877-

&
70.9999265|-
&

4()
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(t)

70.999939
D;I

- (c)

0.99986521 11 1|

| P — |

| B T |

9999943

IREERRERET

0.9998851)

=20 )
tvV o

[!iI]TI![Ill —

IS o) [ B IO [OR1 | i Ll

20) 40

=
]
a3

P‘)—u(t)

Quantum versus Semi-classical treatment

I | 1 O B ) T 1 1T '[ T 1 T
0.99999039 '
L)
- “'?0_
0.99994233
0. ()L)()X()4"3240 L—éol L1 l—i il 12101 1 140
vV o
T T T T [ T T T
0.9999877 ; TH] [TTTTTTH
e "
Qs (*(d) |
0C 1 L
0')))864-)40 -2 ()_ 20 40
tv o

Satisfactory agreementt!
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SU(3) LZ interferometry with transverse drive

Polychromatic signal

7(t) = ij:o A, cos(wnt + ¢ ),

Pi(” e Z Z Tﬂg-”m (('.{)S [\IJI e \Iﬂw F(f o “ + w”",fi ” q:wm) + cos [\I]I + “f’fﬂ F(f " [) ¥ i&.—’n.wf: o

e o 0 a o

n=0m=(

: Dk Wy D + Wm

+ooslpf + WP (14— ) +coslgt - scﬁ.]’”(" i

)
D+ w, i D i )
)
)

a a a o
. D DEw. , D+tuw, DT
—sin[¥} - \FH(}'(? = bt = ) + sinfpE + ‘I’m(}'(i + bt .
a 6 a a
; & l) W [.) '_{; Ld” ' - [) i Wn ]) J_' W
—sin[U} + (p’i”’](;’({ iy ' ) + sin[pE — -\;-,i”}(}(t + 0t m)
a a a a

i AN o
\I‘,’g) — q‘sn -l_ Lfoq . Qf’dt/ Sog?)) — gbn T L[O‘*Jl (l{t,(Zt,

Phases picked up by the ThLS during a linear sweep
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N-dependence of the number of steps
Analytical versus Numerics

10000;-1-: """"""" bR AL Ll | It [ e J‘: éﬂ'll:l:l: ““““ i S i By L:
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.M,,_\ F --- cxa.lct - 'H
3 - —analytica o
0.9986,....0000000 [onmins s s [ s s flc et .“.'.'T“ 0.99850 J..‘J”,\,,,l,,‘|‘,|‘,T
=100 =50 0 50 100 =150 =100 =50 0 50 100 150

t\v/a t o

|

5
I

I

Pirsa: 17040025 Page 40/48



SU(3) interference patterns

Constant couplings Double Periodic Drive

1.0
0.9¢
0.98
0.97

1.00000
0.99998
0.99994

() oa ‘-._;._.‘ =3 v -i\_,.. 0
20 —-10 0 10 20
D/A
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Concluding Remarks

@ When in a QT the couplings are constants:
the number of steps maximizes to 2

@ When the couplings periodically change as a monochromatic signal:
the number of steps maximize two 4

@ When the couplings periodically change as a shifted monochromatic
signal: the number of steps maximize two 6

@ When the couplings periodically change as a polychromatic signal :
the number of steps increases with the number N of monochroma-
tic signals composing the main signal

@ Steps are useful for the statistics of atoms in a Bose-Einstein
condensate

@ Beats are useful markers for manipulating spins for Quantum
Information Processing
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Outlook (to do list)

SU(3) Landau-Zener Interferometry with dissipation

SU(3) Landau-Zener Interferometry with
“Longitudinal” and "transverse” drives

Statistics of atoms in Bose-Einstein Condensate
Dynamics of two entangled qubits
Dynamics of two entangled qutrits

etc
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