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OVERVIEW

5. QLA for GP/NLS for scalar BEC : quantum vortex
- 2D and 3D Quantum Turbulence

6. QLA for Spin-2 BECs : non-Abelian vortices
7. QLA for Maxwell Equations
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— GIVEN the pdeOs -what are the unitary collision-
streaming sequence of operators needed to r ecover
the pdeOs to 2nd order accuracy ?

~—— Interested in time evolution of system :

- this puts great stress on adequate qubit coherence
times, bdelity of gates, error corrections E for a
feasible qguantum computer (> 10 yearsE? )

I The QLA can be directly encoded onto a quantum
computer

| QLA ideally parallelizes on classical supercomputers"
- tested to over 780,000 cores (IBM Mira, Argonne)
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1. COMPUTATIONAL JOURNEY

11 plasma physics (nonlinean): MHD -

%+ i(u)=0, !?!—ltj+ui" u‘(g‘: )" p(/)+(" *B)*B+/" 2
E;—]::V><(u><8)+nVZB Ve.B=0

| Nonlinear terms N severe headache computationally

x,tex,fj,t

I f

|

Streaming local collisions”
Linear advection algebraic nonlinear terms
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l one major problem with simple LB some f; <0

[c.f., Klein-Gordon - Dirac  positive debnite density]
- entropic LB . exact discrete H-fn constraint

- more exotic lattices than D2Q9 , D3Q27

- matrix collision operator (MRT)
- collisions In moment space, streaming in coord space

ldea : -
Can one use only unitary collision operators?"

— one has the beginnings of a QLA - since the
streaming operators are already unitary "
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— NLS - ubiguitous equation of nonlinear physics
- Integrable in 1D

NV 2
NTERNE% +§;9‘!‘ 'u%i!

| water waves, rogue waves - solitons

I plasma physics, nonlinear optics (dark, bright solitons)

| ground state of BEC (mean Peld theory)
[Gross-Pitaevskii equation - quantum vortices/dark solitons]

| 1D NLS N integrable:
- can benchmark QLA against exact analytic solutions



QUBITS and ENTANGLEMENT Bit

0

l-qubit:  |q)=/ |D+/[0) ,|a)=/|D+/|0) @
NERINUEE

O
1

— Entangled 2-qubit state: cannot be factored into atensor product of 1-qubit states

— Tensor Product : |q,)! |a,)" |g0,)=/," |10 + /" |10)+! ;" |0D)+! " |00)

00) +|11)
— Bdl State: - - anentangled state

J2

for thiswould require o, =0o0r 5,=0

no|11)  no|00)

l'In QLA, the unitary local collision operator will
entangle the on-site qubits



QUANTUM RANDOM WALK

| walker described by

H_ : position, with basisstates|i _

i ‘ > Hyopr =H @ H)p
H . : Hilbert space for2— sided coin , basis {‘ T> ,|\L>}

2 unitary operators. coin position

— 9 - streaming operator st & |1)" [i)# |1)" |i+1)
S|s)" [i)# \$> IR

—  1—qubit Hadamard gate H 4D (‘ T>) = ‘T>\E\L>
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| suppose att=0: spin-down at origin |! )" |0)

1st time step:

o 1)1 o) # 8 g
. |$)%! . |$)" |0 ! 0
a8 g - g[8 10 ) 0
L 181y 1) o
V2 J2

.e, after 1time step, aparticle at the origin |0), with spin down |! )

has probability of % of being at |1> (With spinup‘ " >)

and probability of % of being at |#1), (with spindown|! >)



spatial location |i > D

time -4 -3 -2 -1 0 1 2 3 4
0 1(1)
1 1(3) 1(3)
2 %) 1) i3
-’ 1(3) :(3) 1(3) i3
T i) i3) H) s
.e., asymmetry in probability after t = 3:

Probability 5/8 atx =-1,
Probability 1/8 at x = +1

Classically (no Hadamard gate) att =3 :"
probability 3/8 at x =-1,"
probability 3/8 at x = +1.
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Att=100 “ i

'
0.07F |,

— As otic Pobabili
- ZX;""P( ity
- slow

{ One can achieve
| results very di"erent
| from those of
| classical physics by
| using quantum gates

For symmetric
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| Hilbert space 2
1% " 0% 1 0% 1 0$
"19% "1% 30 "1% "0% %L: 103, 118 #o& 103, 10$_*o&

01101000 = 550" x50 199 80’ Ba 80 10Tk ok e g Mg Tod

%08, %0z, #oh 16
|
. 01)—|10)
| Swap Gate &, =#
Z 10)—|01)
¥V SWAP $ - :
SW gate R 0. I universal gate
Joavar — $ . 4
$0 (@ ) = |
$ JSwap
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| spatial lattice, 2 qubits/spatial node"
| Restrict analysis to the subspace of 2x2 matrices :
- the collision operator entangles the 2 qubits "
— the streaming operator moves this entanglement
throughout the lattice
L1 (x,t)$

¥introduce mesoscopic spinor field ‘! (x,t)> :#I (x t)g
. ’ (

¥interleaved seguence of non-commuting collide-stream unitary operators

2 2|
?IQ‘ Exp PR
%

¥ Unitary Evolution Operator Q3 §= 18, Exp & (

# 2 % 2

¥‘!(x,t+!t)>:@# a}o‘_/(x,t» — ‘¢(x,t+5t)>:(1—ie 0V2+Q)‘¢ xt +O )
with / x= O()
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To recover the order parameter / (x,t)=( 11 )

Require diffusion ordering: /t="*=/x?

QLA: |/ (xt+"t))=18, Exp%o

& +—
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post! collison

14

! (x,t)> =1 (x,t)+!
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Manakov Inelastic Soliton Collision
- 2 coupled NLS : 4 qubits/lattice pt.

0Q,  9*Q - : )
i + =5 + 2 Qi + BIQ2[] - @ = 0,

0Qy | 9*°Qs -
Y + 22 +2u[|Q2)* + B|Q|*] - Q2 =0-J

, Integrable if B=1

Inelastic Collision for special Q,(t =0) and Q,(t=0)
Ql(X,t) QZ(X’t)

(a) (h)
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2 polarizations: green, brown QLA: 4 qubits/node

INELASTIC MANAKQYVY SOLITON
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Zabusky-Kruskal : lack of thermalization/ergodicity because of soliton
collisions retaining their asymptotic profiles -- "soliton symmetry"

1] 1] N
46—+ —— =0
't Ix Ix
L 1" 1 1% \
LA : entangle 2 qubit C.=—F -
Q entangle 2 qubitsvia €, ,, \E%!l 1
! (t+1)=9,8.9,,69,.6.9.69 69,068,869 0O ()
— Now @@ @@ = p 310*?— .3:.::1:0
_, Interlacing@and @ diminatesthe !?/! x? el t"
. IT} "3 ."3"# _4;
— Saaling: /x=",/1t="",1 =1""— L
X :
17 010° Lest
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lu u |, ! #B*& 1 2y | B ! 128 u=u(x,t)i)

— Ft | — = — + [ —— + = / _ ..
TR 1 x$02 ( 'LTl!x2 LIt !x(UB) T!x2 B=B(xt)s
viscosity resistivity

QLA : 4 qubitg/lattice point a(x))=yp(x)|1) + 1! p(x)0)

h1g State preparation : leenu( ) ( ) %pl—(1+U+B)/2—I03
p, =(1+u&B)/2=p,

(<) =a () e (x))1 [ (x))1 e (x)
h2#local collisonal entanglement : ‘! Oox)>:@‘! (x)>

434 non-unitary post-collision measurement = px) = (/ %ux)| 19 |7 o))
N’. = number operator for the ith qubit
h44 streaming operator : p, (x+q,t+1) =p (x,t) + <! (x,t)‘ ON @%IQ‘! (x,t)>
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Mesoscopic Repr. :

QLA for MHD-Burgers : unitary, reversible
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1,° 1
: . —— — " n 0‘
Macrofields: u(x,t) = 2! P (x,t) , B(x,t) = 2gpl(x,t)+ p,(X,t) p3(x,t) p4(x,t)é
i=1
2
e |Example: 1D Burgers Eq. ou +uau - Va ';
ot 0x 0x
LA e
e« NMR Expt.: U=e”, H—— NMR pulses 1
0.8
lattice : 16 grid points 0.6
2 qubits/lattice site i; o 0139 c o o208
(use of inhomogeneous B) "
0.8
0.6
141 +-0.0278 £=0.0347
i # 7fe s Ellm ;E'm 1-21
e m AT o 4O T S —— | [z 0.8
M — —— 0.6 )
Gradieat d —
Encoding Measurement  Strcaming i) 1.4
$ 1 5 L £=0.0417 t=0.0486
% . \f \\f
FIG. 1: QLG algorithm implemented in four steps. Three hori- 0.8
zontal lines represent proton spin, carbon spin and fried gradients. B 0.6 '
Both starting magnetizations are encoded in proton channel first : :

due to the high signal to noise ratio while decoupled in carbon chan-
nel to prevent interfering of scalar coupling. The collision operator 0.20.40.60.8 1 0.20.40.€0.8 1
is applied after the initialization. Measurements are also taken in position position

two steps in the proton channl followed by data processing in a

S (Cory et.al., 2004)



#4. Peregrine Rogue Wave [1D NLS breather solution]

. Cos(" t! 21/ )! cosh!/ cosh(px)
cos(" t)! cosh/ cosh(px)




QLA for Ma Breathers: Period = 6k

#itr
t=0

H 4
##)
H##)
#H#(
#H#(
#H#%
#H#%

H#'#!

##!
HH#& HH#&:
"ttt IS Yot YoSctH Vol " ISt Vot Y&ttt Yol
#H#*
Il&ll(
#H'#) t= O
"8
#H#(
"&"%
'HO
##% 8
t = 60k
##! " \
HH& g
"4 I Vot Yol Yol L $ ™ %



: # i"” 2t &
Peregrine Rogue Wave ¢@ — 0 | = o 412" %) (
%0 1+ 2"2X!2 +4n 4.“2(

x=x" X, Ctl=t"t

0

x, =100, t, = 2000,
! =0.05
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Peregrine Rogue Wave
| FFT : streaming to all orders Unitary op

— =P+ & ! (t+"2):Exp¥¢' i!2('|5+\ﬁ'5)§7g (t)

I non-commuting "2 [ PaB)S = avnl i AD "2 AR 4
exp ) i/2(P+\P)D =expid i/ AP/ 28 expl) il “PS expd i/ AP/ 28+ Of !
Operators Py 117 (P+\B)f= expy Po>XP# 11 TPy 5+ 0( )

(Baker-Campbell-Hausdor$)

l.e., unitary collision step: in x-space"
. . . i121 2 4 $121,2
unitary streaming step: in k-space  €"" ik

QLA : unitary algorithm.
Peregrine wave is awkward because numerical noise can rapidly
lead to a divergent scheme.
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", % . L s %0
I e % expl(imAB/2+1 @=q 0% (1Sn#
%1& ! (1sn# cos# &

#=2(Lp nsw=| [
4° 2

QLA-FFT : only 2 applications of Collision Operator

(lg$”

AEC BTN
#ql éut § N ) #ql %:F
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