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Abstract: Quantum random walks have received much interest due to their non-

intuitive dynamics, which may hold a key to radically new quantum

algorithms. What remains a mgjor challenge is a physical realization

that is experimentally viable, readily scalable, and not limited to

specific connectivity criteria. In this seminar, | will present an

implementation scheme for quantum walking on arbitrarily complex

graphs. This schemeis particularly elegant since the walker is not

required to physically step between the nodes; only flipping coinsis

sui—fcient. In addition, by taking advantage of the inherent structure

of the CS decomposition of unitary matrices, we are able to implement

all coin operations necessary for each step of the walk simultaneously. This scheme can be physically realized using a variety of quantum systems,
such as cold atoms trapped inside an optical lattice or electrons inside coupled quantum dots.
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in materials, exchange rate forecast, stock market
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: DNA synopsis, animal foraging strategies, diffusion
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solving differential equations, quantum monte carlo,

on, clustering and classification, graph connectivity,
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Quantum walk applications
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alk applications

ples: DNA synopsis, animal foraging strategies, diffusion
i mok in materials, exchange rate forecast, stock market
“analysis, solving differential equations, quantum monte carlo,
P Mm clustering and classification, graph connectivity,
fractal theory, or even structure analysis of facebook, Google,
MSN and Yahoo search engines.

Quantum walk applications

Examples: glued tree traversal, quantum query, quantum
search, element distinctness, pattern recognition, hﬁ e
nonlinear structures, graph connectivity, group commutat

and formula evaluation.
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PRA: Shenvi et al 67, 052307 (2003); Child
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Graph isomorphism
(long-standing open problem)

irsa: 09050015 Page 11/160




Graph isomorphism

(long-standing open problem)

Page 12/160




F Graph isomorphism

(long-standing open problem)

fla) =1
flb)=6

flc)=8
fld=3
flg) =5
flh) =2
f(a=4
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Graph isomorphism
(long-standing open problem)

Best known classical algorithm

(_)(E"W” "{}11])

(Handbook of Graph Theory, 2004)

fla) =1
fib)=6
flc)=8
fld)=3
flgg=5
flhy=2

f{'ﬁ =4 Page 14/160
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Graph isomorphism
(long-stand

ing open problem)
o~ O
-~
Fong
T:%-ﬁ‘ - Best known classical algorithm
C( --*‘ Vn+
\ ‘1 J'il'.:"-'.i.‘ 0(6’ Gl”‘)
‘?; | 7 - (Handbook of Graph Theory, 2004)
}i“g
A5
e
fla=1
| flb)=86
1 2
C\ f) flc)=8
o o fld=3
o 9 flg)=5
flhy=2
Q,;Jogosoms \3) f(h =4

fin=7
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m-m : apply coin operator and evolve (
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Quant. Info. Compu. 5, 492 (2005)

= < Emms, Hancock, Severini, Wilson
J. Combinatorics 13, R34 (2006)

< Douglas and Wang,
J Phys A 41, 075303 (2008)

< Emms, Wilson, Hancock, -3
Pattern Recognition 42, 985 (2009)

Pirsa: 09050015




A wide range of graphs tested
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Type of graph Order of graph Number in group
Eulerian b 184
9 1782
10 (connected graphs) 30990
Cubic vertex-transitive 48 32
60 26
64 38
Planar 7 646
Simple 7 853
Tree 14 3159
Vertex-critical 10 (chi = 4) 2453
Edge-critical 12 (chi=7) 395
Vertex-transitive 29 (connected graphs) 1181
Hvpohamiltonian 26 2033
Hyvpohamiltonian. cubic 28 34
(with girth at least 5)
Projective planes of order 16 273 1 3 page 471160
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Strongly regular graphs tested:

Parameters | Number | Number tested
in group (pairwise)

(16.6,2,2) 2 All
(25,12,5,6) 15 All
(26,10.3.4) 10 All
(28.12.6.4) 4 All
(29.14.6.7) 41 All
(35,18.9.9) 227 All
(36,14.4.6) 180 All

(36,15.6.6) 32548 All (529669878)

(37,18.8.9) 6760 All (22845420)
(40.12.2.4) 28 All
(45.12.3.3) 168 All
- (64.18.,2.6) 78 All
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graph isomorphism problem”, Zap. Nauch. Semi '
SSSR, 113, 83-158 (1982).
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25-node cycle
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Douglas and Wang, PRA (2009)




tior of quantum walks
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Childs, arXiv:0810.0312 (2009)

(3) Graphs with arbitrary
Manouchehri and J.B. Wang, J. Phys. A 41, 065304 (2008

irsa: 09050015
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] “Quantum Dots

| g SR
S raregegey, | 1 L
IIIIIIIII__, f

back gates megasiond e SR K. Manouchehri and J.B. Wang

] |

iVincenzo hugtr-g lavee st wil Quantum walks in an array of quantum dots
J. Phys. A41, 065304 (2008)
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Phys. Rev. A 65, 032318 (2002)
PRA 77. 041601 (2008)

—-—-  The lasers are tuned between the P, ; and P/,
levels so that the dynamical polarizabilities of the two fine
structure S, » states corresponding to m, = =1/2 due o
the laser polarization o~ vanish, whereas the ones due to
o~ are identical (= a). The optical potentials for these
twostates are V,, -~ (2, 8) = alEyl* sin’(kz = #). We
choose for the states |a) and |b) the hyperfine structure
states |[@) = |[F=1my=1) and |b) = |[F =2.my =
2). Because of angular momentum conservation. these
states are stable under collisions (for the dominant central
electronic interaction [14]). The potentials “seen”™ by the
atoms in these internal states are

Vz.0) = [Vu -1/2(2.0) + 3V —_12(z.0))/4, (102)
V®(2,0) = Vo -112(2.0). (10b)

[f one stores atoms in these potentials and they are deep
enough, there 1s no tunneling to neighboring wells, and we
~ can approximate them by harmonic potentials. By vary-
ing the angie # from = /2 to 0, the potentials V* and V*
move in opposite directions until they completely overiap.
Then, going back to # = = /2 the potentials return to their
original positions. The shape of the potential, ¥ ;. s:banges




Sy mm-tmmﬂl:ﬁ;gn“’;ﬂ
levels so that the dynamical polarizabilities of the two fine
structure S states corresponding to m, = =1/2 due to
the laser polarization o~ vanish, whereas the ones due to
o~ are identical (= a). The optical potentials for these
- two states are V,,, -1 2(z.8) = alEol* sin’(kz = 6). We
i=3/Ls=1/:F=Lmf=1; choose for the states |a) and "’)hmm

Sum{ClebschGordan{(i, mi}, (s, mf — mi), (F, mf}] states |a) = |F = L.my = 1) and |b) = |F = 2.my =

[i, mi, s, mf —mi], (mi, —i, i}) 2). Because of angular momentum conservation, these
3111 3 1 s states are stable under collisions (for the dominant central
["li rT El ‘1: “2"2"2 electronic interaction [14]). The potentials “seen™ by the

F ¥

_[_. 3 | atoms in these internal states are

z 2" 2"2 2 172"y 2

= Vi z.0) = [Vp-12(2.0) + 3V, . 12(z.0)]/4, (10a)
; N i=3/2e=1]2F=2ui=2:

Sum{ClebschGordan((i, mi}, (s, mf — mi}, (F, mf}] V(2.0) = Vo —12(2.0). (10b)
(i, mi, s, mf —mi], (mi, —i, il] _ :

3 33 7 B Hmmmnﬂ:@mgwmm

l”’l *T3'3°21" enough, there is no tunneling to neighboring wells, and we
. can approximate them by harmonic potentials. By vary-
ing the angle # from = /2 to 0, the potentials V* and V¢
move in opposite directions until they completely overiap.
Then, going back to # = = /2 the potentials retumn to their
original positions. The shape of the potential. ¥ 7 s:banges
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Phys. Rev. A 65, 032318 (2002)
PRA 77. 041601 (2008)

—---  The lasers are tuned between the P, ; and P/,
levels so that the dynamical polanizabilities of the two fine
structure §; ; states corresponding to m, = =1/2 due to
the laser polarization o~ vanish, whereas the ones due to
o~ are identical (= @). The optical potentials for these

wostatesare V., .-, 2(z2.6) = ﬂlﬁ}lzﬁﬁiz = #). We
i=3/%s=1/LF=Lmf=1; choose for the states |a) and |b) the hyperfine structure

Sum{ClebschGordan{{i, mi}, (s, mf — mi), (F, mf}) states |a) = |F = L.my = 1) and |b) = |F = 2my =

[iv-'-l-‘--'].{i,—i,ﬂ] 2). Because of angular momentum conservation, these
3111 3 1 s states are stable under collisions (for the dominant central
-3l5 5335522 clectronic interaction [14]). The potentials “seen” by the
. - 3 3 i 1 atoms in these internal states are
L2 i'i"‘i'

2 V‘{Z,’) B [Vl.=l;'1{1. ’)’ . 3‘(-.-‘];"1(24- O)]/‘. (l&)
 i=3/2%s=1/2:F=2:mf=2; R
Sum{ ClebschGordan{{i, mi}, (s, mf — mi), (F, mf}) V*(z.0) = Vp -112(2.0). (10b)

B [i, mi, s, mf — mi], (mi, —i, il] : :
3_3 1 -;I °| 31 S [f one stores atoms in these potentials and they are deep
- . 2 - - -

2" 2"2 72020 2l” ~ enough., there is no tunneling to neighboring wells, and we
4%%; I*ll,%%,‘;l can approximate them by harmonic potentials. By vary-

. ing the angle # from = /2 to 0, the potentials V* and V*
_ move in opposite directions until they completely overlap.

..N\/\/ Then, going back to # = = /2 the potentials return to their
Pirsa: 09050015 - - - i

original positions. The shape of the potential. ¥ s sbanges




mﬁn& 367 (2004)
Phys. Rev. A 65, 032318 (2002)
PRA 77. 041601 (2008)

i

The lasers are tuned between the P, » and Ps />
levels so that the dynamical polarizabilities of the two fine
structure §; - states corresponding to m, = *=1/2 due to
the laser polarization o~ vanish, whereas the ones due to
o~ are identical (= a). The optical potentials for these
twostates are V,, - -, 2(z.8) = alEl* sin’(kz = 8). We
choose for the states |a) and |b) the hyperfine structure
=|F=1my=1) and |b) = |F =2.my =

=3/ 5s=1/5VP=kul=]);
Sem{ClebschGordan({i, mi}, (s, mf — mi), (F, mf}] states |a)

li.-i.l.-l--'].{i,-i,i]] 2. Bmufngnhmmﬂu:
311 1 31 S states are stable under collisions (for the dominant central
(" -4 E 2 i 2 _E'E 1 electronic interaction [14]). The potentials “seen™ by the
13+3[33; 1 atoms in these internal states are
z' E'E'E 2T Y 3
VHz.0) = [Va<12(2.0) + 3V - 12(z.0)]/4, (10a)
i=3/Ls=1/5F=2;md=12; s
Sumi ClebschGordani(i, mi}, (s, mf — mi), (F, mf]] V*(2,0) =V -112(2.0). (10b)
3 31 -;I u|] 1 1S [f one stores atoms in these potentials and they are deep
_‘-_ - - *- -
2 2

3'331* - enough, there is no tunneling to neighboring wells. and we
] can approximate them by harmonic potentials. By vary-

ing the angie # from = /2 to 0, the potentials V* and V*
: move in opposite directions until they completely overlap.

— Then, going back to # = = /2 the potentials return to their
Pirsa; 09050045 ' ‘ mm Thsblpdhpwﬂag!’fsﬁm
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MMI 367 (2004)
Phys. Rev. A 65, 032318 (2002)
PRA 77, 041601 (2008)

) = Thh::mumadhﬂmdlﬂ‘mmdpm

levels so that the dynamical polanzabilities of the two fine
ms:;: mmmu’ -1—1/2#"
the laser polarization o~ vanish, whereas the ones due to
o~ are identical (= a). The optical potentials for these
\ two states are V, - -, 2(z.8) = alEof* sin’(kz = ). We
i=3/%s=1/LEF=Limf=1; choose for the states |a) and |b) the hyperfine structure

SumiClebschGordan{(i, mi}, (s, mf — mi}, (F, mf}] states |a) = |[F = 1L.m; = 1) and |b) = |F = 2.m; =

[i,i,..,‘—-‘],[i,—i,ﬂ] 2). Because of angular momentum conservation. these
3111 3 1 5 states are stable under collisions (for the dominant central
’E A L cloctsonic interaction 14D, The: potmatiols: "socs” by e

+_[_ 3 1 I atoms In these internal states are
z 2°2°2 z 2722 2

:” i=3/Ls=1/:F=2mf=12;

" Sum{ClebschGordani(i, mi}, (s, mf — mi}, (F, mf}] V*(2.0) = Vi -112(2.0). (10b)
F [i, mi, s, mf —mi], (mi, -i, i}] _ _
5 Y3 5 By S [f one stores atoms in these potentials and they are deep
> 22 il*“l'* 3°2°21° - enough, there s no tunneling to neighboring wells, and we

~ can approximate them by harmonic potentials. By vary-
| g the angie # from = /2 to 0, the potentials V* and V*
move in opposite directions until they completely overiap.
Then, going back to # = = /2 the potentials return to their
original positions. The shape of the potential. ¥ > s:banges
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"-’_ m operations at each walk st F n be
simultaneously for entire graph.
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e works for arbitrarily complex

d coin operations at each walk step be d
simultaneously for entire graph.
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