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l?b\ﬁ.‘d%ﬂ#ﬁd)t!ﬂ The goal of quantum information science is
HAF b 2 - to understand the general high-level principles
f S that govern complex quantum systems such
™ ¢ as quantum computers. These prmmples
\Q“"\ ' (f relate to the laws of quantum

WU SRS 7L mechanics in the way that

« ma heuristics for skillful play at
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'..
A
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-

-
s ‘) %A 'chess relate to the game’s
-~ % basic rules.
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FEinstein’s letter to M. Born (1926):
“I, at any rate, am convinced that He (God) does not throw dice”

7(| 1) —1)][0) <ZEIE
1
7(!+>!+> =)=)) e xx=E
EPR paradox, PR 47,777 (1935)

Bell F&FI (CHSHAZER)
(A(0)B(9)) + (A(0")B(¢)) — (A(0)B(¢)) + (A(0)B(¢')) < 2
- W\WHR D, EMEERDEE.

z:0, x:1,
Z:l, Z.1,
x:0..... .20
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Aspect’s DEEX (RPL 1981):

Atomic beam

Kr laser
Filter i
Vs PolIl |
. 7 %{ . [77Y

Dye laser
- Vp -
Disc - Di
Coinc
' |Delay|”| Coinc !
stop [TAC start J I®|
|

£F7 LiR—7—2 3> by Bennett er al., PRL 70 1895 (1993)

¢

Alice Bob
creavy 1172 EPR paper, PR 47,777 (1935)
Bell’H|7E o o '
I\/g\/ﬁ\\}l/lljiﬁg R R -lnlnlllllllIIIIlIl‘l‘I‘l‘l

. = FBEHREE. EFEEN
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3D MOT and optical cavity | 'S 50 Vs getter pump
All metal valve

L S 1 partiy
FATHY (causal)
R FEHZ LN

(20 qubit = /N T X —% 4201012
NJP 13 065021 (2011)



Causal MBQC
measurement-based quantum computation

—) (EOEFHENLES
(causal’&AEICRE L THREU)
SBFEERT. HETE37
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SRT > 5 VT )VIRRE
(clusteriRRE, AKLTIRRE, VBSIKRE)
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deterministic quantum computation with one clean qubit

Deterministic quantum computation with one clean qubit: DQC1 (NMREZFEtE 1)
Knill-Laflamme, PRL 81, 5672 (1998)

+) = (10) +]1))/v2

? Ny
/2" l /
completely
mixed state

Tr|U]

spectral density estimation,

No entanglement,
Jones, HOMFLY polynomials J

but non-zero discord?
Poulin et al., PRL 92, 177906 (2004). Shor-Jordan, QIC 8, 681 (2008) Datta et al., PRL 100, 050502 (2008).
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SETROBHEERFEICTUTERNICIEZS.
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“Let the computer itself be built of quantum mechanical elements
which obey quantum mechanical laws.”
R. Feynman, Int. J. Theor. Phys. 21, 467 (1982).

—Bose-Hubbardi®Z!, non-Abelian gauge theory
D. Banerjee et al., PRL 110, 125303 (2013)

T S & 0w - ERICSHRET RO

S ZHFOHbHAIYI L -V 3 N TELRVRERY
ZEDELDICHKREET 2DH7?

A F IV RCRITE2HB-EFDRFR |

W. S. Bakr et al., Nature 462, 74 (2009)



D-wave %l

Boixo et al., arXiv:1304.4595
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Extended Church-Turing Thesis

INRTCOYBICFI VX (WENLGEE7OER)
(&, HHEBEETUERLICII 2 L —MNHXKS.
A. M. Turing, Proc. London Math. Soc. 42, 230 (1937);
A. Church, Ann. Math. 33, 346 (1932)

RRBDBRT7ILT) X A. M. Turing A. Church

EFFTE-ZEN. GHEFAE-ZHE

v P.W. Shor, Proc. 35th FOCS, (1994).

o S - (Grove”JL3') X Lr, Deutsch-Jozsa7” LTV X 1s)

I’VV'Shor
- EFETEEME. extended quantum Church-Turing thesis




“Physical” computational model

fl;%fEEIE/\Jj—\E A —Pr— 1 — O A I — TR —T LK L b T —P — | —

513 MIT Scientist Offers $100,000 to

Anyone Who Can Prove Quantum
HRFEESEES Computing Is Impossible 3 5.
e “The effort to build quantum computers,
”-I-’%:E T & and to understand their capabilities and 20 (1979)'
limitations, will lead us to a major
conceptual advance in our
understanding of QM.”

footnote: “This proposal, like all
2culative technology, does not in
rces of noise, unreliability and

EFRER. REECERREZZ2T.
stEETI/LE UTill-defined?EFERDETIE LR D MHEE FETE

LT
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Extended quantum Church-Turing Thesis

IRTCOYBYALFI VR E. EFEFETYIaL—MEES.
> ESE, Y F IO X0BARBRREZMD g,
EFETEZHANNERE L,
ETFRDY

177X
classically simulatable quantum universal W DIEMEX

EFFRICL>TIIaL—MoJgEE
ek-local Hamiltonian dynamics by S. Lloyed, Science 273, 1073 (1996).
*k-local dissipative dynamics by M. Kliesch et al., PRL 107, 120501 (2011).
*Adiabatic quantum computation by W. van Dam et al., FOCS 01.

SEFETEZYIaL—MNAgEE :
eAdiabatic quantum computation with 3-local Hamiltonian by D. Aharonov et al., FOCS *04

eAdditive approximation of Jones/ Tutte polynomials
by D. Aharonov et al., NJP 13, 035019 (2011); QIP ’07
*Additive approximation of Ising partition functions
by G. De las Cuevas et al., NJP 13,093021 (2011); Matsuo-KF, in preparation



Quantum computation vs firewall

D. Harlow and P. Hayden, arXiv:1301.4504

72w I mR—ILOIMUDOERZE :

Old black hole = Page’s theorem:
maximally entangled with radiation fields

radiation

w) = (ﬁ > \h>H|h>RH> (J% > b>B|b>RB>

72w I mR—ILORRIOERZE :

“.@@ Strong subadditivit

o
lvac) ~ w)p 1aB=54+53—5ap =0

black hole near horizon

Rindler modes
Minkowskil vacuum
w

Firewall annihilates any infalling observaer!
Almbheiri-Marolf-Polchinski-Sully, arXiv:1207.3123



Quantum computation vs firewall

D. Harlow and P. Hayden, arXiv:1301.4504

Harlow-Hayden argument :

dynamics of black hole
Uqgyn|000. .. 0)ing ~

1
> " |b)5|h) HUR|bRO)
\/‘BHH| b.h

in order to extract entanglement, Alice have to undo Ug

— hardomplete, which would be much harder than
what quantum computer can do!
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£ ORIEHEER, SZK (statistical zero knowledge proof) :

HLZ R RE T ICRBENETH S EERT,

G Go
® O—0O—0O
. prover (GEFAE)
-_
72 7R MEEZ 7 <
Tl 7r0uzsss-twzz | O—0—0
EBERDODANBATEUI Z7ICEEN?

v

@ =L
E_Ii”@?“%? GS <ﬁ7¢lj=w'7'—d:\/\.

THEBFTHWEDE T B4R &

verifier (IREEE) KRIAEFIFDA >V Z2RITTERLES, G &G DERER
{\ :g@ TstEl ER5,Go & Gy DRBER% proverlCiRH I E 3.

(ZIATVEFHE)

7 ZASZKEE, CDXKSFEEHANTE SRED Y Z X,



HSERA

£ F T O%EERE, QSZK ( quantum statistical zero knowledge proof) :
Al Z IR E T ICMBENE CTH DI EZRT.

$ . 7S5 AQSZKE 1F, SEFEtEKEREWNT,
= OGBSI C=2/RED Y SR,
!

prover (FERAZ)

ETETEMTRITSEEDY 7 X BQP
(&, BBRICQSZKICEENS. BTG5,
verifierl 2 FETE#HZi > TWLWAD T,
MREETE 5.

v

/\verifier (RALE)  p2NPIE & SiEEM ZIRVZRTEEL
@ EFETEE D, QSZK#£BQPZEBbnTW5.




prover (GEAAE)

T I=xv—n

(BEFEtEEZR >TWS)
Qoogle, Q-wave, Quitter

verifier (fREEE)
——=a—

724V REFEE
(MERLFTEETFFE)

Broadbent-Fitzsimons-Kashefi, FOCS 09
Fitzsimons-Kashefi, arXiv:1203.5217
Morimae-KF, Nature Comm. 3 1036 (2012)
Morimae-KF, PRA 87,050301 (2013)
Morimae-KF, PRL 111, 020502 (2013)
Reichardt-Unger-Vazirani, Nature 496, 456 (2013)

— weak verifier, TZ 52T HET/\1 X

(single-qubit generator, measurement device)

“Is Quantum Mechanics Falsifiable? A computational perspective on the
foundations of Quantum Mechanics”, Aharonov-Vazirani, arXiv:1206.3686



Quantum computation vs firewall

D. Harlow and P. Hayden, arXiv:1301.4504

Harlow-Hayden argument :

dynamics of black hole

1
Udyn|000. .. 0)ing ~ > " |b)5|h) HUR|bRO)

\/‘BHHl b.h

In order to extract entanglement, Alice have to undo Ugr

— hard, QSZK-complete, which would be much harder than
what quantum computer can do!

“strong complementarity”: M

consistency conditions between different
theories to ensure that observers agree on
the experimental results visible to them.

Alice Charlie

“standard complementarity”:
“A=Rg” Embed Alice’s theory in Charlie’s.
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classically simulatable not classically universal quantum

Clifford circuit simulatable computation
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EFEBRETIL:
(- _‘7 \
E S ) 1
N
\/ \/ y
EFOERETIL

polyn)fElo1 =% VU EEF (BRY1X) OF
(EED2nx2n 1 =% )EEF TIERW )



& qubit=EF 2 #401%: {|0),|1)} ZOEBIRRE

¥) = a|0) + B[1)

L a,BeC, la?+[8°=1
(J+) = (10) + 1)) /v2, |=)=(|0) —|1))/v2)

€ n-qubit system:
’wn> — Z 68182...8n‘8182 3n>

S$1,8524...48n ¢
S

= /XNT X =5 DEUFIEHHIICEATUE S, o

ETREBENERLCECRT 2HEDLH D,

— Stabilizer e,

D. Gottesman, Ph.D. thesis, California Institute of Technology (1997);
arXiv:quant- ph/9705052.

R [s2) @ - @ [sn)



Paulif. StabilizerE%

& n-qubit Paulif&:

PaulifT5!
— Pauligf

:1,::2} X {],X, Y, Z}®n c P,

D& IFPaulifTH R DT, Pauli EIZEEZE /0T

@ Stabilizer®f S = {5} | PauliBED I #ER B
S; € P, [SZ, S]] = 0 for all 5;, Sj cS

) (XX,Z2Z)={I1,XX,ZZ,-YY}

AR TT

JU <«—— evenoverlap [z R[{fix 2 =0]A!

— Stabilizerdf(d, ZDEKIT (RIZGESRE) ZIEEI NIET0



Stabilizer]ARE

@ Stabilizer]RRE | IR TDstabilizerZEEF S, € SICT LT
Sz|‘I’> — “I’>
Z il 9IREE |U)
- stabilizerBf (Z P/ A D T, RIFFTAILTES.
- stabilizerE R IJTOBEBIRRE THNIL+7.

1) S, = (XX, ZZ)
Bell state  (|00) + |11))/v2
B2) Sy =(ZZ)

{100), [11)} TIRS N ZEFDZEEHNDEEDIRRE.
- £RTOED qubiti & D VLW e =,




Clifford;B &

U hPaulit§ZzPaulifiEicCEd 1 =% JEEF, Clifford EEF
THNIZL, stabilizerfKREIC,

(Si) < > Si|¥) = [¥)
tW:U&UTl lU

U LWIRRE Z stabilize I 278 HE T (

i) —— Su) = |¥)

Clifford;E&EF U OYERIL, stabilizerE& F\DIEFE
S, — USUT
ICK>TEREINS.




Clifford;B &

—H= = S (1 : ) HXH =7
Jo L1 —1 =
Hadamard \/§
1 1 0
_S_ — _ . 1‘_
V2 \ 0 i SXST=Y
Phase

1 00 0\ =]0)0]xI+|1){1]|®X
A(X) .\\x (3 0 @ ?)335 AGX)(X ® DA(X) = X @ X
CNOT controlled NOT) I A(X)(I®Z)A(X)=Z®Z

W N PRI IR ey
) — (3 00 -1 )ﬁ)i AZ) X ©DA(Z) =X © Z
CZ (controlled 2) o~/ 4(Z1 22— 21— Z2—1) A2 IR X)ANZ)=Zx X




Gottesman-Knill) &I

INPUT : PauliB2E FDEBIREE.

OPERATION : Clifford[a]5 * Classically simulatable
MEASUREMENT : Pauli&/E

S Ak

n qubit stabilizer state = nfE DEE T
(Si) < > 5| W) = |¥)

S = US.UT l l U

1 L LWIRABE % stabilize s 2 /EE T (

Si) < > S/W) = |

FLHIE (PaullEEF) &stabilizenEBE2 F & ORXEERN S,
RS ENERLLLEETES.



Kitaev-Solovay dD E 1%

& Non-Clifford)EEN—DTH HNIE OK
B Z|E W8 JEE
it Z /8

—1e E—

eiWZ/SXe—iWZ/S _ (X —|—Y)/\/§

& Kitaev-SolovayD E
HBDEREE (gate set) HSUQR)THEE THNII,
9 < (T (=polylog(l/e)) SUL)=zEBWRL T,
YUeSU2)and Ye, 7S =g¢gi...gn, st. d(S,U)<e

imul

Brld Hadamard;EE & /8 S HE TR LK ER TE 5.
LECNOTAAGNIEEED I =Y VEEFZ B TE 3.

— universal set: { A (X)), H, e"”/S}

*1-qubitDIEE D[E
*1-qubitDIEE D[E

Lm

Dawson-Nielsen, QIC 6, 81 (2006)



Magic state

. -\l—'—lﬁl\'ﬁ-v
INPUT - _Ea'u !l"/\/l I_.!_(,':)

PRE— — iR DIREE

!
i}y

OPERATION : Clifford[o] &
MEASUREMENT : Pauli&/E

—Pauli;Z@&FD

Blochik 1Y

=)

BIREED convex mixture (& classically simulatable

N |H) = cos(m/8)]0) 4 sin(7w/8)|1)

magic state

Clifford

pr = (1 —p)|H)(H|+p|H)(H"|

p=5(1-1/v2)

O

D & Tpure

>« Magic statez distill = 5.

Bravyi-Kitaev, PRA 71,022316 (2005);
Reichardt, QIP 4,251 (2005)



AFEZAM Y- DI

& STBAIER A

® +a TEFFEENZELMRTE .

& S PleEEMElcd H 5.

—Match gate (free-fermion),
—Boson (gaussian operation)

® =EFRDEIERTZERTES.

® NROVAHIKFEZRORO MM ETIL.

® NEBREFHEDY Y —XAEELRTES.



Free-fermionic computation

= Match gate

Match gate: two-qubit gate acting on nearest neighbors in one-dimension.

Up 0 0 Uz

o 0 Vii Vio 0

G, V) = 0 Vo Voo 0

Upn 0 0 Uy |
UV € SU(2)
A 4

GU,V) =™
H = H, + Hy + Hj
Hi = oZ; @i+ 511 Ziq
Hoy = apX; @ X;41+ 3Y; @Y
Hs = a3X;®Y,11+B33Y; ® Xiqq

Valiant (2002); Terhal-DiVincenzo (2002);Knill (2001); Jozsa-Miyake (2008);Jozsa et al., (2010)



Free-fermionic computation

= Match gate

Fermion operators:
{a;,a;} =0, {aj,a;-} =0, {ai,a;} = 0;;1

Hermitian operators (Majorana fermions):
.‘.

Cok—1 = Qk + a;, Cop = (ak — a,i)/i
— {cy, e} =26,,1
Jordan-Wigner representation:
Cok-1 =21+ Lp_ 1 Xpler1...1,

Col — Zl ce Zk—lyklk—l—l c. In

Zr = —1Cok_1Cok L+l = —1C2k+1C2k+2
Xka—l—l — _iCQkCQk—kl YkYk_|_1 — iCQk_102k+2
XkYk—l—l — _i02k02k—|—2 Yka+1 = iCQk_lch_H

G(U,V) = e squadratic form of fermion operators H = Z huvcucy
U




Free-fermionic computation

Match gate

Time evolution in Heisenberg picture:

2n
Ule,U =) Ry, Ruu € SO(2n)

p=1

Classical simulation of fermionic QC:
*|[nput as a product state: |Vin) = [s1)]s2) .- |sn)

*Observable, polynomial of degree at most d.

poly(n)

(Od)our = Z Apysoopa (€ - Cpgout
M1,y Ha
— Z AMl ----- Hd <\Ijin|U Cpq « - C,udU|\Ijin>
H1yeees nd



AFEZAM Y- DI

& STBAIER A

® +a TEFFEENZELMRTE .

& S PleEEMElcd H 5.

—Match gate (free-fermion),
—Boson (gaussian operation)

® =EFRDEIERTZEHRTE D,

O NROVHIKFEZRORO M ETIL,

® NEBREFHEDY Y —XAEELRTES.



Kitaev’s toric code

A. Kitaev, Ann. Phys. 303, 2 (2003)

O 0 0z0 O O ©

S QZZQ O 6
O - Oy O

Stabilizer operators of Z-type, face operator:

Ar= ] 2

1€ face f

Stabilizer operators of X-type, vertex operator:

B,= || X

1€ vertex v

The code state is defined as an eigenstate with
eigenvalue +1 for all stabilizers.

quantum error correction codes topologically ordered system

stabilizer operators: Af, B,
(parity check operators)

code subspace

errors

correctability against errors
(k-error correction code)

stabilizers Hamiltonian: H = —JZ Ap — JZ v
f vV

degenerated ground states

anyonic excitations

robustness against local perturbation

(robust up to (2k+1)-th order perturbation)



Kitaev’s toric code

A. Kitaev, Ann. Phys. 303, 2 (2003)

"Nl PN

a1 Y1 '
%/
'/\ (L)

<1 \/I 1@
l>( W |> >
ASEC

H. Bombm et al. Fortschr Phys. 57, 1103 (2009)
=7 \/. B/ P /W X

Clasification:
B. Yoshida, Annals of Physics 326, 15 (2011).
H. Bombin et al., New J. Phys. 14, 073048 (2012).

Thermal stability of topological ordered system:
2D— S. Bravyi and B. Terhal, New J Phys. 11, 043029 (2009);

3D— B. Yoshida, Ann. Phys. 326, 2566 (2011).

Information capacity of discrete systems (coding rate):
classical— B. Yoshida, Annals of Physics 338, 134 (2013)
quantum—B. Yoshida, Phys. Rev. B 88, 125122 (2013)



AFEZAM Y- DI

& STBAIER A

® +a TEFFEENZELMRTE .

& S PleEEMElcd H 5.

—Match gate (free-fermion),
—Boson (gaussian operation)

® =EFRDEIERTZERTES.

® NROVAHIKFEZRORO MM ETIL.

Q HNEREFHED)Y —AELRTES.




MBQC

(measurement-based quantum computation)

» TEODEFETENLES.
(Qnm| - (| P)

ZHRIVY VT)VIRRE GTED )Y —X)
(clusterREE, AKLTIREE, VBSIRAE)

ETFNZRFEDHEETILTH 3.

A ZHJITHE D BREDELDIZSNDHD I L,
GREFREDINZESZ S,

)Y —AREDI VT VTILA Y NDFHEN S, STEEND DS

Raussendorf-Briegel PRL 86 910 (2001);
Raussendorf-Browne-Briegel PRA 68 022312 (2003).



® JTTVIREE I 57 GIVE)EBWTEEZIND stabilizer JhEE

- ;\r'—|/\-/-\- Ellf_:_l\ =¥ - | | | |
tablizerfR FIEERRICAL T 712 € V; K; = Xzzjl Z]2Zj3
k=% ] 2 i

JEVi] j1 €Vi
R EBET ZEADES v
EEERIND.
- [Ug) = H A(Z)|+)EV
e 757 G(V,E)

Xa X VIERDES, ELOESR

Z

=0+ )(1jez
X &———pX e_iﬂ-/4(2122_21—22—l)

CZ (controlled 2)



75 7IKRE

B, WHEXRIMEDH D757 (B E, EAKRF A
F73E) FTEESINSHES, cluster state&E TN 5.

€ 1D cluster state
K; = Z;1X; Zz—|—1
® ® ® ® ®
j-1 i i+
€ 2D cluster state

@ @ 9
I +N

I+w | | I+e

K, =XiZixnZivelitsZitw




s e S, = A, X Z
SAERTD L b2
. Sy = L1 X923
stabilizer
SS — ZQXgBZ

AIEZRD {81 = A, X1(Z5)

stabilizer S3 = (Z3)X3B,

A=) QgB

1

Z S NIIREDT T T KR

A=Y

S1 =A. X125

Sy = Z,Xo7

S3 = Zo X374

Sy = /3 X4By

5153 = A, X1(X3)Z4
S254 = Z1(X2) Xy B,

A=) (B

1 4
2{EER CXEE CHEIT S EE

BEND,




One-bit teleportation

€ 1-bit teleportation : Zhou-Leung-Chuang, Phys. Rev. A 62,052316 (2000).

) me I —
+) X" H ) QHEXL xH 1)

AERBRICEKELTDOL
“Pauli byproduct”

* 05 IRETEL &

iInput state

20—

X" H 1)




One-bit teleportation

—RItclusterREEICH LT Z(&) = e 22 2{EAEHE T
XEETHE- {|0) £ HETOHIE .
KR ES e 2(€)14) if\ x
+) AR XmHZ(E|) smms |+
1
|¢> —1 Z(&) B
* 25 IRETE < & a
HRX"=X"HZ(&)|y)

iInput state

A-O

X"HZ(E)[Y)




Feedforward

m me ms
X" HZ(OX™HZ(mX™ HZ(&)[Y)
= X"etmizme gz ((-1)™2¢)HZ ((—1)™n) HZ(£)|y)

AIERERICES T, n= (-1 =(—1)"2(, EThid,

HERHRICEST HZ(OHZ(MHZ(E)|W) ZIERSENn 3,
= X(7)




Gate teleportation

‘ Gate teleportation . D. Gottesman and I. L. Chuang, Nature (London) 402, 390 (1999).

------------------------------------
-
---

input 1 f7\X ClERETIL
+) I . output1 input 1 — ff output 1
------- _I_ > I output2 B I output 2
_ input 2 I /7\X
-------------- “
input 1 f7\X

=
]
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MBQC on general resources

O 2HEEER/NIIIL =Y

2R —IRREIFBRA2E/N\ZIIL =7 Y DEEIRREICR DR,
Nielsen, Rep. Math. Phys. 57, 147 (2006);

Van den Nest et al., PRA 77,012301 (2008): /1/3 /‘:t )
Chen et al., PRA 83,050301 (2011). N /L >0\\,Q\)
[T

—»ERRTHF (qudit) ZET 5 >V TIVIRREDF
Gross-Eisert, PRL 98, 220503 (2007); Gross et al. PRA 76,052315 (2007).

I

dimension (spin) model resource
d=6 (spin-5/2)  |Tri-cluster by Chen et al., PRL ‘09 ground state
d=4 (spin-3/2) |quasi 1D AKLT by Cai et al., PRA ‘10 ground state
d=4 (spin-3/2) |2D AKLT by Miyake, Ann. Phys. ‘11 ground state
d=4 (spin-3/2) |2D AKLT by Wei et al., PRL ‘11 ground state
d=4 (spin-3/2)  |2D honeycomb by Li et al., PRL ‘11 ground state
d=5 (spin-2) 3D lattice by Li et al., PRL ‘11 thermal state | (T=0.21A)
d=4 (spin-3/2)  |3D lattice by Fujii-Morimae, PRA *12 thermal state | (T=0.18A)




MBQC on general resources

= 2D AKLT (VBS) model with spin-3/2 particles:

16 16

H = J(ZJS .S, 243(5 S;)? + 515 (50 Tk
]

A. Miyake, Ann. Phys. 326, 1656 (2011)
T.-C. Wei, I. Affleck, R. Raussendorf, PRL 106, 070501 (2011)

= 3D AKLT-like (VBS) model with spin-3/2 particles:
K.F. and T. Morimae, PRA 85,010304R (2012).

Hamiltonian:  spin-3/2  spin-1/2

H = AS‘ Sr ' Ir—i—l + Ir—|—2 + Ir—i—3)

r

= A2 (T2-S-12)=A/2) [T(T—-1)—-S(S—1)—I(I-1)]
r r — ground state: T=0, S=3/2, |=3/2.

Local filtering operation:
FY = (S%° —1/4)/v/6 where o = z, v, 2

3D cluster state
threshold temperature: T.=0.18A
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RTREME

PP (probabilistic polynomial) - NP-complZEFitE
ARGESEDIRAR C. SALNS THEITZDITTRW,

—-NPzP? ED K D&
NP-complete ROt XA Z2AWNT

3-SAT HEETIEW?
7= 7 EH |

BQP (bounded-error quantum polynomial)
SRR
P (polynomial time) "IOF
boY *BosonSampling
*DQCH1

NP
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nondeterministic machine

FREENYY = ROFEGREZERTE VI Y
luckiest possible guesser

?ﬁc:ﬁ% NP=P
y
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ZIRT\PE[E

polynomial hierarcy

A7) (HEEEE) @ HAIBEOFEEZ1RATY I THRVWTLINS.

AB st A c /S ZBORBESE 1 X7y FTREZASIILERF LD

ZIAXERE (polynomial hierarchy) :

A1=P, Axs1= PNAk
PH = Uk Ax

ZIENBEEAL NI Kk TORIND - Ac=Awsi=......=PH
U, P=NPR5, EENTEEICDIND.

EEMNDINDZEEHDELZWESEN, LRUVIFZRFDIREE UTHWSNS.
— PH DY level-3TAEIE LR WL\BR D, dENAYIE L L) etc.

PPP (& PH B EN3RBEE INTRITZIEL /T TV (FEOTE)




Postselected quantum computation

@ EFETETHEIT S (Yes or No)ERED 7 5 X

—(Bounded-error)Quantum Polynomial (BQP)

V. 0 — yes no
&szlf;ﬁ—;;j’/ 2\7 0 0) — :I——‘ 1 N “postselection”
O YA XIS o) —= R DRI R
i ZcAUYANAY 0) j — M BIHEDH

EIRT B
0) :I—_— 2
0) —— i_ | == (FEXRIZIEHRIIC

INE < TLYWY)

~_ postBQP = PP PostELP

(2 F it E +postselection) (probabilistic polynomial)
EF:t&E(ICpostselectionziF I & H DT LK /INTTIVICIE D |

S. Aaronson, Proc. Royal Soc. A: Math., Phys. and Eng. Sci. 461.2063 (2005)



Born#i 8l &

& AERERD |aff, |8 TRONZEFHEEEZITHS.
STETE — BQP,

postBQP = PP ¢ BQP,

ZOéz|Z> D25, z€ S % postselect L7z, | |
Z

HU,p<2HB5F KqubitdD7>yZIciULT, 2z € SBT3
controled-HadamardZ iz EFE S 5 (]0) — (|0) + |1))/V2)

[P — 282782 |P = 2B (2=P)/2|o P (EIETES !)

HELp>2851F 2¢ SICHULTRABEDZ 5T 3.

WHVRSET7OEXH NPEEFBIBEZEITIEWESIE, p=2 (Born rule)
S. Aaronson, Proc. Royal Soc. A: Math., Phys. and Eng. Sci. 461.2063 (2005)




postBQP=PP®D i FH

postselectionUCEFEEZ VI 2L — KN TESH DI,
HHEHBEHTYI 2L —NTERW (EFHZED) .

postrAl= postBQP =PP

—RBIFEAEEFENGTN
KDICEDOLNSEHD,

HUAZHHETYIaL—hTEET DL,

PP = pOSt'A C pOStBPP (5 Bi+postselection)

SPHA L)L 3 THEE.
SPHAEREELAWRD, AREHRTEYI2L— R TERL,

Bremner-dozsa-Shepherd, Proc. Royal Soc. A: Math. Phys. and Eng. Sic. 467, 2126 (2011)



BosonSampling

Aaronson-Arkhipov, STOC ’11, arXiv:1011.3245
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‘SeaW Jaquinu uojoyd

postselection (feedforward)’& U T (&
universal QC Il 374 W,

Knill-Laflamme-Milburn, Nature 409, 46 (2001)
Knill, arXi1v:0307015.

/11
W

Postselection (feedforward) D7\ linear opticsz, HET
L— KT 23DIEPHMAEEELUZWED, #HU L

boson — 175 Mpermanent, fermion = 175!l MDdeterminant

3"&%&%%% . J.B. Spring et al. Science 339, 798 (2013); M. A. Broome, Science 339, 794 (2013); M.
Tillmann et al., Nature Photo. 7, 540 (2013); A. Crespi et al., Nature Photo. 7, 545 (2013)



IQP (Instantaneous Quantum Polynomial)
Bremner-dozsa-Shepherd, Proc. Royal Soc. A: Math. Phys. and Eng. Sic. 467, 2126 (2011)

e ol (IRRFIEERE L)

) 027 ol PZ HN
XD / 0’ 7 7 7
“BE Z <O
BERE 1) 1 I A XBEETO/E
> § , e'?Z U
Li0' 27
) Tz
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—graph JREEZ1EN 5.

AEFERIC K S feedforward DEFSNTWLRWD T, MBQCIETEARLN,
—postselectionz L, feedforward’i UTEFETETE 3.
= IQPIdHETIEY I 2 L—FMTERL,

A VRS EEREBOSTEEM M & DX | KF-Morimae, arXiv:1311.2128
o A[fE1ZEAY > classically simulatable (&b T> 4> 7ILiE L)
JEEDA VY INEREROHE» EFEEMOE N EAZEICHL WL
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classically simulatable

Clifford circuit
free-fermion

BT AR

SR DR = ¥3

not classically quantum universal unphysical

simulatable

BosonSampling MBQC QSZK |

QP (AKLT7: &) (Black hole firewall)
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