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Nonlocal qgam

| p(x,y)
Verifier

V -‘fie‘“ V(a, b, x, y)

)

)V(Cla b, oY

] )p(d9 b | !

Q) = Z p(x y
a,b’x’y



Nownlocal qames

Verifier P (x, y )

d
Verifier V(a, b, x, y)
o= ), plxy)pla,b|x,y)V(a,b,x,y) vassieal @, pla,blx,y) = | dip(alx, Dp(b|y.2)

a,b,x,y



Nownlocal qames

Verifier P (x, y )

A
\feriffﬁer V(Cl, b, X,y ) QL\j/aa?ng a)q p(a,b|x,y) =Tr [Mj; 0 NZQ]
Bell]
o= ), pt.y)p(a,b|x,y)V(a,b,x,y) vasseal @, pla.blx.y) = | diptalx, Dp(b1y.

a,b,x,y



Nownlocal qames

Verifier P (x, y )

Non-signallin
9 g 3

| value ns plalx,y) =plalx),  plblx,y)=pDl|y)
[Popescu, Rohrlich]
d
\ieri:fier V(a, b, X, y) Q?/Z?ng a)q p(a,b|x,y) = Tr [ M ® sz@]
=E
o= ), px.y)pa,b|x,y)V(a,b,xy) vasseal @, p(a.blx.) = | diptalx. Dp(b1y. 4

a,b,x,y



Nownlocal qames

Verifier P (x, y )
X Y

Non-signalling

value plalx,y)=plalx), pb|x,y)=pb]|y)
[Popescu, Rohrlich]

Quantum

commuting a)qc p(a, b ‘xa )’) =Tr [MingQ]

4 operator value
[MIP* = RE]
Verifier V(a, b, x,y) Q%Z?ng W, p(a,blx,y) =Tr [Mif ® NZ@]
[Bell]
W = Z px,y)p(a,b|x,y)V(a,b,x,y) C'j;;'ga' W, pla,b|x,y) = | dip(a|x,Dpb]y, 1)

a,b,x,y



Single—prover version

Caln we remove the spo&aat separa&mn requiremen& and
play non-local qames with a single (efficient) device?
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Verifier Prover

S | Q=



Single—prover version

Caln we remove the spo&aat separa&mn requiremen& and
play non-local qames with a single (efficient) device?

Forward
Fime sighalling

Verifier Prover

S | Q=



Verifier

J‘ ~®o. Pag
L . g - 4
D B e \
L = : v i)
4 " 3
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S | Q=

Forward
Fime sighalling

Verifier

e F?rc;) VET VETSLOWN

Caln we remove the spo&&at separa&&on requiremen& and
play non-local qames with a single (efficient) device?

Enc(x)
Enc(a)

b

Secure
emar:jp&mw
no-signalling '

Rubt how can a
prover do
am:j&mng
useful withouk
khowing anuﬁ?



E}’\S i. o PrO‘ VET VErs E;O A

Use cryptography to force the prover to simulate
spacelilkke plavers

Secure
emar:jp&mw
A = A i Enc(x) no-sighalling !
a &.OT'MO\\:' LVIL. Enc(a)
ine sighallin |
Verifier y ? ? Verifier y But how can a
prover do
b b anything
useful withouk
khowing anuﬁ?
Homamorpm@ Compu&a&iam can be KL\}‘Y &OMPE;LQT
av\crvp&om! done on emcr:ﬁ&ed daka.

Co mpuﬁ abion and Kalai, Lombardi, Vaikuntanathan, Yang

Mahadev, Brakerski encryption commute
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Quanbtum komomorgh&c @.mcrtjp%mm

| seeunty st chotce
s =R
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Quanbtum komomorgh&c @.mcrtjp%mm

| seeunty st chotce
s =R

| oo s () i
e e

I‘Ac&versomv LS ﬂompubﬁomattvj bounded!

2. Learning with errors is hard for quanktum computers



C. Lassical F’T’O VETS

Verifier
A M Enc(x)
Enc(a)
Verifier y Prover
a b °
Verifier
@, + negl(4)

)

C
| Kalai, Lombardi, Vaikuntanathan, Yang



Kalai, Lombardi, Vaikuntanathan, Yang

Quantum advantage from any nonlocal game



Nuanbum provers

Whak prover does?

gropen RN = sy e A s
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Nuanbum provers

Whak prover does?

Cwh
¢ = Enc(x) .

a = Enc(a)
' h//£|c>



Nuanbum provers

Whak prover does?

Cwh
¢ = Enc(x) .

a = Enc(a
@ pla,ble,y) = (wh | M 1yl

| Wa|c>

Y |
2 A .;
b - Moy Ve |



Nuankum provers

Whak prover does?

'_’ | How verifier describes?
¢ = Enc(x)

a = Enc(a)

) pla,ble,y) = (yi | My, lys ) pla,blx,y) =Tr |Mjyph,

| Wa|c>

A A ]
b M; |y | l//‘)"C) |




Nuanbum provers

Whak prover does?

'_’ | How verifier describes?
¢ = Enc(x)

a = Enc(a)

/1| > ; pla,blc,y) = <W£|C\M1f|y | l//£|c> pla,b|x,y) =Tr [Mlﬁypcfu]
c ;‘

S~ =
X

'\<_

S

Etrjp&on se&u,ri,&v (IND-CPA): Z pﬁlx X Z pjlx,
a a
No efficient measurement can distinguish marginal states

Computational E‘Mcﬁs&iv\guiskabiu&v



C ke From quantum prover’s strategy we
Idealisation construct a quantum strategy for
Freparemandmmeasure game!

p(d, b ‘X, y) — Tr le|ypa|x]



Sequential games

C ke From quantum prover’s strategy we
Idealisation construct a quantum strategy for
Freparemamdmmeasure game!

‘Prepara&&am eiivatenae

_ kk
X a Z Pay = 9 Palx Spekkens
a d
P alx
S=Cr-HIW Eheorem Schrodinger
i ] Gisin
Y M bly b Palx = Tty Malx ® Mb|yp Hughston,Jozsa, Wootters

pla,b|x,y) =Tr lelypalx] pla,b|x,y) =Tr lMalx ® Mblyp]



.# N, L S PN ME W, L
T T % \ B % ‘ n- ™
b A q M &, & & bl
7

The set of quantum correlations stemming from
sequential games with preparation equivalence is the
same as the set of quantum Bell correlations.

Farkas, Wright




The size of ciphertexts and dimension
of Hilbert space grow with 1

Nobt secure \ferj secure /’L

25

Sel Wy g& :'j Far ane Y

For every 4 states after the first
round are computationally
indistinguishable:

Px %/1 Py’

In the Limik 4 > 00 we expect to
have perfect indistinguishability,
but what is the Limiting strategy?



Universal C* atgébra

v’ 0
i )
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R 55

Asvmpbﬁw Linik

20

Universal POVM algebra:  siofstra
Generated by f,, € &5 that are

1. Self-ad joint
2. Positive

3. sums to idem&i&v

Universality property: For every
concrete realisation of this
algebra on 7, there is a

representation m; such that
ﬂﬂ(fbbz) — Mgb,



As:jmtz?&w%m Limnik

Algebraic description of correlations:

Ee{ime &Lgebraic state: qbc’}lx(f) =1t ;06’}|X7T,1(f)
j{|x(fb|y) — pl(aa b ‘X, y)

pHa,blx.y) = ¢ (o)

27



As:jmtz?&w%m Limnik

Algebraic description of correlations:

B@fme &Lgebrmc state: qbc’}lx(f) = Ir ;06’}|X7T,1(f)

j|x(fb|y) — pﬂ(aa b ‘X, y)
Banach-Alacqglu theorem:
Unit ball of the set of algebraic states is compact.

p*(a,blx,y) = ¢, (Fy)
We can define Limik stabes:

— 1i A
¢Cl|3C I }Eg) ¢a|x

28



As:jmtz?&o&t Limnik

Alqebraic deseription of ¢ Lakions:
JEFTare GeseTipRe of correlatio ‘ We can define Limit stabes:

— 13 A
¢a|x R /Ilim ¢a|x
00

B@fu»\e &Lgebraw state: qbc’}lx(f) = Ir P§|X7T,1(f)

j|x(fb|y) — pﬂ(a, , ‘X, y)

Limiting marginal states will satisfy
perfect no-signalling (efficient
pia,b|x,y) = ¢ (fup,) measurements fill the full algebra!):

Z ¢a|x — 2 ¢a|x’

Algebraic equivalent of S-G-HIW theorem
is called f?;aciovwaiwocijm theorem, and it
A A

Mb|)’pa|x] QLLOMS &C} SQ&: ¢a|x(fb|y) — <Q¢|Ma|be|y ‘ Q¢>

Kulpe, Malavolta, Paddock, Schmidt, Walter

29



Nuanbum provers

Verifier
X y Enc(x)
i I Enc(a) W
\ferifier y B
Dy b

Verifier
p(a,b|x,y) ="Tr [MQ“N,ZQ]
p(a,b|x,y) =Tr [Mgf ® Ngg]
[Mg;, Ng] =0

Kulpe, Malavolta, Paddock, Schmidt, Walter




Mull E;Far% Lte qames

Verifier

Verifier



,' Verifier



p(a, b, c \X, Y, z) =Tr [Pclzpa,blx,YI



Pxy = Z'Oablxy ’Oxy = Px'y'

p(a, b, c \X, Y, z) =Tr [Pclzpa,blx,YI



a
Py = chﬂx px — px/
’ Sainz, Brunner, Cavalcanti, Skrzypczyk, Vertesi
b ?Osﬁmquaméum
N steering
Py = Z Pab|xy Pxy = Px'y’
ab
C

In general, no M, NV,

0

and p such that
pla,b,c|x,y,z) = Tr [Pc|zpa,b|x,y] Pablry = Tr,p [Malx X Nb|y R 1p



Px = 2 Pax Py = Py ‘Prepo\ro\ﬁam equivatemae

B, = Z By, By — By’ Transformation equivalence
b

pla.b,c1%.y.2) = Tr | PyByy (b



Multiround se quc mkial Jqames

p(Cl, ba C‘X, y? Z) — Tr [PC|ZBb|y(pa|x)]

Baroni, Leichtle, IS, Markham, Quintino




Quantum bound for t:omPE;L@.cl nonlocal games

Verifier

Verifier

Universal C* algebras

Baroni, Leichtle, Jankovié, IS

Verifier

Q&dOM*NER*odvm
theorem for CP maps

Composition of
Qadoanik*cdvm
derivatives

Enc(x)
Enc(a)

Enc(y)

e
Enc(b) | Prover

Block-encoding
techniques to establish
c:ompu&a&iamat
indistinguishability



~intke securik 3* F&T’& welber a Mo&v SLS

Baroni, Klep, Leichtle, Renou, Tendick, IS, Xu

| Px ~) P x’
Enc(a)
Enc(y) | .‘
<
C

Geomelric arguments, small
depar&ures {:rom no-sighalling
produ,ce moments close to those
it the se.qu@.m&mi. NPA.

NPA hierarchy for sequential
games with preparation and
transformation equivalences



Verifier

X Y

Verifier

Maximal quantum score self-tests
the skake and measuremenkts

Enc(x)
Enc(a)
Verifier y

b

Maximal quantum score self-tests
the stakes after the first round
and the second round

measurements.
Kulpe, Malavolta, Paddock, Schmidt, Walter

Self-testing of the state before
the first round, and the firsk-
round operations: work in
progress



Verification of quantum computing

I am a quantum Can a classical user convinece themselves that

omput
P they are interacting with a quantum device?

Malee ik solve a BRP-universal probi.em!

Nownlocal ag.:prc:rm:k:

Compu&a&iomat awroach:
- single device
= ccmpu&a&wnat se&uri&v

=  requires at least two devices
- information theoretic security 22

Kashefi, Broadbendt, Fitzsimons, Reichardt,
Unger, Vazirani, Grilo, Vidick, Coladangelo,
Jeffery

Mahadev




N @17\ 1.0 ﬂ&i. E%‘j oA M,d C O FM& LY S

MIP> = KE,
MIfPeco = cokE

Compu&a&omat Rell Lmequai.iﬁes
Compu&aﬁomat entanglement Ekeory

Unclonable bik encryption

Quantum PCP ?



