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Quantum Iuteractive Proots
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Recap

QMA: Set of all problems for whiclh there exists
a BPOP verifier V such that:

s 0
which V acc@PJrs with probability > 2./2

e TfxiswotinL, for all ‘proof objects’ |Ps, V
accepts with probability <1/2

“dquantum analogue of NP”
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The classical complexity situation
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The duantum complexity situation
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Twuteractive proof systems

2 parties.
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Prover Verifier
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Computtationally nnbounded Computationally bonnded
(but untrustwortiy) (but trustworthy)



Twteractive proof systems

Key idea:
Reformulate complexity classes in the
nteractive proof system framework

e P polytime, determivistic, O-turn verifier

NP: polytime, deterministic, 1-turn verifier

[P polytime, probabilistic, poly-turn verifier




Example: Graphh Isomorphism

1SO: Givew two graphs G and H, decide
whether G and H are wot isomorphic

Key idea:
Verifier selects G or H randomly,
permutes the vertices, and asks prover
which graph the result came ftrom

Multiple ‘interactions’

.JESOVV\OVP\/HO: Prover can do o better than guessivg
NOVI~1SOVV\OI”P\/110: Prover always give the right answer




The big picture (so far)
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Quantum Tuteractive Proofs (QTP)

» Tustead of sendivg bits, we sewt qubits
*  Sounds easy enough but..,
*  We camot “read” the superposition without measuring

e How do we process between interactions?
= Apply unitary to received state?
" fenerate a wew state?
» Geverate a random state?

o Robustuess of definition! All (reasonable) definitions are
ncluded in QTP




Quantum Tuteractive Proofs (QTP).. More formally

St

W(j Wl

Po

We can think of each turn as applying a fumctiow
PeWi_ 1 ®Xi = WiRYiVi:Zi_1 Qi1 = Z; QX

No reduirements on the dimensions! Only veed o be physically valid

Q:C'Falb[W\]I
1. There is a wm-turw verifier that
2. ITf x € Accept, there exist P that w(V) = a
2. If x & Accept, for all P we have w(V) < b

10



Quote of the DPay

~ canmviot define the real problem, therefore T suspect there's
no real problewm, but T'w wot sure there's o real problem.

-Richard Feyuman
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(004 and bad news

Bad vews: QIP=1P
No dquantum computational advantage :(

Good news: QIP = QIP[3]
Quantuwm practical advantage!




QTP = TP: Proof sketch

* TIPS QIP: straightforward

o (JIP C IP:less so;oceurs by QTP € PSPACE

Key steps:
1. Restrict attention o 3-turn guantum verifiers

2. Cowvert to min-max sewmi-definite programwming problem
2. Approximate with matrix multiplicative weights update

4. (Show that all steps are implementable v PSPACE)
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QTP = ITP: Proof sketeh (cont’d)

2. Cowvert to min-max semi-defivite programming problem

7, —~ (7))~ > — z Y, ¥, € C(Yy, X7)
Vi 1V .
@ . v D Y, = &, ®Tr
LIJZ — Tr ® CI)Z
Py | Py >
W4 W E = LIJZ T 1.111
n = min max (I, Z)

p € D(Yp,X2) Il € Proj(24)

2. Approximate with matrix multiplicative weights update

Accept ifn =0 Reject if n =1/,
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QTP = QTP[3T]: proof sketeh

Key Steps:

1. Prove (]
7. Prove Q)2
2. Prove Q)

P, [m] € QIP,,[3]

[P alB] € QTP ya[P]

P,,lm] € QLP, [m+2] (Perfect completeness)

(Parallelization)
(Parallel repetition)

1. Perfect completeness: The three-step gadaet

First w rounds: Behave the same, but don't measure

After round m: Psendo-copy with isometry [00)W0] + |11)(1]
Sevd all guloits except one from psendo-copy to P

After rovnd m+1: V receives one dubit, combine with one it has

Measure against V1 — a]00) + /o |11)
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QTP = QIP[3]: proof sketch (cont’d)

7 . Parallelization of nteractions

Assuiming the interaction is purified and we have perfect
completeness...
Upy = VnbnVm-1Pm-1-V1Py

Pacc — TT(Hacc UpyPo U;V) '

Splitting nto “forward” and “backward”
Veiwa = ViVin—1 -+ Vi, Vowa= V' V3 - Vi

“Verifier steps are reversible”, therefore

max Tr(DaccVowaUpVewaPo Vf_l;/vd UiViwa) = Pace
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QI P = QIP[3T]: proof sketeh (cont'd)
2. Parallel Repetition

Classically... Run multiple interactions/experiments

How do we repeat runs in quantum?
Rum k copies v parallell

(k) _ Rk Qk Rk Qkt
pacc — HIIJ%X Tr(nacc UPV pO UPV

Claim: this satisfies w(VOF) = w(V)*

Theretore: QIP,,[m] € QLP, . [W]
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Summary

o Twuteractive Proot System
o  Quantum Interactive Proof System

e QIP=7PSPACE =T17P
e QTP=QIP[3]

What's next

e WMTIP*
e (BZK




The end

ANy questions?

(we are ot limited to 2 rounds of interactions)
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