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[Communication Complexity ]




Testing Bipartite States
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Two-Outcome Measurement

C.(Qag) = Minimum # of exchanged qubits
to perform & approximation of {|Q)(Q| 45, I — |Q){(Q| 45}



Testing Bipartite States

EPR Pairs

What property of |Q2) 5 determines C.(Q45)?



Testing Bipartite States

EPR Pairs

Q) ap = The1v/AkIK)alk)p
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Schmidt Form




Testing Bipartite States

Alice Bob
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Testing Bipartite States

Alice Bob

[AHL+14]
Testing n EPR pairs |[EPR)$Y

Using Quantum Expanders




Testing Bipartite States
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Entanglement Spread

(HWO03] ES(Q,) = log(rd,) ~ log G‘—l)

Q, = Trg|Q)(Q| 5




Entanglement Spread
[HW03] ES(Q,) =log(ri,) =log(r) —log(1/4A¢)
Q4 = Trg|Q)XQ| 45 = Sax(24) — Siin(24)

£ —Smooth Entanglement Spread

ESE(QA) — Sﬁlax(QA) — anin('Q'A)

£ —Smooth Min/Max Entropies
A




EPR Pairs
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(Communication Complexity > Entanglement SpreadN

\ CS(QAB) = ESS(QA) — Sﬁlax(-Q-A) _ anin(ﬂA) y
[HW03, CH19, HL11]

Holds even with EPR-assistance



[Ground State Entanglement ]




Local Hamiltonians H=), ,Hy

(Hamiltonian need not be 2-local)

[This Talk: Gapped Ground States]
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Gapped Ground States

- Connected to central problems in physics (e.g. low T
properties and novel phases of matter)

- Inherit locality of Hamiltonians
Low-degree poly(H) = |GS)(GS]| [AKLV13]

- Exhibit exponential decay of correlations

(A) = Tr[A - GS] [HastingsO4, HK05]

\/
(A ® B) — (AXB)| < ||Al| - ||B]| - e~ 91SHAB/S

- Short-range entanglement



Ground State Entanglement

&> NA

|GS)ap = Xk \/A_k|k>A|k>B
Entanglement Entropy S(GS,) = — Y., A4 log(4;)

[Hast07, ALV12, AKLV13]-  Area Law in 1D S(GS,) < 0 (':a‘:)')
Used to find efficient MPS approximation

[AAG20, Abr19,...]1- Progress in 2D and Trees



Ground State Entanglement

AN A

Q7 o N

S(GS,) = n¢
A B

|GS)ap = Xk \/A_k|k>A|k>B
Entanglement Entropy S(GS,) = — Y., A4 log(4;)

[Hast07, ALV12, AKLV13]- Area Law in 1D S(GS,) <0 (':a‘:)')
Used to find efficient MPS approximation
[AAG20, Abr19,...]1- Progress in 2D and Trees

[AHL+14] - Counter Example on General Graphs



Ground State Entanglement
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Other structural properties for ground state entanglement?
ESS(GSA) — anax(GSA) - Srenin(GSA)

(0ur Result: Area law for Entanglement Spread on any Graph\

1

~ (|0A| By designing a
ES:(GSy) <0 (gap ' logz testing protocol

\_ J




Testing Gapped Ground States

Measure energy (Y |H|y)
- Yes: (Y|H|p) < gap/2
- No: (Y|H|yp) > gap/2

Quantum Phase Estimation

|()m) | HO®m FTT |
1
t:o(ga_p) | | ' ~, |GS)(GS]
¥) — | e | |

Repeat for O (log %) to get £ approximation



Testing Gapped Ground States

Communication Protocol
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Alice and Bob jointly apply e’tf4s
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o (—) communications for t = O(1/gap)
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[ Overall Communication Cost: 0(|dA|/gap - log 1/8)]

:

A

.—.

’.

Bob



Hamiltonian Simulation (Performing e'*f45)

Depth of Hamiltonian simulation algorithms is O(t||H4g||)

Communication cost of e'*fae js O(t||H 45|

How to improve this to O(t|| H?



Hamiltonian Simulation (Performing e'*f45)

A
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HAB= HA+ + HB

e'tHap = gltHa . oltHp. plt when H,, Hpg, Commute

Interaction Picture: Time-dependent Hamiltonian [LW18]
H,(t) = e~ t(HatHp) . . eit(HytHp)

t .
eitHAB — eitHA . eitHB. ef,[=0 iH;(t) dt

Communication Cost of O(t||H,||) = O(¢t|| D



EPR Pairs
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(Communication Complexity > Entanglement Spread\

CS(GSAB) = ESE(GSA) — Sﬁlax(GSA) — Srsnin(GSA)

. J

Time complexity of Alice and Bob doesn’t matter so

Modify LCU [BCC+15] and use EPR-assistance
to implement Taylor expansion of e

Also used to share ancillary registers in QPE



Summary

rCommunication Complexity
> Entanglement Spread

C.(Qap) = ES.(Q4)

~
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(Area law for Entanglement
Spread on any Graph
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Improvement for Lattices

fSub-Area law for Entanglement Spread on /attices (Tight)

|04] 1
ES.(GS,) < 0( po— log;)

\_

Gives evidence for Li-Haldane Conjecture [LH08] in physics

GS, ~ e Haa Then ES(GS,) =0 (w/|aA|)



Improvement for Lattices

rSub-Area law for Entanglement Spread on /attices (Tight)

Esg(GsA)<o( 04| logl)
gap £
_ y

Implication for Entropy Area Law

Gapped ground states always have small Entanglement Spread
Sﬁlax(GSA) Smln (GSA)
St :,(GS,) is small - Entropy Area Law

St :.(GS,) is large — Violated Entropy Area Law [AHL+14]



Open questions

1) Efficient contraction of tensor network representation of
gapped ground states from entanglement spread area law?

[AAJ16], [CPSV11]

2) Other applications for our AGSP based on QPE and
Hamiltonian simulation?

3) Other universal properties of gapped ground states?
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