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OUTLINE
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QUANTUM SAMPLING PROBLEN

¥ Quantum sampling problems present the best  B~=_, oqpe T
near-term chance of demonstrating quantum £ -1 _
OsupremacyO in real, noisy hardware L : " ‘%;;

g o -

i
after 100 cycles —

¥ Boson Sampling, IQP circuits, QAOA, random,,. -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
b Probab|||ty . Nstates

guantum circuits, Bose-Hubbard chains, etc.

0 —0.999

-0.998

- 0.997

¥ Goal: sample the output of a system evolved fr ~
a simple initial state through a quantum entanc )
process. Exponentially hard for classical machi
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¥ But: rapid progress in simulation algorithms &
classical hardware make this a fast-moving tar

0
0.991

0 0.99

5 6 7 8 9 10 11 12 13
Side Length n

¥ Guiding principlenaximize simulation complexity
.. _ Image credits: Neill et al 2018,
andminimize quantum hardware complexity Chen et al 2018



QUANTUM SAMPLING PROBLEN

¥ Continuous time evolutionisrder to simulate RS 20 |
than gates/optical circuits -+ > ot e - 125
¥ Experimental demonstration of c.t. sampling problém -
(9 qubitOgmonO chalgill et al, Science 20(sge | : '_ o
talk section A42, yesterd&gystem evolves under: » 7 7 o
-1 ' JCSB: Gloogll¢
Ho(t) = —g(t) &a;:rai—l—l + H.c.
| L - Mmas ) -
+ 0 hiajai— Ol (g o O B 0 5 R 0
1=1 n=2 ‘ ;;’ 1’_7';*'.'__1"_‘"."_7; P vt _““;_j“'ri__ :;‘*’2%;- (58
¥ Partitioning/tensor contraction methods not Gl [ R )
generally applicable to evolution under continuousalgz Qea%m
varying H. @ A\ — O
Qs ——— — D

Pulse the interactions

¥ Entanglement-scaling schemes (MPS, PEPS, etc) faitin— VUV UUU Y o=

volume entangled limit o
Image credits: Neill et al 2018



BOSE-HUBBARD (GMON) CHAII

|dle circuitry

UCSB ‘r (Glooglle)

¥ gmon chain experimemtitialize product ..T%_.r._.r. ,l__,___
state pulse tunable exchange couplers (or brifi= =
tunable qubits w/ Pxed couplings in and out of
resonancelN times, thenmeasure state s

¥ Notice: each qubit has a CPW resonator for Dnﬁa@@_gi@@_gﬁ‘@_& nitaize
state readout. Otherwise these do not participat_

during evolution. @0 @® OO0 i
unings
¥ Half of the physical quantum degrees Pulse all
e H = s o COL'I plings
of freedom are left idle! N times
Measure all
O @ @ O @ O qubits

¥ My proposal: drive parametric qubit-cavity
couplings during evolution to increase complexity = = & & &

Image credits: Neill et al 2018



PROPOSED EXPERIMENT

Idle circuitry

¥ Proposal: simultaneously with the coupler pulssssses ‘r J (Cooald
drive red and/or blue sideband couplings to = Tem===y
cavitiesNlurch et al PRL 2012, Strand et al PR=
2013, Kapit PRA 2015, Li et al PR App. 2018, §

others)
; ; . % ?7@ %1 nitializ
¥ Total Hamiltonian is: @O @ O—@® O
[-1& '
Ho (t) = —g (1) alai 1+ He. ® e et
1 detunings
(" )
!L T!ma:r:
+ hia;'raz' — On |nz> <nz| . 5gl|JS|oeIi?1|(_|;s
1=1 n=>2 N times
!L & ' Measure all
Hoc (t) = hciag;aci + #ac;acia a O—@~@~0O—®@— O quits
.
g | ST AT ST AT ST F
' R B
+ $aci (Dag;a + $qci (Dag g +H.co. Image credits: Neill et al 2018
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PROPOSED EXPERIMENT

¥ Origin of these terms sketched below; green errors are action of qubit-resonator exchange
coupling, red and blue oscillations in qubit energy or resonator tmportant. we want
these terms to be weak compared to coupler g!
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NOISY SAMPLING PROBLEN

¥ Obvious concern: cavities are lossy, with
typical loss ratdsg ~ 10MHz

14

¥ Can Include this noise In the depPnition of |
sampling problem (assume qubits are nc "
free). Sample diagonals of a density mati = |
evolving as: 1

i}

K

=i .61+ > (00, + 5 {0,010} )

Bit-string index j (p(z;)-order2d)

¥ But: photon loss in boson sampling or
random quantum circuits (see right pPgure)
drives problem toward triviality

¥ Must this always be the case? Image crediits: Boixo et al,
Nat. Phys. 2017



NOISY SAMPLING PROBLEN

K
o= i .01+ Y (00 + 5 {0,010})

14

¥ Lindblad evolution is capable of universal quantum
computation (Verstraett alNat. Phys. 2009), but this
construction is artipcial

2}
|
5|
¥ Realistic local noise is trickier: Hermitian operations (e =
Pauli errors) produce an incoherent walk in Hilbert sp: ||
uniform photon loss is similarly trivializing

No errors

“| One Pauli arror (averaged)

¥ However]ocal noise does not mean easy
simulation!  Finite temperature simulation of systems witn
an MC sign problem is exponentially hard; note that noise
operators for a Pnite T bath are extremely complex, even if
they arise from local couplingsE

Bit-string index j (p(z;)-order2d)

¥ Guiding principladded noisy elements must be capable of
- : Image credits: Boixo et al,
generating quantum correlations Nat. Phys. 2017



RESONANT COUPLING TO PROPAGATING MODE

¥ A way out: restrict loss to a subsystem ® O @ 00 @®

(cavities). Turn on everythisighultaneousl — X
Make qubit-cavity couplings weak rel. to O

Q COUpliﬂgSQ | QQC " T'e é E®E€?EE®E@

¥ Resonance condition results: Photon A
addition/loss only signiPcant when chang
occupation of specibc propagating modé

% 1 2 3 4 5

¥ Subsequent loss measures a highly nonlo
operator, with weight over entire lattice. :.
Does not (necessarily) decorrelate statel o

Image credits: Hacohen-Gourgy et al,

¥ SeeKapit, Quant. Sci. Tech. 20t & review PRL 2015



PROPOSED EXPERIMENT

¥ In summary, our protocol Is:

¥ Prepare Initial product state in z basis.
Set qubit detunings.

¥ Pulse all qubit-qubit and qubit-cavity % O%*c c%‘c O ntelize
couplers on and offimultaneously

times. QC much weaker than QQ. @ 0O0—@ OO Stunings

Pulse all
couplings
i N times

¥ Measure state of all qubits (cavities not—¢
measured)

Measure all
O©©O©Oqubits
¥ Repeat many times to sample output " & & & & ¢
distribution, compare to theoretical model. ,..0e creqits: Neilr et a1 2017




NUMERICAL BENCHMARKS

¥ Output distribution | R\\
detalls: # (ductuations,loss = .

rates, IPR,

¥ Volume entanglement

¥ Fidelity loss from qubit
error & basis truncation




SIMULATION DETAILS

¥ Numerically simulate evolution up throu%; T .I Cloogld

-Ewwwwyw
:d

12 coupler pulse cycles, using full win (ESE"E " E = =C SE =

o=
ot

evolution with quantum trajectories (see' g
Daley 2014 for a review)

¥ Simulate only blue sidebands, for simplicity o%*c O%‘c o iz
~ qubits
and experimental relevanceN other

choices to be discussed in paper @O0 @ OO ietinings

qubi

. - - - ulse all

¥ Experimentally realistic parameters (all | coupings
MHz unless otherwise noted): o
0@ @ O0@® O quis

Onax =2! 1 40, "="2'1 200, ! =211 5
Nimax =221 ! 20, ! gcmax =2!! 3, hc=0 = = & & & &
FC — 10, tcycle ! {20, 30} ns, Ncycle =12 Image credits: Neill et al 2017




WHAT WE COMPUTED

¥ Number Buctuations:  extensive scaling e .l T
shows we can extrapolate these results to JE==a=slanssnsss=s
larger L

j—
qubi" readou

¥ IPR: shows that an O(1) fraction of Hilbert E |
space is explored °

% %‘ %2* Initialize
—©(O©O@® O qubits

¥ Output statistics:  information scrambling,
suggests intermediate-time chaotic behavior -@—0—@—CO—g—0O— acicnings

¥ Negativity: demonstrates volume-law
entanglement scaling

Pulse all
couplings
N times

Measure all
O©©O©Oqubits
NI S L S\

¥ In sum, these measures suggest an efpcient

classical method is extremely unlikely for this
problem Image credits: Neill et al 2017




OUTPUT DISTRIBUTION: NUMBER FLUCTUATIOY
AND CAVITY PHOTON LOSS

¥ Initialize the system with L/2 -1 photons, rounde
down, In Neel-like state

¥ Top to bottom (averagesk photons added to
gubits, # photons (total) in cavities, # photons Io tZ=
from cavities (cumulative) New © 0"

¥ All increase extensively , though with
noticeable even-odd effects

¥ Hypothesis: even-odd effect primarily due to L,
existence of zero energy hopping mode for odd t*

¥ Key: L=4 (blue), 5 (gold), 6 (green), .
7(red), 8 (purple), 9 (brown), 10 (light
blue), 11 (yellow)




OUTPUT DISTRIBUTION: INVERSE PARTICIPATIC
RATIO AND OUTPUT HEAVINESS

¥ System explores O(1) fraction of qubit Hilbert space!rs ' s

¥ Right: inverse participation ratio, output heaviness, and

example probability distribution for L=9 for Nc=3 (blue)- %/

cycles, 6 (gold), 9 (green), and12 (red)

¥ |In 2016, Aaronson and Chen proposed OHeavy Outp’gt

to sample a quantum distribution (from an RQC) and '

produce outputs with greater than median probability T~
more than 2/3 of the time. For a P-T dist approx|mate|¥ -------------------------------------- '
85% of outputs satisfy tt8sitisbed for all studied Case%” " T R
here as well.

¥ Key: L=4 (blue), 5 (gold), 6 (green), 7(red), 8
(purple), 9 (brown) , 10 (light blue), 11
(yellow)

0.001 -




OUTPUT DISTRIBUTION: SCRAMBLIT

m PT

¥ Evidence of intermediate-time quantum chaotic bEhanIJQ
with a likely trivial Pnal state at very long times

&'&

¥ System comes very close to an exponential (Porter- **
Thomas) distribution over full qubit Hilbert space before
slowly moving away fromNote: cavity photon loss Is B e T T

O(1) by the time this point is reached! P e

1L

¥ Not well-approximated by incoherent uniform
randomness, or a reweighted version (poisson distribute
random photon addition)

¥ Right: K-L divergence from Porter-Thomas, IUR, and  .wur
reweighed IUR o 2\

¥ Key: L=4 (blue), 5 (gold), 6 (green), 7(red), 8
(purple), 9 (brown) , 10 (light blue), 11
(yellow)




BENCHMARKS:VOLUME ENTANGLEME

¥ Open quantum system: standard Von Neumann EE does not..

capture entanglement | rfk
¥ Instead, we measure thegativity (Vidal and Werner PRA | ﬁ/\_\\
2002): |

Ll oo N
N=2= "pla"11 |
2 P T A T
¥ As withVNEE, bipartition system into subsystems A and B NN,

&)( ¢

¥ Here,! Ta s thepartial transpos# joint density matrix w.rt s
system A. Negative EVs in matrix norm iff system is entangled.
Nonzero negativity sufpcient condition for entanglement. |

¥ Unlike VNEE, equally well debPned for pure states and mixed
states &%

¥ For a maximally entangled state, the maximum negativity of a
perfect bipartition is exp. large: Resonators

1- o TT
Nmax — é Ny —1 Qubits




BENCHMARKS:VOLUME ENTANGLEME

¥ Bipartition system into subsystems A and B, where A includes all the cavities ¢
somewhat less than half the gqubits

¥ Respects truncated cavity Hilbert space and fact that photon density in cavitie:
low; aim for approx. equal Hilbert space size in each partition

¥ Note:very expensive to compute. For 9 qubits and up to two cavity photons (C
11 qubits, 1 cav. photon), computing negativity takes ~ 30 GB RAM.

¥ Can also compute subsystem negativity: negativity of the qubit reduced
density matrix (bipartitioned) w/ cavities traced out.

Resonators

Qubits




VOLUME ENTANGLEMENT POST-LO

¥ Trajectory method has another
advantage: can bin trajectories to
check entanglement with total |
cavity photon loss # bxed

4

12
10 ¢
8

¥ So we bhin simulations to require =

6 F

exactly 1 photon has been lostl No errors
the end of 12 cycles

2r One Pauli error (averaged)

¥ For RQC’ thlS gIVGS garbage | Bit-string index j (p(x;)-ordered)
Incoherent uniform randomness, Image from Boixo et al,
Nature Phys. 2018
zero entanglement (when
averaged over error position/time)



NEGATIVITY: FULL SYSTEN

¥ Left: negativity of the full system (log scale), both unaltered and divided by its maximum possible
(assume cavity Hilbert space dimension L+1). Right: same things constructed only from trajectol
where one photon has been lost by the end of 12 cycles.Volume entangled in both cases (w/ ev
effects), should persist to computationally intractable L.

Full: /_\ One. F\\\\'\\ﬁ
~——_ Loss: \
I o /\—
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NEGATIVITY: QUBIT SUBSYST

¥ Now, the negativity of the qubit subsystem, with cavities traced out. Obviously smaller, but still volum:
scaling. Proves thevity photon loss reduces entanglement but does not fully
disentangle state. Values achieved at 6 cycles are approx. 1/2 negativity measured in unitarily ewvt
closed-system protocol (smaller due to entanglement with cavities acting as measurement when trau

Q
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FIDELITY LOSS FROM QUBIT ERF

¥ DebPne bdelity using the K-L divergence as in
previous works:

D rdeal s Factua
E1oq" kL (Pideal, Pactual)

D k1 (Pideal, PTC)

¥ Here, prc is a trivial classical distribution
generated by reweighting incoherent uniform
randomness by total particle # (assume Poisson =
distributed # [3uctuations).

¥ Considered both phase noise and photon loss.
In both default protocol & modibed noisy ones,
single photon loss senBs  to zero. However in
default protocol, this can be post-selected out.

&'(+

¥ Effect of phase noise is more subtle.



FIDELITY LOSS FROM QUBIT ERF

¥ Unlike random circuits, in both unitary and lossy
protocols, a single phase error does not dend  to
Zero.

¥ However, itdoesappear to decay exponentially in the ™1
# of phase errors.

¥ Figures:topis 1 or 2 Z errors (by end of 12 cycles,
averaged over position and time) in unitary (no
cavities) protocol, middle is 1 Z error in noisy protocol;
bottom is 2 Z errors in noisy protocol

¥ Reasons for this are not entirely clear, though | have ..
some hypothesesN talk to me afterwards if interested.

¥ Key: L=4 (blue), 5 (gold), 6 (green), 7(red), T
8 (purple), 9 (brown)




DIFFICULTY ESTIMATES




DIFFICULTY ESTIMATES

¥ Assumption: direct Schrodinger evolution w/N
trajectory averaging is the most efpcient
simulation method 0

¥ Volume entanglement: matrix product state
representation is extremely inefpcient, with
runtime scaling: e e e w e

Twps | 12Ld3N 2

¥ Very OdeepO circuit: for parameters studied, 6-
cycles equiv to depth 42-56 in RQC. Methods
which scale exp. in tree width will fail here.

¥ This does not rule out other methods which
would scale better, but IOm not aware of any.



DIFFICULTY ESTIMATES
¥ In direct Schrodinger evolution, substantial saving@) () @ O 0 @

are possible by truncating basis ($¢ed et al

Science 2018r estimates this draws from). +

¥ Cap max # of double/triple occupancies in E@g@gg@g@
transmons e

¥ Can throw out conbgurations which are far in tota +

photon # from Initial state

\

¥ Finally, cavities are lossy- exclude double occupamc
In cavities, and cap max # of total cavity photons,, \~
Empirically a maximum of ~ L/6 photons seems |
sufpcient (for these parameters, rounded to nearest
int; this is protocol dependent). Right: bdelity loss _
from truncating from 2 max cavity photonsto 1 ! : s s wa o ©

.,




DIFFICULTY: MEMORY COSTS (FULL WI

¥ Estimated memory costs (GB) for having to keep either {2,1} or {3,2} doublc

triplons, and up tol L L LL 5} resonator photons (rounded to nearest ir

¥ Exascale reached by L=30 in most cases.

s(ge!GB"

o ““““““““ = Eb

e ittttttly” - bbbt Pb
e e e //// ________ Tb
'''''' """""'_'_'_'_"" Gb

- P Mb

L e e



DIFFICULTY ESTII\/IATES RUNT

¥ Runtime per-trajectory (assume R
timestepo 1/L ), for a total a¥,.
cycles, scales as:

T! L°Ny " N

g . 'l,i‘;—‘:-,‘;;,.‘r-ﬁ,“&g.f 4 2o
¥ Emprically, # of trajectories for a Knm.GB -

div <0.01 1IN ! 3LN. . Error scales
linearly in /Ny .

¥ To get F ~ 0.25, a few dozen Ci
trajectories likely needed at edge of +  « ¢ =« F
tractability. Potentially signibcant!




DIFFICULTY ESTIMATES: PROJECTED FID

¥ Projected bdelities in the supremacy regime &
potentially much higher than RQCs

¥ Rough estimate from Google: SPAM error is ~
0.03/qubit, and in the 9-qubit chain experimen
phase/control error was ~0.004 per qubit per
cycle.

¥ For a 27 qubit grid w/ 6-8 cycles, using these |
values we Pnd:

F 1 0.230" 0.185

¥ Dominated by SPAM error (which largely canf)t‘.&p
post-selected out). Order of magnitude higher \ \ |
than typical RQC targets, though thisisavery ~ *~ % ¢ |
rough estimate.




CONCLUSIONS

¥ Noisy sampling problems are good potential candidates for demonstrating a quantum advantage in current
hardwareclassically much harder, but Oquantum-easierO due to smaller system sizes

¥ Key idea: resonantly couple lossy subsystem to propagating modes in continuous delocalized evolution

¥ No complexity-theoretic proof, but: satisPes all hardness criteria computed so far for
unitary gmon chain;Volume-law entanglement should persist to classically intractable sizes

¥ Assuming no hidden simplibcations, simuliietybecomesntractable in the high 20s of qubit-cavity
pairs

¥ Could be adapted to other setups! OSupremacyO capable circuits (which would be too small for such a clai
other protocols) may already be in fridges as we speakE

¥ Thanks to the Google team, for support and many fascinating discussions: Sergio Boixo, Yu Chen, John Ma
Charles Nelll, Pedram Roushan and Vadim Smelyanskiy

|
=S
.
[ ==

L
{
1 tos
; m— i :
[— : :
i | 3
&y — 8 3
4 — |
e |

; "hﬂ Hﬁuuuqunnquuuqi

',1 | P [1 ;-ms_k




OPEN QUESTIONS

¥ Does an efbcient classical method exist for sampling the output of an evolving deloc
system with colored noise? A general approach for all systems almost certainly doe

exist, but are there special cases where the solution can be found? If so, what are th
why?

¥ Given realistic qubit noise, can we simulate thermal states of matter using supercon
circuits with engineered dissipation? Proposals to do this exist (Hafezi et al, Shaban
Neven, both 2015) but itOs not entirely clear how they respond to loss/dephasing.

¥ Engineered noise can passively correct errors, prepare/stabilize quantum states, me
sampling problems harder, and more. Can noise, in analog quantum computing mod
provide a quantum speedup in solving classical problems?
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LOSSY SYSTEMS ADDENDU

¥ Objection! Lossy systems have bounded correlations; max length sc
set by Lieb-Robinson info velocity and incoherent OerrorO rate (Poulin

Barthel and Kliesch 2012; Huang and Guo 2017; Zhang, Huang and C
2018; others).

¥ Bounded entanglement suggests problem could be asymptotically
OeasyO (would permit an MPS description linear in system size, if
exponential in correlation length)

¥ However, for realistic parameters, this length scale can still be too larg

any concelivable classical computer to simulate. Increases with decree
noise.

¥ What Is this length scale?



LOSSY SYSTEMS ADDENDU

¥ Worst case: consider an L-site chain, where info propaga
at velocity v. Assumancorrelatearkovian errors occur at a
rate! r at each site.The time to entangle one end of the ct
with the other ig = L/ 2v (factor of 2 from meeting in the
middle).

¥ The average # of errors in this timé s t

¥ Intuition from gate model: assume single error totally
disentangles the state

¥ Avg.one error or less givegax = —



LOSSY SYSTEMS ADDENDU

¥ Worst case: uncorrelated error, single error disentangles st
ballistic info transport (see bound in Zhang/Huang/Chen 201

2V
I—max — :

¥ For gmons with resonator noise? ISWAP time ~ 7/ns,so v ~ 1
MHz. Error rate ifres ) ' r; ! R >~ 10MHz

¥ For protocols considered hef@es) ~ 0.05 — 0.1
¥ Suggestk . ! 17" 24

¥ This may actually be enough for a supremacy claim!



LOSSY SYSTEMS ADDENDU

¥ Worst case: uncorrelated error, single error
disentangles state, ballistic info transport:

2V

Lmax — ' > N17_24

<nres - R

¥ However: Uncorrelated errors and single error
disentanglement are bad assumptions here! Correlati

could have much longer range

¥ Key idea: gubit-resonator coupling must be turned ot
simultaneously with gubit-qubit couplers



RANGE OF ENTANGLING QUBIT-RESONATOR
OPERATION

¥ Fundamental to this scheme: from the point of view
of the qubit chain, interaction with resonators is highly non

¥ SimpliPed picture:  ignore interactions and disorder.
Consider Interaction with a single resonator aksittal
Hamiltonian Is:

H = Howis (t)+ ! (1) alark + a, ax + " rk aky, ark

¥ Resonance condition:  photon can only be added/
removed from qubits if total energy changeig {Q2,'r }

¥ Assume throughout this tall, = 10MHz



RANGE OF ENTANGLING QUBIT-RESONATOR
OPERATION

H = Houwits (t)+ ! (1) a;ﬂaRk + a;fzk ax *+ " Rk aJ|er ARk

¥ A photon only has a signibcant chance of being transferred to the reson
¥ |(SEQ | Rkl < min{" ,#R}

¥ If this Is satisbed, resonator is only couplegtopagating mode , with
approximately equal weight over entire lattice

¥ Subsequent resonator photon loss Is measuring a highly nonlocal opera
Wil not immediately disentangle system.

¥ Limited by mode splitting, approx8g/L  for a 1d chain, near center of |

¥ FOrQpmaz = 2m X 40MHz ,we getl 5 =




