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Roadmap

1. Why boson sampling is a meaningful
complexity-theoretic target.

2. Why boson sampling is hard to scale.
3. Gaussian boson sampling
4. The Jiuzhang machine



Context

I The extended Church–Turing thesis: every realistic
physical process should be efficiently simulable by a
probabilistic Turing machine.

I Boson sampling: non-universal task, designed to violate
this.

I Idea: sample from some probability distribution that is
easy to generate with photons but #P-hard to simulate
classically.
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Boson Sampling

I Input: Interferometer T that acts on
m modes, indistinguishable single
photons in the first n modes.

I Output: (n1, . . . ,nm), the occupation
numbers of the output modes.

I Output probabilities are governed by
permanents of submatrices of T :

Pr(n | k,T) =
|Perm(Tn,k)|2∏m

i ni!ki!
.

Perm(M) =
∑
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Boson Sampling

When
n = (1, 0, 2, 0), k = (1, 1, 1, 0).

I Input: Interferometer T that acts on
m modes, indistinguishable single
photons in the first n modes, m
modes.

I Output: (n1, . . . ,nm), the occupation
numbers of the output modes.

I Output probabilities are governed by
permanents of submatrices of T :

Pr(n | k,T) =
|Perm(Tn,k)|2∏m

i ni!ki!
.
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∑
σ∈Sm

m∏
i=1

Mi,σ(i)



Known Results

I Aaronson–Arkhipov in 2011: If you can sample from the
boson sampling distribution in polynomial time, even
approximately, then the polynomial hierarchy collapses.

I The interferometer is doing exactly this!
I SoTA: Wang et al. (PRL, 2019) with 20 photons, 60

modes. Not enough for quantum supremacy!
I Standard boson sampling wants many near-deterministic,

indistinguishable single photons.
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Beyond Standard Boson Sampling

|2sqz〉 = exp
(

ra†b† − H.c.
)
|00〉

=
1

cosh r
exp

(
tanh r a†b†

)
|00〉

=

∞∑
n=0

tanhn r
cosh r

|nn〉

Outline of SPDC source.



Scattershot Boson Sampling



The problem
∞∑

n=0

tanhn r
cosh r

|nn〉

I You need photon-number-resolving detectors to postselect
on exactly one pair.

I With threshold detectors, one-pair and multi-pair events
look the same

I So you must work in a very weak-pumping regime where
clean single-photon events are rare.

I Why early boson-sampling experiments stayed in
low-photon regimes even before worrying about
interferometers and detectors.

I You are trying to impose high indistinguishability, low loss,
deep interferometers, and stable long-time operation all at
once.
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Gaussian Boson Sampling
I Let’s use the full Gaussian structure of SPDC sources.

I Quesada et al. showed that the output law is governed by the hafnian,
the Gaussian cousin of the permanent.

I

Haf
((

0 B
B> 0

))
= Perm(B).

I A squeezing source can be described by ξj = rjeiφj . Let T be the
interferometer.

Pr(n | T , {ri}) = C |haf(Bn,n)|2∏m
i=1 ni!

haf(A) =
1

n!2n

∑
σ∈S2n

n∏
j=1

Aσ(2j−1),σ(2j)

B = T

[
M⊕

i=1

tanh ri

]
T>

Note: Using threshold detectors, the the output distribution is related to
the Torontonian.
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Gaussian Boson Sampling

Single photon |1〉

Pn =
∣∣∣∑ all possible paths that give n photons

∣∣∣

Squeezed vacuum
∑∞

k=0 g(k)eikφ |2k〉

Pn =
∣∣∣∑ all possible photon numbers

(∑
all possible paths
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Experimental Challenges with Gaussian Boson
Sampling

1. Good squeezed sources. We need many SMSS inputs with
sufficiently high squeezing, strong indistinguishability, and high
collection efficiency.

2. A large low-loss interferometer. The optical network must be
highly connected, sufficiently random, phase stable, and close to unit
transmission.

3. Global phase control. Unlike Aaronson–Arkhipov boson sampling,
GBS depends on phase coherence across the photon-number
components of the squeezed states. Completely new headache.

4. Efficient detection. High-efficiency detectors are needed to sample
the output distribution faithfully.

5. Validation and benchmarking. Generation not enough. Samples
are sparse points in an enormous output space. Must rule out classical
impostors and compare against strong classical simulators.
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Jiuzhang: A Phase-Locked Gaussian Boson Sampler





Light Source
I A PPKTP source produces a two-mode squeezed state (TMSS) in

modes a and b:

Sab(r) = exp
[
r
(

a†b† − ab
)]

, |TMSS〉 = Sab(r) |00〉 .

I Change basis

a† =
c† + d†
√
2

, b† =
c† − d†
√
2

.

I Then the pair-creation term factorizes:

a†b† =
1

2

(
(c†)2 − (d†)2

)
.

I So one TMSS is unitarily equivalent to two independent single-mode
squeezed states:

Sab(r) = Sc(r)⊗ Sd(−r).
One mode is squeezed by r , the other by −r .
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Light Source

I Jiuzhang physically builds 25 TMSS sources using 25 PPKTP crystals.

I The two modes of each TMSS are encoded in the same spatial beam
as horizontal and vertical polarizations, H and V .

I A half-wave plate plus PBS implements the same 50:50 basis change as
above, so each physical TMSS behaves like two effective SMSS inputs.

25 TMSS sources =⇒ 50 effective SMSS inputs.

I The interferometer then uses hybrid encoding:

50 spatial modes × 2 polarizations = 100 modes.
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Jiuzhang: A Phase-Locked Gaussian Boson Sampler



Phase Locking
I Restore the phase dependence of the input squeezed states:

ξi = rieiφi ,

B(φ) = T
[ M⊕

i=1

eiφi tanh ri

]
T>,

pn(φ) = C
|haf(Bn,n(φ))|2∏m

j=1 nj !
.

I In ordinary boson sampling the source phases are irrelevant, but in GBS
they sit inside B, so phase drift changes the sampled distribution itself.

I A common phase shift is harmless:

φi 7→ φi + φ0 ∀i =⇒ B 7→ eiφ0B,

haf(Bn,n) 7→ haf
(

eiNφ0Bn,n
)
.

I Relative phase evolution is the real problem:∣∣∣∣∣∣
∑
µ

aµeiθµ(t)

∣∣∣∣∣∣
2

=
∑
µ

|aµ|2 +
∑
µ6=ν

aµa∗
νei(θµ(t)−θν(t)).

If the φi(t) is not constant, the second sum averages toward zero.
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Verification: 1

Classical spoofing strategies:
I Thermal states as input: excessive photon loss.
I Distinguishable SMSS: from mode mismatch.

Sampling with these inputs turns can be solved efficiently
classically (since the density can be calculated efficiently.)
Visible in the plots.



Verification: 2

I Heavy Output Generation (HOG) test: Bosons through random
network → Heavy probabilities of some paths due to interference.

Hard for classical computers to predict (?)
I They define HOG ratio by comparing the ideal likelihood of

experimental samples to that of mockup samples:

rHOG =
Pideal(Samplesexp)

Pideal(Samplesexp) + Pideal(Samplesmockup)
.

I If rHOG → 1 as more samples are accumulated, the data look much
more like ideal GBS than the mockup; thermal/mockup samples stay
near 0.
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Results



Thank you!
Please pass me


