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Quantum computers promises to perform certain tasks that are believed to be intractable to classical
computers. Boson sampling is such a task and is considered as a strong candidate to demonstrate the
quantum computational advantage. We perform Gaussian boson sampling by sending 50 indistinguishable
single-mode squeezed states into a 100-mode ultralow-loss interferometer with full connectivity and
random matrix—the whole optical setup is phase-locked—and sampling the output using 100 high-
efficiency single-photon detectors. The obtained samples are validated against plausible hypotheses
exploiting thermal states, distinguishable photons, and uniform distribution. The photonic quantum
computer generates up to 76 output photon clicks, which yields an output state-space dimension of 103°
and a sampling rate that is ~10'* faster than using the state-of-the-art simulation strategy and

supercomputers.

The Extended Church-Turing Thesis is a foundational tenet
in computer science, which states that a probabilistic Turing
machine can efficiently simulate any process on a realistic
physical device (7). In the 1980s, Richard Feynman observed
that many-body quantum problems seemed difficult for
classical computers due to the exponentially growing size of
the quantum state Hilbert space. He proposed that a quan-
tum computer would be a natural solution.

A number of quantum algorithms have since been de-
vised to efficiently solve problems believed to be classically
hard, such as Shor’s factoring algorithm (2). Building a
fault-tolerant quantum computer to run Shor’s algorithm,
however, still requires long-term efforts. Quantum sampling
algorithms (3-6), based on plausible computational com-
plexity arguments, were proposed for near-term demonstra-
tions of quantum computational speedup in solving certain
well-defined tasks compared to current supercomputers. If
the speedup appears overwhelming such that no classical
computer can perform the same task in a reasonable
amount of time and is unlikely overturned by classical algo-
rithmic or hardware improvements, it was called quantum
computational advantage or quantum supremacy (7, 8).
Here, we use the first term.
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A very recent experiment on a 53-qubit processor has
generated a million noisy (~0.2% fidelity) samples in 200 s
(8), while a supercomputer would take 10,000 years. It was
soon argued that the classical algorithm can be improved to
cost only a few days to compute all the 2°® quantum proba-
bility amplitudes and generate ideal samples (9). Thus, if the
competition were to generate a much larger size of samples,
for example, ~10°, the quantum advantage would be re-
versed provided with sufficient storage. This sample-size-
dependence of the comparison—an analog to loopholes in
Bell tests (10)—suggests that quantum advantage would re-
quire long-term competitions between faster classical simu-
lations and improved quantum devices.

Boson sampling, proposed by Aaronson and Arkhipov
(5), was the first feasible protocol for quantum computa-
tional advantage. In boson sampling and its variants (11, 12),
non-classical light is injected into a linear optical network,
and in the output highly random, photon-number- and
path-entangled state is measured by single-photon detec-
tors. The dimension of the entangled state grows exponen-
tially with both the number of photons and the modes,
which fast renders the storage of the quantum probability
amplitudes impossible. The state-of-the-art classical simula-
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tion algorithm is to calculate one probability amplitude
(Permanent of the submatrix) at a time. The Permanent is
classically hard and at least one Permanent should be eval-
uated for each sample (13, 14), thus the sample size loophole
can be avoided. In addition, boson samplers use photons
which can be operated at room temperature and are robust
to decoherence.

Early proof-of-principle demonstrations of boson sam-
pling (15, 16) used probabilistic, post-selected pseudo-single
photons from parametric down-conversion (PDC) (I17). Im-
proved single-photon sources based on quantum dots were
developed and employed to increase the multi-photon count
rates, which culminated at 14-photon detection (I18). Howev-
er, scaling up boson sampling to a computationally interest-
ing regime remained an outstanding experimental
challenge.

Recently, Gaussian boson sampling (GBS) (11, 12) has
emerged as a new paradigm that can not only provide a
highly-efficient approach to large-scale implementations but
also offer potential applications in graph-based problems
(19) and quantum chemistry (20). Instead of using single
photons, GBS makes full use of the Gaussian nature of the
PDC sources and utilizes single-mode squeezed states
(SMSS) as input nonclassical light sources which can be de-
terministically prepared. Sending £ SMSSs through an m-
mode interferometer and sampling the output scattering
events using threshold detectors (see fig. S1), it has been
shown that the output distribution is related to a matrix
function called Torontonian (12) which is related to Perma-
nent. Computing the Torontonian appears a computational-
ly hard problem in the complexity class #P. It was shown
recently that it takes about two days to evaluate a Toronto-
nian function for a 50-photon click pattern (21).

Although there were small-scale demonstrations of GBS
with up to five photons (22, 23), implementing a large-scale
GBS faced significant challenges. First, it requires arrays of
SMSSs with sufficiently high squeezing parameters, photon
indistinguishability, and collection efficiency, simultaneous-
ly. Second, large interferometers are needed with full con-
nectivity, matrix randomness, near-perfect wave-packet
overlap and phase stability, and near-unity transmission
rate, simultaneously. Third, in contrast to the Aaronson-
Arkhipov boson sampling where there is no phase relation
between single photons, GBS requires phase control of all
the photon number states in the SMSSs. Fourth, high-
efficiency detectors are needed to sample the output distri-
bution. Finally, the obtained sparse samples from a huge
output state-space should be validated, and the performance
of the GBS should be benchmarked and compared with a
supercomputer.

We start by describing the quantum light source arrays.
Transform-limited laser pulses, with an average power of 1.4
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W at a repetition rate of 250 kHz (figs. S1 and S2), is split
into 13 paths and focused on 25 PPKTP crystals (Fig. 1A and
figs. S3 and S4) to produce 25 two-mode squeezed states
(TMSSs), which is equivalent to 50 SMSSs using a hybrid
encoding as discussed later. The relative phase and squeez-
ing parameter for each pair are shown in Fig. 1B. The
PPKTP crystals are designed and temperature-controlled
(fig. S5) to generate degenerate and frequency-uncorrelated
photon pairs, as confirmed by joint spectrum in Fig. 1C
which predicts a spectral purity of 0.98. The purity is in-
creased to 0.99 using a 12-nm filtering (figs. S6 and S7). A
second estimation of the pairwise purity is by unheralded
second-order correlation measurements (24). The measured
purities are plotted in Fig. 1D, with an average of 0.938. The
decrease of the purity compared to the prediction from the
joint spectra is mainly due to self-phase modulation. Figure
1E shows that average collection efficiency is 0.628.

The whole optical setup—from the 25 PPKTPs to the
100-mode interferometer—must be locked to a fixed phase
in the presence of various environmental perturbations. To
this aim, we develop an active phase locking (Fig. 2A) over
the whole optical path and passive stabilization inside the
interferometer (Fig. 2B) (25). For the active locking, a typical
time trace of the observed phase stability is shown in the
upper panel of Fig. 2B, which locks the phase of the 776 nm
laser with a standard deviation of 0.04 rad [~5 nm, see
(25)]. For the passive stabilization, the drift is controlled to
be within A/180 in 3.5 hours (see bottom panel of Fig. 2B).
For the whole system, as shown in Fig. 2D, the high-
frequency noise standard deviation is A/350 and the low-
frequency drift is A/63 within 1 hour, a time sufficient for
completing the sampling and characterizations. We estimate
that the photon interference visibilities drop are less than
1% due to the phase instability.

We make use of both the photons’ spatial and polariza-
tion degree of freedom to realize a 100x100 unitary trans-
formation (15, 26). Here, the mode mapping is {1, 2, ... 100}
= {|H}1|V)i|H)2| V)2 ... |H)s0lV)s0t, where H (V) denotes hori-
zontal (vertical) polarization, and the subscripts denote the
spatial mode in the interferometer. We develop a compact
3D design for the 50-spatial-mode interferometer, which
simultaneously fulfills near-perfect phase stability and
wave-packet overlap, full connectivity, random matrix, and
near-unity transmission rate (Fig. 2C) (25). This optical net-
work effectively consists of 300 beam splitters and 75 mir-
rors (see fig. S9). The transmission rate of the
interferometer is measured to be 97.7%, and the average
coupling efficiency in all the output ports is ~90%. We esti-
mate the mode mismatch causes a ~0.2% drop of the inter-
ference visibility between independent photons.

Contrary to the Aaronson-Arkhipov boson sampling
where the sampling matrix is given solely by the interfer-
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ometer, the GBS matrix absorbs both the unitary transfor-
mation of the interferometer and the squeezing parameters
and phases of the Gaussian input state. We reconstruct the
corresponding unitary matrix of the spatial-polarization
hybrid encoded 100 x 100 interferometer as plotted in Fig.
2, E and F for the elements of amplitudes and phases, re-
spectively. Further analysis shows that the obtained matrix
is unitary (see fig. S14) and Haar-random (see fig. S15).

We name our GBS machine Jiuzhang. We start describ-
ing the experimental results from the easy regime where we
can obtain the full output distribution. We test with three
pairs of input TMSSs and 2-photon click in the output. The
obtained distribution is plotted in Fig. 3A. We use fidelity
(F) and total variance distance (D) to characterize the ob-
tained distribution, defined by: F = Y m ,and D = X4|p; -

q:l/2 (p; and g; denote the theoretical and experimental
probability of i-th basis, respectively). For a perfect boson-
sampler, the fidelity should equal to 1 and the distance
should be 0. The measured average fidelities and distances
are 0.990(1) and 0.103(1). The data for all the 23 different
input configurations are shown in Fig. 3B, which confirms
that the GBS works properly.

Next we move to the sparse and intractable regime. Us-
ing 25 TMSSs input, the output photon number distribution
using threshold detectors is plotted in Fig. 3C. The average
click number is 43. Within 200 s, we obtain 3,097,810 events
of 43-photon coincidence, and one 76-photon coincidence.
The state-space dimension of our experiment is plotted in
Fig. 3D, reaching up to 10%°, which is 14 and 16 orders of
magnitude larger than the previous experiments using su-
perconducting qubits (8) and single photons (18).

While a full verification of the results in the large pho-
ton number regime is unlikely due to the nature of the sam-
pling problem, we hope to provide strong evidence that the
large-scale GBS continues to be governed by quantum me-
chanics when it reaches quantum advantage regime. The
credibility of the certification processes (27-32) relies on
gathering circumstantial evidence while ruling out possible
hypotheses plausibly to occur in this experiment. We vali-
date the desired input TMSSs against input photons that are
thermal states—which would result from excessive photon
loss—and distinguishable—which would be caused by mode
mismatch.

First, we compare the obtained output distribution with
the hypotheses using thermal light and distinguishable
SMSSs. Figure 3E shows evidently strong deviations in their
line shapes and peak positions, which support that the ob-
tain distribution indeed arises from genuine multi-photon
quantum interference. Second, we investigate two-point cor-
relation (32), which is derived from the Hanbury-Brown-
Twiss experiment, to reveal the nonclassical properties of
the output light field. Here, the two-point correlation be-
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tween the mode 7 and the mode j is defined as:
C.i= <1‘[‘11‘[1j>—<1‘[‘1><1‘[11>, where T, = | —|0>i <0|i represent a
click in mode 7. We calculate the distribution of all C;; for
the experimentally obtained samples, which is then com-
pared with those from theoretical predictions, thermal
states hypothesis and distinguishable SMSSs hypothesis. As
shown in Fig. 3F, the statistics of experimental samples sig-
nificantly diverges from the two hypotheses and agrees with
the theoretical prediction.

Having studied the whole distribution, third, we closely
look into each subspace with a specific photon click num-
ber. We develop a method called heavy output generation
(HOG) ratio test (25). Figure 3G and fig. S23 shows typical
examples of HOG analysis for photon clicks from 26 to 38,
which show a stark difference between TMSS with thermal
states. We emphasize that the tested 26-38 click regime—
which shares the same as higher photon number—is in the
post-selected subspace that effectively suffers from more
photon loss than in the regime with a larger number of
clicks which we deduce can be validated against the thermal
state hypothesis with higher confidence.

Fourth, we continue to rule out another important hy-
pothesis that boson sampling output would be operationally
indistinguishable from a uniform random outcome, one of
the earliest criticisms (27) to boson sampling. In stark con-
trast, due to constructive and destructive interference, an
ideal boson-sampler is expected to generate samples with
lognormal-like distribution (4, 27). We develop a method
(25) to reconstruct the theoretical probability distribution
curve for the 40-photon case, as shown in Fig. 3H. We can
match each obtained sample to the theoretical curve, as il-
lustrated by the blue data points and vertical blue lines in
Fig. 3H (see fig. S24 for more data). The frequency of occur-
rence of the blue lines is in a good agreement with the
probability curve, which intuitively indicates that our re-
sults cannot be reproduced by a uniform sampler.

Finally, we estimate the classical computational cost to
simulate an ideal GBS device. We have benchmarked the
GBS on Sunway TaihuLight (21) using a highly optimized
algorithm (33). The time cost to calculate one Torontonian
scales exponentially as a function of output photon clicks.
Moreover, to obtain one sample, one usually needs to calcu-
late ~100 Torontonians of the candidate samples (13). The
GBS simultaneously generates samples of different photon-
number coincidences (Fig. 3C), which can be seen as a high-
throughput sampling machine. For each output channel and
the registered counts in Fig. 3C, we calculate the corre-
sponding time cost for the supercomputer (Fig. 4). Summing
over the data points in Fig. 4, we estimate that the required
time cost for the TaihuLight (Fugaku) to generate the same
amount of samples in 200 s with the GBS device would be 8
x 10 s (2 x 10" s), which is 2.5 (0.6) billion years. We hope

(Page numbers not final at time of first release) 3

0202 ‘S Jaquiadaq uo /610’ Bewsduslos aouslios//:dny woly papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

this work will inspire new theoretical efforts to quantitative-
ly characterize large-scale GBS, improve the classical simu-
lation strategies optimized for the realistic parameters (33,
34), and challenge the observed quantum computational
advantage of ~10™.
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Fig. 1. Quantum light sources for the GBS. (A) An illustration of the experimental setup for generating
squeezed states. A custom-designed laser system consisting of a Mira 900, a pulse shaper, and a RegA
9000 is used to generate the pump laser, which was spectrally and spatially shaped to reach transform limit
(figs. Sl and S2). The pulsed laser is split into 13 paths (figs. S3 and S4) and focused onto 25 PPKTP crystals.
Each crystal is placed on a thermoelectric cooler (TEC) for wavelength tuning. The down-converted photons
are separated from the pumping laser by a dichromic mirror (DM), the time walk between different
polarizations are compensated by a KTP crystal. (B) Wigner functions of all the 25 sources. The squeezing
parameter r and phase ¢ of each source is presented as (r, ¢) in each panel. (C) The measured joint
spectrum of the photon pairs indicates that the two photons are frequency uncorrelated. (D) The purity of
the 25 photon sources. The measured average purity is 0.938, obtained by unheralded second-order
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correlation measurement. (E) The measured collection efficiencies with an average of 0.628.
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Fig. 2. Phase-locking from the photon sources to the interferometer. (A) Schematic diagram of the
active phase-locking system. A pump laser beam is used as a reference for all the squeezed states. After
propagating through a ~2-m free space and 20-m optical fiber, a ~10 pW pump laser which shares the
same propagation path as the down-converted photons is separated by a dichromatic mirror, which are
then combined on a beam splitter with the reference laser pulse. A balanced detection scheme, which is
insensitive to laser power fluctuation, is used to read out the phase information. To overcome the path
length fluctuates, we wind 5-m-length optical fiber around a piezoelectric cylinder which has a sensitivity
of 1.5 rad/V, a resonance frequency of 18.3 KHz and a dynamical range of 300 rad. (B) Phase stability
tests. The upper (bottom) panel is a typical monitoring of phase fluctuation of active (passive) phase
locking over 3.5 hours. The measured standard deviation of the phase is as small as 0.02 rad (A/150)
(0.017 rad (./180)). (C) We apply passive phase stabilization to the interferometer by adhering the
devices onto an ultralow-expansion glass plate which is temperature stabilized within 0.02°C. The blue
light paths are for the interference of the 25 pumping lasers with the reference laser. The red light paths
are the input and output of the photonic network. (D) A typical phase stability measurement of the whole
system in one hour. (E) The diagram of the measured 5000 amplitudes of the matrix. (F) The diagram of
the measured 5000 phases of the matrix.
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Fig. 3. Experimental validation of the GBS. (A) Experimental (red) and theoretical (blue) two-photon distribution with
three TMSSs input. (B) Summary of statistical fidelity and total variation distance of two-photon distribution for 23
different input sets. (C) The output photon number distribution with all 25 TMSSs in. The average detected photon
number is 43, while the maximal detected photon number is 76. (D) Summary of the output state-space dimension. (E)
The photon-number distributions of the experimental result (red), from thermal state (blue) and distinguishable SMSS
(purple), respectively. The deviations of the line shape and peak positions indicate that our experiment is far from these
two hypotheses. (F) Two-photon correlation statistics for all 2-mode combinations. The statistic of the experimental
results (red) highly overlap with the theoretical predictions (orange), and deviate significantly from the thermal state
hypothesis (blue) and the distinguishable SMSS hypothesis (purple). (G) Validation against thermal-state hypothesis
with detected photon number ranging from 26 to 30. (H) Validation against uniform distribution.
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Fig. 4. Classical computational cost. The estimated time cost on Sunway TaihuLight supercomputer.
The error bar is calculated from Poissonian counting statistics of the raw detected events.
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