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I. DETAILS ON THE PHOTONIC SIMULATOR SCHEME

The implementation of the Quantum Circuit Simulator (Fig. ) is realized with the linear optical scheme depicted
in Fig. [S1p (see Ref.[44]) and implemented by the apparatus in Fig. . We focus now on the linear optical scheme
(Fig. |S1p). Here, we map the gravitational field basis states {|grr),|9cL), |9rR),|9rL)}, introduced in Eq. (1)
of the main text, to the path degree of freedom of two single photons, represented by the following basis states
{1l1), [l2) ,|l3) , |la)}, where the state |l;) represents a photon along the path ¢ (with ¢ = 1,...,4). Their spin basis
states {|1), [{)}, instead, are simulated through the vertical and horizontal photon polarizations {|V),|H)}. Exploiting
these two degrees of freedom, each step of the logic circuit can straightforwardly be implemented by means of linear
optical elements.

The preparation stage (a Hadamard gate for each spin qubit) of the two polarization states gives rise to the product
state (|H) + [V)))/vV2® ([H) +|V)))/v/2. Then, the superposition step is realized by two polarizing beam splitters
(PBS) that deterministically perform a control-NOT gate, entangling the polarization and path degrees of freedom of
each photon (Fig. [S1p). The global state, tensor product of two entangled states, reads:

W) = % [(IH) [l) + V) [l2)) @ (1H) |I3) + [V) [1a))] (1)

Then, the path qubits of the two photons, representing the two gravitational fields of the masses, are subject to a
control-Phase (CZ) gate, to mimic gravitational interaction of the masses mediated by gravitational field. In order to
act only on the path degree of freedom independently of polarization (according to the assumption that the masses
do not interact directly), two half-waveplates rotated by 45° are inserted along paths 1 and 3. In this way the state
becomes:

)’ = S0 + 1) @ (i) + 1)) V) V)] @)

so that the polarization and path are factorized. This allows the “gravitational gate” (Free Fall stage in Fig) to
act only on the path degree of freedom.

At this point, it is convenient to switch to the second quantization formalism describing photon number states along
the modes through annihilation and creation operators.

In this formalism the state of a photon along a mode k, that comprises all photon’s degrees of freedom, can be
described by the annihilation and creation operators, denoted by ax and a};, respectively. Such operators obey the
following bosonic commutation rules:

[a’kiaa’kj] = [aLi)aLj] =0 [aki7aTkj] = 61] B (3)

where k; and k; are two modes of the field.



Fock states, represented by |ng,...), are states with a fixed number ng of photons along each mode. The action
of annihilation (creation) operators on such states is to destroy (create) a photon along mode k, according to the
relations:

ak |ng) = /ng |nk — 1) aTk |ng) = vVng + 1 ng + 1) . (4)
In particular, one can generate any Fock state from vacuum state |0), by iteratively applying creation operators on
Tng
the modes: |ng) = %\0)
i

The unitary evolution U on operators a; can be described by the following relation:

al — Z Ul bt (5)

where b;- represent the output modes of the transformation.

We now describe the scheme [44] which performs the control-Phase in the path degree of freedom of photons in our
platform. Since the polarization state factorizes, it is omitted.

Such a scheme is composed of three parallel two-mode couplers, that allow the interference of two input modes.
The expression of each coupler is:

UR_(\/Z% ﬂf?) (6)

For instance, consider the upper coupler between modes 1 and outl in Fig. [S1b. The mode corresponding to the
operator aI can be transmitted with probability amplitude V1 = R and reflected with amplitude iv/R. Therefore it
evolves as: al — V1 - bout1 —iVR bL where bT and bout1 represent the transmitted and reflected creation mode
operators, respectively. Three parallel couplers Uout1717 Us 3, Ut outa, with R = 1/3, allow to interfere the mode
pairs (outl, 1), (2,3) and (4, out4d), respectively. Modes outl and outd are vacuum ancillary modes whose utility will
be clarified later. Consider all four possible two-photon states in which we have a photon along mode 1 or 2 (first
photon) and a photon along mode 3 or 4 (second photon).

Exploiting relation and definition @, one obtains, for each considered input state, the following transformation
under the global evolution Ucz = Uput1,1 ® Uz 3 ® Us outa:

Ucz
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FIG. S1: Linear optical scheme for Quantum Circuit simulator. Comparison between a) the circuital
scheme, b) the optical scheme and c) the realized implementation of the optical scheme. The spin qubits of the
simulator are encoded in the polarization degrees of freedom of the two photons, while the geometry degrees of

freedom are encoded in their paths. The CZ gate in the path degree of freedom is implemented using the scheme in
[44]. H=Hadamard gate, PBS=polarizing beam splitter, HWP=half-waveplate.
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where |n), indicates the Fock state with n photons along z mode and the last equality of Eq. @[) used the indis-
tinguishability of the photons. Post-selecting the final states where there are one and only one photon along modes
1 or 2, and simultaneously one and only one photon along modes 3 or 4, the above transformations reduce to the

following four transformations: [1), [1); <<% — 1), [1)5 /3, [1); [1), —SZ — 1), [1), /3 , [1)y [1)5 25 +[1), |1), /3
1o 1), Yoz, _ 1), 1), /3 . Each term evolves to a post-selected state with probability 1/9 . Hence, multiplying
each term to —1 and defining for simplicity the logic states [0), = [l1) = |1); , |[1)p = |l2) = 1)y, |0) = |la) = [1), ,
1) = |l3) = |1)5, the post-selected transformation is:

0)710)c —> [0)7|0)c

0)r D — [0z [1)c (11)
Drl0e — [Dgl0)e 7

Ly e — =[Nz he

that corresponds to a control-Phase operation between the two qubits encoded in the path degree of freedom of the
photons.

Such a scheme is implemented by the setup in Fig. where a central beam splitter acts on different modes
interfering in three points, while four beam displacers act pairwise to split and recombine the photons based on their
polarizations.

We note that the post-selection here is not essential in the actual massive experiments but only plays a role in this
particular implementation of the GME simulation.

II. ENTANGLEMENT DEGRADING EFFECTS AND QUANTUM STATE TOMOGRAPHIES

In the experimental simulation, we studied two kinds of noisy effects that could be observed in future massive
experiments, preventing the formation or the detection of entanglement.

The first effect studied, as explained in the main text, is the decoherence of the state that could be due to either
gravitational induced collapse or to the coupling of the degrees of freedom of the masses with the environment and is
one of the major obstacles to a proper realization of massive GME experiments. In Fig. we show the quantum
state tomographies of states with different degrees of coherence, i.e. for different parameter values 7 in Eq. (11) of the
main text. Decoherence was induced by using birefringent plates of different widths. Birefringence causes horizontal
and vertical polarizations to experience different refraction indices, and they are thus time delayed one with respect
to the other, with a time-delay depending on the plate width.

The second effect studied is the temporal indistinguishability of the photon in the degree of freedom of time arrival:
if the two photons run across the interferometer at different times, they will not interfere and no entanglement will
arise between them. This can simulate the effect of non-synchronized time of the masses, or a screened interaction
that would prevent the generation of entanglement. In FigS3| we show the quantum state tomographies of states with
different degrees of distinguishability 1 — v in Eq.(12) of the main text, which is tuned by varying the delay between
the two photons before the beam splitter.

Finally, for the different degrees of indistinguishability we also measured the entanglement witness as reported in

Fig[54
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FIG. S2: Results of QC simulator with decoherence effect. Experimental real (left) and imaginary (right)

parts of the measured density matrices of the polarization states of the spin qubits, generated after the Free Fall

stage and post selection of the geometry qubits, as function of the degree of decoherence 7 in Eq.(11) of the main
text.
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FIG. S3: Results of QC simulator with varying photon distinguishability. Experimental real (left) and
imaginary (right) parts of the measured density matrices of the polarization states of the spin qubits, generated
after the Free Fall stage and post selection of the geometry qubits, at different temporal delays between the two
photons. The distinguishability degree (1 — v) extracted from fits on the experimental data is reported above each
tomography.



Entanglement Witness

o ]

S el i

0.5 gl ]

wooo j
0.0

I ,!/’ ]

0.5 s ]

,‘, 4

0.0 0.2 0.4 0.6 0.8 1.0

1-v

FIG. S4: Results of QC simulator with delays between the time arrivals of the photons. Values of the
witness W measured as function of the degree of distinguishability (1 — v) that is varied by changing the relative
time delay between the photons. All error bars are due to Poissonian statistics of the measured events. The purple
line indicates the value, above which the state does not violate the entanglement witness, and the shadowed area
indicates the region where the witness certifies the entanglement of the state. The dashed black line represents the
theoretical curve from the model of the experimental setup.
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