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Scattershot photon sources are known to have useful properties for optical quantum computing
and boson sampling purposes, in particular for scaling to large numbers of photons. This paper
investigates the application of these scattershot sources towards the metrological task of estimating
an unknown phase shift. In this regard, we introduce three different scalable multimode interferom-
eters, and quantify their quantum Fisher information performance using scattershot sources with
arbitrary system sizes. We show that two of the interferometers need the probing photons to be
in certain input configurations to beat the classical shot-noise precision limit, while the remaining
interferometer has the necessary symmetry which allows it to always beat the classical limit no
matter the input configuration. However, we can prove all three interferometers gives the same
amount of information on average, which can be shown to beat the classical precision limit. We
also perform Monte Carlo simulations to compare the interferometers in different experimentally
relevant regimes, as a function of the number of samples.

I. INTRODUCTION

The science of measurement, or metrology, is the study
of measurement accuracy and precision in a broad range
of experimental contexts. Quantum metrology considers
these factors in situations which can only be described
by quantum mechanics. Measurement probes that ex-
hibit non-classical properties, such as quantum entangle-
ment, can in principle have advantages in measurement
precision [I [2]. In terms of optics, non-classical states
of light can be used to estimate system parameters (e.g.
phase shifts) with greater precision than can be achieved
classically, given the same amount of probe energy [3H5].
This could be useful for many situations, for example, if
a sample is highly photosensitive, or the number of prob-
ing measurements is limited. There is an enormous range
of possibilities to consider and finding the best architec-
ture, with an easy to create probe state, is a problem of
continued research and interest.

The concept of non-classicality is not one that has a
universal definition across the fields of study based on
quantum mechanics. In the field of quantum comput-
ing, a quantum resource that can be used to exhibit a
computational speed-up of the same problem using clas-
sical resources would be considered “non-classical.” In
optical quantum computing, the surprisingly simple sys-
tem of passive linear optical networks with multiple sin-
gle photon inputs and detection exhibits such an advan-
tage [6H8]. This task is called boson sampling, where
it is computationally difficult for classical computers to
approximately reproduce samples from a randomly cho-
sen passive linear optical network [9]; this is due to the
quantum photon number-path entanglement. The lat-
est experimental boson sampling type devices have now
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reached system sizes where the quantum computational
advantage is overwhelming in comparison to the state-of-
the-art classical simulation strategies and supercomput-
ers [10].

Evidently, it would be fruitful to consider whether bo-
son sampling-like systems are useful for metrology. In
this regard, there has been recent papers which studied a
multimode metrology scheme based on Quantum Fourier
Transformation (QFT) interferometers, which shows a
quantum advantage up to certain network sizes [I1], [12].
Like boson sampling, these devices use single photon in-
puts where the QFT induces number-path entanglement
to beat the classical precision limit. This scheme with
QFT interferometers has been implemented experimen-
tally in various small sizes [13].

The technical demands on the photonic sources re-
quired for boson sampling experiments was eased with
the development of scattershot boson sampling. This re-
moves the strict resource requirement of single photon
inputs into particular modes, and instead allowed ran-
dom configurations of photonic inputs [I4HI6]. Scatter-
shot boson sampling is still a computationally hard prob-
lem for classical computers, while being efficiently imple-
mentable on a quantum optical device that employs a
source with much improved scalability to higher modes
compared to regular boson sampling using single pho-
tons. The main building block of this source is a standard
two-mode squeezed vacuum with a heralding photon de-
tector in one of the modes, as shown in Fig. a). The
scattershot source is then built from an array of these
components as shown in Fig. (b)7 whose photonic emis-
sions are then fed into a boson sampling circuit for quan-
tum computation purposes, or, as in our case, fed into
a multimode interferometer for quantum metrology pur-
poses.

In essence, similar to how Ref. [II] translated the
ideas from boson sampling for multimode metrology pur-
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FIG. 1. (a) A two-mode squeezer, characterised by a x
squeezing parameter, has a chance of creating pairs of pho-
tons via spontaneous parametric down-conversion of pump
photons. This means if we detect n; photons in the red upper
mode, we expect to find n; photons in the blue lower mode.
(b) By stacking an m array of x strength squeezers and herald-
ing photo-detectors (here for m = 4), we can create a scat-
tershot source which allows us to quickly perform metrology
experiments with good potential for scaling to higher modes.

poses, this paper aims to translate the ideas from scatter-
shot boson sampling for scattershot multimode metrol-
ogy purposes. We note that there has been some numer-
ical analysis of scattershot sources for metrology in one
section of Ref. [I7], in the context of multi-parameter
estimation with QFT interferometers. In contrast, our
paper has scattershot sources as the main stage of our
single-parameter estimation scheme, with different phase
shift scaling considerations, and analysis of different mul-
timode interferometers beyond that of QFTs.

We begin in Section[[T} where we will outline the struc-
ture of the metrology interferometers which we are inves-
tigating. We also give background information on passive
linear optical networks and the Quantum Fisher Infor-
mation (QFI). In Section we analyse the separable
interferometer, which we will argue is the most natural
baseline to compare other multimode interferometers of
similar structure. We then show in Section that the
uniform interferometer, which uses QFT's in the manner
like that to the previously mentioned papers, actually
doesn’t lead to the required symmetry that maximises
the benefits of using scattershot sources. In Section [V]
we outline how to construct the symmetric interferome-
ter, and prove that the overall network symmetry means
that all possible photon input configurations lead to a
quantum enhancement from scattershot sources. We cal-
culate the QFT for all three interferometers, which shows

all three can beat the classical shot-noise precision limit,
and in the asymptotic limit of large numbers of sam-
ples all three will give the same amount of information.
Finally, in Section [VI, we implement Monte Carlo simu-
lations to contrast the interferometers with finite sample
sizes, and in particular regimes that may be of experi-
mental interest.

II. CHARACTERISING THE METROLOGY
APPARATUS

A. Passive Linear Optical Networks

The way a particular linear optical network evolves
photonic inputs can be described simply by an m x m
unitary matrix U,,, where m is the number of modes or
optical ports that the network contains. More precisely,
this matrix describes how the bosonic creation operators
of the input modes @' are linearly combined to give the
bosonic creation operators of the output modes

bt = Upa'. (1)

In other words, U, describes how the photons are scat-
tered and interfered within the network, such that the
number of photons and energy are conserved (assuming
a lossless network).

There are various convenient methods of decompos-
ing any unitary U, into a maximum of m(m — 1)/2
elementary beam-splitters [I8H20]. Hence linear optical
networks are accessible systems to study, as they can be
implemented experimentally using just conventional one-
and two-mode linear optical elements. We are also not
considering networks with internal active components,
which is where inter-network measurements are taken to
change the configuration of other optical elements else-
where within the network. This makes the passive net-
works we describe in this paper amenable to implemen-
tation on miniaturised optical interferometers and inte-
grated optical circuits in the near-term.

B. Multimode Interferometers

In a metrology experiment, we want to maximise our
knowledge of a fixed unknown phase shift ¢, while min-
imising the amount of resources it takes to get that
information. First, consider the standard two-mode
Mach—Zehnder interferometer (MZI) given by the uni-
tary

cos(¢/2) sin(¢/2) @)
—sin(¢/2) cos(¢/2)|’

where the unknown phase shift Z5(¢) is applied to only
one of the modes, and is conjugated by fixed 50:50 sym-
metric beam-splitters Xs. This is shown visually in
Fig. (a), where we have included a controllable known

Y2(¢) = XoZo(9) X5 =
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FIG. 2. (a) A standard metrology experiment to determine ¢, using a Mach—Zehnder interferometer, photon inputs and photon

counting detectors. (b) We explore the natural multimode version of this standard setup, where we investigate interferometers
with phase shifts applied to half of the m modes. (c) One multimode interferometer of this type is made from stacking together
m/2 copies of Mach-Zehnder interferometers. However, the amount of information gathered about ¢ depends on which ports
the photons are injected into. (d) We will show that we can create a symmetrising transformation T,, which results in all
mode being treated equally, just like in the standard two-mode metrology experiment.

phase shift § [21], as a reminder that the overall phase
shift could always be tuned close to an experimentally
convenient value (e.g. ¢ + 6 ~ 0 such that the overall
scattering is close to the identity Y2(0) = Is). However,
for mathematical convenience, we will set § = 0 and just
remember we can always tune the phase shift.

Now, consider the m-mode extension of this interfer-
ometer

Yo (0) = XonZun(0) X, (3)

where the phase shift Z,,(¢) is over half of the modes,
and X,, is a fixed linear optical network, analogous to the
50:50 beam-splitters in the two-mode MZI, but X, could
potentially mix between all modes. This arrangement is
shown in Fig. b). Using this network construction we
will explore different X,,, networks which will allows us to
extend particular properties of the standard MZI to mul-
tiple modes. It is important to note that the treatment of
the phase shift Z,,(¢) as a resource is different to the pre-
viously mentioned Ref. [I2], where they consider the best
way to divide up a fixed total amount of phase amongst
many modes (i.e. the phase shift can be different on

each mode depending on the strategy employed). In our
case, the phase shift applied on the modes is the same;
physically, we are just considering a straight-forward sce-
nario where the sample being measured, such as a piece
of glass or ampule of gas, is uniform and simply overlaid
upon half of the modes.

One benefit of investigating interferometers of this type
is that a separable stack of m/2 MZIs

2
Y0P (¢) = @] L7Ya(0), (4)
is an interferometer that fits the phase structure as shown
in Fig. c), where effectively X — @;.":/fXQ with
some trivial rearrangement of the modes. It is known
that photon inputs into a MZI can show quantum en-

hanced detection, as long as the photons are not all in one
port [22]; hence scaling this system by m/2 copies effec-

tively expedites determining ¢. Alternatively, v, ep)(gb)
can be thought of as being separated temporally, in other
words just using one standard MZI with m/2 samples.
Given independent samples, the total information will
be just the sum of the individual measurements; the pre-
cise QFI is calculated in Section [[TI} It is this intuitive



interpretation which we use to fairly compare different
sized multimode interferometers with the same structure,
as we can use separable interferometers with equivalent
number of phase shifts as a standard metric.

For our metrology considerations, the two input ports
of an MZI are permutationally invariant, in the sense
that the inputs |nins) and |non;) will provide the same
amount of extractable information about ¢; this is the
natural consequence of the 50:50 beam splitters X5. In
our multimode case, let us suppose the scattershot source
gave a particular input of |7} = |n; - n,,), input invari-
ance would mean the QFI remains the same if we switch
any two modes n; <> ng,Vj, k. Since the scattershot
source generates photons at random inputs with equal
chance in all modes, it would be advantageous if we find
a Y, (¢) interferometer which has this input invariance

property for all modes. Clearly for ngfer’)(qb) the first
mode interacts with the second mode, but doesn’t inter-
act with the third mode, hence it does not have input
invariance. One may speculate that this property exists
for

Y, (8) = Frpy Zn (6) F, (5)

where we replace X0\ = F,, in Fig. (b) with a uni-
form scattering device such as the QFT or Hadamard
(Sylvester) transformation. These are optical devices in
which the associated scattering matrix has elements of
the same uniform magnitude, which means if a single
photon is injected into any of the input ports, there is
an equal chance of measuring it in any of the output
ports. However, we will show in Section [[V] that uniform
interferometers do not result in the symmetry which we
are looking for; hence finding an interferometer with in-
put invariance is not an immediately obvious problem to
solve.

We propose using a symmetrising transformation 75,
which is used to create the interferometer

Yo (9) = T, (@7 2Ya(9)| T, (6)

that has a symmetrical scattering matrix with very sim-
ilar properties as Y3(¢). This construction is shown in
Fig. d)7 where the symmetric interferometer clearly has
the same overall phase structure as the other interfer-
ometers, however with XY™ = Tm(GB;-n:/f X5) and some
trivial rearrangement of the modes. We detail this in Sec-
tion [V] and show that this is an optimal way of mixing
the modes such that it is input invariant. In other words,
we can show that the symmetric interferometer will al-
ways give a quantum enhanced detection using scatter-
shot sources. As a consequence of this, we show in Sec-

tion [VI that ¥;,¥™ () is more likely to give more infor-

mation than Y, ep)(gb) for finite sample sizes. Finally, we
note that the symmetric interferometer can actually be
implemented with temporal modes and one MZI, where
T, describes how the different temporal modes should in-
teract together; hence the experimental implementation
of this scheme to large mode numbers is feasible.

C. Quantum Fisher Information

The Cramer-Rao bound constrains the achievable pre-
cision of an unknown variable ¢ as follows

1
2
(80 = 7. ™)
where F is the QFI [23]. Classical interferometers cannot
beat the shot-noise limit (SNL) of (A¢)? > 1/n, where n
here is the total number of probes or photons in our case.
In contrast, it is known that quantum interferometers can
achieve the higher precision Heisenberg limit of (A¢)? >
1/n?, through quantum entangled photons or squeezed
states [24] [25].

Suppose we know that an interferometer is described
by the unitary operator U(¢), where an input state p is
acted upon as follows

p(¢) = U(@)pU'(¢), U(p) =e "2, 8)

in which H is the generating Hermitian operator for U.
We can then use the following equation to calculate the

QFI
F =4A(AH)? = 4((A|H?|7) — (| H|7B)*),  (9)

since our input from the scattershot source is a pure
state [20], as a tensor product of Fock states

) = 1) @ - @) = [0y -- ). (10)

This computation is convenient as it allows us to deter-
mine the QFT just from the input state, seemingly inde-
pendent of the detection scheme at the output. However,
since it in some sense optimises over all possible mea-
surement schemes, it may include schemes which requires
prior knowledge of ¢. Therefore, in order to be certain
that this calculation is realistic, we will also describe a
specific measurement procedure which can independently
be shown to achieve the same QFI, and hence the same
precision bound on ¢.

III. THE SEPARABLE INTERFEROMETER

A. General Fisher Information

The Hermitian operator which describes a single MZI
is given by H™) = —1(alay — ala,), since Eq. is
just the beam-splitter action with an extra 1/2. Thus a
separable system of m/2 MZIs performs the action

. m/2

7
~5 Y (ab; yaz; —abjaz; 1) (11)

j=1

frsep)

To calculate the QFI using Eq. @, we need an expression
for (| H®P)|i7) and (77| (H®°P)2|i7). All the terms in



TABLE I. Summary of the Quantum Fisher Information associated with the three multimode interferometers under investi-
gation. We also include the example of two single photons into four modes m = 4, which emphasises the input invariance of
the symmetric interferometer, and that on average all three will give the same amount of information.

Input |7) = |n1 - 1m) ]1100)  [1010) [1001) [0110) [0101) [0011) Avg.
Separable n+2 ZT 12n2] 1M2; 4 2 2 2 2 4 8/3
Uniform  n+ 25 Zm/z Zk L M2j—1nak/ sin” (%) 3 2 3 3 2 3 8/3
Symmetric n+ DTy Dy Mk 8/3 8/3 8/3 8/3 8/3 8/3 8/3

HGeP) will not preserve |77} and thus will give zero, for
K <n1n2|(n1+1)(n2—1)> =0,
hence (7i|H®P)|7i) = 0. In contrast, the square of this
Hermitian operator

example (ninzlalas|ning) o

3

/2
(g(sem)z -

i ) AT
(a2j—1a2]—1a2]a2j

™

1
4
+ a2j*1a;j71a£ja2j)

+ non-state-preserving terms, (12)

contains important state preserving terms which con-
tribute to the QFI, such as <n1n2|a1a1a2a£|n1n2> =
ni(ne + 1). Thus, this means that

m/2
N 1
(D) = 3 oy (g +1)
j=1
+ ng; (ngj_l + 1)] (13)
Now, substituting this into Eq. @[) results in a QFT of
m/2
Fsep) — Z[n2j—1 + ngj + 2ng;_1n9;],
j=1
m/2
:n+22n2j_1n2j, (14)
j=1

where we define n = Z;”:l n; as the total number of
photons. So this means that this separable interferometer
beats the shot-noise limit of n, as long as some of the pho-
tons land together in one of the MZIs. We note that this
QFT calculation matches the results from Ref. [27], which
analysed an analogous system of a multimode, temporal-
spaced Fock input state injected into a single MZI. This
only emphasises how we can interpret this result as effec-
tively repeating a single standard MZI experiment m/2
times, and hence is the natural baseline to compare with
other multimode interferometers of similar phase struc-
ture. Evidently, for m = 2 we can see this result reduces
down to

f(mzi) _ ]:(sep) (m — 2)

the QFI for arbitrary Fock states into a single MZI, which
matches known results from similar scenarios [28] 29].
Note that the QFI for all multimode interferometers we
consider are summarised in Table[ll

=n1+n9 + 2n1n2, (15)

B. Specific Measurement Procedure

In this section, we detail a concrete measurement
procedure, in particular for single photon input states
|7y = [n1--nm),n; € {0,1}, which saturates the pre-
vious F®P) result. The Fisher information from single
photons into an individual MZI Y5 is given by

Fma) (110)) = Fma)(|01)) = 1, (16)
Fai) (111)) = 4. (17)

We get Eq. from previous known results of Holland-
Burnett states [30, [3I], in which Ref. [3I] in particular
describes a measurement procedure with photon num-
ber resolving detectors. We can use this knowledge and
counting to determine the Fisher information received
from n single photons randomly allocated into the m
ports of V5P = g™/2 1Y5. Suppose that out of n sep-
arate photons, there are x pairs which land together into
one sub-experiment as Y5|11). This translates to a QFI
of the following

FEP(|ii), z) = aF™(|11)) + (n — 22)F"D(|10)),
=n+2z, n;€{0,1}. (18)

This result matches the general QFI calculation in
Eq. , where x = Z;n:/f ngj_1ne; for single photons.

Since the scattershot source treats all modes equally,
there is an equal chance of generating any of the (7;:)
cases. We show in Appendix [A] that the probability =
pairs occurs is

o= () (B oo

where "2 P(z) = 1. We can then calculate the ex-
pected Fisher information for our separable circuit with
single photons as

n/2

scp Z ]_-(scp) )

hence on average we expect that the separable interfer-
ometer coupled with a scattershot source will provide a
quantum advantage. We will show in Section [V] that
this expression is equivalent to the QFI of the symmetric
interferometer FG&Y™) | if we also assume single photon
inputs.

n(n—1)

m—1" (20)



IV. THE UNIFORM INTERFEROMETER

Here we calculate the QFI using uniform scattering
devices, and show that it isn’t input invariant. Firstly,
note that if we replace X,, with a Hadamard transform,
we get back the separable circuit but with the modes
switched around; so instead we will focus on the non-
trivial QFT based interferometer X, (uni) _ = F,,. We show
in Appendix [B] the scattering matrix which describes the
overall uniform interferometer is

cos(¢/2), j =k,
(uni)y _ )0, k —j € even/{0},
(Y™ )k 4isin(¢/2) k— € odd,

2im(k—3) \ *
m(lfe m )

(21)

and the corresponding Hermitian operator is

m/2 m/2 :

7 (uni az 132k Ao 251

H( ) = E E l: 2L77r(2k 35+1) + 7§fvr(2k—2j+1)
] 1 b1 — m

(22)

Firstly note that (77| H()|7) = 0 because there are no
state preserving terms. The Hermitian operator squared
is given by

m/2m/2 Pt
(H(um _ ‘123 1925 — 1a2k‘12k+‘12j 1%35 192,92k
- 2 2 m(2k— 2J+1))
m sin poe
7j=1 k=1
+ non-state-preserving terms. (23)

Hence we can calculate the expected value as
m/2m/2
_ Z Z noj— 1(”2k+1)+n2k(n2] 1+1)
m2 cin? 1r(2k 2]+1))

j=1 k=1
(24)

< |(H(un1)

There is a simplified expression for this type of cose-
cant summation [32], which we use to show that

m/2m/2

Noj— 1+"l2k+2n2; 1M2k
m2 E E Sin? 1r(2k 2]+1)) s
j=1 k=1
m/2 m/2

2 mam1t )
j=1 =

m/2m/2

_ M2j_1N2k
2 gmz win2( mE—2jF1)Y 2J+1))

=1 k=1
m/2m/2

nt oY S o (25)

7j=1 k=1

]:(uni) —

We can see that this interferometer can beat shot-noise,
however the input must have at least one photon in an
odd mode and at least one photon in an even mode. In
other words, if the scattershot source happens to generate
photons which are all in the odd modes, then the amount
of information will just be equivalent to shot-noise (and
likewise if they are all in the even modes).

We can gain a good sense of the possible magnitudes
of the coefficients in front of the enhancement terms in
Eq. ., by noting that the denominator is smallest when
k—j = 0 and that sin? (7/m) ~ 72/m? assuming our sys-
tem has modes m > w. Therefore, the coefficients should
be between (8/m?,8/72 ~ 0.81), clearly smaller than the
fixed 2 coefficient in front of the enhancement terms for
the separable interferometer. However, considering the
scattershot source gives a random input, this means that
the uniform interferometer has a much higher probabil-
ity of beating the shot-noise limit. In the next section,
we will detail the existence of a symmetric interferometer
that will always beat the shot-noise limit, no matter the
location of the photons.

V. THE SYMMETRIC INTERFEROMETER

A. Creating the Symmetrising Transformation

Consider a metrology apparatus Y,Sfym) which gives
the same amount of information about ¢ irrespective of
where we probe it with photons; intuitively, we expect
there to be symmetry associated with how the photons

are scattered within Y,%Sym). It will be shown that the
necessary network symmetry is encapsulated by a type
of skewed-symmetric matrix, that was used in a differ-
ent context in Ref. [33]. But first, we will describe one

method of creating the symmetrising transformation T,,

/ 1 Y5 and gives us this overall network

which acts on 63
symmetry.

The m mode symmetrising transformation 7, is rep-
resented by a m X m real orthogonal matrix, and can be

built using two smaller 2 x 2 submatrices as follows

m/2 columns

(A4, By By By
—BQ A2 —BQ B2 3
Tn=|"B2 B Ay —By - 4V (26)
—B, —By By A :
- 0 1
As(m) = | i\ /Gm—1)(m—2) p— (27)
L \/me 1) 2m(m 1)
o=y 1) (m=2)
By(m) = m(m—2)+2/m—1 p— . (28)
L \/Qm(m—l)(m—2) - 2m(m—1)



Notice in Eq. that some of the off-diagonal entries
are negative (i.e. —Bs). We purposefully set these neg-
ative entries such that T}, has lower-resolution orthogo-
nality and off-diagonal skew-symmetry in 2 x 2 blocks.
We can use other orthogonal and skew-symmetric matri-
ces to help us determine which entries need to be nega-
tive. Specifically in our case, we can construct the fol-
lowing helper matrices Ho,, for all powers of two sizes
Vn = 2% k € N as follows

\/’I’Z—l Hn Hn+ H'LI

HQnEﬁ H I, Hn ) (29)
vV an — n m —4in
in which the first two sizes will be

1 1 1

0 1 1 -1 0 -1 1
Hs = = H,=— . (30
2[—10] TR -1 1 0 -1 (30)

-1 -1 1 0

Notice that we used the location of the negative entries in
H, for the first few entries of T}, in Eq. . By construc-
tion, these Hs, matrices are orthogonal HQnHQTn = Iy,
skew-symmetric H2, = —Hs,, and have equal magnitude
off-diagonal elements |(Hzy,); ;| = 1/4/2n — 1,Vi # j [33].
Note that H, is effectively a modified skew Hadamard
matrix, and it’s possible to instead use the position of the
negatives from any other m/2-sized skew Hadamard ma-
trix to create Ty,. It is roughly a century old conjecture in
mathematics that Hadamard matrices exist for 1, 2 and
4k sizes [34]. Hence it is reasonable to assume that these
T, transformations are possible only for m € {4,8k}
modes, in which we showed by Hs, an explicit method
to construct these matrices for powers of two.

Due to the above defined properties of T,,, we can
calculate the following

I, 02 02 02
-0 I —0z2 O0Og

TmT£ = _02 02 I[Q _02 B (31)
*02 *02 02 ]12

T, = Ay AL + (m/2 — 1)ByBY, (32)

0y = BoAT — 4,BT. (33)

In particular, notice in Eq. that all but two of the
terms cancelled each other out due to the imposed nega-
tives and 2 x 2 block orthogonality condition. By direct
substitution of the definitions of A; and By, we can show
that in fact Eq. and Eq. resolves to the iden-
tity and zero matrix, respectively. Hence T}, T = I,,,
and thus T, is actually completely orthogonal, which
means it can be implemented using simple linear op-
tics. For completeness, we decomposed the four mode
T, symmetrising transformation into elementary optical
elements in Appendix [C}

Finally, we find that conjugation of an array of MZIs
EB;":/f Y; with the symmetrising transformation T,, as

given in Eq. @, results in the following matrix

Dy Gy Gz Go
G2 Dy —G2 Gs
-Gy Gy Dy -G ---
-Gy =Gz Gz Ds

v = : (34)

Dy = A2Y2Ag + (% — 1) B2Y2B2T =

Z ‘8] , (35)

s S ] , (36)

B _ sin(¢/2)
c=cos(¢/2), s= NS (37)

where we solved Ds and G5 by direct substitution of
Eq. and Eq. (28). Explicitly, we have shown the

overall metrology apparatus is associated with a scatter-
ing matrix with the form

Gy = ByY, AL — AV, BT =

m columns

c —S8 s S
575 DRI

(38)

SMOI W

The 2 x 2 block off-diagonal skew-symmetry from T,
transferred to Eq. , hence it is clear by substituting

Dy and G5 that the entire off-diagonals of Y,%S Y phust
be skew-symmetric. Note the striking similarity between
the scattering matrix of this symmetric interferometer
and the MZI in Eq. (2)), in contrast to the uniform inter-
ferometer in Eq. (21). We will use this skew-symmetry
to prove the input location invariance of this metrology
experiment.

B. General Fisher Information

By taking the matrix logarithm of Y,Sym), the gen-
erating Hermitian matrix is given by (Hf,fym))j7k =

— s [(Vi¥™); k] (1 = 8;.4), where sgn[(V™), 4]

is the sign of the matrix element (j, k) in VY™ Hence
the associated Hermitian operator performs the following
action

/l: m m
R sen[(Y,5™)ilalax. (39)

As with the other cases, the expectation value of this
operator is zero (7i| H(™)|fi) = 0, as there are no state

Flsvm) _



preserving terms. We can calculate the square of this

operator as

rr(sym)\2 _
(H™™)

Zngn Y(Sym) J, k]a La

J=1k#j

Z Z sgn[(Yﬁym))p,q]a;aq )

p=1 g#p

= E g aajakak

] 1 k#j

+ non-state-preserving terms. (40)

Since the state preserving terms are when p = k and ¢ =
j, we calculated that sgn[(Yrglsym))j_yk]sgn[(Yéfym))kJ] =
—1 because of the off-diagonal skew-symmetry properties
of Yrifym). The associated expectation value is then

Zznj (i +1), (41)

J 1k#j

(7| (H™)2|it) =

and hence the Fisher information can be summarised as

e D) D TR IE

J=1 k#j

:ﬁz nj(m—l)—i—annk R

=1 ki

:n+;22n3nk (42)

J=1k#j

pleym)

As we have shown, as long as the probing photons gener-
ated by the scattershot source are located in two or more
modes, this interferometer will always beat the shot-noise
limit. However, clearly the 1/(m — 1) coefficient in front
of the enhancement term is smaller than the 2 for the
separable interferometer, and is in between the approxi-
mate range (8/m?,8/n?) for the uniform interferometer.
In fact, the average scattershot probe into the separable
and uniform interferometers will give the same informa-
tion as the symmetric interferometer

plsym) _ <F(sep)> — <F(uni)>. (43)

The averages were determined by adding up the QFI from
all the m! equiprobabilistic permutations of |nj - n.,)
and multiplying by the probability 1/m!, as shown in
detail in Appendix Hence, in the long run with mul-
tiple scattershot samples, all three interferometers are
expected to give the same amount of QFT.

The double sum over all modes in Eq. means that
if any of the input modes were switched, the amount of in-
formation from the symmetric interferometer will remain
the same. Hence we have shown that this interferometer
holds the same input invariance property that the stan-
dard MZI has, where each mode is treated equally from a

metrological sense. Interestingly, in Appendix [E] we can
prove the input invariance of the four mode case Y(bym)
using a completely different method via similarity trans-
formations. To reinforce this QFI result, we will now
describe a specific measurement procedure using single

photons which we show can saturate this bound.

C. Specific Measurement Procedure

In this section, we will consider inputs where each
mode can have up to one photon n; € {0,1}, which for
scattershot sources corresponds to n single photons being
injected into random input ports of Y, (¥m) with uniform
probability. We do this as the single photon case is easier
to verify mathematically. Furthermore, the single pho-
tons case is more experimentally practical in the near
term, as it only needs small amounts of squeezing for
the photon source and doesn’t require number resolving
detectors for the measurement.

We consider a measurement procedure where we are
tuning 6 to approximately —¢ (recall from Fig. |2| that
0 is a known reference phase), which turns the entire

interferometer into approximately the identity Y,,(f ym) (0+
¢ = 0) = I,,. For simplicity, we will again ignore 6 and
assume ¢ ~ 0. We can identify how close ¢ is to 0 by
probing the interferometer with photons, and counting
the number of times the input is equal to the output.
This is associated with the probability

=[p=|?, p= = @AY,™]7). (44)

We show in Appendix [F] the probability amplitude is

Ln/2]
p::Cn—<Z>n22+an20n 2J82j (45)

Jj=2

where the first two terms are always the same irrespec-
tive of which modes the photons are injected into, and
kn,2; are unimportant coefficients. We will show that
these first two terms are the only terms which con-
tribute to the QFI near ¢ ~ 0. Intuitively, this is be-
cause limg_,0s = limg_,o[sin(¢/2)/v/m — 1] = 0, there-
fore terms containing higher orders of s are irrelevant
when determining F&™) (¢ = 0).

We will simplify our Fisher information equation based
on the measurement procedure we are considering

outcome: input = output = P—(¢), (46)
outcome: input # output = Px(¢) =1 — P=(¢). (47)

This means that the derivative of each outcome’s proba-
bility is related P, (¢) = —P.(¢), so we can simplify

_ (P
- P_(1-P)

, P2 (PL)? (PL)?
‘/—_'(bym) = ( o — = + #
> P, P P

o



Since the probability amplitude p— is real, we note that
P- = (p=)? means P. = 2p_p__ hence we can get a
simple equation for the Fisher information

Fleym) — A, )2. (48)
1—pZ

Now, to get the required expressions for p2 and (p’)?,
we will change s to be

t =sin(¢/2) = svVm — 1, (49)

this way we can keep track of the m factors, as well as
simplify the derivatives to ¢’ = ¢/2 and ¢/ = —¢/2. This
means we can represent

Ln/2) -
= 2t2+ Z kn 21 e 2115217 (50)

_ (n
po = o mz

where we will be using these k variables to absorb the
coefficients in front of irrelevant terms, where the super-
script in brackets is just to label different & values. The
squared of the above expression will be

( ) 2|n/2]
p2= :CQn_ 222 | Z k(2) 2n—2iy2i (51)

’I’L2’L

The derivative can be calculated to be

o= — (ﬂ (3 ) n—1; Z kn e 2it12i-1
2[n/2J 1

(%Jr%) 2n-242 | Z k

Finally, we can calculate the Fisher information as follows

(5480
Flsym) _

2n 22t21

—
F\
"~
i~}

I

2
) C2n—2t2+zfig/2jfl ksl5)2i62n—2it2i

1/t2
02n+2(n) c2n— 2t2+22tn/2j k(G) e2n—2ig2i /e
( ) 2n— 2+22Ln/2j lk(s) 2n =20y 2i—2
= ( ,
2n72+zl?£;/2j kflﬁy)zicgnfzitzif2
(52)

where we added the 1/t? factor because we want a non-
zero term in the numerator upon taking the limit. We
note that limy ot = 0, limy_,oc = 1 and limy (1 —
c®™)/t? = n, hence we can calculate the Fisher informa-
tion as ¢ approaches 0 as follows

4{s+a%% -
lim ]:(sym)((b) — ( = n+ n(n 1).

Jim, 20 m_1 )

3

All terms with &k coefficients are irrelevant in this limit,
hence the Fisher information is the same irrespective of

where the n single photons were launched. Furthermore,
this metrology apparatus clearly beats the classical shot-
noise limit of n. This result matches our general QFI
calculation in Eq. and hence saturates the precision
bound, considering for this single photons scenario that
n; € {0,1} = Z;”:l Ekm# nin, =2(3) =n(n —1).

It is clear that the Yéfym) scattering matrix has the
appropriate symmetry which equalises the amount of in-
formation about the unknown phase amongst all modes,
such that it will always give a quantum enhanced de-
tection. However, these results also suggests multimode
interferometers with similar phase structure will give
roughly the same amount of information after many sam-
ples. That said, since the probability of quantum advan-
tage events in the separable interferometer is unlikely, we
can expect that the symmetric interferometer will have a
statistical advantage at certain finite sample sizes, which
we investigate in the next section.

VI. CONTRASTING THE INTERFEROMETERS

Here we aim to quantify the relative performance of the
symmetric interferometer in comparison to the separable
interferometer, as a function of the sample size. To do
this, we implement a Monte Carlo simulation where we
randomly generate inputs from an m mode scattershot
source, which has the same amount of squeezing x € [0, 1]
in each mode as shown in Fig.[l}] The j-th mode squeezer
creates the following two-mode squeezed state

) =V1I=x2 Y X" |njn;), (54)

anO
an = (1 - X2)X2nj7 (55)

where Q,,; is the probability of generating n; photons.
We use thls probability distribution to generate a random
sample |nq - -+ n,,), and calculate the following

AF = Fleop)
m/2

=2 E Noj_1Mg; —
=1

which is the difference between the information from the
separable and symmetric interferometers. We sequen-
tially generate more random scattershot samples, each
time adding to a running total of information difference

_ Floym)

ﬁ Zanm€7 (56)

J=1k#j

AFior(k) = AF;. (57)

We repeat this entire process multiple times as separate
Markov chains or random walkers, which are treated as
independent experiments with the same (m,x) parame-
ters. From this, we can infer the probability P(AFios >
0|k) in which the separable interferometer will give more
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FIG. 3. (a) The upper graph is the cumulative probability distribution of 10* random walkers. Each individual walker

tracks the total Fisher information difference AFiot(k) = ft(s:p)(k) - .Ft(sfm)(k), between the separable Y,¢” and symmetric

interferometers Y™

experiment gave more information P[FEP (k) >

, as more random samples are generated. The lower graph distills the probability that the separable
F(sym)

tot
Y, 5™ gtill has an advantage kadv is indicated. The shaded regions with labels > 1, > 2, etc, refers to the number of quantum
enhanced measurements required by the separable interferometer to beat the symmetric interferometer. These graphs were
constructed using a system with m = 2'® modes and samples from a scattershot source with x ~ 0.0247 squeezers. (b) The
same graphs as (a), however with more modes m = 2'® and weaker squeezing x ~ 0.0107. (c) The photon statistics of the
samples, which shows that these particular m and x parameters translates to an average of (n) = 40 photons for (a) and
(n) = 30 photons for (b). We plot an analytically derived expression for the maximum sample size advantage of the symmetric
interferometer kaqv, which shows that it (d) increases linearly as we increase the number of modes m in the system, while (e)

(k)], for a given sample size k; the maximum sample size in which

decreases inversely as we increase the average number of photons (n).

information than the symmetric interferometer, for a
given k sample size.

The upper graphs of Fig. a) and (b) show the dis-
tribution of 10* information difference random walkers,
while the lower graphs show the probability that the sep-
arable interferometer gave more information. We note
Fig. [3|(a) was run with a parameter set of (m = 216, y ~
0.0247) such that the average sample had (n) = 40
photons, while Fig. [3(b) had a parameter set of (m =
218 v ~ 0.0107) so that (n) = 30, with the full photon
distribution of the samples R(n) shown in Fig. [3[c). We
chose this parameter set in consideration to temporal im-
plementations where creating many modes are inexpen-
sive, since a single source with m time bins can emulate
m spatial sources [35,[36]. Furthermore, we only accepted
single photon per mode inputs such that the experiment
effectively needs just on-off detectors as we only need to
identify the outcomes where the input is equal to the out-
put; with low squeezing x values, single photons are the
most likely outcome in any case. As we will show, this
multiple single photons restriction means we can analyt-
ically analyse these Monte Carlo results, and ultimately
derive an expression for how the symmetric interferome-
ter advantage scales with the experimental parameters.

There is a clear oscillatory behaviour to the graphs
of the AFiot(k) walker distributions and the P(AFior >
0|k) probabilities. This can be explained because the

separable interferometer needs a certain number z of en-
hanced detection events (i.e. Y3|11)) to beat the sym-
metric interferometer, for a given range of sample sizes
k. This is shown in the lower graphs of Fig. [3[a) and (b),
where the numbers > 1,> 2, etc, associated with the
shaded regions are explicitly pointing out the minimum
x required such that AFe = FUP) — 7™ 5 0. We
analytically calculate these regions as follows

FEP > Form), (58)

k
TORES S (IRCIUES) B
o M) —1) (60)

2(m—1)

where x = 2521 x;. This inequality expression is true
for the first region x > 1 when the number of samples

is between k € [1,%}, which is k € [1,84] and

k € [1,603] for the parameter set chosen in Fig. [3[a) and
(b), respectively.

The maximum sample size in which the symmetric in-
terferometer still has an advantage k.qv, exists in this
first > 1 region when P(AFiot > 0]kaay) = 0.5, and
is labelled with dashed vertical lines in the lower graphs.
The probability that x > 1 occurs is equivalent to unity
minus the probability that x = 0 occurs, which we know



from Eq. as P(x =0) = (1’;)71 (7”7{2) 2™ for one sam-
ple. Hence this means that

P(AFior > 0k) =1~ <<<7Z>)1 (74>2)2<n>>k7
. kadv
vt (<<T§>> ( <7{>2)2<n>> |

1 .
= kadv = Ogo > . (61)

log (2(71) (’?7{)2)) —log ({;’5)

We plot this kaqy in Fig.[3(d) and (e), for different m and
(n) values, which shows that there are certain parame-
ter regimes in which the symmetric interferometer can
have a significant advantage over the separable interfer-
ometer. While the separable interferometer is easier to
implement experimentally, there are situations where the
symmetric interferometer is preferable if the number of
measurements one can take is limited, such as with pho-
tosensitive samples.

For completion we have also simulated this experiment
with a small amount of modes and with inputs that can
have more than one photon per mode n; € N. This
more closely corresponds to an experimental apparatus
with spatial modes, and has good squeezing sources with
photon number resolving detectors [37]. These results are
given in Appendix [G] where we show that the oscillating
feature is not as prominent given high enough squeezing,
however it has similar scaling features in comparison to
the multiple single photons case.

Finally, we also compare the uniform and symmetric
interferometers using a similar Monte Carlo simulation.
This is shown in Appendix [H] in which we calculated the
total information difference between these two interfer-
ometers AF,, = Fo — F&™ 5 0. It can be seen
that the symmetric interferometer also has an advantage
over the uniform interferometer, though to a lesser de-
gree in comparison to the the separable interferometer.
This confirms what was expected, since the probability of
quantum enhanced detection events is the lowest for the
separable interferometer, better for the uniform interfer-
ometer, and unity for the symmetric interferometer.
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VII. CONCLUSION

In this article, we investigated how a random pho-
tonic (scattershot) source, which has good photon num-
ber scaling properties, may be used for quantum metrol-
ogy purposes. To do this, we introduced three different
scalable interferometers with m modes, that all have the
same distribution of phase resources. We firstly consider
the separable interferometer, which consists of stacking
together m/2 standard two-mode Mach-Zehnder inter-
ferometers. This separable interferometer is a natural
baseline to compare other similar interferometers, even
at different sizes, as we show that it is metrologically
equivalent to just repeat sampling m/2 times using a sin-
gle Mach-Zehnder interferometer. We proved that both
the uniform interferometer (made from quantum Fourier
transformation devices) and the separable interferometer
require the photons to be injected into particular input
ports to experience a quantum enhanced detection. In
contrast, we show that the symmetric interferometer can
always beat the shot-noise limit, irrespective of the input
from the scattershot source. However, due to the mag-
nitude of the enhancement, we prove that the amount
of information from all three multimode interferometers
will be asymptotically (in samples) the same and more
than the classical shot-noise limit. To reinforce these re-
sults, we detail a specific measurement using single pho-
tons that can saturate the same quantum enhanced A¢
precision bound. Finally, we employed Monte Carlo sim-
ulations which contrasts all three interferometers for fi-
nite sample sizes and in various different experimental
regimes; this showed that there are regimes where the
symmetric interferometer provides an advantage.
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Appendix A: The Separable Interferometer -
Combinatorics of n Single Photons into m Modes

We can count the number of ways that n single pho-

tons can be injected into the separable system Y,oP) =

m/2 . . . . .
69]:/1 Ys with arbitrary m sizes. The combinatorics are

summarised for the first few n values in Table [[, where
we are separating the (Tn”) possible cases based on how
many of the n photons land together as a pair = into one
of the separated systems. The last column of Table []
shows how many of these cases exist. For example, the
expression for four photons n = 4, with one pair z = 1, is
determined by multiplying together the following factors

1. (ml/Z) is the number of ways that the one Y5|11)
m/2

can occur in the total @ ;Y5 system.

2. (m/g_l) is the number of ways that two Y3|10) can
occur, minus the one Y5 taken in step 1 already.

3. 2% accounts for the fact that Y5]01) can occur in-
stead of Y3|10).

TABLE II. The combinatorics and Fisher information associ-

ated with n single photons injected into the m ports of the
m/2
Jj=1

separable circuit y,5P) = /2y, By considering how many

m

of these photons land together in one Y2, the (n) possible
cases can be separated based on Fisher information.

No. of No. of No. of Fisher No. of
Photons  Y32|11)  Y>|10) or Info. Cases
n x Y>|01) Fsep)
R R W S T ReaEY
> 0 2 2 (P
1 0 4 ("2
5 0 s 5 (P
1 1 5 (a2
4 0 4 4 (") (o)
e (P
2 0 SO G | G
50 s s (P
N S I
2 1 9o (i)
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Hence the pattern generated in the last column implies
the following

n/2

() =5 ()0

which we can verify is always mathematically true, in-
dependent of the physical basis in which this expression
was derived. Now, if we assume that the photon source
treats all modes equally, where it has an equal chance of
generating any of the (Z’:) cases, then we can say that the
probability that = pairs occur is

o= () ()

P(z) =1 according to Eq. (Al)).

(A1)

(A2)

where clearly ZZL "

Appendix B: The Uniform Interferometer -
Calculating the Unitary and Hermitian Operator

We first need to calculate the overall unitary matrix
and then determine the generating Hermitian operator
which dictates the action of this interferometer. By def-
inition, the QFT is given by

1 _2irG-D(*k-1D)
(Fu)ije = e

v (B1)

The phase shift is applied to the top half of modes in Z,,
as follows

0, J#k,
(Zn)jx={e%,  j=k<m/2 (B2)
e*%7 j=k>m/2,

where we 1ntr0duced a physically inconsequential global

phase shift of e~ % to simplify the computation. Com-
bining these two unitaries will give

1 _MJ’_&
7n€ m ) k S m/27
(FnZm)jx = ‘( _2in(= (k=1 ¢ (B3)
\/Ee — 2, k>m/2.
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Thus, the full conjugation of the phase shifts Z,, with
QFTs F,, will give us

m

(ngluni))j,k = Z(szm)j7P(F7L)p7k
p=1
m/2 _2i7r(j71)(p71)+%+2i7r(p*1)(k71)

>
m
p=1
2in(j—1)(p—1) i¢ , 2im(p—1)(k—1)
— J p _7+ P

m
e m m
>
m

p=m/2+1
i m/2
e 2 2im(k—j)(p—1)
=
m =
_ i m
e 2 2im(k—3j)(p—1)
+ > e
p=m/2+1
in(k—j) ™/2
es +e” Te J Z 2in(b=d)(p=1)
cos(qb/? j=k,
_ i¢ ) ) )
=9 o o Finh—d) | gintk—) .
pouy Zinth—g) s J # k.
l1—e m
(B4)

We can simplify this further by looking for patterns in
the jth row and kth column elements. In particular, if
k — j is an even number other than 0 then e!™F=7) = 1,
however if k — j is odd then e!™(*~7) = —1. This means
the scattering matrix which describes the overall uniform
interferometer can be written as

cos(¢/2), j=k
(uni)y 0, k 7‘7‘ € eVen/{O}’
Yo ™)jk = disin(¢/2) k—j € odd.

2im(k—3) \ *
m(l—e m >

(B5)

Using the matrix logarithm, the associated generator ma-
trix is given by

uni i uni
(H™) 0 = —g(ln[Yél ik
0, k —j € even,
={ 2 k—jcodd, (B6)

2in(k—j)
m(l—e m

and the corresponding Hermitian operator is

t .
Agp @25 —1
—2in(2k—2jF1)
m

a;j—la‘yf
2im(2k—2j+1) =+
1—e m 1—e

(B7)



FIG. 4. One possible decomposition of the four mode sym-
metrising transformation. The blue V> beam-splitters have a

reflectivity of m1 = 1/4/50 4 20v/6 ~ 0.10, 2 = 1/2/5 ~ 0.63,
ns = 1//251 — 100v/6 =~ 0.41, and na = 1/4/300 + 120v/6 =~
0.04, while the red 7 phase shifters induces a relative —1 phase
difference in the indicated modes.

Appendix C: The Symmetric Interferometer -
Optical Circuit Decomposition for 7, Symmetrising
Transformation in Four Modes

In Fig. [4 we give one possible decomposition, into base
optical elements, of the m = 4 mode symmetrising trans-
formation T} given by

0 1 1 1
V2 V6 V3
S I A ER (NI T
To- | PR TR Ve TR (e
V6 V3 V2
11 1 ,l+i __1
2 V6 2v3 2 6 23

as defined for general m in Eq. . This particular
decomposition is based upon Clements et al. 2016 paper
on the rectangular design of multiport interferometers
[20]. The blue two-mode beam-splitters are defined as

Va(ni) = [ Fni 7 -V 717; 7711 )

where 7; is the beam-splitter’s particular reflectivity
n; € [0,1],Vi; the actual values for this decomposition
are given in the caption of Fig. [l] The red single-mode
7 phase shift elements applies a exp(im) = —1 relative
phase to the indicated modes.

(C2)

Appendix D: The Symmetric Interferometer -
Comparison of QFI using Other Interferometers

In this appendix we prove that the average information
gained from the separable (F(°P)) and uniform (Fn)
interferometers are equivalent to the information gained
from the symmetric interferometer F®™). To do this,
we will perform a calculation similar in spirit to the two
photon example given in Table [[, where the average is
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calculated directly by summing up the QFI from all pos-
sible cases and dividing by the total number of cases.
Note that the scattershot source has an equal chance of
generating [ninang -« ny,) or |naning - - ny,), or any of
the m! different possible permutations. Hence, all we
need to do is add up the QFI from all the m! cases and
divide the total by m! (i.e. multiply by the probability
1/ml!) to get the average QFI. We will simplify the follow-
ing calculations by just looking at the QFI excess above
SNL.

1. Average QFI using the Separable Interferometer

From Eq. , the QFI excess above SNL provided by
the separable interferometer is

m/2

f(sep) —n=2 Z N2j—1M2;.

j=1

(D1)

For now, we will focus on counting the information con-
tribution just from the first Y5 sub-experiment in the
separable interferometer. Firstly, consider all the cases
where ny is in the first mode and ns is in the second mode
of the separable interferometer. These cases contributes
an QFT excess of at least

(m —2)! X 2n1na, (D2)

where (m — 2)! is due to all the other permutations in
the remaining m — 2 modes. Next, consider all the cases
where n; is in the first mode, then the contributing QFI
from all these cases are

2(m — 2)!Zn1nk. (D3)
k=2

Finally, consider all possible permutations, the first Y5
must have contributed a QFI excess of

2(m — 2)! Zannk

J=1k#j

(D4)

However, there are m/2 of these Ya’s in the separable
interferometer, hence the total QFI excess from all m!
possible permutations must be

m(m — 2)! ZZank

J=1k#j

(D5)

Now, we can get the average by dividing this result by
the total number of case m! as follows

1 m m
<]:(SCP)> —n = —7 Z annka

i=1k#j
s (Flep)y — Flovm),

(D6)

(D7)

We have hence shown that the QFT from the average scat-
tershot sample in the separable interferometer is equal to
the QFI from the symmetric interferometer.



2. Average QFI using the Uniform Interferometer

We will now show the same for the uniform interferom-
eter, where according to Eq. the QFI excess above
SNL is

m/2m/2
No2j_1M2k

- 222 m(2k—2j+1)\
m= S k=1 sin (7( —=J ))

i) _ (D8)

Now, we consider all the cases where ny is in the first
mode and ngy is in the second mode, these cases contribute
a QFI excess of at least

1

(m — 2)'7'7”1”2W’

(DY)

where (m — 2)! factor accounts for the possible permuta-
tions in the other m — 2 modes. Now, consider the cases
where n is in any odd mode and ns is in any even mode,
these cases add up to a QFI excess of

m/2m/2

(m—2 '—nmz > (M)

j=1 k= 151n

m

=m(m — 2)nins. (D10)

Note that we simplified the summation via the following
Zm/2 m/2 1/Sm (Tr(2k:n2j+1)> _ Z;n:/f m; _ %3,
which the ﬁrst equality is due to a cosecant summation
identity [32]. Now, the previous expression represents all
the QFI contribution of n; in the odd modes and nsy in
the even modes. Hence to get the total QFI contribution
we sum over all possible cases as follows

n

(D11)

m2)! iéﬁ

Finally, by dividing this expression by the total number
of cases m! we can get the average QFI received using
the uniform interferometer

(Fm)y oy — (D12)

1 m m
EL 3)
J=1 k#j

— Flsym)

= (Flumd) (D13)

Hence we have just shown that the QFI gained from the
average scattershot sample using the uniform interferom-
eter is equivalent to the QFI gained from any scattershot
sample using the symmetric interferometer.
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Appendix E: The Symmetric Interferometer -
Multiphoton Mode Invariance in Four Modes

We will prove here that our four mode metrology ex-
perimental apparatus, represented by

c —S 8§ s

s Cc S —S

e =00 (E1)
c=cos(¢/2), s(m=4)= sin(¢/2) (E2)

3

will give the same Fisher information irrespective of
which input ports the photons are injected into, using
completely arbitrary photon states |ninansgng), n; € N.

First, to get an idea of how this is going to be done,
consider the following example transformation

0

M, -1

O = O O
oS O O =

, (E3)

o o O

o O

-1

which permutes the modes (2,3,1). The negative phase
factors at certain modes means that the following self-
similarity transformation

MY, (¢) My = Y™ (9) (E4)

is true, which we can show by direct computation. This
is a very useful relationship, as it allows us to make
statements about the input invariance as summarised in
Fig. |5l In other words, we can show that

= MY (¢) Ma|ninongng),
= M_IY(Sym)(¢)|n3n1n2n4>,

& Y(Sym (p)|ngninanag). (E5)

Y4(sym) (¢) |n1n2n3n4>

The last step just means that the number measure-
ment outcomes from Y4(Sym)\n3n1n2n4> will be the
same as M[ln(sym)mgnlngm;}, however which out-
put port these outcomes occur in is different due to
Mj;'.  Since the Fisher information can be calcu-
lated by the summation over all outcomes, we can
conclude that the Fisher information is the same in
both cases Yisym)|n3n1n2n4> PEN M4_1Y4(5ym)\n3n1n2n4>.
Finally, due to the self-similarity transformation, we
can ultimately conclude that Yéfsym)|n3n1n2n4> =
Y4(Sym)|n1n2n3n4>; in other words, the Fisher informa-
tion with an input of |ninansng) will be the same as
|n3n1n2n4>.

If we find more self-similarity transformations like My,
we can make similar input invariance statements for all
possible permutations of the modes. In fact, we only



— T
T

FIG. 5.
first step, the arbitrary input state is simply permuted M4_1Y4(Sym)M4|n1n2n3n4) = M4_1Y4(Sym)\n3n1n2n4>. Then, it must be
recognised that M; 'Y, "™ |ngninons) and Y™™ |nzninana) have the same number measurement outcomes but at different

modes, which means they have the same Fisher information as it’s a sum over all outcomes.
transformation Y™™ = M, 'V, *™ M, then it follows that Y, ™

Fisher information.

really need to show self-similarity using the following two
permutations

o O

, Mo = (E6)

o oo
oo o+
|
—
— o o o
e e
oo~ o
o~ o o

o

The first one switches the first two modes (1, 2), while the
second is a permutation over all modes (2,3,4,1); these
two transformations are sufficient to generate all other
possible permutations. We can show by direct computa-
tion that

MY ™ (9) My = Y™ (9)]T = Y™ (—9),

for a € {1,2} where these similarity transforma-

tions gives the transpose of Y4(Sym)(q§), rather than it-
self. However, this is effectively the same as the self-
similarity transformation in Eq. due to the prop-
erty [V, (¢)]T = Y,5™) (—4) (as the off-diagonals are
x sin(¢/2)), and since the measurement procedure we
are conducting is near ¢ ~ 0. Hence we can use the same
logic as in Fig. [5| with not only with My, and My o, but
with all multiplicative combinations My , = Hj My,q, of
these two transformations, which can produce all possi-
ble mode permutations. Hence we know that the Fisher
information with an input of |njnangns) will be the
same even if an arbitrary permutation was performed
My z|ninangng) for any z, therefore we have proven

which input ports of nym)

is metrologically irrelevant.

the photons are injected into

|3
)
s) 111)((7) >§ s\ ul)
™ —|ng) — ™

—|ng) —

An example of how a particular mode permutation M, can be used to make input invariant statements.
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At the

If there is a self-similarity
|ninansna) and Yjsym)|n3n1n2n4) also have the same

Appendix F: The Symmetric Interferometer -
Determining Outcome Probabilities for Single
Photon Inputs

The probability that the input is equal to the output
is given by
(7)Y, 5™ 7)

= Per(},), (F1)

=lp=*, p==
where Y, = (Y,2Y™); 1 is an n x n submatrix of ¥;¥™
composed of all the jth row and kth column elements in
which n; = n; = 1, and Per is the matrix permanent
function. As a concrete example, consider the following
four mode metrology experiment

c —S S S

ylym) _ | s ¢ s =8
f =
—5 —5 ¢ —S§

(F2)

»
o

—Ss S

The probability amplitude for the input |7) = |1110) is
the permanent of

c —s5 s
Y3(1110) = (Y4(Sym))je{1,2,3},ke{1,273} =|s ¢ s|,
—S —S C

however the probability amplitude for the input |7) =
|1011) is the permanent of

c S S
Y3(1011) = (V™) e s ayneqiogg = |—s ¢ —s
—S S C

Hence, the probability amplitude associated with a single
photon input |77) is always related to the permanents of



the following matrices

n columns

CcC —T18 —T9e8 ---
S C —rzs --- 3
— =
Yn ro8 T3S c EY
w

0 —ris —ros --- c 00 -
rs 0 —rgs --- 0cO-
- T9S 138 o --- + 00 ¢ - ’
- Sn +Cna ] € {7171}7 (FS)

where we abstracted the location of the off-diagonal neg-
atives via r;. This abstraction allows us to make general
statements irrespective of where the photons have en-
tered Y;,. Note that C,, = cos(¢/2)I,, contains the diago-
nal elements, while S;, contains the off-diagonal elements
in which the skew-symmetric property holds S,, = —SI.

It is known that given two n X n square matrices A,
and B, we can expand the permanent as follows

Per(A,, + By) Z Per(Ay) jes keyPer(By) jez kegs
where x and y are same sized subsets of {1,--- ,n}, while
Z and g are the complementary subsets [38]. However,

since C, is proportional to the identity, we actually have
a simplified equation in our case

Per(V,) = Per(S,, + C,),

= ZPGT jEz kEmPer(Cn)jEE,keia (F4)

where there is just one sum over all the possible subsets
xCA{l,---,n},and T = {1,--- ,n}\z is the complement
set. We will show that this permanent expansion equa-
tion leads to a straightforward pattern as we increase n.

Firstly, consider the expansion of the permanent for
n = 2, which corresponds to taking the permanent of the
submatrices « € {{ },{1},{2},{1,2}} in Sz, and multi-
plying it with the permanent of the complementary sub-
matrices in Cs, as follows

Per(y2) = Per(Sg + 02),
— Per 0 —rys I c 0
ris 0 0 c ’
= Per|[ |Per ¢ 0 + 2 Per[0]Per|c]|
0 c 1
+ Per 0 s Per[ |,
18
=c?— 5% (F5)
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where we define Per[ | = 1. We note from above that

Per(Sy) = —s*, however since 75 = 1 for all sign place-
holders, we can state generally
0 —T;s 2 .
Per =—s°, Vi (F6)
r;s 0

It is also apparent that the only contribution of C), to
each term will only be

Per(Cy) = Per(cly) = ¢, (F7)

where d is the size of the matrix at each term.
Next, consider the expansion for n = 3 photons,
which likewise is associated with the submatrices x €

{51528 35 {1, 23, {1,3},{2,3}, {1, 2,3}} in S,

and the complementary submatrices in Cj3, as follows

Per()3) = Per(S3 + C3),
0 —7ris —rags c 00
=Per| [ris 0 —r3s|+[0cO
r9S T3S 0 00 ¢

c 00 3 0
= Per[|Per |0 ¢ 0| + ( )Per[O]Per ¢
1 0 c
00c
+ <3>Per 0 iy Per|[c]
2 ;8

0 —ris —rags
+Per |ris 0 —r3s| Per[],
T9S 138 0

= - (‘;) cs?. (F8)

It is obvious that Per(S7) = Per[0] = 0, and one can cal-
culate directly that Per(S3) = 0, however a more general
statement can be made if we consider

Per(Sy) = Per(—S%) = (—1)%Per(Sy), (F9)

in which we are taking advantage of the skew-symmetry
property and invariance of the permanent under trans-
position. Hence this means that if d is odd then

Per(Sq) = —Per(Sq)

= Per(Sy) =0, Voddd. (F10)

This means we can ignore all terms which contribute to
odd powers of s in our expansion.

If we continue to expand to higher orders of n, we can
get the following equations

Per()y) = ¢* — (;) 2% + kyq5?, (F11)

Per(Ys) = ¢® — (2) 5% + ks gcst, (F12)

6
Per(Vs) = — (2> *s® 4+ kg ac?s* + kegs®,  (F13)



where these k,, 4 coefficients actually depend on the par-
ticular off-diagonal signs r; contained within the matrix.
Based on this permanent expansion technique, and per-
manents of Sy and Cy, it is clear that for arbitrary n we
have the following polynomial expansion

[n/2]
p— = Per(Y,) = Z kn,gjc"_2js2j
j=0

[n/2]
n\ ,_ ne2i 2
=c" - (2) 2% 4 E kn 2jc 27 g2, (F14)

=2

We can use this probability amplitude expression to cal-
culate the QFI, as it is not necessary with certain mea-
surement schemes to know all the terms.

Appendix G: Monte Carlo Simulation using
Bunched Photons and Low Modes

We perform the same Monte Carlo simulation as de-
scribed in Section [VI] however allowing for multiple pho-
tons per mode n; € N for the random scattershot inputs.
We are also considering smaller systems, where Fig. @(a)
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was run with the parameters (m = 2° x = 0.25) and
Fig. @(b) was run with (m = 26 x = 0.125). We can
see in Fig. @(b) that weaker squeezing results in the os-
cillating features appearing, however not as prominently
as in Fig. This reasoning is reinforced by the Fock
basis measurement statistics of the samples R given in
Fig.[6{c), which shows that for the (b) parameter set sin-
gle photons are the most likely outcome. This figure also
shows how decreasing the number of photons, or increas-
ing the number of modes, will increase the sample size
advantage of the symmetric interferometer as shown in
the lower P(AFiot(k) > 0) graphs. Based on this nu-
merical analysis, the overall features due to scaling the
parameters are expected to be the same as the single
photon situation described in Section [VI]

Appendix H: Monte Carlo Simulation Comparing
the Uniform and Symmetric Interferometers

We perform the same Monte Carlo simulation as de-
scribed in Section [VI] however we are instead comparing
the uniform interferometer with the symmetric interfer-
ometer as summarised in Fig. [7]] Note that this is with
multiple single photons and large mode sizes.
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FIG. 6. (a) Similar to Fig. [3) where the upper graph is the cumulative probability distribution of 10* random walkers that
individually track the running total QFT difference AFiot(k) = ]-'t(j?p)(k) - féjfm)(k) as more random samples are taken. The
lower graph is the probability that the separable experiment gave more information IP’[}'S:’ P) (k) > }'t((ff ™) (k)], for a given sample
size k. This was done using a small system with m = 2° modes and random samples from a scattershot source with x = 0.25
squeezers. (b) The same graphs as (a), however with more modes m = 2% and weaker squeezing x = 0.125. (c¢) The photon
statistics of the samples.
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FIG. 7. (a) Similar to Fig. |3 where the upper graph is the cumulative probability distribution of 10* random walkers that
individually track the running total QFI difference AF, (k) = F\™ (k) — FE¥Y™ (k) as more random samples are taken. The

lower graph is the probability that the uniform experiment gave more information P[F{" (k) > F&Y™ (k)] for a given sample
size k. This was done using a system with m = 2'® modes and samples from a scattershot source with y ~ 0.0247 squeezers.
(b) The same graphs as (a), however with more modes m = 2'® and weaker squeezing x = 0.0107. (c) The photon statistics of
the samples, which shows that these particular m and y parameters translates to an average of (n) = 40 photons for (a) and

(n) = 30 photons for (b).



