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Abstract

Theory of quantum-enhanced spectroscopy with general Markovian light sources

Erfan Abbasgholinejad

Chair of the Supervisory Committee:
Assistant Professor Rahul Trivedi
Department of Electrical and Computer Engineering

Photonic states, such as NOON states and super-radiant states, are potentially useful for quantum-enhanced
spectroscopy. However, generating these specific states, which are known to provide a quantum advantage, can be
experimentally challenging. While several light sources, often comprising of multiple quantum emitters interacting
with engineered optical modes, can be used to generate non-classical states of light, whether or not these states
have quantum metrological potential remains less well understood. In this work, we develop a general frame-
work to analyze quantum enhanced spectroscopy with generalized Markovian light sources. First, by exploiting a
matrix-product state representation of the emitted photon state, we relate its quantum Fisher Information (QFT)
in a spectroscopy setup to the Lindbladian governing the internal dynamics of the light source. We also use
this relationship to elucidate the connection between the Lindbladian spectrum and the possibility of a quantum
metrological advantage. Finally, we construct the optimal measurement (i.e. measurement saturating the quantum
Cramer Rao bound) that requires reabsorption of photons into a controllable auxiliary system and time-local

photodetection.
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INTRODUCTION
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Figure 1.1: Schematic depiction of an inteferometry set up. The input photonic state passes though a MZI
that includes an unknown sensing parameter, ¢. The objective is to apply a Positive Operator-Valued Measure
(POVM) on the output state and reconstruct ¢ based on the measurement outcomes.

The foundation of utilizing light in metrology lies in interference. In a Mach-Zender Interferometer (MZI)
setup (Fig. 1.1), comprising two light paths, one can measure the phase difference of the two arms ¢ by causing
interference between the light traversing both paths. In a semi-classical depiction, the measurement error in ¢ is
influenced by the Poisson distribution of photon counts at the output. This error, known as the Shot-Noise-Limit
(SNL), is proportionate to d¢ > 1/v/N, with N representing the average number of photons utilized for the
phase measurement. In a quantum framework, exploiting entanglement and correlations between the two light
paths becomes possible. Instead of employing coherent states in both paths, initiating with a quantum state of
photons, such as twin Fock states, allows for an enhanced measurement of the relative phase difference of the MZI
arms. Studies have demonstrated that the error in this scenario is constrained by dp > 1/N, recognized as the
Heisenberg-Limit (HL) [1].

In general, generating quantum states of light that are known to exhibit quantum advantage, such as twin Fock
states and NOON states with deterministic photon numbers, poses a considerable challenge. Consequently, re-
searchers have explored more experimentally relevant quantum states for metrology by investigating states created

through the emission of multiple emitters into optical modes. Notably, studies have revealed that quantum states



of light created through such configurations, such as super-radiant states, can still offer advantages over the Shot-
Noise Limit (SNL) [2]. In a super-radiant set up, a collection of excited atoms in a permutation-invariant subspace,
decay photons into the port. This symmetry allows us to study the uncertainty of the phase estimation, using
this light source. However, determining whether an arbitrary system of emitters possesses a quantum advantage
remains nontrivial. For a general quantum state, the ultimate limit of error in parameter estimation can be ad-
dressed through the theory of Quantum Fisher Information (QFI) [3]. The noise limit for estimating the phase ¢
is constrained by the QFI of the quantum states |¢),;) utilized in metrology: d¢ > 1/(,/QFI(|¢),)), known as the
Cramer-Rao Bound (CRB), where:

QI(10),) = 4 ((alin) = [l ) (1)

Previously, the QFI has been calculated for simple cases where you have a single mode of light (such as NOON
states) or some sort of symmetry within the system (such as super-radiant). Here, we present a comprehensive
formula for the QFT of the quantum state of light, expressed in relation to the internal Hamiltonian of an arbitrary
system of emitters that decay into optical ports and subsequently traverse a MZI setup to sense an unknown
parameter . This connection enables the examination of the enhancement of the generated light state by exclu-
sively studying the emitter system. However, the challenge in deriving the ultimate bound from the QFI lies in
the necessity for an optimal measurement. In general, this measurement could extend beyond localities in both
time and space, yet our access is confined to time-local photodetection at the output. We explore the optimal
measurement, and propose a protocol to attain the QFI bound. Additionally, we investigate the potential of the

light sources in terms of the emitters’ Hamiltonian.



Chapter 2

QUANTUM FISHER INFORMATION
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Figure 2.1: Schematic depiction of the light source model for the input of the MZI. In experiments, to prepare a
general quantum state of light, a quantum system (e.g., atoms) emits photons into the light port. The sources
interact with the ports through the jump operators L4, and Lp.

In experiment, preparing an arbitrary photonic quantum state is not trivial. Typically, we have another
quantum system (e.g. atoms), emitting photons into the optical port (Fig. 2.1). To address this, we examine
a MZI where each arm initially exists in the vacuum state, coupled individually to the sources A and B. The
emitter X € {A, B} resides in a Dx-dimensional Hilbert space, evolving with the Hamiltonian Hx () (potentially
time-dependent), emitting photons into a light port. We assume that the Hamiltonian Hy x (¢) in the interaction

picture, relative to the port’s Hamiltonian, is given by:
Hpx(t) = Hx(t) + (a: LY + 2l Ly). (2.1)

Here, x; represents the annihilation operator of the port in the time domain, and Ly is the jump operator of the
system expressing the emitters’ interaction with the port. This interaction model is Markovian [4], as the source
interacts with a single mode x; at each time step. This model can be applied to several experimental setups, such
as in superconducting systems [5] and quantum dots [6]. If the source is initially in state |¢x s) and the port is in

a vacuum state, the state of the light channel after time 7" is expressed as:

1 T
e} = & (@x.s| Texp (/0 HI,X(S)dS> |¢x,s,vac) , (2.2)



where C'x is the normalization factor after projecting the source to the final state |¢x ). The ports then pass

through an MZI with the following unitary transformation for the annihilation operators:
U pa:Unizr = ay cos() + by sin(e),
UJAZIbtUMZI = by cos(p) — ag sin(ep).

Consequently, the final output state is given by:

[Va,0(¢)) = Unmzi (|t0a) @ [¢p)) - (2.3)

We can compute the QFI for the described quantum state in relation to the channels £y, which characterize the

evolution of the source X € {A, B}.

Ex(t,s) =T exp (/OS EX(S’)ds’> , (2.4)

where:
) 1
Lx(t)p = ~ilHx (1), p) + LxpLy — S {Lx L. p}.

This computation allows us to assess its capability for parameter sensing concerning .
Proposition 1.— In the presented light model, particularly in the scenario of identical sources, the QFI at

¢ = 0 can be exclusively computed using the source Lindbladians:

2

QFI= 3, /0 ' /0 t {’<¢X, fEx(T1) (5X<t,t’> [LXf:X(tc0)<|¢X,s><¢x,s|>}L}) 6x.1)

2
}dtdt’

+%/O (ox.f1Ex(T1) (Lxgx(t,0)(|(/>X7s><¢x,s|)Lj§(> l6x.p) dt. 25)

—’<¢X,f| Ex(T1) (LX5X(t’t/)[LX5X(t'70)(¢x,s><¢x,s )}) |ox.f)

where,

C = (ox,s1Ex(T,0)(|¢x,sXPx s

)ox.1) -

Proof sketch for Proposition 1.— By discretizing time into small bins of €, the port can be treated as a collection
of qubits in either the vacuum or the one-photon state |1) = Xy |vac), where k € 1,--- ,T/e is the qubit number,

and:
1 (k+1)e

Xy = —
\/g ke

.’Etdt,

and,

(X, X[] = 6.

Using this representation, the state of the light can be expressed as a Matrix Product State. Then we can compute

the terms in the Eq.[1.1] and the take the limit of € — 0, as shown in the appendix A. It is worth highlighting that



the computation of the QFI from Eq. [2.5] takes place in a D-dimensional space of the source Hilbert space instead
of the infinite dimensional space of the output photonic state. In cases where D does not scale with the number of
photons emitted into the light channels, it can be efficiently computed. This formula allows for an examination to
determine whether sensing with this specific light source in the experiment is beneficial and whether a quantum
enhancement is achievable.

In a super-radiant setup, the number of photons scales with the number of atoms in the experiment. Therefore, to
increase the number of photons in the optical port and achieve a smaller uncertainty in ¢, one needs to increase
the number of excited atoms. However, it is possible to prepare a photonic state with an arbitrary number of
photons using only a small number of atoms. Consider a single atom excited by a laser: the atom can emit photons
into the port and then be re-excited by the laser. In this scenario, the number of emitted photons is proportional
to the duration the laser is on. Thus, we study the scaling of the QFI with the interaction time 7. This allows
us to determine whether a quantum advantage can be achieved using an emitter with a fixed-dimensional Hilbert
space.

Corollary 1.— In the case of light sources where the Lindbladian £x is primitive and has a single fixed point,
the QFI is, at most, linearly proportional to the interaction time 7.

By primitive we mean that the Lindbladian has no purely imaginary eigenvalues. Therefore, any state will evolve
to the fixed point.

Proof sketch for Corollary 1.— The quadratic dependence on time 7' may arise from the double integral in
Eq. [2.5]. When a single fixed point is present, the integrand displays exponential decay (shown in appendix B.1).
Consequently, this term does not contribute a quadratic term in 7.

Corollary 2.— In the case of light sources where the Lindbladian £x is primitive and has two fixed points, the
QFI can scale quadratically with respect to the interaction time T

Proof sketch for Corollary 2.—We illustrate this with a simple example where the Hamiltonian Hx = 0, and

the jump operator is:
1 0
LX = . 3
0 e
where ~ is a constant phase. It is easy to see that both |0), and |1) are the fixed points. As shown in the appendix
B.2, the QFI in this scenario scales as sin®(y)T2. Starting from a superposition state such as ([0) + [1))/v2 in

the emitter, the photonic state of the MZI input using this jump operator is a superposition of coherent states,

ie. (Jo) + |e™))/1/2(1 4 Re({alae))). For cat states, it has been previously shown that they can result in
a quantum-enhanced sensing [7] and in this illustrative example, we have shown that it can be experimentally

accessible having an emitter with a Lindbladian of two fixed points.



Chapter 3
OPTIMAL MEASUREMENT

As previously mentioned, to achieve the precision determined by the QFI, we need to apply an optimal
measurement on the output state. Generally, this measurement can be more complex than just photodetection
and therefore, detection of photons in the output is not sufficient. In the next result, we introduce a method to

achieve the CRB.

Sensing parameter The system absorbs
—
L, | all the photon at ¢ = 0
w F@®Lp, C

Z D-

Detect the photons
j FO Ly, C
Ly

wheng@ # 0
Figure 3.1: Schematic depiction of the optimal measurement. The auxiliary systems D4 and Dp are designed to
absorb all the photons when ¢ = 0. When a non-zero phase exists, fluctuations occur in the optical port, allowing
the detector to detect photons. In this case, photodetection combined with measurements on the auxiliary systems
constitutes the optimal measurement for saturating the Cramér-Rao bound (CRB).

D_

Proposition 2.— The ultimate QFI bound in Eq. [2.5] can be achieved by employing a time reversal, reabsorbing
the photons into an auxiliary controlable system of dimension D+ 2, and performing photodetection on the output
port along with a computational basis measurement on the absorbed photons (Fig. 3.1).

Proof sketch for Proposition 2.— The measurements My = I — |)v|, and M; = | )], saturate the Cramer-
Rao bound for any state |¢)) (shown in appendix C). One way to apply this projection is to use another controllable
system Dx with a controllable interaction with the port. If we can apply any unitary between the port and the
system Dx, we can just apply the inverse of the unitaries of the emitter and port to absorb all the photons. To

make it more experimentally accessible, as shown in the appendix D, we can utilize a Hamiltonian of the form:

H = f(t)(ajo +h.c.),



to apply a swap operator between a photonic qubit in the descitized notation and a two-level system, with o
being the projection from the excited state to the ground state. If we can apply this swap gate to a two-level
system, then we can just have an additional D-dimensional system to apply the inverse unitary. The purpose of
the swap gate is to make the absorption more experimentally accessible. It reduces the full controllability of the
port and the D-dimensional system to full controllability of a D + 2-dimensional system and a restricted control
between the port and two levels of the absorption system. Therefore, if we can apply the reabsorption and do
photodetection along measurement on the system Dy, then we are applying the projection on |[¢))}1)|. Therefore,
this measurement saturates the Cramér-Rao bound and is optimal.

We demonstrate the reabsorption process using a simple example of a single atom under laser excitation (Fig. 3.2).

Hy + gl(t)Hl +g2(t)H2

> o D J®Lp

Figure 3.2: Figure showing the illustrative example to demonstrate the reabsoption. A 2-level system gets excited
by a laser and emits photon into the port. The photons get reabsorbed into a controllable 4-level system. The
control is over the interaction strenght f(¢), and the reabsorbption Hamiltonain terms by the coefficients g;(t)
and ga(t).

We assume a 4-level system for reabsorption with the following Hamiltonian:

H(t) = Hy+ gl(t)Hl + gg(t)HQ,

where Hj is a diagonal Hamiltonian and H; and Hs have non-zero elements only next to the diagonal. An example
of full controllability of an absorption system with arbitrary dimension of Hilbert space is a Kerr nonlinear cavity
[8]. In ref. [9], it is shown that this Hamiltonian can be universal. We also assume that the jump operator for the
reabsorption system is f(¢)Lp, where Lp is the projection from the first excited state to the ground state. The
goal is to optimize f(t), g1(¢), and ga(¢) such that the photon count at the output port is zero, ensuring that the
auxiliary system absorbs all the photons. In Appendix E.1, we show that the emitter and reabsorption system
can be considered as a single system interacting with the port, allowing us to express the number of photons in

the output as a function of expectation values of operators in the joint system’s Hilbert space. We consider the
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Figure 3.3: a) The optimized pulses for reabsorbing the photons as a function of time for kp.x = 6. The red line
indicates when the laser is on the emitter. f(t) is the interaction strength of the reabsorption system with the
port, while g (¢) and go(t) control the Hamiltonian of the 4-level system. b) The expectation value of (ala;) as a
function of time for different values of k.. The area under each curve represents the total number of photons
(n) in the output. k = 0 corresponds to the case where there is no reabsorption.

following ansatz for these pulses:

kmax
k=1

To optimize the as and Bs, we use the adjoint method as described in Appendix E.2 to find the gradient of the
photon count with respect to the control pulses f(¢), g1(t), and go(t). This allows us to minimize the photon
count. The optimized results are shown in Fig. 3.3. The numerical simulations demonstrate that by controlling
these pulses, we can absorb all the photons up to a desired error. Increasing the value of k.« reduces the error
in reabsorption.

Although the absorption method for optimal measurement can be implemented in near term systems, we also
study a simpler class of measurement, i.e. time-local photodetection with linear-optical elements and classical
feedback (Fig. 3.4). We assume the linear element (Beam Splitter) to be controllable. Here there is no auxillary
system for absorption and we only have access to apply photodetection and beam splitter with adjustable angle.
The measurement is constructed as following: First, we detect a photon at time t; at either arms of the MZI
output, a (07 = 0) or b (07 = 1). Based on the measurement outcome o7 and the detection time t;, we change
the angle of the controlable beam splitter on the output. Second we detect another photon at time t5. Then we
change the beam splitter angle based on 01,00 and t1,t2. We continue this until all the photons are absorbed.

This measurement after detection of n number of photons can be written as a projection on to the following state:

01,02, ,0n | __ 01,02, ,0n 01,02,°** ,0n 01,02 01,02 o1 o1
<Et17t2,-~,tn | = (0] (ftl,tz,~~-,tn Aty + Giy by, btn) ( ti,ts Ots T iy 1 btz)(ft1 at, + gt bt1)~ (3.1)

n
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Figure 3.4: Figure indicating the linear-optical measurement. The angle of the beam splitter is controllable and
can be adjusted based on classical feedback from the measurement outcome of the photodetection.

Proposition 3.— Photodetection alone is optimal if we ask: (1) the set of measurements in Eq.[3.1] for all
n € N, be optimal and saturate the CRB, and (2) the two emitters A, and B be in a product state.
This means that if the two conditions are satisfied then all the coefficeints of f and g in Eq.[3.1] are either 0 or 1.
Proof sketch for Proposition 3.— In ref.[10], they show that LOCC (local operation and classical communica-
tion) measurement is optimal for any pure state, for a system of qubits. There, they use an operator M, defined

M = [ypo) (vg | — |va) (Wol,

where |97 ) = (1 — [vg) (tg]) d [tg)/df. The set of the measurements:

{<E01,027“'t7:n} |o € {0, 1}”,{6 [0,T)",n € N},

ti,te,,
are optimal and saturates the CRB if they satisfy:

01,02, ,0n
<Et17t2,"' t

stn

0'170'27"'70'n> _
M ‘Ethtz,'” ytn =0.

By using these conditions and the fact that the emitters are in a product state, we show that the input photonic
state of the MZI should satisfy a phase condition, which is fully described in the appendix F.1. Using this phase
condition, we show that the basis for the f and g coefficients are either 0 or 1 to saturate the CRB. Therefore,
photodetection is optimal, and there is no need for a linear element. However, in the appendix F.2, we construct
an example in which an adjustable beam splitter can be beneficial when we have an entangled state initially in the
two arms of the MZI. Therefore, for beam splitters to be effective for saturating the CRB, we need entanglement
in the light source used for metrology. It is worth mentioning that this condition only studies the case when the
measurement with linear optical elements saturates the CRB. There can be cases in which beam splitters are not

useful for saturating the CRB, but a HL advantage can be achieved.



10

Chapter 4
CONCLUSION

In conclusion, we introduced an experimentally motivated protocol for quantum metrology. Using a Markovian
model for the light source, we derive the resulting Quantum Fisher Information (QFI) of the photonic state after
it passes through a Mach-Zehnder Interferometer (MZI) to measure an unknown parameter ¢, indicating the best
attainable uncertainty.

Next, we study scenarios where quantum advantage might be achieved. We demonstrate that using a quantum
system to create states with an arbitrary number of photons, does not allow for quadratic quantum advantage if
the Lindbladian is primitive and has a single fixed point. However, we show that if the system consists of two
fixed points, there is potential for quantum advantage.

We then introduce the optimal measurement to achieve the best uncertainty given by the QFI in the Cramér-Rao
bound (CRB). The optimal measurement is constructed by reabsorbing photons into an auxiliary controllable
system and performing photodetection in the optical port. Finally, we study a simpler class of measurements,
using linear-optical elements with classical feedback, and show that they can be effective to saturate CRB only if
the two sources are initially entangled.

This study can help identify the experimental limitations in creating quantum states of light that provide a metro-
logical advantage over the Standard Quantum Limit (SNL). Additionally, it provides a foundation for studying

more complex photonic states to determine if they can offer quantum advantage.
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Appendix A
QUANTUM FISCHER INFORMATION OF THE LIGHT SOURCE

We present the calculation of Fischer information from a general light source emitting into a markovian channel.
We will formulate the analysis of light source in the collision model picture, which will provide a clean description
of the entire state of emitted photons. We consider a system described with time-dependent Hamiltonian Hx (),
emitting into an output channel, described by buckets Xy, and additional dephasing channels described by buckets
Xa,k. Throughout, we use the time coarse-graining parameter €, which is set to 0 to take the continuum limit
that describes the actual experiment. Assuming the initial state of the system is |¢x s), with no photons in the

output port, the state after time T'= Ne¢ is given by

|z) = o™ (Ox,flUx NUx,n—1...Ux,1|¢x,s, vac),
X
where
UX,k = exp l:— i(Hx(k‘E)8 + ﬁOXJC):l where OX,k = (X]ILX + h.C.) + Z (X;kLX,a + h.C.)7
and

1 (k+1)e

_\/g ke

and |@x r) is the final state of the system that we project into, C'x is the normalization factor, and Lx, Ly . are

Xk Qﬁtdt, [Xk,XlT} :(skl.

the jump operators.

Now, we consider the standard interferometric setup where we have two sources, S4 and Sp, which emit into
channels with bin operators a; and b; respectively, as well as additional decay channels a,,; and b, ¢ respectively.
The bin operators a; and b; then are passed through a MZI interferometer with phase ¢, which implements the

transformation (a¢, by) — (ai(p), bi(@)) as

at(p) = UMZI(go)atUJ,[ZI(go) = a; cos p + by sin . (A.1a)
bi(p) = UMZI(@)btUJ/[ZI((P) = by cosp — a; sin . (A.1b)
It is convenient to note that
d

o) = i) and () = —ale).

It’s straightforward to see that the same relations hold for (A, Br) — (Ak(¥), Bx(¢)). We will now consider the
state obtained after the MZI

[Y(¢)) = Unzi() [Ya) @ |thy) = é (ba,5,0B,f| Unzi(@)UNUN—-1...Ui |pas, 9B,s,0),
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where C' = C4Cp, and we introduce Uy = Uy yUp . We can rewrite this state as

V() = é (Da,f 08l VNVN-1 ... Vi |5, Psy.0),

where Vi, = V4 Vi i with
Vx.p = exp [— i(HX(ks)E + \@OXJC(QD))] with Ox ,(p) = X};(w)LX + Zleka,a +h.c.
«

We now calculate the Fischer information for the output state.

2 2

d

2 V@)

Fliy (o)) = H - ‘w(w) % ()

For this computation, it is convenient to have the following two results:

Result 1: For any operator in the Hilbert space of the sources A and B, {2, we have

d
(0] VJQ@V;C 0) = e(LL Ly — LY, 2Lg) + O(*/?).
Proof: We begin by writing
(0] Vmivk |0y = (0| Vi, Vi QiVA WVe.k|0)+ O Vi, VI 02V kiVB )
k d(p B,k " Ak d(p s s B,k" Ak > dQD ,

We can also write

d . 15

%VA,k = —ive(By(p)Ll + Bl (¢)La) — g{Bk(w)LL + Bj(¢)La,0ak(p)} +O(%?), (A.2a)

d . 15

ag Vi = VE(AR@)LE + AL(P) L) + S{AP)LE + AL(P) L, O r(0)} + O("2). (A.2b)

Now, using these expressions we have
4
dp
= —ivE (0] (I +ivEOA R +ivEODR 1) 2Bl ()L A |0) — iv/e (0] 2By (¢) L\ (I — ive0p k) [0) + O(%/?)
=e(LLLas — QL Lp) + O(e*/?).

(0] Vg,kVAT,kQ Va,kVB,k0)

and
Pt d
O1VE VA 2Vak g Ver10)

= ivE (0] (ivEO a1, + ivEOR 1) 2Bl (9) L |0) + ive (0] 2(—iv/z04 1B (¢) L) 0)
= e(—LLQLp + QL L) + O(%/?).

Result 2: For any operator {2 in the Hilbert space of the sources A and B, we have

(0] Vi 2V, [0) = e44(2) + O(%),
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where L, = L4 + LBk,
. 1 1
Lxx(92) = —i[2, Hx (ke)] + Lx L%, — 5{LKLX, 0y + Z <LX,O¢QL§(7,l - 2{97LE(,QLX,a}>.

Proof: Follows just by Taylor expansion of V4 , and Vp .

Result 8: For any operator {2 in the Hilbert space of the sources A and B, we have

v pav

0] T n@ 0) = (L, 2L 4 + LL,QLE) + O(*/?),

Proof: Follows just by Taylor expansion of V4, and Vp .

We now compute d |¢(¢)) /de. This can be written as

d|(p))
de

N
1 d
== (a0, Y VNVNo1.. . Vieg1—ViVio1.. . Vi |das, ¢B.s,0).
C dy
=1

defining
pf=pas ®pps =04z, 08,1 NdA s, OB.1],
Ps = PAs @ PB,s = |Pas, OB,sXDA,s: OB, »
we can write

(o) % k()

N

1 d
= @ <¢A,sa ¢B,sa O| Vljr‘/; e V]: (VkT-&-l N VJI[(Pf)VN cee Vk+1) %Vkvk—l cee Vl |¢A,s; ¢)B,s, 0> )
k=1
N T T T T T
= D (Oaes 0m.el ST (R (EUE (L 0 La — Ll 0 Lo)(eh1® e 1))) 04,0, 05,5) + O(NE')

e
Il

1

where

(LA O LB).Q = LA.QLB.

Now, we take the continuum limit — setting N = T'/e, where T is the total time for which the source has emitted

photons and taking € — 0, we obtain that

T
W o 19600 = gz [ Te[oreT 0] 0 La = Lo Lot 0)(p0) .

where
t
£t,5) = Ealt.) 9 Ea(t.9). Ex(ts) = Tewp ([ Lx(as').

We also note that if the two sources are identical, then

(6(9) % () = 0.
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Next, consider ||d |1(¢)) /dg|®. Note that in the manipulations below, we use [] as an ordered product i.c.
[TV, My = MiM, ... My and [[_y M; = MyMxy_; ... M;. We begin by writing

2 wen| - >~ toamonool ( TLv) () (11 V*)pf(kﬁl v ) (409 ( fkllvm) (G0 01.00)

k,=1 m=1 m=Il+1 m=N m
Let us define

D1

D= Y DpiDe= > DyjandD_= >  Dyy.

1<k<I<LT 1<I<k<T 1<k<T

Now, it is easy to see that D5, = D%. The computation done below correctly calculates Ds + D% = 2Re(D- ). We

now evaluate D—.

N
1 d d
- T T T T T
D = oz ZE:I (05,0 V] ...V (d(ka) (Vk+1 VeV ... Vk+1> (dek>Vk1 ... V1¢s,0).

where |¢s) = |4, PB.s). So, we have that in the limit of ¢ — 0 and N — oo,

1

T
D- = @/ (b, 5,5 ET(X,0)(LY 0 Lo + LY 0 Lp) (5T(T7 t)ﬂf) |Pa,s, OB,s) dt
0

For identical and independent sources, we have that

D_ = CQ Tr (PX rEx(t,0)(px, s)> /0 Tr (PX,ng(T7 t)(LxEx (’570)(/’X’8)L})>dt'

Next, we need to compute

2 d d
2Re(D-.) = —5Re (6, 0 VIV VI =V ) (&l n(or) ) ViVies - Vi [ =V ) Vier - Vi [0, 0) |
C d dy

1<k<I<N

d
> (6,0l V) ... VL (LY oL — LT, oLA)(ngN(pf))V ...Vk+1<ka>Vk_1...V1|¢S,O>],

d
= ZaRe (6,0l Vi VL (LL1 oLp—Lho LA) <SIT+1,N(pf)> (de>V’“ W |¢S,0>}
1<k<I<N ¥
2¢? t t t t t t
:ERE <¢S,O|‘/1 Vk 1 L OLA—L OLB 5k+1l 1 LAOLB—L OLA EHLN(pf) kal...‘/vl‘(]ﬁs,()) 5
1<k<I<T
2¢2
:C2Re[ > (oslE 1<LT oLa— L} oLB)é'kHl 1(L oLp— Ll oLA> (5z+1N Py ) ¢S>}
1<k<I<N

where we have defined, for p < ¢,



We can now pass into the continuum limit and setting the two sources to be identical,

2Re(D<):C4,2/0T/Ot{

2

Tr (px,f8§<<T, 0 (6L<t,t’>[Lxe§<t',o><px,s>]LE<))

2
}dtdt’.

Tr (px,fe; (T, t)(LxEL (t,1) [LxEL (,0)(px.s)] ))

Combining these expressions, we have that,

2

s e (onsextrntext. ) lxex opox 14

|45 ot

2
}dtdt’

Tr (PX,f5X(Tv t)(LxEx (t,1) [LxEx (¥, 0)(px.s)] )>

T
+%/0 Tr (Px,fgx(Tv t) (LXEX(t’O)(pX’S)L&))dt.

where:

¢ = (pxséx(T0)px.0) )

16

(A.3)

(A4)
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Appendix B
QUANTUM FISHER INFORMATION SCALING WITH TIME

B.1 Single Fixed point

For a Lindbladian with a single fixed point o, in which £(o) = 0, we can write
E(t, 5)/) = tr(p)a + M(tv 5)/)7 (Bl)

and

1Mt )l < e,

where ¢, and k are positive constants. For identical sources, the double integral term in Eq.[2.5], can be written

as:

QFI® = 52/: /Ot{ Tr (pr(T, t) (5(t,t’)[Lg(t/"))(”S)]LT))

By using the Eq.[B.1], we get the upper bound for the integral:

2

Tr (pfg(ﬂ t) (LS(t,t') [LE, 0)(,05)])) 2}dtdt’

T rt
QFI® < 4/ / <|tr (Lia) tr (Lo)[* = Jtr (Lo) tr (Lo) |* + cre™ ™1 T=0) 4 cpe=020=1) 4 c3e°‘3t'>dtdt’ = O(T),
0 0

where we assumed Tr(pso) # 0, and we used the fact that o is a valid density matrix and therefore |tr(LTo)| =
[tr(Lo)|. As a result, in case of the Lindbladian with a single fixed point, the scaling of the QFT is linear with the
total time 7.

B.2 Two Fixed point

Here, using an example, we show that for the case of a Lindbladian with two fixed point, the scaling of the QFI

can be quadratic with time 7. For a Lindbladian with two fixed points o1, and o9, we can write:
E(t,s)p =tr(P1p)oy + tr(Pep)oy + M(t, s)p, (B.2)

where P, and P, are projections, and:

1Mt )l < e,

where ¢, and k are positive constants. Now suppose a system with the Hamiltonian H = 0 and the jump operator

L and fixed points as follows:

L= ], o=P= , o =Dy =
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If the initial and final state of the system is (|0) + |1))/v/2, we have:
Tr(po1) = Tr(pog) =1

Inserting this into the QFI, we get:

T pt 2 2
QFI® = 4/ / (’ (a tr(Lioy) + ﬁtr(LTag)> - ’ (a tr(Lop) + ﬁtr(Lag)) )dtds + O(T),
o Jo
and,
o =tr (P1L01) tr (Plp) + tr (PlLag) tr (ng),
B =tr (PgLal) tr (Plp) + tr (PgLaz) tr (ng).
then o = 1/2, and 8 = €% /2. Therefore:
T t
2 _ in2
QFI 4/0 /0 sin”(y)dtds + O(T), (B.3)
= 2sin®(7)T? + O(T) = (T?). (B.4)

As a result, in the case of the Lindbladian with two fixed points, the QFI can scale quadratically with time 7.
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Appendix C

OPTIMAL MEASUREMENT FOR SATURATING THE CRAMER-RAO
BOUND

Here we show that the measurements My = |9 )v)|, and My = I —|p)(¢)| saturate the Cramer-Rao Bound. The

Classical Fischer Information resulting from the measurements My, M7, can be written as:

1 /dP;\?
CFI:;&(%)’

where,
P = <ws0| M; W@ :
Next we compute the derivative of P; with respect to ¢:

dP;

o = QUM [9) + (I M; [0,0)

since Py = 1, dPy/dp =0, and P; =0, dP;/dp = 0, we can write the CFI as:

&P,
— CFI=2 02
d* Py 2 2
Rirra 2 (D] My [0,0) + (] My |059) + (029| My [9) = 2 (01| My [0,9)

— crr=a{ | |6 e
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Appendix D
ATOM-PORT INTERACTION FOR SWAP GATE IMPLEMENTATION

In this section we construct a model to perform a SWAP gate between an atom and a small bin of length € in

an optical port. Consider the Hamiltonian of the port and atom as following:
H = f(t) ((ZIO' +h.c.),

where f(t) is the time-dependent interaction strength, a; is the annihilation operator of the port in time domain,
and o is the projection of the excited state to the ground state of the atom. Writing the equation of motion for

a.(t) in the Heisenberg picture:
da,(t)

dt

— ar(t) = a-(0) — z'/o f(s)o(s)d(s — 7)ds,

t<T7:0,
—ar(t)=a;(0) =it =7 {020 =a.(0) —if(r)o(r)0(t, 7).

t>71: f(r)o(r).

Next we write the equation of motion for o:

do(t) | o f(t)a(t)
T —if(t)a(t) = —if(t) (at(O) —i5
2
= —if(t)as(0) — %wa(t).

Solving the above equation:
t
a(t) = a(0)e™ 2 Jo 114 z/ F(t')ap (0)e= 3 Ji £2(9)ds gy
0

For applying a swap operator, we need the excited state in a small time bin of €, change to a excited state in the
atom.
[
0)) = A, |0) = — a,dt|0),

> 1wieN = | al(e7)dt[0)
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Now, using the relation for a;(¢7), we get:
@) = o= [ (a0 + i [o 0 PO i [ a0yt P Oar] ) o) a,
=2 [ [ador- s £ 00 Oar | o) dr+o1(0) (2 [0t 7o),

Therefore, for 0 < 7 < ¢, the coefficient for al (0) is:

OlarO) [0 = 1= [ FO5e T Omar

The function f2(t) = 1/(e —t), makes the above equation to be zero and therefore, for applying a swap gate on a

small bin of length &, the interaction strength should be changed as:
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Appendix E
OPTIMIZING REABSORPTION PULSES

E.1 SLH formalism + photon count formula

In the optimal measurement scenario, we assume a system S emits photons into the optical port and after the
photonic state passes through the MZI interferometer, the photons get absorbed into another controlable system
D. The system D is designed in such a way that it absorbs all the photons at MZI phase ¢ = 0. In this case the
untiary for the MZI is identity and therefore we can see the whole system as S and D interacting with a single

port. This allows us to use the SLH formalism [11] in which we can write the effective Hamiltonian and jump as:
i
Heg=Hgs+ Hp — §(LTDLS ~ LLLp),
Leg = Ls + Lp,

where Lg and Lp are the individual jump operators of S and D. To find the control parameters for the system
D, in order to absorb all the photon, we need to minimize the photon count at the optical port. Starting from

the vacuum state in the port, we can write the output photon count as:

T N
n= [ @01l )alT) 0.0 dt =3 (6,010 (T,0)ALAD(T,0) j6,0).
-0 k=0
N N
= (¢,01U] .. . ULALAUN ... U1 [6,0) = " (6,0|U] ... UAL AU, ... Uy |6,0).
k=0 k=0
where:
1 (k}Jr])E
Ap = — dt, Ne=T
k \/g e atat, € )
Up = I —ieH (ke) — i/e(LT (ke) Ay, + h.c.).
Therefore:
N T
n=>Y (¢,0/U]...U]_ L (ke)L(ke)Uy_1 ..Uy |¢,0)€ :/ (6| E(,0) (LT(t)L(t)) |¢) dt.
k=0 0
where:

¢ 1
E(1,0) = Tehi £ L(t)p = ~ilH, p] + L)L (1) — Z{LIO)L(2), p}.
Assuming system D to be controllable:

H=Hs+Hpo+g(t)Hp — (L}Ls — LELp), L(t)=Ls+ f(t)Lp

if(t)
2
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where Hp g is diagonal and Hp ; has terms like |[n)n + 1|, and g(¢) and f(¢) are real functions of time. Using this

Hamiltonian, we need to find:
(LH()L() = (L5Ls) + [P (O(LLLp) + f(O)(LELp + L Ls).
and then compute the integral to find the photon counts at the output.

E.2 Adjoint method

To find the gradiant of the photon number (n) with respect to the control pulses we use the adjoint method.

Consider the following ansatz for the functions f(¢) and g(t):

Z argr(t Z oy, sm< ) ; Z Brfr(t) nz B Sm< )

which gives:

for p € {ag, Bk}, we can write:

T
ZLZ: /0 <Tr(0(t,p>af’g;p))+Tr(50(t’p)p<t,p>))dt, O(t.p) = L' (1)L(1).

We can write the second term as:

d0(t)
dp

Tr (= =p(1)) = 2/ (1)1 ()05, (L L) + fu (D)0, 5. (L Lp + L Ls).
To compute the first term, we can write:

p(t) = E(t,00p(0), E(t,t') = Telis £

Therefore,

!
/ e(t.t',p) 2L — ) OEEP) ot pyat',

where we used 9p(0)/9p = 0. By inserting this to the first term of dn/dp, we get:

/OTTr(O(t,p) /dt/ dtTY( (t,p)E(t,t',p) (a )p(hp))
/dt /t dtTr( (t,p)E(t, T, p) é )p(t,P))

= [ (vier 265 i)

T
ETt,tHO(t)dt

+

where:
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To find V(¢') for all times we can solve the following differential equation:

dV(t")

e —o(t) - LI V({), V(T)=0

where:

1
LYt =i[H, Q) + LTQL — 5{LTL, 2}
Next we need to find the derivative of L:

oL(,p)  OH oL

_y0H oL oLt 1 9(L'L)

i oLt 1
L+Lpap 51 o P}

inserting this, we need to find the expectation of the operator:

T
08 V()] + %V(t’)L + LTV (t)

oL 1{8(LTL)
op 2 dp

V()

Finally the derivative of n can be written as:

dn /T A(LTL)
— = aw@)+ :
o, (W(t) ap )
with:
OH(t '
) k0 Hos — o013y (EhLs — L),

OL(t
a]()) = fr(t)dp,5. LD
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Appendix F
BEAM SPLITTERS + PHOTODETECTION OPTIMALITY

The optimality of a measurement is defined by the ability to extract the sensing parameter with the ultimate
precision, known as the Cramer-Rao bound, from the measurement outcomes. In the context of an MZI setup, it
has been demonstrated that photodetection (parity measurement) is the optimal method for achieving the Cramer-
Rao bound when the quantum states utilized for metrology have a definite number of photons. However, this
optimality does not hold in the general case, necessitating more intricate measurements. In reference [10], it has
been established that, for pure states, a LOCC (Local Operations and Classical Communication) measurement
can be identified as optimal. Here we study this optimality using linear-optical elements i.e. beam splitter
with adjustable angle and photodetection. The full measurement protocol that we study is as follows: After
detecting the first photon, the state undergoes controlled manipulation through a controllable beamsplitter. The
parameters of this beamsplitter depend on the MZI arm of the initial photodetection and the time at which it
occurred. Subsequently, upon detecting another photon, the angle of the beamsplitter is adjusted based on the
measurement outcome. This adjustment is achieved through classical computation, utilizing the results obtained
up to the current time. The process then repeats with the next photodetection. This can be regarded as a LOCC
in which measurement results are employed iteratively to modify the beamsplitter parameters. In this section, we
study the optimality condition of this type of measurement.

We will work directly in the continuum limit. The Hamiltonian for the MZI interferometer can be written as
0
Hy(t) = 2itan 3 (azbt — atbz).
It can be verified that the operator:

ty
Se= lim 7T exp <—i He(s)ds),
ty—o0 t_

N

transforms the operators a;, and b; as follows:
Sgath =azcosf + b;sinf and SgthQ =b;cosf — assinf.

Now, we consider |¢)) to be the initial wave function of the two ports. After passing through the MZI interferometer,
the output wave function can be written as, |[tg) = Sp |10). Using the first theorem from ref. [10], for any pure

state |¢g), the set of measurement operators {|E,) (E,|}, saturates the quantum cramer rao bound if and only if:

(E,| M |E;) =0 Va, (F.1)



26

and,
Vast. (Eutg) =0, (Ey|vg) =

where,

d|¢0>.

= [vo) (V7| — |[¥5 ) (el and |yg) = (1 — |ve) (tal)

By taking the derivative of |1y):
dlg) / dHe( )
da - [ . |¢9>

we can write the matrix M at 8 = 0:

iM =2 ([ H ) [¢) (] = (1) (Y[ H + H [v) (¥]),

where we defined H = i ffooo (aI by — atbi )dt. In the second theorem of ref. [10], it is demonstrated that for a
wave function [¢) describing the state of a finite number of qubits, there exists a LOCC (local operation and
classical communication) measurement protocol that achieves the Cramér-Rao bound. However, in our current
context, we are dealing with a wave packet that characterizes the state of a port. Therefore, the theorem cannot
be applied directly. Here we introduce a modified version of the LOCC measurement protocol that can be applied
to a multi-photon wave packet passing through a port. The central idea involves performing photon detection
measurements repeatedly. Importantly, before each measurement, we pass the wave function through a beam
splitter. The rotation parameters of this beam splitter, depend on the state |¢/), and the outcomes of previous

measurements. Precisely, the corresponding POVM is:

0'170'21"10'N 01,02, ,ON 01,02 o1
2l B (U Chvist e EER Civis ICAP R
01,02, ,ON 01,02, ,ON 01,02 01,02 g1 g1
< | (ftl,llaz,’ t,N Oty + gtl’;f%, t’N th) ’ (ftl {‘2 Oty + gtl;,tZ bt2) (ftl Aty + 9t, btl)' (F2)
where ¢1,--- ,ty denote the times at which photon detections occur, o; € {0,1}, and fs and gs are coefficients

that we will specify later. Here, efll,g?ta’ represents the measurement operator for the beam splitter and photon

detection, when measuring the i-th photon at time ¢;. Note that o1,---,0;_1 are fixed based on the results of the
previous measurements, and o; can take on values of either 0 or 1 based on the measurement outcome. When we
demand that these single-photon measurements be complete within the subspace of one excitation, we arrive at

the following expression:

01,02, ,0;—-1,0 01,02, ,0;—1,0 01,02, ,0;-1,1 01,02, ,0;—1,1 T

tryta, oty ><et1,t2,---,ti ’JF €t ta, et €t1 ot = af, [0)(0] as, + b], [0X0| by, = I,
01,02, ,0;—1,0 fcn,ffz,' ,0i—1,1

. e . b1 to e it b1 tae ot .

where, (eZ| = (0| eZ. This condition implies that the matrix . 12 need to be unitary.
) t t
01,02, ,0;—1,0 01,02, ”)UL 1,1
Gt1,ta, t; Gti,ta, t;

Using this relation, we can show that the measurement operators defined in Eq. [F.2] are complete,

S i e i = 1
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The next step is to show that under what conditions, the coefficients fs and gs are either 0 or 1 if we ask the
measurements satisfy the expression in Eq. [F.1], and consequently, saturate the Cramer-Rao bound. We can find
these values at the first step by the following procedure:
—Zeroth step: M should satisfy (0| M |0) = 0. By defining h = (| H |¢)) and |¢) = H |¢), this condition can be
written as:
2h] (0] )| — (0 ) (6] 0) — (1] 0) (0] ¢) = 0,

— h|(0] )" =0, (F.3)
where we used H |0) = 0.
—First step: We begin by finding |E¢,) such that (E;, | M |Ey) = 0. This requirement can be expressed as:

(B | @) (] Eyy) + c.c. = 20 (Ey, | ¥) (Y] By, ) = 0.
We can rewrite the above equation as:

(ft1 gtl)A(l) fikl =0, (F.4)

t1

where A is a 2 by 2 hermitian matrix with diagonal elements given by:
1
A0 = (Olars16) 01, [0) + . ) 20 0lar, 10} W] ai, 0]

A = (010 16) (6100, 10) + . ) 2001, 16) (0131, 10)
Moreover, we can show that:
(0] au, 16) = (0] auy H [ = # (0] by, ),
(01Be, 16) = (O] b, H ) = —i (0] ar, 1)

To be able to find two sets of f and g such that they satisfy Eq.[F.4], the matrix A needs to be traceless.
Mo = z‘(<0| ar, [4) (1], 10) = {01y, [4) (] af, |o>) = 2h[u(t,0)° = —2Im ((t1, 0)* (0, 12)) — 2hlw(tr, O)I,

AY = ( (O] b ) (0], 0) + (O] any 1) (3], o>) —ohjp(0,1)% = —2Tm (k1. 0 (0. 1)) — 20l t1)[2,

— A 2D = T ((t, 0)6 (0, 11)) — 2h(|w<t1,@>|2 + w(@,mﬁ),
where we defined:

O(7asm) = (O [T @ T] b I¥),

teT, t'ery

for arbitrary sets of times 7,, and 7,. Therefore, the condition for the beam splitter and photodetection to be
optimal is:

2T (11, 00 (0, 11)) + h(w(tl,wn? n w(@,tl)F) 0. (F.5)
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If the above condition is true and if [¢(t1,0)| = (0, ¢1)], then )\&) and )\511) are both equal to zero. Therefore,

the two sets of f and g can be chosen as:

fu 1 0

= or
gt, 0 1

And therefore, photodetection can be optimal at the first step.

—Second step: The condition for the second measurement to be optimal is (Ey, 4,| M |Ey, +,) = 0. This can be
written as:

Tt
gzkl,tg

The first measurement outcome could be either a;, or b;,. If the first photodetection outcome is a;,, the the

(ftl 2 Gty ,t2> A

diagonal terms of the matrix A are:
Mg = —2Im ([wm,m (b, 1)] 07 (tato, @)) — 2hl(tata, O)[,

AY = —2Im ([w<®,t1t2> - w<t1t2,w>]w*<t17t2>) — 2 (ty, 1),

then the condition for A®) to be traceless can be written using the above equations. We can also get another
condition assuming the first measurement outcome to be b;,. Therefore, if we ask photodetection and beamsplitters

to be optimal for the second measurement, the the two conditions are:

Im([w(thtz) + Y(ta, t1) |9* (trte, 0) + [1(0, tita) — ¢ (t1t, Q))W*(tl,tz)) + h(W(tlt% 0)* + |¢(t17t2)|2> =0,

(F.6)

Im([w((z),htz) — Y(trt2, 0)] 0" (o, t1) — [th(t1, t2) + ¢(t27t1)]¢*(®7t1t2)) + h(|w(@7t1t2)|2 + |¢(t27t1)|2> =0.

(F.7)

If these conditions result in )\é%) and )\(121) to be equal to zero individually, then we can choose the basis for f,

and g such that photodetection is optimal and there is no need for the beamsplitters. But that is not generally

the case. In the next subsection, we give an example in which photodetection and beamsplitters are optimal but

photodetection alone is not at the second step.

—Nth step: If we assume photodetection to be optimal for the first NV — 1 steps, then the measurement outcome

can be written as the following projection (the values for f and g are either 1 or 0):

<Et1,t27“',tN—1| = (0] H ag H by,

teT, t'eTy

for a pair of disjoint sets 7, and 7, such that:

Ta UTy = {t17t27"' atN—l}-
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Now we ask what are the conditions for beam splitter and photodetection to be optimal at the Nth step. The

condition for that is (Ey, ... ;| M |Ey, ... 1) = 0, which can be written as:

Firved
(o 1) A0 [T ) =g,

*
Gty tn

)

with the diagonal terms:

AN = —21m ([ S P Uty \t,mUt) = Y (1 Uty Ut, 7\ )] 9" (74 UL‘N,Tb)> — 20| (74 Utn, )%,

teT Ut N teTy

(F.8)

AN = —21m <[ S\t Uty Ut) = > (e Ut,my Uty \ )]9* (10,7 UtN)> — 2h|p(Ta, T U tn)|%.

teT, teTp,Utn

(F.9)

The optimality condition is the sum of /\(%V) and Aﬁv) to be zero. There are a total of 2V ~1 optimality conditions

for all possible pairs of 7, and 7.
F.1 non-Identical sources in a product state

If we assume the sources initially in a product state, then we can write:

'(/](TaaTb) = f(Ta)g(Tb)'

where:

Fra) = O [T acla),  g(m) = (O T ¢ lv)

ter, e,
We study the optimal measurement conditions for photodetection and beamsplitters in two cases where (I) h is
zero and f(7), g(7) are non-zero for any set 7, and (IT) h is non-zero.

(I) h=0and f(7), g(7) are non-zero:

Eq.[F.3] is satisfied since h = 0 by assumption. The condition for the first measurement in Eq.[F.5] is:

Im (4 (t1,0)0"(0,11)) = Im (f(t1)g" (t1)) =0,
which gives the condition that:
0(t1) = n(t1),

where we defined:

0(7a) = Arg(f(7a)), n(7) = Arg(g(7a))-
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As previously mentioned if this condition is satisfied, then photodetection is optimal at the first step. For the

second step the conditions in Eq.[F.6, F.7] can be simplified to:

7 f*(tth) ei(@(t1)+9(t2)) =0.

Im
g*(tit2)
where:
7 2| f(t1)g(t2)| + | f(t2)g(t1)] —|f(t1)g(t2)]
—|f(t2)g(t1)] 2| f(t2)g(t1)| + | f(t1)g(ta)]

If the matrix Z, is invertible, then we get:

9(t1t2) = ’r](tltg) = 0(t1) + 9(t2).

If this condition is satisfied, it is straightforward to see that )\(()%)7 and )\ﬁ) are equal to zero individually and

therefore, photodetection alone is optimal. Determinant of Z, being zero, gives that:

|f(t1)g(t2)| = —[f(t2)g(t1)]

Which results in either f(¢) or g(t) being zero for some values of time, which is a contradict since we assume f,

and g to be non zero. For N = 3, one of the optimality conditions is:

Im ([l2f<t1t2>g<t3>| 1 f(tata)g(t2)] + | F (tata)g(t)] f(tltztsk’”‘“”9“’"”9“3”)’

which gives the condition:
O(titats) = 0(t1) + 0(t2) + 0(ts3),

And similarly the same condition can be achieved for n(titats). Using this result, we can see that )\é%), )\ﬁ) are

zero individually in all cases at step three. Therefore, again photodetection is optimal at this step. This gives
the idea that for the case of initial product states for the sources, photodetection can be optimal and there is
no need for the adjustable beam splitters. We prove this statement using induction. We assume the induction
statement as following: For any two pairs of disjoint sets {71, 72} and {7{, 74} such that m U = 741 UTj = 7n

and 7y = {t1, -+ ,tn}, we have:
0(r) =n(r), 0(r1)+0(r2) = 0(r{) + 6(73), (F.10)

where 0(7) (n(7)) is the phase of the complex number f(7)(g(7)). First we show that this condition is equivalent
to photodetection being optimal at step N. For this we need to show that Eq. [F.8, F.9] will be zero. Using Eq.
[F.10], each term in the summations of )\(()Qf), and )\(111\[) is equal to zero and therefore, the induction statement
results in photodetection being optimal. As we have shown the statement being true for the base case of N = 3,

we just need to prove the statement for N = k, assuming: (1) the induction statement (Eq.[F.10]) to be true for
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N < k, and (2) photodetection and beam splitter being optimal for N = k (i.e. )\((JIS) + )\:(lli) = 0 for all possible
pairs of 7, and 7).
First by just using assumption (1), we show that if the set sizes ||, |T2|, |71, |75] < k, then the induction statement

for N = k can be achieved. we can write:

nUr=1UTty="{t1, - ,tx},

= 0(m)+0(r) =0(riN7) +0(riNTy) +0(r2 N 7y) + O(T2 N TS)

= (9(7’1 N7+ 0(mN T{)) + <9(Tl N7y)+0(m2 N Té)) =0(r]) + 0(73),
where we used 6(0) = 0, and assumption (1). Next step we use assumption (2) and show that the induction
statement is true when 71 = 7, and 72 = @. We start by choosing 7, = 7,—1 \ {t:}, 7 = {t;}, where 7,_; =

{t1, -+ ,tx—1}, and 0 < I < k. Therefore, if k > 3, we can write:
Ao’ = 2Im (f(n Utk Ut)g(0) f*(ra U tk)g*(tz)>,
A =o,
Therefore, we get the condition that:
(k) =0(t) +0(me \t;)) 0<I<k.

As a result we can conclude that the induction statement for N = k is true and therefore, photodetection is

optimal for identical sources with same initial states.
(IT) h#0:
The optimality condition at the zeroth step gives that:

Using this, the conditions at the first step can be written as:
£t + [FO)g(t)[* = 0 = | £(t1)g(9)] = 0 and |f(@)g(t1)| = 0.
Next, the condition at the second step becomes:
[f(trt2)g @) + 1 (t)g(t2)] = 0 and  [f(D)g(tat2) + |f(E2)g(t2)] =0
— | f(tit2)g(0)| = 0, [f(t1)g(t2)| = 0, and [f(D)g(t1t2)| = 0.
Similarly, the optimal conditions give that for any two set 7,, and 7, we have:
£ (7a)g(70)| = 0.

This implies that either [t,) = 0, or |¢p,) = 0 which is not physical. Therefore, optimality of photodetection and

beam splitters, implies that h needs to be zero.
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F.2 Counterexample: entangled state

Consider a two-photon wavepacket such that:

Y(tita, 0) = f(t1,t2), Y(ti,t2) = —f(t1,t2), (0, tatz) = (1414)f(t1,t2), P(ta,t1) = (1+14)f(t1,t2),

where the function f(t1,t2) should be chosen such that the wave function is normalized. First we note that for
this specific example, h is equal to zero, and the conditions in Eq.[F.3] and Eq.[F.5] are satisfied since it’s a two
photon wavepacket. It’s straight forward to check that the conditions in [F.6, F.7] are also satisfied and therefore,
beamsplitter and photodetection is optimal. However, )\é%) and /\521) are not zero for both cases of measurement
outcomes in the first photodetection. Therefore, photodetection alone is not optimal and we need the linear optics

to saturate the cramer-rao bound.



