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Abstract

It depends. For a single molecule interacting with one mode of a biphoton probe, we show that the
spectroscopic information has three contributions, only one of which is a genuine two-photon
contribution. When all the scattered light can be measured, solely this contribution exists and can
be fully extracted using unentangled measurements. Furthermore, this two-photon contribution
can, in principle, be matched by an optimised but unentangled single-photon probe. When the
matter system spontaneously emits into inaccessible modes, an advantage due to entanglement can
not be ruled out. In practice, time-frequency entanglement does enhance spectroscopic
performance of the oft-studied weakly-pumped spontaneous parametric down conversion (PDC)
probes. For two-level systems and coupled dimers, more entangled PDC probes yield more
spectroscopic information, even in the presence of emission into inaccessible modes. Moreover,
simple, unentangled measurements can capture between 60% and 90% of the spectroscopic
information. We thus establish that biphoton spectroscopy using source-engineered PDC probes
and unentangled measurements can provide tangible quantum enhancement. Our work
underscores the intricate role of entanglement in single-molecule spectroscopy using quantum
light.

1. Introduction

Opver the last couple of decades, entangled states of quantum light have been explored for their potential use
in linear and nonlinear optical spectroscopies. Absorption spectroscopy in a ‘biphoton’ setup, where the
effect of the sample is described perturbatively as an optical loss on one of the two spatially distinct modes of
an entangled state, has been experimentally performed on glass [1], crystalline [2], and nanoparticle [3]
samples. These offer a larger coincidence signal-to-noise ratio (SNR) compared to photon-counting
measurements of classical light.

More recently, coherent non-linear optical spectroscopies using quantum light have been proposed and
theoretically studied using a fully quantum mechanical approach [4—6]. The supposed improved
performance of these quantum spectroscopic methods over classical ones is often attributed to the
availability of control variables such as the entanglement time that do not have classical counterparts [7], or
more generally to the absence of the usual Fourier limit on joint temporal and spectral resolutions of
entangled photons [4].

However, if only single one-photon interactions between light and matter are considered, and
independent measurements are performed on the two photons, henceforth referred to as ‘signal’ and ‘idler’
photons, the advantage afforded by entangled biphoton states cannot be fundamentally quantum.

In fact, Stefanov has mathematically shown that, in this setting, the probability distributions of
uncorrelated measurements on the two spatially distinguishable modes of the outgoing biphoton state can

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic of pulsed biphoton spectroscopy. Only the signal photon interacts with the molecular system M, and both
photons are measured after the light-matter interaction. I" captures the interaction of M with the incoming signal mode while

T" ) does so for all other photonic modes, collectively dubbed the environment E. The specialisation of M to the two-level system
(TLS) and coupled dimer (CD) is only made in sections (6.2) and (6.3) respectively.

always be mimicked by an ensemble with classical correlations between the two photons, and rno
entanglement [8]. Thus, entanglement with an additional idler mode seemingly provides no advantage—or
disadvantage, when the subsequent measurements on signal and idler modes are independent. This implies
that the improved SNR in biphoton experiments with single-photon interactions may be attributed to
technical aspects such as the use of coincidence counters with sufficiently small time windows, but not to the
inherent quantum correlations of the entangled, non-classical light.

The general question of the role of entanglement in quantum light spectroscopy is more subtle and
intricate. It depends on the location—at the input or at the measurement stage, on the model of the matter
sample and the light—matter interaction, and on the nature and strength of the coupling to both photonic
and phononic environments. It also depends on the type of light used as probe (and consequently the type of
entanglement, such as between time—frequency modes, photon numbers, or some other degrees of freedom),
as well as on the time of measurement compared to the typical matter system timescale(s), its type, and the
detection system used.

Finally, it depends on what spectroscopy is defined to be. Mathematically, a larger probability—of
absorption, emission, or general quantum measurement outcomes—is not identical to a higher precision of
estimating unknown parameter(s) of the model matter system [9].

The latter is typically the operational goal of spectroscopy.

In this paper, we elucidate the role of time—frequency quantum entanglement in biphoton spectroscopy
in the precise estimation of unknown parameters of individual molecules. As illustrated in figure 1, it
captures spectroscopic setups in which only one of the spatially distinct travelling modes interacts with the
sample through a single one-photon interaction, the state of light itself carrying two excitations. Our
interaction model is motivated by the coherent coupling of single molecules (with strength I') with optical
fields. We also include a photonic environment characterised by the coupling strength I' | modelling
emission into inaccessible modes. Our conclusions are based on the quantum information-theoretic
methodology for quantum light spectroscopy developed in our recent paper [9].

Of proximate experimental relevance, we establish the functional utility of time-frequency entanglement
for the spectroscopy of a two-level system (TLS) and a coupled dimer (CD) using states generated from
weakly-pumped spontaneous parametric down conversion (PDC). Such states are typical of spectroscopic
techniques employing entangled light [1-3, 5, 10-13]. Our choice of matter systems also has immediate
practical relevance. Under certain symmetries of the dipole operator or isotropic pumping, alkali-metal
atomic vapours are approximately TLS [14]. The CD is often employed as a minimal model [15-17] for
exciton-hopping quantum dynamics in a wide class of light-harvesting complexes such as the 8-site
Fenna—Matthews—Olsen complex and the 27-site B800-B850 light-harvesting-2 complexes. It is more
substantively relevant for the cyanobacterial allophycocyanin (APC) complex [18], as well as conjugated
polymers [19, 20].

Our main results for single-molecule biphoton spectroscopy are as follows:

1. Atlong times, the spectroscopic information is bounded by a sum of three—a two-photon, a
one-photon, and a classical, contributions (equation (37)).

2. Entangled measurements across the signal and idler modes are not necessary to attain the bound in
equation (37) (see section (5.1))).
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3. Time-frequency entanglement of the input probe provides no in-principle advantage when I'} = 0 (see
section (5.2)).

4. A class of optimised unentangled measurements always yield more information than any measurements
on the signal photon state only (equation (52)), i.e. by tracing out the idler mode.

5. Time-frequency entanglement of PDC probes enhances the spectroscopy of TLS and CD systems. This
can be used to engineer PDC sources for practical quantum-enhanced spectroscopy (See section (6)).

Our results advance the understanding of single-molecule spectroscopy using entangled light. They pave
the path towards capturing experimental scenarios that could be the successors of absorption-based
techniques [21, 22] or fluorescence-based ones such as single-molecule pump-probe (SM2P)
spectroscopy [23-25] using quantum light. To the best of our knowledge, all these single-molecule
techniques have employed pulses of classical light, with or without a fixed phase relation between them. Our
work also stand apart from other recent ones on ‘quantum-enhanced’ spectroscopy that model the ensemble
matter system as an infinite chain of beamsplitters [26—28].

In addition to treating both the light and matter quantum mechanically, our work advances the
quantum-information theoretic understanding of spectroscopy using entangled light. It does so by clarifying
the spectroscopic potential of entangled measurements across signal and idler modes, and a simpler class
using local operations and classical communication (LOCC). These place our work beyond that of
Stefanov [8].

The paper is structured as follows: in section 2, we recast quantum spectroscopy as a local estimation
problem, which will be the basis of our evaluations of fundamental error bounds. In section 3, we describe
the fully quantum model of pulsed light—matter interaction in biphoton spectroscopy, as well as define the
form of the most general incoming biphoton probes that can be employed in the spectroscopic setup in
figure 1. In section 4, we calculate explicit expressions for the quantum Fisher information (QFI) of the
outgoing state for arbitrary incoming biphoton states and in the light-matter interaction Hamiltonian for
the biphoton setup. In section 5, we will establish that unentangled measurements can attain the QFI, and
also identify near-optimal measurements that should be more practical to implement. In section 6, we apply
the theoretical machinery of the previous sections to the experimentally viable PDC states, for which we also
show that entanglement has a functional usefulness in TLS and CD spectroscopy. Finally, we conclude in
section 7.

2. Quantum light spectroscopy as an estimation problem

Spectroscopy uses light—quantum or classical, to probe matter systems via travelling field states. Following
the light—matter interaction, the probe(s) (P) carry away information about parameters of the matter (M)
system. When both the light and the matter are described quantum mechanically, the quantum state of the
probe light just before detection, can be generally represented as

pgut (9) = Trme (Vl€n [IOM ®pP ® |0E><0E|] ) ) (1)

where p" is the incoming probe state of light, p™ is the initial state of the matter system, V? captures the
quantum interaction between light and matter and labelled by the single, real physical parameter  that is to
be estimated. [0F) = ), [0) captures all environmental modes (E) of the electromagnetic field that may
couple to the matter system M, unoccupied at the start of the experiment. The tracing out of the matter and
the environmental modes captures the fact that these parts of the global state are inaccessible to the
measurement apparatus.

The parametric model corresponding to POVM measurement {M; : M; >0, >_. M; = I’} on the output
state pP . (6) is given by the Born rule {p(i|§) = Tr [ p},(§)M;] |6 € R}. Statistical inference then involves
constructing estimators 6 = 0(X;,X;,...,X,), where {X;} are random variables corresponding to each of n
measured values, independent and identically distributed. The variance of the estimator
V(0]{M;}) = Eg[(6 — 0)]? is the mean square error of the estimator statistic (Ey denotes expectation with
respect to X1,X5,...,X, ~ p(i,0)). It is upper-bounded by the Cramer—Rao bound (CRB) [29, 30]

1

V(IO{M:}) 2 — o (2)
D = e o)
and C(0|{M;}) is the (classical) Fisher information, defined as
CO1101) = Vary [ Liog pi0)| = 0 [ L 108 p(i0)] ®)
i}) = Varg | 25log p(il) | = —Eg | 2 5log p (i .

3
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The model, and therefore the optimal estimators themselves, depend on the POVM {M;}.

A stronger and more fundamental bound on the precision of estimating 6 can be obtained by minimising
V(0]{M;}) over all possible measurements {M;} allowed by the laws of quantum mechanics. This is referred
to as the quantum CRB (QCRB) [31, 32]

1 1
O1{M)) ~ n0(0: o (0))

where Q(0; p,(6)) is the QFI corresponding to the parameter 6 in the outgoing state p° ,(6),

(4)

VMY > —

Q (0: pou (0)) =Tr (pouc (0) L) > C (0] {M;}), (5)

with the self-adjoint symmetric logarithmic derivative (SLD) operators defined via

Ly pgut (6) +pgut (9> Ly = 2 (6)

For the estimation of a single parameter 6, the corresponding QCRB can be saturated by the projective
measurement corresponding to eigenvectors of the SLD operator Ly [32]. For rank-deficient p? (),
however, this is only a necessary condition and eigenvectors of the SLD operator are only one of many
QCRB-saturating POVMs [33]. Indeed, for pure states p’,(6) = 1) (14}, the SLD operator has the simpler
form

Lo = |0ga) (V| + |106) (Oao| (7)

and the QFI is

Q (0; pou (0)) = 4 ((Dove|Darpe) — [(v6|0ptbe)|* ) - (8)

For a general mixed state expressed as its spectral decomposition, the QFI is [34, 35]

Q (&an |wn><wn|> = @‘;f’) (®)

n

P+ Pn

m,n

3 4p G000 = 37 LB (3 ) ©)

3. Light—matter interaction for a biphoton probe

The dynamics of a quantum matter system interacting with quantised light can be described via the
Hamiltonian

H=HM + Hf 4+ HMSE, (10)

where HM corresponds to matter M dynamics only, and HY is the free field Hamiltonian corresponding to the
incoming signal (S) and idler (I) modes, as well as the electromagnetic environmental E modes. Each term in
HMSE is of the dipole-field coupling form —d.E, where d is a transition dipole moment operator for the
matter system, and E is the (total) quantised electric field operator (see figure 1). The dipole coupling term is
appropriate for single molecules which are small compared to typical optical wavelengths, thus allowing the
dipole approximation [36].

While our arguments can be extended to general molecular systems, we restrict our discussion in this
paper to vibrationless P-site Hamiltonians (P = 1,2) of the form

P
HY = 3" i) G+ S 1l 1, (n
j=1

i#j

where [) is the excited level corresponding to the jth site (with frequency wj), and Jj; is the Coulomb
dipole—dipole coupling between sites i and j. P=1 corresponds to a TLS Hamiltonian, whereas P =2
corresponds to the CD system, composed of two sites that are coupled to each other via the single coupling
constant J. The transition dipole operator connecting the ground state of the matter system with the
singly-excited manifold (SEM) is of the form d =} .(#1;,[g) (j| + h.c.) where the matrix elements are

Hjg = (gl plf)-
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The free field Hamiltonian can be decomposed into a countably infinite number of
one-dimensional (1D) electromagnetic fields [37-40],

H' =Y" / d’khclk| al (k) ac (k)
= h dwhwal (w)a(w), (12)
2wt

where k and € are respectively the wavevector and polarisation indices for the electromagnetic mode, and the
subsequent index [ labels the resulting 1D modes. Although the sum over the index [/ necessarily runs to
infinity and subsumes both the incoming signal/idler modes, as well as the environmental E modes, we only
need consider, in the description of the light—matter interaction, modes that couple to the matter system M
due to HMSE itself.

These modes can be identified using the slowly-varying envelope approximation (SVEA) in the optical
domain, where the frequency bandwidth of the incoming field is assumed to be much smaller than the
carrier wave frequency, B < ws. Furthermore, the propagating, incoming beam of the signal S arm can be
approximated to be paraxial. 1D quantisation of the solutions of the classical paraxial equation for the signal
arm along the direction of propagation yields [41]

oo
Eg (t) =ies Ag ((Ds) / dws as (ws) e—lel7 (13)
— 00
where Ag(@s) = 26:_};&11 is the collective pulse factor (A is the transverse quantisation area of the signal

beam), and €g denotes the unit polarisation vector of the signal beam. Note that the emergent Fourier
transform of the field operators can be notated as

as (l’) = \/%? /_ d(.ds as (ws) eiiwst. (14)

These are known as white-noise operators and are §-correlated in time as [as(t),ag (t")]) =d(t—t"), where
d(#) is the Dirac delta function.

Description of the electromagnetic environment E is simplified by the practical fact that they are
inaccessible to experiments, and must be considered in terms of their effects on reduced dynamics only. This
effect can then be recovered by using a single bosonic degree of freedom (as opposed to the infinitude of
environmental spatial modes that the matter system M may decay into), labelled by the ‘b’ operators:

o0

Eg (1) = iep Ag (@s)/ dwg b(wg)e ™, (15)

—00

where Ag(ws) is a collective factor characterising the effect of the continuum electromagnetic environment.
For a more detailed description, see [9, appendix A].

In the interaction frame generated by Hy = Zj has|j) (j| + HF, where the field Hamiltonian can be taken
to include only modes that participate in the interaction

H = /dwﬁwa;L (w) as (w)Jr/dwhwa (w)b(w), (16)
the total Hamiltonian of the biphoton setup in figure 1 is
H(t)=HM —ih (\fFLT @as()@1'@ 1P+ /T, LTl 1 @b (1) —h.c.) , (17)

where HY! = > h(wj —ws) + > Jilj) (k[ and 1° (1) is identity operator on the signal (idler) Hilbert
space. Further, the collective dipole operators, weighted by the strength of interaction, are

VEL=VEr s @) Y (28] g

J

T oL =v2r A (@5) 3 (GEE"B) 194l (18)

J
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3.1. Incoming probe state of entangled light
An arbitrary incoming biphoton state in terms of continuous frequency variables ws and wy, corresponding
to signal and idler modes respectively, can be expressed as

@Mﬁ/m/ww%w@mwwm> (19)

where ®(ws,w;) is the joint spectral amplitude (JSA) of the entangled state in frequency space, and contains
all two-photon correlations. The bivariate JSA function admits a Schmidt decomposition [42]

O (ws,wi) = Z ru&y (ws) & (@), (20)

n

which in turn can be used to express the biphoton state in equation (19) in terms of discrete orthonormal
Schmidt modes

|Boign) = Y raal sal 10) = > €€, 21)
where
“i,sz/dwsgi (ws) al (WS)a“IJ:/dwlﬁ (wr)af (wr), (22)

are Schmidt mode creation operators, and |£X) = aI’X|O>, X = S, 1 are the corresponding Schmidt basis kets.

We make the additional assumption that the idler spectral amplitude is peaked around a central
frequency @y, so that aIT (wy) — a}L (wy — @) yields idler operators peaked around wy = 0. This is justified if
the biphoton entangled states are produced in physical processes in which (one or more) pump pulse
photons, derived from a spectral amplitude distribution centred around some central frequency wp, are
converted into daughter signal (centred around ws) and idler (centred around ;) photons. For biphoton
states produced in the weak downconversion limit of type-II spontaneous PDC using x(*-nonlinear crystals,
conservation of energy dictates that wp = ws + w;. On the other hand, for biphoton states produced in
four-wave mixing schemes [43—45] that exploit x(*)-nonlinearities, conservation of energy dictates (for
degenerate schemes) that 2iop = s + doy. This assumption is distinct from the SVEA, and is motivated by the
details of the physical process used to produce the biphoton entangled state. In terms of the re-centred signal
and idler field operators, the JSA of the biphoton state in equation (19) then correspondingly transforms as
Dpiph (ws, wi) = Piph (Ws — Ws, wp — wr).

In the rest of this paper, we assume that the JSA fucntion @, (ws, wr), as well as photon operators al (ws)
and a;r (wr) to have been appropriately re-centred so that s = &y = 0. Positing corresponding white noise

operators obtained as Fourier transforms of centred idler operators, a;r (h) = \/% [ dwyern alT (wr), we can

obtain an equivalent representation of the biphoton entangled state in terms of operators a;r (t) and a;r (1),

|Bpipn) = / drs / dts By (15,1) al (1) a (1) [0), (23)

where the time-axis joint temp0~ral amplitude (JTA) ®pipn(ts, 1) is the two-dimensional Fourier transform of
the centred frequency-axis JSA @ (ws,wr),

1 ) =
Duiph (ts,11) = o /dws/dwl st ) o (ws, wr) . (24)

The JTA ®pipn(ts, 1) then admits an analogous Schmidt decomposition

Dpiph (5, 11) = Z & (1) & (1) (25)
where
& (1x) = J% / duwx e &Y (wy), X =S,1, (26)

are the time-domain Schmidt basis functions.

6
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4. QFI for a biphoton probe

We start with the molecule in its ground state |g) (g| at = 0. Then, the joint SI-E state at asymptotically long
times ¢, where max[I',I" | ]t > 1, is effected by the completely-positive, trace-preserving (CPTP) map

W [0 0%)(0¥(] = T [ lim U(0) Ig) 51 ' 05) (0¥ U (1) @)

where U(t) =T [exp H f de’'H(t ))] is the unitary propagator corresponding to equation (17), and p'
is the signal-idler probe state. At t — co, the molecule decays back to the ground state |g). Thus, for a pure
biphoton input p>' = [ ®y;pn) (Ppiph |, the transformed state W [|Piph) (Poiph| @ |0F) (0F|] is also pure. The
linearity of the CPTP map W, can be employed to obtain the outgoing SI-E state as the piecewise
transformation of the Schmidt component wavefunctions on the signal-environment SE subspace, while the
idler I components remain unchanged, giving

W, [Z ral€3)1€R) @ [0F)

where the first term captures the signal photon being emitted into its original mode after absorption, while
the second captures the absorbed signal photon being emitted into the environment. Here, the nth
components

an [EN1En ®10%)] = > (Igm)1&) @ 10%) +[0%)]&)) ® |my)) . (28)

n

|63) = l&) = Tlen), —VIT L |e)

are obtained using the single-mode solutions [46] as used in [9]. We have abbreviated the distortion in the
nth Schmidt mode of the signal space as

= a|f w drfult =) €0 al ()10), (30)
where

a0 =teexp | (=it - L) o 1 61

is the characteristic response function of the molecule M. Analogous definitions can be made for |E).
Partial trace over the E subspace yields the outgoing state as the mixture of single photon (in the idler
mode) and biphoton states,

pls){ph,out = (1 - N) |(I)biph,out><q)biph,out| + N|OS><OS| ® ol (32)

where
1 Z Sy (el
|<I)biph7out>:m - rn|¢n>|€n>7 (33)

the normalisation factor being N=TT| Y~ % (e;|e}), and

L TTy

St (Rl €16 (34)

mn

is the conditional idler state when the excitation due to the signal is lost to E. Note that the transformed
signal states are no longer orthonormal

(B505) = On — TT 1 (5,]5). (35)

This is, however, recovered in the limit of perfect coupling so that imp, _o ($5,|45) = G- As
1= |0%)(0%| ® ¢! has no excitation in the S space, whereas |®p;ph oue) does, the two contributions
equation (33) to the mixture live in mutually orthogonal subspaces. Thus,

<(Pbiph,0ut | USI | ébiph,out> =0 (36)
yielding the form of the QFI [34] of the outgoing state with respect to the Hamiltonian parameter 6 as

7
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Table 1. Dominant contributions to spectroscopic information QFI Q(6; p[ﬁph out) iN the asymptotic time limit £ — oo for different

regimes of relative M-S and M-E couplings. A fuller dependance on the relative magnitudes of M-S coupling I" and M-E coupling I" | is
provided in appendix B.

ry/r C(N,1-N) NQ(d") (1= N)Q(| Ppiph.out))
<1 X X v
Oo(1) v v v
>1 v v X
Q (6 Pliphout ) = C (N, 1= N) +NQ (6") + (1= N) Q (65 Boipn,ou0) (37)

where C(N,1— N) = Ny /N(1 — N) (with Ny = 9pN) is the Fisher information associated with classical
mixing of the | ®piph our) and [0°)(0°| @ o' quantum states. The conditional idler QFI Q(6;0") can be
obtained by solving equation (6) for o, and using equation (5). The biphoton QFI term can be shown to
be (for details, see appendix A)

1
Q (97 |(bbiph,out>) = mz |rn|2<89¢2|89¢2>
2

! . (38)

(1-N)’

> Il (65100 5)

Equation (37) is one of our main results, that the spectroscopic information about the molecule M has
three distinct contributions - from the biphoton state whose signal mode is modified by its interaction with
M, the one-photon idler state when the absorbed photon is lost to E, and finally the classical mixture of the
two.

In the absence of entanglement, that is a product JSA where r, = 0¥n > 1, o' = 1', and Q(6;0") = 0.
Equation (37) then reduces to single-photon spectroscopy [9].

In the presence of entanglement, the contributions of the three terms in equation (37) depend on the
relative magnitudes of M-S and M-E coupling. These corresponds to different flavours of experimental
setups—in free space scenarios where I'} > I, the first two terms dominate in equation (37) as most of the
signal excitation are lost to the E space. In contrast, for geometries engineered such that I'} < T, the
biphoton QFI will be the major contributor as few excitations are lost to E. This is summarised in table 1.

4.1. Attaining the QFI in equation (37)
The three terms in equation (37) may be successively saturated in a cascade of mutually commuting
measurements on orthogonal subspaces in the SI space as illustrated schematically in figure 2(a).

The first term C(N, 1 — N) can be attained using quantum non-demolition (QND) photon counting
measurement effected by the set of signal projectors {II3,II3 }, where IT = |0%)(0°|, and
I = [dw ag (w)]0%)(0%|as(w). A QND measurement is advisable as destructive photon counting at this
stage can only fetch as much as the information as the classical C(N, 1 — N) term, the collapsed photon states
carrying no more quantum information. Practically, such QND photon counting has been achieved using
either cross-Kerr mapping of photons numbers onto phase shifts of a secondary optical probe [47-49], or by
strongly coupling the photonic state to atoms in cavity electrodynamics that maps photon numbers to
atomic phases, which can then be detected using interferemetric techniques [50-52]. The photon counting
measurements, non-demolition or not, are effectively absorption measurements, and the magnitude of N
can be estimated from these measurement outcomes

The second term NQ(c!) can, in general, be attained by measuring (idler) projectors corresponding to
the eigenvectors of the SLD for o!. A practical setup that can implement approximately optimal
single-photon projectors as mode-resolved photon counting may be achieved using quantum pulse
gating (QPG) techniques [53-58] for ultrafast pulses. This involves an incoherent train of pulses coupling
with a sufficiently shaped gating pulse in a sum-frequency interaction inside a nonlinear crystal. The shape of
the gating pulse determines the mode the incoming pulse is effectively projected on to, presenting at the
output as a higher frequency signal than the incoming pulse (see figure 2(b)).

The third term in equation (37) may, in general require measurements entangled across the signal and
idler on the pure state | ®piph our) to be attained. In the next section, we show that an unentangled
measurement suffices.
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Figure 2. Detection scheme that fetches estimator precision corresponding to full QFI in equation (37). (a) Schematic of cascade
of mutually admissibe measurements. As a first step, QND photon counting is performed on the signal substation. Based on the
outcome (classically communicated to the idler substation), the idler photon is either detected in mode-resolved projective
measurement, or sent to the 1-LOCC box, which is discussed in detail in section 5 (schematic illustration in figure 3). (b) QPG
implementation of mode-resolved photon counting.

5. 1-LOCC detection schemes

Measurement protocols for multipartite quantum systems can be divided into three classes [60, 61] — (a)
uncorrelated local measurements (LM) with no classical communication between individual substations, (b)
correlated LOCC where results of local measurement operations may be conveyed back and forth between
the various substations using classical bits, and (c) global measurements (GM) which are the most general
class of measurements that can be performed on multipartite quantum systems. In terms of their ability to
extract quantum information and resource intensiveness of practical implementation [62],

LM C LOCC C GM. In our spectroscopic setup, entangled measurements across the signal and the idler
would be in GM, but not LM or LOCC.°

We show that such entangled measurements are not necessary to attain the third term in equation (37).
In fact, we show that a one-way idler-to-signal LOCC measurement scheme—that we will henceforth refer to
as ‘1-LOCC;, always attains the third term in equation (37). For the biphoton setup, the most general
1-LOCC is schematically illustrated in figure 3. In such a detection scheme, the results of local measurement
on the idler substation are classically communicated on to the signal substation, where then measurement
operators for local detection are chosen accordingly’. This is another of our main results.

Experimentally, LOCC operations on continuous-variable (CV) time—frequency entangled states have
been successfully implemented as part of CV teleportation of light states [63, 64]. Our 1-LOCC detection
scheme is thus a potentially attractive class of measurements for biphoton spectroscopy, and must be
contrasted against interferometric quantum spectroscopies that propose global measurements by bringing
together the two photons in linear [65, 66] or non-linear interferometers [67] at the detection stage.

6 Parts of results in this section appear in [59, chapters 4 and 5].

7 Signal-to-idler 1-LOCC detection schemes can be constructed in similar fashion, but with some important differences. See appendix C.
Signal-to-idler schemes may be more challenging to implement practically as the preparation step must necessarily follow the light-matter
interaction, outcomes of which must subsequently be communicated to the idler substation.

9
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Figure 3. Idler-to-signal 1-LOCC scheme. The biphoton Kraus operators for the overall LOCC scheme are given as
{IL, . = Hilx ®IIL}.

Operationally, the idler-to-signal 1-LOCC detection scheme can also be viewed as a heralding scheme
where a measurement is performed on the idler photon, and outcomes communicated to the signal station
independently of the light—matter interaction which has support on the MSE subspace.

We construct a spectroscopically useful subclass of 1-LOCC detection schemes by optimising the CFI
over POVMs on the signal mode only. We call this the ‘measurement-optimal’ 1-LOCC detection scheme,
and show that it (i) always includes a measurement whose CFI equals Q(6; |®piph,out(6))) in a specific choice
of the 1-LOCC scheme, and (ii) the associated CFI for all members exceeds that of any single-photon
measurement on the reduced signal state only.

For perfect coupling geometries (I'y = 0), (i) implies that entanglement in the incoming biphoton state
is not, in-principle, a resource. This is because the QFI of an entangled biphoton state may be attained with a
suitably heralded Fock state and uncorrelated LM measurement.

5.1. 1-LOCC fisher information in biphoton setup
The most general idler-to-signal 1-LOCC detection scheme proceeds in the following three steps:

1. Projectively measure the idler photon in the basis { V|¢!)(¢!|VT}, where V is an arbitrary unitary operator
on the idler Hilbert space. This transforms the incoming entangled biphoton probe state via Kraus
operators ITL = 1° @ V|€L) (¢! VT to

P VI =37 (1) | @yipn) (Bpipn 1

= [ @ VIENEIVT, (39)

where [1h,) = Y, 1, V5 |€), and V,,, = (€],|V|€L) are elements of unitary matrix V in the idler Schmidt
basis.

2. Communicate (classically) the outcome of projective measurement {II.} to the signal substation. The
M-S-E interaction, given by the CPTP map W, in equation (27), transforms the signal Schmidt basis
{|€5)} onto the non-orthonorgonal set® {|¢3)}, and renormalises the outgoing state as in equation (33).
The resulting SI state is given by

o VI =D 16 (Gl ® VIENEIVE, (40)

P

where |(,) = ﬁ >, raVi|@5), is the unnormalised conditional signal state for the outcome x.

3. Measure the signal photon using operators {115

- } depending on the communication x = x,, received
from the idler.

These stages of the 1-LOCC scheme are illustrated in figure 3.

8 The preparation step (characterised by Kraus operators {TI.}) quantum operation and the M-S-E interaction (characterised by super-
operator W,) commute with each other, and can be applied in any order. If, in the final step, the signal subensembles {|(.)} are all
projected onto a common measurement basis, the LOCC scheme reduces to an LM scheme with independent measurements performed
at signal and idler substations.

10



10P Publishing

Quantum Sci. Technol. 9 (2024) 035004 A Khan et al

The maximum CFI attainable using a 1-LOCC scheme is formally given by

Hrsnal)%(,’<9|{ Hy|x®HL}) = max <Iggxc(9{ (=11, ®H‘})> (41)

sty I =103 10 = 1%V x. The maximal 1-LOCC CFI is upper bounded as

max C (9| { Hﬂx®njc}) < Q(6; | Dyiph.ou)) (42)
Hﬁlx)nl

since 1-LOCC C LOCC C GM.

The maximisation of the CFI functional may now proceed in two steps, following the RHS of
equation (41): first, for a given unitary V, the CFI is maximised over all allowed {II° - }, and second, the
resulting quantity is maximised over all TIL. = 1° @ V|¢L) (€1| V1, which amounts to a maximisation over all
unitary operations V. All 1-LOCC for which maximisation over signal POVM {HS‘ +—x, J has been performed
will be termed ‘measurement-optimal’, and the corresponding CFI quantity, now just a function of the

preparation unitary V, is given as

Conss (65V) = max € (6] {11, = I, @ L} ). (43)
ylx
Constructing the orthogonal complement of |Pyiph out) in the two-dimensional

Span[|q)biph,out>a |80q)biph,out>] as [33]
|‘I>§ph,om> = (1 — | Pbiph,out) {Poiph,out|) [0 Pbiph,out), (44)

the following result holds:

Theorem 1. For a preparation step unitary Vy that satisfies
<£EH|VS Trs | Pviph, out) <q)¢ph,0ut| V0‘§}n> =0 Vm, (45)

Cmax(67 VO) = Q(@, |(I)biph,0ut>)-

A proof appears in appendix D.

A constructive proof for the existence of a V| satisfying equation (45) has been established for finite
dimensions [61, 68]. It can be extended to trace-class (and hence bounded and compact) operators on CV
spaces, including Trs | ®piph our) <<I>§;Ph70ut| in equation (45).

Following the upper bound in equation (42), the measurement-optimal 1-LOCC characterised by V|
must correspond to the maximal CFI attainable. Thus, the biphoton component of the QFI in equation (37)
may be attained in a measurement-optimal 1-LOCC scheme with V,,; = V; — that is, an unentangled
measurement. The unitary Vy, in general, depends on the the outgoing signal modes {4}, which themselves
change with the nature and strength of M-S and M-E interactions.

5.2. No advantage from entangled input probe
IfI'} =0, only the third term in equation (37) survives. Then there always exists a single-photon Fock state
opt, 1 opt
GP) = ——IP), (46)
(Grlc)

where

) = ﬁz Vop) e |63) (47)

for some measurement outcome x = x,,,, which has at least as much QFI as the entangled input in
equation (19). In principle, time—frequency entanglement of the input thus provides no advantage in this
scenario.

This follows from Theorem 1, whereby the biphoton QFI can be written as the convex combination of
signal-only QFIs as (see equations (D3) and (D21) in appendix D)

Q (0 |Ppnour)) = Y (CHIc) @ (0: 1)) (48)

X

11
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where |(§pt’/> -
equal to the QFI of the following separable state

W |CP*) are normalised conditional states. Equivalently, the biphoton QFI is always

Q (65 Pviph,out)) = (9 DGR @ Voplé) (] opt>' (49)

This shows that it is always possible to engineer the incoming state of light so as to prepare deterministically
the product state component in the convex sum in equation (48) with the maximal QFI
max, Q(6; &P >) (which we will label by index x = x,,,) so that the QFI of the separable state then yields at
least as much precision as the entangled biphoton state.

Operationally, one need only start then with the (pre-conditioned) single-photon signal state

lvor) = Vopt) . 1600 (50)

ﬁ

which would yield the outgoing state |CxP" > whose QFI is always greater than, or equal to, the biphoton QFI
(97 |®b1ph,out>)-

This subsection extends a similar conclusion in [9] for the restricted case of resonant I'-estimation in TLS
for I' | = 0 to an arbitrary Hamiltonian parameter 6.

Our conclusion that an entangled input is not, in-principle, a resource can also be extended to scenarios
with I | # 0 when the biphoton state |®yiph out) is post-selected, because, in that case the first two terms in
equation (37) drop out. The question of whether an entangled input is advantageous when all the three
terms in equation (37) contribute, however, remains open.

5.3. Lower bound on measurement-optimal protocols
For any measurement-optimal 1-LOCC CFI,

Conas (0:) = Q03 s [V (9 > g) - (e;llNZ |rm2|¢;><¢;>
=0 (G;Trl |(I>biph,0ut> ) ) (51)

where the first line is true because maximisation of the CFI over {II3 } in equation (43) is precisely the

y|x=xm
maximisation that yields the CRB [31, 32] for the conditional state p. ,[V] (see equation (D1) appendix D).
The second line is a consequence of the extended convexity of the QFI [69]. The inequality is saturated iff
(#5 |09 3) = 0 m,n. For a Schmidt basis {|¢5)} that is complete on the signal Hilbert space, this is never

true, and we get the stronger inequality
Cmax (97 V) > Q (9§Trl |(I)biph,out>> . (52)

This shows that all measurement-optimal 1-LOCC detection schemes yield higher CFI than the QFI in signal
photon obtained by tracing out the idler. Consequently, all measurement-optimal 1-LOCC detection schemes
have a guaranteed metrological advantage over signal photon-only strategies. This leads to the hierarchy

Q (97 |(bbiph,out>) = Cmax (97 Vopt) 2 Cmax (97 V) > Q (H;Trl ‘(I)biph,out>) . (53)

5.4. Parameter-independent unitary V = 1
Unlike V= Vo, V= 1" is independent of @ and {¢3}, and presents a simpler experimental scenario. The
corresponding CFI is

Crnax (6;V=1") Zm * (D5 ldn) — Z|rn| (&3l dh) (54)
For the special case of resonant I'-estimation in a TLS with transition frequency wy, it has been shown
that [9, section 5.1])
Q (T3 | Piph,out)) [a=0 = Comax (T; V="1") ; A = wy — ;. (55)

This implies that a 1-LOCC detection scheme with V = 1" attains the QFI for I'-estimation at A = 0 in a
TLS. While this conclusion no longer holds for the spectroscopy of more general systems and parameters, the
measurement-optimal V = 1' 1-LOCC detection scheme continues to be an improvement over simply
tracing out the idler in the outgoing wavefunction, as per equation (53). We study its efficacy in spectroscopy
with a PDC input probe numerically in section 6.

12
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Figure 4. Plot of entanglement entropy S in equation (57) for PDC source characteristics—pump bandwidth (o) and
entanglement time (Tqent). The time—frequency entanglement is higher for short Tqent, and small values of o,. See [9, appendix
H] for definitions.

6. Spectroscopy using PDC light

We now study pulsed quantum light spectroscopy using the experimentally ubiquitous entangled probes of
weakly-downconverted PDC states [9, appendix H]’

1 o0
[Pppc) A N2 <|O> + Z Tn,PDC |h3>|hi>> ; (56)

PDC n=0

where |h3) and |h!) are nth Hermite-Gauss Schmidt basis modes for signal and idler spaces respectively, and
rn ppC are corresponding Schmidt weights. The JTA function for the incoming PDC states may be obtained
by inverting equation (20) and recombining the Schmidt terms ®ppc(ts, 1) = >, 7nppc hu(fs)ha(t1). The
time—frequency entanglement of PDC states can be quantified using the entanglement entropy function

S= —Z |ru.poc|*log|ruppc|?, (57)
n

which is plotted as a function of PDC characteristics of entanglement time Tgeq and pumpwidth o}, (see [9,
appendix H] for definitions) in figure 4.

We show that for these most practical of entangled probes, time—frequency entanglement provides a
functional advantage in biphoton spectroscopy for asymptotically long detection times. We also establish
that it is possible to get close to the fundamental limits set by the corresponding QCRB using unentangled
measurements that are independent of the true value of the parameter. We thus provide a complete recipe for
quantum-enhanced biphoton spectroscopy using PDC light probes and simple, unentangled measurements
independent of the sample parameters.

6.1. QFI of outgoing PDC state
The outgoing S-1 state for the PDC input in equation (56) has a structure similar to equation (32), but with a
modified normalisation

2o 0ut = (1 — 1) [ppc out) (PeDC,0u| +10°)(0°| @ 0, (58)

where o' is the same as in equation (34), n = N/Nppc,

1
|®ppC,0ut) = m <|0> + anrn,PDC|¢2,PDC>|hL>> ) (59)

with

‘¢§1,PDC> = /OO dtS (hn (ts) — F/ts deM (ts — 7') h, (ts)) a; (ts) |()S> (60)

— 00

The QFI of the outgoing PDC state has the familiar trinal contribution (cf equation (37))

Q(0; pipc.our) = C(n,1—1) +1Q (6;0") + (1 —1n) Q(6;|Prpc,ou)) (61)

9 Parts of results in this section appear in [59, chapters 4 and 5].
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where

4
Q (0;|Prpc,out)) = Nooc (1—w) > Irwencl? (960}, poclded) poc)

2
4

- m Z|r"7PDC|2<¢2,PDC|89¢27PDC> . (62)

The relative magnitudes of the three terms in the PDC QFI in equation (61) admit the same pattern with
respect to the ratio I'; /T" as established for the biphoton QFI in table 1, with the only modification being
that all the Fisher informations in equation (62) are scaled by the I" | /T'-independent normalisation Nppc.

Also of interest is the CFI of the measurement-optimal 1-LOCC mediated by preparation step unitary
V = 1! for the PDC states (see equation (54))

4
Crnax (9, V= ]11) — mz ‘rn,PDC|2 <89¢§17PDC‘80¢27PD(:>
4 2
B m Z |rupnc|* | (95 poclP0dh poc) | (63)
PDC - "

Finally, some descriptions of the entangled PDC photons omit the vacuum term in equation (56), yielding
just the biphoton state |®p;,y) in equation (19). This corresponds to the state post-selected for only successful
detection of the two photons, and can be expressed in terms of the PDC JTA ®ppc(ts, ) as

|@yipn) = % / drs / dty Bpoc (t6,1) al (t5)al (1) ]0), (64)

where A = [ dts [ dty @ (fs, 1) Pepc(ts, 1) ensures unit norm. The spectroscopic informations provided
by states in equations (56) and (64) are not, in general, a simple rescaling. Rather,

Q (9, |(I)PDC,out>) ~AQ (91 |(I)biph,0ut>)
2

4 *
JrK ‘/dfs/dflae‘bPDc,out(ts,tl) Pppc,out (s, 11)| 5 (65)

assuming Nppc =~ 1 and A < 1. See appendix I for details.

We finally specialise our study of entangled quantum light spectroscopy to specific matter systems: in
section 6.2, we address 1-site TLS (P =1 in equation (11)) for which we will evaluate Fisher informations
corresponding to pulse-matter coupling I', as well as level frequency wy; in section 6.3, we address the 2-site
CD systems (P =2 in equation (11)), for which we will evaluate fundamental limits of inter-site coupling J
estimation. As a first foray, we focus on the vibrationless Hamiltonian that does not include couplings to
phonon baths.

We highlight aspects of engineering the source of PDC probes for spectroscopy while yielding tangible
quantum enhancements. We find larger time—frequency entanglement—concomitantly shorter
entanglement times and pump bandwidths—to be beneficial. Indeed, more entanglement in the PDC probe
yields more spectroscopic information. Parameter-independent (hence non-adaptive) unentangled
detection, using the most entangled of PDC probes, also meaningfully outperform single-photon
spectroscopies using the reduced signal state only. Typically, these simplified measurements capture between
60% and 90% of the spectroscopic information.

6.2. TLS spectroscopy
For the TLS, HM = liA|e) {e|, A = wy — &s is the detuning between the carrier signal and TLS frequency wy,
and the characteristic response function for TLS takes the simple form

frus () = exp (— F +2Fl + iA] t> : (66)

6.2.1. No coupling to environment (E): ') =0

In this case, only the last term in equation (61) contributes. This QFI is plotted, for a grid of values of
classical pumpwidths o, and entanglement times Tqent, for the estimation of I' in figure 5(a), and for the
wg-parameter in figure 5(b). For both parameters, comparing figures 4 and 5 shows that more entanglement
in the incoming PDC probe, as captured by entropy S defined in equation (57), leads to a higher value for the
outgoing QFI.

14
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Figure 5. QFI Q(6; | ®ppc,out) ), calculated numerically using equation (62), for varying PDC entanglement time Tgent, and
classical pumpwidth oy, for TLS parameters (a) 8 = I',and (b) § = wo,and '] = 0. (I' =0.15THz, A = 0 THz).

To uncover the role of entanglement in the incoming probe PDC state in this spectroscopy task more
clearly, we also display scatter plots of the I'- and wy-QFIs as functions of the entanglement entropy S in
appendix E (see figures 14(a) and (b)). These show that that a more entangled PDC input always yields more
outgoing QFI. However, the outgoing PDC QFI is not a one-to-one function of the incoming entanglement.
Specifically, for the same amount of entanglement, incoming PDC states may yield outgoing states with
different QFIs, depending on the experimental values of Tyen and oy,.

The apparent advantage conferred by time—frequency entanglement here is not in contradiction with our
earlier conclusion that entanglement provides no in-principle advantage in biphoton spectroscopy. In
section 5.2 we showed that the outgoing QFI corresponding to any incoming entangled state may be
superseded by a suitably optimised product state in the S-I space. In contrast, entanglement-enhanced
sensing in figure 5 is relative to PDC probe states only.

For reference, in figure 5, the ratios of outgoing QFI corresponding to the most entangled PDC
state (bottom-left edge in either plot) to that of the least entangled (almost product) PDC state (top-right

edge) are
Q(I;|® = =30cm™
(I3[ Pepc.ou)) [ Tam=0.150ps0=s0em 1) o2, (67)
Q (F, |CI)PDC,0ut>) |chn‘:1-995P57‘7p:180€m_1
and
Q (wo: [ ®ppC.0ut)) | Tyn=0.150ps5,0p=50em=1 15.5665, (68)

Q (wO; |<I)PDC701H>) |qum:1.995ps,z7p:180cm*1

showing that for TLS spectroscopy, there is significant advantage to engineering the source to produce more
entangled states—within the class of PDC states. Our result also indicates that, for the parameter regime
considered, using entangled photons enables more precise spectroscopy than heralded single photon
states [70-72].

To further underscore the subtle role of entanglement, we consider a family of time—frequency pulse
mode (TEM) states of the form [73]

1 Qpum
|Prem) = VR <|0> + ph . |(I)'thM>) ) (69)
Nrpy
where
|[Pipm) = costhg)|hy) + sint|hY)|hg), 0 < t <, (70)
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Figure 6. Degree of optimality as per the ratio s¢(wp) using PDC light, for I' = 0.15 THz, A = 0 THz.

and apump/h = 0.01 (same as for |Pppc)). Parametric plots of the QFI of the outgoing TFM state against the
entanglement of the incoming state in figure 15 in appendix E show that for both TLS parameters, the
maximal QFI in outgoing state corresponds to the product input |hg)|h!). Thus, for this family of biphoton
states, time-frequency mode entanglement is not a useful resource.

As a final caveat, recall that our conclusions are for asymptotically large times. They may not hold in
general for finite-time evolutions. As a matter of fact, an opposite behaviour was shown in a similar
parameter region [9] for short detection times, where the problem essentially reduces to absorption
estimation, and the perturbation induced on the signal photon wavefunction is not relevant. This further
highlights the intricacies in understanding the role of entanglement in quantum light spectroscopy.

To understand the measurements that attain a large fraction of the maximal spectroscopic information,
we now define two ratios to capture the efficacy of Ciax (6; V= 1') . They are motivated by the simpler
parameter-independent V = 1" measurements enabling practical entangled light spectroscopy. The first is a
‘degree of optimality’ defined as

Cax (9; V= ]ll)

“) = 30 [Brocan))

, 0<x(0) < 1. (71)

A value closer to unity indicates proximity to the fundamental precision afforded by appropriately
constructed estimators set by the PDC QFL, which for I'} = 0 is the biphoton QFI Q(6; |Pppc out(6))) only.
The second is an ‘enhancement factor’ defined as

Crnax (0; V=1")

S (9) = o) (9; Trp [|‘I3pDc,out>])

, ¢(0)>1, (72)

where ¢(#) > 1 indicates a spectroscopic advantage offered by 1-LOCC measurement with V = 1" over all
single-photon strategies on the reduced signal-photon state Tr;|®ppc out). For completeness,

Q (05 Tr1|®ppc,out)) = Crmax (0; V=1") —

16 |r,n)? |rn s 2
Do, - (73)
(NPDC (1—n))* Z = |rml? + |7l mpwe | 909 p0c)|

Figure 6 displays the optimality ratio »(6) for the TLS parameter wy when A = 0. It shows that more
that 80% of the QFI for a PDC probe is recovered by a parameter-independent 1-LOCC measurement. For
resonant I' estimation, »(T")| o= = 1 for all points on the grid [9]. As the magnitude of the detuning |A|
increases, (®ppc,out | Or Pepc,out) | A0 7 0, and the degree of optimality drops below unity, as can be seen in
figure 18 in appendix F.

Lastly, figure 7 displays the enhancement factor ¢(6) for TLS parameters wy and I". From equation (52),
we always expect ¢(6) > 1, which is substantiated in these plots. We also see that spectroscopy with only the
most entangled of PDC states can meaningfully outperform single-photon spectroscopy using the reduced
signal state Try[|®ppc out) |- Interestingly, for wo-estimation, a more entangled state yields a larger ¢(wy) as the
detuning |A| increases, whereas the reverse is true for ¢(I"). For the effects of non-zero |A| on these
quantities, see appendix F. This has practical consequences for spectroscopy using PDC probes, as one may
resort to the even simpler setup of single photon probes if the enhancement offered by the 1-LOCC scheme,
as measured by ¢(#) is not large enough.
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Figure 7. Enhancement factor ¢ () for estimation of TLS parameters (a) I', and (b) wo using PDC light, for
I"=0.15THz, A = 0 THz.
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Figure 8. QFI Q(T"; | Pppc,our)) for varying PDC entanglement time Tgent, and classical pumpwidth oy, for TLS parameter I', and

free space M-E coupling set to (a) I'; /T" = 0.5, and (b) I"; /T" = 10.0. Note the change in scale of QFI values between the two
plots. (I' = 0.15THz, A = 0 THz).

6.2.2. Coupling to environment (E):T'| >0
For non-zero coupling to the environmental modes in E so that I'; > 0, the outgoing two-photon QFI must
now be evaluated using equation (61) which includes contributions from both single- and two-photon
terms, in addition to the term corresponding to classical mixing. Figure 8 displays the outgoing I'-QFI (for
the same grid of values as figure 5 and A = 0) for two representative values of M-E coupling. In panel (a),
I") =0.5T corresponds to comparable M-S and M-E couplings, whereas panel (b) corresponds to
I"} =10.0I" such that the matter-environment coupling is much stronger than coupling to the incoming
signal mode. Corresponding results are shown in figure 9 for wy-QFI. The effect of non-zero detuning on
TLS parameter QFIs in the presence of an environment is studied in appendix F.

Even in the presence of an environment, figures 8 and 9 show that time-frequency entanglement
continues to be a useful resource for spectroscopy using PDC probes. The magnitudes of the QFI values for
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Figure 9. QFI Q(wo; |Prpc,out)) for varying PDC entanglement time Tgen, and classical pumpwidth oy, for TLS parameter wy,
and free space M-E coupling set to (a) I' ) /T" = 0.5, and (b) '} /T" = 10.0. Note the change in scale of QFI values between the
two plots. (I' = 0.15 THz, A = 0 THz).

either TLS parameter are also diminished, an expected consequence of the M-E coupling which causes the
matter sample to decay into the environmental modes, thus reducing the information content in the
measured signal and idler modes.

6.3. CD spectroscopy: J-estimation
The Hamiltonian of a CD (P =2 in equation (11)) is given by

HP = 3" byl Gl + 1 (wa + wp) [H (A + T (|a) (6] + [b) {al) , (74)

j=a,b

where ] is the coupling strength between the two sites a and b (see figure 1). Transforming to an
appropriately chosen interaction frame and diagonalising the matter-only part (details in appendix G), we
can express the CD Hamiltonian in the delocalised excitonic basis as

H® = % BALi) (i 4+ (Ao + Ap) [N {f], (75)
i=a,f

where A; = w; — @s (i = a, ) are the detunings from the central signal pulse frequency of the singly-excited
manifold (SEM) excitonic levels |a) and |5).

The explicit form for the characteristic CD function fcp(#) appears in appendix H. It can be used to
evaluate (assuming no M-E coupling so that I' ] = 0) the fundamental limits on the J coupling parameter
between the sites a and b, using equation (61).

In figure 10, the J-QFI are plotted as heat maps, for identical ranges of 0, and Tqen; values as for
entanglement entropy S in figure 4, for signal carrier frequency ws resonant withe w,, in panel (a), and wg in
panel (b). Akin to TLS estimation, we find that a higher value of the entanglement entropy of the incoming
PDC state, for the parameter ranges considered, yields a higher J-QFI. (see figures 14(c) and (d) in
appendix E for parametric Q(J; |®ppc out)) — S plots.) This implies again that, within the set of PDC probes,
more time—frequency entanglement enhances the spectroscopic performance of J-estimation.

We also see that the values of J-QFI for ws = w,, (so that the signal beam is resonant with the g-a
transition) are smaller than that for the choice s = wg (signal beam resonant with g-3 transition). This can
be attributed to our choice of the small absolute value of |i(w, — wy)| relative to fiw, and fiwy,, meaning that
the particular instance of the CD system that we are studying, for which 2|w, — wp|/(w, +wp) = 0.11, is
quite close to a homodimer for which the g-« transition is forbidden by the structure of the GSM-SEM
dipole operator. Therefore, population transfer from |g) — |a) for s = w,, is much smaller than for
|g) — |B8) when @s = wg, which accounts for the smaller values of the J-QFL
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coupling J, and (a) &s = wq, and (b) @s = wg. The CD parameters used are those of the allophycocyanin dimer [18] —
hw, = 1.6 eV, fiw, = 1.8eV, ] = —0.07 eV, p, = 1 Debye and 1, = 1.5 Debye. (I' = 0.15 THz).

Figure 10. QFI Q(J; |®rpc,out)) for varying PDC entanglement time Tqent, and classical pumpwidth oy, for CD interstitial
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Figure 11. Degree of optimality s(J) for estimation of CD parameter J, with (a) &@s = wa, and (b) @s = wg using PDC light, for

Next, figure 11 displays the ratio s¢(J) that captures the degree of optimality of the V = 1!

measurement-optimal idler-to-signal scheme. For the central signal frequency s set to either w,, or wg, we
see that the V = 1" idler-to-signal LOCC scheme recovers between 60% and 90% of the QFI, especially for

highly entangled states in the the bottom right corner.

Finally, figure 12 displays the enhancement factor ¢(J). For all values on the grid except for most highly

entangled states with small values of 5, and Tgens, <(J) is close to unity. As for TLS spectroscopy, CD

spectroscopy with only the most entangled of PDC states can meaningfully outperform single-photon

spectroscopy using the reduced state of the signal photon only, Tri[|®ppc out)]-
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Figure 12. Enhancement factor ¢(J) for CD parameter J, with (a) &s = waq, and (b) s = wg using PDC light, for I" = 0.15 THz,
A =0THz.

7. Conclusions

Our quantum-information theoretic analysis of single-molecule biphoton spectroscopy of arbitrary
quantum systems provides a characterisation of all the spectroscopic information that exists and can, in
principle, be extracted using a biphoton probe in the long-time regime, when the excitation induced by the
input pulse in the matter system has decayed. This allows the design of simple unentangled measurements
that can provide tangible quantum advantage in practice.

We provide a detailed analysis of the theoretical and experimental utility of time—frequency entanglement
in single-molecule biphoton spectroscopy. With the latter in mind, we compare the performance of biphoton
spectroscopy to those with unentangled probes, especially single photons, and unentangled measurements.
This reveals the subtle and intricate role entanglement can play in enhancing spectroscopic performance.

We conclude by noting that it may be fruitful to apply our methodology to scenarios in which
two-photon interactions between light and matter are available. Indeed, two-photon absorption of entangled
biphoton states has garnered much recent attention [6, 10-12, 74-76]. Although the experimental feasibility
of spectroscopies involving two-photon absorption remains unclear [77, 78], considering a complete
quantum description of the quantum state of light for two-photon absorption, as we have done here for
one-photon interactions, may shed light of the fundamental role of entanglement there, more so as
Stefanov’s no-go result no longer applies [8].
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Note added: A recent work [79] examined the usefulness of quantum entangled light vis-a-vis classical
coherent pulses in a non-linear generalisation of the biphoton setup in figure 1. It focuses on the absorption
signal (hence small detection times) for ensemble systems, whereas we study fundamental limits of
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spectroscopic information for coherent single-molecule spectroscopies and asymptotically long detection
times.

Appendix A. Explicit expressions for QFI of | ®piph,out)

The derivative of |Pyiph,out) is

Ny Sl 1
|09 Priph,out) = —W zm: Tl Do) | Em) +

21— SN > rmlOadn) - (Al)

Then we can get the two terms of the pure state QFI as

. N 1 205 S 1o 08y No 2 pr 45 14, 48
(09 Priph,out| 96 Poiph,out) = 11N t1N Zm: ||~ (Oa |00 D) 1_N)? Zm: |7m|” Re(;,| 00 by,) s
(A2)
and
(@uigh o 90 Puignont) = — 2 3 [P (S5165) + e 3 Il (6510065
iph,out iph,out 2(1 —N)2 — m m|Pm 1_N . m m m
_ Ny 1 278 S
- 2(1—N) + 1_N;|rm‘ <¢m|a‘9¢m> (A3)
The QFI, using equation (8), is
N? 1 Ny
Q (6; | Pbiph,out)) :}k(/l/—ﬂN/)z+ N zm: [rnl* (Do b5, Do by, — T2 2 e w100 br,)
2
N? 1 N,
e T S el g S e Retsi o0
2
_ 1 2 S S 1 2 S S
=1_N zm: [7m|” (0o Dy D0 D)) — e zm: [rml™ (@l Do )| - (A4)

Appendix B. Relative magnitudes of QFI contributions in table 1

B.1.T, KT
We can calculate orders of the various terms in equation (37) by letting M-E coupling strength I' ;| — 0 while
M-S coupling strength I" remains finite in this limit.

Expanding the matrix exponential in the characteristic response function of the molecule M, defined in
equation (31), we have f(t) < O(1), in orders of I" as well as I" | , which in turn means N o< O(I'T" ).

The orders of the parametric N-derivative, Ng = ON/J6 depend on the parameter of interest. For ¢ =T,
Nr o< O(T' ), while for molecular Hamiltonian HM parameters, it can be worked out that Ny oc O(I'T' ).
This then gives, for I' parameter, C(N,1 — N) oc O(T'3 /I'T' | ), meaning limp /p9 C(N,1—N) = 0. For the
molecular Hamiltonian parameters, we get similarly, C(N, 1 — N) oc O(I'*T'2 /TT', ), which again yields
limp, ;o C(N,1—N) =0.

Moving on to the conditional idler state, we get from the unity orders of fy(¢) that o' oc O(1), which
yields, for both T" as well as molecular Hamiltonian parameters, Ly oc O(1), and NQ(T';0') oc O(TT' 1),
yielding a vanishing contribution in the limit of T'; /T" — 0.

B2.T', >T

Next, we establish the vanishingly small contribution of the biphoton QFI term (1 — N) Q(6;|Ppiph,out)) in
equation (37) in the limit of I'} > I'. This limit can be interpreted, in turn, as I' ) — 0 for finite magnitudes
of T' |, which gives |¢5) — [€3), so that |9p$S) — 0. Further, utilising again the fact that fy;(¢) o< O(1), we
have N oc O(I'T" | ). Putting these together, we have (1 — N) Q(6;|®Ppiph,our)) — 0, following from

equation (38).
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Appendix C. Signal-to-idler 1-LOCC scheme

This class of signal-to-idler 1-LOCC protocol proceeds in the following three steps (illustrated schematically
in figure 13):

e (Prepare): Projectively measure the signal photon in arbitrary basis { W|¢5)(€5| W'}, where W is a unitary
operator on signal Hilbert space, after the M-S interaction effected by superoperator W, in equation (27).
This amounts to the following transformation of the entangled two-photon state, given by Kraus elements

I = WigH(EIwt e 1,

p(lmt [VV] = Z Hi’T |q)biph,0ut><q>biph,out| HJSC
1
= S WENEW @ o) (arh 10) = == S elIWHaDI. )

where |p,) are conditional states of the idler photon, the parametric dependence on the parameter 6 entering
through the coefficient (£3|WT|4S ), as well as the #-dependent quantity N.

o The outcomes of the projective measurement {II3} is classically communicated to the idler substation.

o (Measure):The idler photon ensemble is partitioned into sub-ensembles (labelled by the signal measure-
ment outcome x = x,,) that are in the conditional states |p,—y,, ) {px=x, |- These are now detected in meas-
urement bases that depends on the preparation step outcome {11! }. The joint signal-to-idler 1-LOCC

Y|x=xm
projector is then I1, , = IT @ II!

y]x*

The above prepare-and-measure 1-LOCC detection scheme is now one-way going signal-to-idler because the
results of the signal measurement are communicated to the idler substation. An important point of
difference from the idler-to-signal LOCC scheme, detailed in section 5.1, is that the preparation-step
quantum operation given by Kraus operators {II}} does not commute with the M-S interaction W, as they
happen in the same substation of the setup. It is meaningful then only to perform the preparation-step
operation {II3} after the two-photon state has been encoded with information about the parameter 6.

Analogous to the idler-to-signal LOCC scheme, we can find the optimal signal-to-idler LOCC
measurements by maximizing the associated detection CFI in two steps—first over all idler measurement
strategies for the subensembles {|p,)} for a given W, and subsequently over all preparation-step signal
unitary operators W. Formally, we can state the maximisation analogously to idler-to-signal 1-LOCC in
equation (41) as:

o €0 =, ) <o (g o =i, )

sty =131, =1'Vx (C2)
x y

For a fixed preparation step unitary W (which fixes II3), the maximal CFI of all measurement-step
detection measurements on the idler photon is equal to the QFI of the intermediate state p! ,[W] as
maximisation over {H;Ix} is precisely the maximisation that yields the quantum Cramér-Rao bound [31, 32]
for the conditional state p/ . [W] (in analogy with the idler-to-signal measurement-optimal 1-LOCC):

Crnax (05 W) = Q (05 pgu [W]) = Q <9;Z wigNEIW e |Px><ﬂx|> : (C3)

where Cax (60; W) is the CFI of measurement-optimal LOCC strategy for a given W, defined as the LOCC
protocol that has maximal CFI for fixed W. By renormalizing the conditional states |p.) = \/Ii |px) in
(p.

order to express p. . [W] in its spectral form, we can use equation (9) to evaluate the
measurement-step-maximal CFI explicitly,

Oolp:lps))’ 4 6!
Coue (0:) = Z ( i;j el 25 Z|rm|2<ae¢fn|ae¢z> = (orloe Holdonpt
PR Z |rm| ae(bs \(%gb 2 Z Im px|89px> - Re<px‘89,0x>2) (C4)
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Flgure 13. Signal-to-idler prepare-and-measure LOCC scheme. The two-photon Kraus operators for the overall LOCC scheme

are given as {11, = [I3 ® H;Ix}

where
{pxlpx) = 72 |l (W05 (C5)

has parametric dependence on 6, just as for the idler-to-signal scheme. The overlap can be expressed in the
more succint form

(x| 0ppx) = <§S|WT YW|‘SS> (Ce)

where

=D |ra*(8n[0663) |83 (C7)

is an operator on the signal Hilbert space. The measurement-optimal CFI for signal-to-idler LOCC scheme
for given W then has the following form:

Cmax (6; W) = 7Z|rm| 66¢S |89¢S>
1 5 ,
- (l—N)ZZ S P ESTWT[GS,) 2 (1m (2w YWIE)” — Re (2! YWieh))*).

(C8)

Note both the similarity of expressions to the idler-to-signal LOCC case in equation (D3), as well as the
differences—the expressions for measurement-step-maximal CFI are not the same because the biphoton
setup is not symmetrical, as we have remarked before.

We can now similarly obtain the overall optimal signal-to-idler LOCC measurement that fetches the
maximal value of measurement CFI for any W. This is done by maximizing the functional Cp (6; W) over
the set of all unitary matrices W, which amounts to a minimisation of the second term in equation (C4).
Defining the cost function as

= (0: W) = 4 1 m ((eSIw S\ _ Re (51wt S\)2
W) = i o ST (m (S YWIE) —Re (€W YWIED)) . (©9)

where @(6; W) > 0 (which follows from Q(6; p/,[W]) > 0), and the optimal unitary transformation Wy is
defined as:

Wopt : @ (05 Wope) < @ (6; W) V Ws.t. W W =1°. (C10)

The overall maximal CFI for idler-to-signal prepare-and-measure LOCC is then

Cs1(0) = —Z|rm| (D9l Oa3) — @ (03 Wope) - (C11)
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C.1. Lower Bound
Just like the idler-to-signal scenario, the measurement-optimal CFI Cyayx(6; W) can be lower bounded using
the convexity of the QFI:

Conax (6; W) = Q(0; o [W]) = Q (9;2 WIENEIW ® Ipx><px|>

= Q (97 Trlpolut [VV]) = Q (95 Z <§)§| WT TrI|(bbiph,out> <(I)biph,out| W|€2> W|£§> <§§|WT>

X

=C (9, <€£‘WT Trl|(1)biph,0ut> <(I)biph,out| W‘€§>) 2 Q (aa Trllq)biph,out>) (C12)

which is identical to the lower bound in equation (51) for the idler-to-signal protocol QFI. The second
inequality in the above chain may always be saturated for single-parameter estimation with an appropriate
choice for W. By the same reasoning as the idler-to-signal case, the first inequality is saturated iff

(#5109 95) = 0 m,n (see equation (9)). For a Schmidt basis {|#5)} that is complete on the signal Hilbert
space, this is never satisfied, and we get the stronger inequality

Cmax (aa W) > Q (97 Trl|q)biph,out>) . (C13)
This then leads to the following hierarchy of Fisher informations:
Q (ea |(I)biph,0ut>) > CS—)I (9) 2 Cmax (Ha W) > Q (O;Trl|(1)biph,out>> . (C14)

Therefore, the reduced signal state QFI Q(6; Try|Ppiph,out)) serves as a useful benchmark for the effectiveness
of LOCC parameter estimation using entangled light. For the signal-to-idler scheme, practical difficulties for
a setup requiring the preparation step to necessarily follow the light-matter interaction make this LOCC
scheme much less attractive as a means for enhanced §-estimation compared to idler-to-signal scheme,
where the idler photon is conditioned by preparation POVMs independent of interaction with the sample
and subsequent measurement in the signal mode.

Appendix D. Optimal 1-LOCC measurement projectors for biphoton setup

As indicated by the RHS of equation (41), the maximisation of the 1-LOCC CFI function can proceed in two
steps: first, for a fixed unitary transformation V, we maximise over all signal POVMs {HS‘ «—x, J3in the
second step, the resulting quantity is then maximised over all choices of unitary preparation V.

D.1. Optimisation over signal POVM {Hs|x—x }

For a fixed V, maximisation of the CFI over {II3 } is precisely the maximisation that yields the

Y |x:xm
Cramér—Rao bound [31, 32] for the conditional state p,,[V], meaning that

Crnax (0; V) = Q (05 pou [V]) - (D1)

Abbreviating normalised conditional states

. . (D2)
=

and using equation (9),

Conax (0;V) = D (GG Q(0; 1 (&) +C (O] {{G1¢ D) (D3)

X

where

D (GG QU6 1)) = —erm (Dot |00 %) — -

4 4 2
(D4)

and

Zrm (03100 Gm) 1€m) (Gl (D5)

24



10P Publishing

Quantum Sci. Technol. 9 (2024) 035004 A Khan et al

is an operator on the idler I space. The one other orthonormal basis vector (besides |®piph,out)) in the
two-dimensional Span[|®yiph out) s |09 Poiph,out)| can be constructed as [33]

|®§¥ph,out> = (1 - |q)biph7out> <(I)biph,0ut|) ‘a€¢biph,out>a (D6)
in terms of which
X = (1= N) Trs [ Poiph,out) (Poiph out + 1 (X) Trs [ Ppiph,out) (Poiph,out] (D7)
where
Ny
Tr(X) = [(1 = N) (Pbiph,out| 99 Poiph,out) — > |- (D8)
The relation in equation (D7) can be obtained using equation (D6), and noting that
Ny X
TrS |a9q)biph,out> <(I)biph,0ut‘ = m TrS ‘q)biph,out> <¢biph,out| + ﬁ\] (D9)
Finally, we can also recast equation (38) in terms of X:
Q (0: [ Buiphoue)) = o O I (65165) — — 5 [Tr(X) 2. (D10)
’ 1-N n (1 - N)

where we have employed the explicit relation Tr(X) = > |r,|* (5|00 ¢5)-

D.2. Optimal Choice of Preparation Unitary V

Equation (D3) is the Fisher information corresponding to the optimal 1-LOCC §-estimation strategy for a
given unitary V, obtained by maximising the CFI functional over the set of measurement POVM:s {Hil N
acting on the sub-ensemble states of the signal photon {|(/)}. To identify the optimal 1-LOCC detection
scheme that fetches the maximum CFI, we now proceed to maximise Cpnax(0; V) over all V. As only the
second term on the RHS of equation (C4) depends on V, we can see that the maximisation is equivalent to
minimisation of the following cost function:

1 4 5
9(0:V) = IvTerI _C(b: ¢ . D
OV) = e 2 ey VX O VIR - C O (61D (o11)
Using the inequality chain
Cmax (97 V) < Cmax (9’ VO) <@ (97 |q)biph,out>)7 (D12)

we have for the cost function

4
9(0;V) =09 (0; Vo) > ——— [Tr(X) %, (D13)
( ) ( OPt) (I—N)2| ( )|
where Vi is the optimal unitary, defined formally as
Vope : 9 (05 Vope) <9 (0;V) ¥V Vst VIV=11 (D14)

and the second inequality in equation (D13) follows from equation (D10).

Our strategy in the following will be to construct a preparation unitary that saturates the latter of the
inequalities in equation (D13). While the existence of such a unitary (and hence a 1-LOCC detection) is not
guaranteed for general multipartite scenarios, showing that there exists such a unitary preparation for which
the inequality is saturated is a sufficient condition for maximisation. This follows from the fact that
measurement CFIs can never exceed the QFI.
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D.3. Proof of Theorem 1
For the traceless (in I space) compact bounded operator Trs |®piph,out) (@ﬁph out|» We can always
construct [61, 68] a preparation-step unitary V such that

(€L VA Trs | Poiph,ou) (Pipn,ou| Vol&h,) = 0 Vrm, (D15)

A short calculation then reveals that (which we will establish separately below)

¥ (0; Vo) = (1_1N)2|TT(X) %, (D16)

from which Cpax (0, Vo) = Q(0; | Ppiph,out)) follows, establishing Theorem 1. Thus for all unitary preparations
Vo that admit the condition in equation (D16), the corresponding measurement-optimal 1-LOCC saturates

the utimate QCRB.

D.3.1. V =V saturates cost function ¥(0; V) bound
In order to establish the relation in equation (D16), we first note that

<§x|V$XVO|£x> <£x‘VT (1 —N)Tr 1ph out (I)blph 0ut|V0|£x> + Tr( ) <£x|v(];TrS |(I)biph,0ut> <(I)biph,out|V0|§x>

= Tr(X) (G|¢x)- (D17)

where we have used the optimality relation for V in equation (D15) in the first line, and the second line
utilises the relation

<§x| Vg TrS |(Pbiph,0ut> <(I)biph,out|V0|§x> = <<x|Cx> (DIS)

which can be easily worked out explicitly. The cost function in equation (D11) then becomes

1 1 2 2 .
J(0; Vo) = (I_Nz > ) (GG Tr (X) [7 +C (03 ([ ¢x))

:(1 |Z

Tr(X)
(1-N)?

5 "t (V0) e (Vo) i (Pl ) +C (85 (Gl G)) = +C (65 (¢:16)

(D19)

where we have used the unitarity of the Vo matrix : Y~ (Vo) mx(Vo)ix = Omn. The second step will be to
establish that the classical Fisher information C(6; ((x|(x)) corresponding to mixing of the subensemble
states {|¢;) } vanishes for unitary V. In order to do this, we first look at the structure of the inner product

(61006 = 5 {6l + Ty VRV = (5 + T (0 ) (66

= <<I)biph,out |60 <I)biph,out> <Cx ‘ Cx> (DZO)

where we have used the relation (£,|ViXVq|&,) = Tr(X) ((|¢) in the first line, and equation (D8) in the
second line. Now, keeping in mind that the outgoing biphoton state |®piph our) is a normalised quantum
state, we have (Ppiph, out| Poiph,out) = 1, and thence Re (Ppiph,out| 06 Poiph,out) = 0. This then gives

(Gl =24 Cff" = 57 4G Re(@pigh onel I B out)® =0, (D21)

X
which proves equation (D16).

Briefly, we also note that a similar result was established recently for multipartite pure and rank 2 states in
finite-dimensional Hilbert spaces [61]. However, the recipe can not be generalised to our
infinite-dimensional CV case due to its dependence on the total system dimension. We have thus employed a
different and more direct approach here that establishes existence of 1-LOCC schemes whose CFI is shown to
equal the QFI for the outgoing state.
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Figure 14. Scatter plots of outgoing entangled beam QFI Q(0; |®Pppc,out) ), plotted as a function of entanglement entropy

S = —|rx,ppc|*log(|re,ppc|?) in the incoming state |®ppc), for (a) TLS parameter § = wy (corresponding to figure 5(a)), (b) TLS
parameter @ = I' (corresponding to figure 5(b)), (c) CD parameter J for s = wq (corresponding to figure 10(a)), and (d) CD
parameter ] for s = wg (corresponding to figure 10(b)). (I' = 0.15THz I' | = 0).
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Figure 15. Parametric plot of outgoing TFM state QFI Q(0; |®rem,out) )> plotted as a function of entanglement entropy
S = —|rk,ppc|* log(|rk,ppc|?) in the incoming state |® 1y ) (defined in equation (69)), for (a) TLS parameter 6 = wo, and (b) TLS
parameter 0 =I. (ky =k, = 1.3ps,[' =0.15THz,I"'} =0THz, A =0.).

Appendix E. Parametric relation between PDC entanglement and outgoing QFI

This appendix contains parametric plots depicting the relationship between entanglement of input
time-frequency entangled states, as captured by entropy of entanglement defined in equation (57), and
outgoing biphoton QFI Q(¢; |Pppc,ou))- Figures 14(a) and (b) shows these plots for TLS parameters, while
(c) and (d) display the same relationship for CD parameter J, all for PDC input states in equation (56).
Figure 15 shows analogous plots for TFM states defined in equation (69).

Appendix E. TLS estimation using PDC Light with A > 0

The following series of plots reproduce all quantities presented in section 6.2 for TLS parameter estimation
using PDC light, but now for nonzero detuning between the central paraxial frequency ws, and TLS
frequency wy.

E.1. Perfect coupling

In figures 16 and 17, we see that the QFI admits the same trend with respect to o, and T as figure 5 for
either TLS paramters I' or wy as the magnitude of detuning |A| changes, with the only noticeable effect of the
detuning manifesting in the diminished magnitudes for the QFIs.
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Figure 16. Outgoing entangled beam QFI Q(T'; |®ppc,out) ), calculated numerically using equation (62), for varying
entanglement time Tgent, and classical pumpwidth oy, for TLS parameter I' and detunings (a) A = 20THz, and (b)
A =100THz. (I'=0.15THz, I' | = 0THz.).
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Figure 17. Outgoing entangled beam QFI Q(wo; |®ppc,out) ) calculated numerically using equation (62), for varying
entanglement time Tgent, and classical pumpwidth oy, for TLS parameter wo and detunings (a) A = 20 THz, and (b)
A =100THz. (I'=0.15THz, I'| = 0THz.).
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Figure 18. Degree of optimality of measurement-optimal V = 1! LOCC schemes, measured as the ratio s(I") (defined in
equation (71)), for estimation of TLS parameter I', using PDC light for detunings (a) A = 20 THz, and (b)
A =100 THz. (I' = 0.15THz) .

Next, in figures 18 and 19 we plot the degree of optimality of measurement-optimal V = 1" LOCC, »(f),
for TLS parameters I and wy respectively. Figure 18 displays the departure from the forecasted value of unity
for 5¢(I") when there is zero detuning between wy and ws, which can be attributed to the increasing value of
the quantity |(®ppc,out| Or Prpc,out)| as |A| increases. In contrast, figure 19 shows that for certain incoming
PDC states (see upper left corner of the (0, Tgent) grid) a higher magnitude of detuning can actually enhance
the optimality of the measurement-optimal V = 1' LOCC detection scheme. This shows that, even though
the overall QFI values decrease with increasing |A| for either parameter (rendering therefore all possible
estimators less precise), the effect of increasing detuning on the degree of optimality of measurement
schemes is less certain, and may depend on the parameter of interest.

A similar behaviour is observed in figures 20 and 21 — for I'-estimation using PDC photons, the
enhancement ¢(T") of V = 1 over all single-mode schemes decreases as detuning increases (figure 20),
whereas for wy-estimation, a larger enhancement ¢(wj) can be obtained using PDC states with signal photon
far detuned from the TLS frequency wy (figure 21).
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Figure 19. Degree of optimality of measurement-optimal V = 1! LOCC schemes, measured as the ratio s¢(wj) (defined in
equation (71)), for estimation of TLS parameter wy, using PDC light for detunings (a) A = 20 THz, and (b)
A =100THz (I = 0.15THz) .
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Figure 20. Enhancement factor of measurement-optimal V = 1! LOCC schemes, measured as the ratio ¢(I") (defined in
equation (72)), for estimation of TLS parameter I', using PDC light for detunings (a) A = 20 THz, and (b)
A =100THz. (I' = 0.15THz) .
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Figure 21. Enhancement factor of measurement-optimal V = 1! LOCC schemes, measured as the ratio ¢(wy) (defined in

equation (72)), for estimation of TLS parameter wy, using PDC light for detunings (a) A = 20 THz, and (b)
A =100 THz. (I' = 0.15THz) .

E.2. Free SpaceI'; > 0

We can also study the effect of non-zero detuning on TLS estimation for the free space scenario,
characterised by non-zero coupling to E space I' | > 0. In figures 22 and 23, we plot I'-QFI for the same grid
of PDC characteristics 0, and Tqen as figure 8. Again, the trend for QFI values against PDC chacteristics o),
and Tyen remains unchanged, with moderately diminishing values for the QFI as detuning increases. A
similar effect is seen for the TLS parameter wy in figures 24 and 25 for free space couplings I'; /T = 0.5 and
', /T = 10.0 respectively.

Appendix G. Light-CD interaction in excitonic basis

The CD system is comprised of two TLSs, coupled to each other via an attractive Coulomb interaction, so
that the bare molecular Hamiltonian is

HP = 3" Ry il + i (wa +wp) 1A {1+ (|a) (b] + [b){al) (G1)

j=ab
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Figure 22. Outgoing entangled beam QFI Q(T'; |®ppc,out) ), calculated numerically using equation (37), for varying
entanglement time Tgent, and classical pumpwidth oy, for TLS parameter I' and detunings (a) A = 20THz, and (b)
A =100THz. (I'=0.15THz,I"| /T =0.5.).
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Figure 23. Outgoing entangled beam QFI Q(T'; |®ppc,out) ), calculated numerically using equation (37), for varying
entanglement time Tgent, and classical pumpwidth oy, for TLS parameter I and detunings (a) A = 20THz, and (b)
A =100THz. (I' =0.15THz,I'} /T = 10.0.).
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Figure 24. Outgoing entangled beam QFI Q(wo; |®ppc,out)), calculated numerically using equation (37), for varying
entanglement time Tgent, and classical pumpwidth oy, for TLS parameter wo and detunings (a) A = 20 THz, and (b)
A =100THz. (I =0.15,THz,T'| /T =0.5.).

where ] is the coupling strength between the two sites labelled a and b, whose excited levels are respectively
|a) and |b), and |f) is the doubly excited state, characterised by level energy fi(w, + w;), obtained under the
assumption of zero binding energy meaning that there is no interaction between the two excitations.

This Hamiltonian is obtained by setting P =2 in the P-site Hamiltonian in equation (11), and is a
precursor to the far more complex Frenkel-Holstein Hamiltonians [80-83] that are used to model complex
dynamics (including excitonic energy transport (EET) and long-lived quantum beats) in photosynthetic
LHCs. In these more involved Hamiltonians, also included are site-dependent reorganisation energy terms,
and interaction terms corresponding to phonon baths comprised of harmonic oscillators at each site whose
displacement couples linearly with each excitation [81]. This is in addition to modelling each pigment site as
a TLS to account for the lowest transition, as well as interstitial coupling terms that appear in both the n-site
and CD Hamiltonians in equations (11) and (G1) respectively.
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Figure 25. Outgoing entangled beam QFI Q(wo; |®ppc,out) ) calculated numerically using equation (37), for varying
entanglement time Tgent, and classical pumpwidth oy, for TLS parameter wo and detunings (a) A = 20 THz, and (b)
A =100THz. (I' =0.15THz,I" | /T = 10.0.).

For an analytically tractable description of CD dynamics, we transform to the diagonal basis for the CD
system, called the excitonic basis, through the eigendecomposition of the Hamiltonian in equation (G1),

= > Rl (il + B (wa +wi) [ (G2)

j=a,p

where, effectively, we have diagonalised in the SEM space only (|¢) and |f) states are already eigenstates of
H®P), yielding SEM eigenstates |) and |/3). The delocalised excitonic states can be explicitly related to the
basis kets |a) and |b) by the following relations [84],

|a) = cosOla) +sin©O|b), |5) = —sinOla) + cosO|b), (G3)

where © = Larctan (#) and 6 = fi(w, — wp), and the corresponding eigenvalues are w, = @& — (§/2) sec20O,
wg =w-+ (5 /2) sec20 respectively for the |a) and |3) state. For reference, CD site and excitonic bases are
visually represented as level diagrams in figure 26.

The transition dipole moment operator d of the CD system that couples with the incoming electric field
has the following form in the site basis,

A= g li)(el+ D pplfil+hec (G4)

i=a,b i=a,b

which we can transform to the excitonic basis using equation (G3) where it has the analogous form,
d=Y" mlidgl+ > pplflil+he (G5)
i=a,f i=a,

such that the various vector dipole elements transform via the following ©-rotation matrix,

Hog| _ | cos© sin®©] |,
Mg, [ —sin® cosO |py,|’

M| _ [—sin® cosO| [pug
L‘fﬁ} _[ cos© Sin@} L‘ﬂf ' ()

As we will restrict our discussion to the use of pulses carrying single excitation to the CD system, and the CD
system itself being in the ground state |g) at t = 0, the dipole operator elements 1, that link the SEM and
doubly excited level |f) can be dropped altogether. We will then abbreviate the GSM-SEM transition dipoles
for brevity as p;, = p; = |p;|fii, i = a, B for brevity.

In order to describe the light-CD interaction, we transform to the interaction picture with respect to the
zeroth-order Hamiltonian,

i| + 2hws|f) (f] + HY, (G7)

= > hasli)

i=a,f

where s is the central frequency of the signal mode, and the free field Hamiltonian is

/ dw hw as )as (w / dw hw bT
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Figure 26. Level diagram of the CD system comprised of two two-level systems that have a common ground set to zero energy,
and excited levels |a) and |b), coupled to each other via Coulomb interaction of strength J. In the diagonal excitonic basis
effectively in the SEM space, |a) and | 8) are delocalised over both sites a and b.

where we have dropped the free field term corresponding to idler mode because of the explicit assumption
that the CD system only interacts with a single mode in this input-output setup, and the operator b(t)
corresponds to the environmental modes E. The interaction picture Hamiltonian is then

H (1) = HY® — d.E(1)
= > BA) [+ R (Aa + Ag) ) (fl — iR [\EZTas(t)@)]ll@]lEJr\/ITET]IS®]II®b(t)—h.c}

i=a,f
(G9)
where
2
T Welky a B
2 =\ Secoh (A“‘” +ABU+)
=v2r ()\aaﬁ‘_ +)\50§) , wherea', = i)(g|, \i = (&.) <Zl> (i=a,p) (G10)
0

is the collective SEM raising operator, and

HP = Y WAL (i + (Ao + A) 1N (f (G11)

i=a,

where A; = w; — s (i = a, B) are the detunings from the central signal pulse frequency of the excitonic
levels, and a(t) are white-noise operators previously defined in equation (14) corresponding to the incoming
paraxial mode. In obtaining these, we have re-centered the frequency integrals with the transformation

w — w — W so that the field operators as(w) and b(w) are centred around w = 0. The extension of the
frequency integrals to all frequencies from —oo to 400 is a consequence of the fact that the CD
system-quantum pulse interaction is assumed to be peaked around the central frequency of the oncoming
pulse, allowing us to invoke the white noise approximation of SVEA.

Appendix H. Characteristic matter function for bare CD hamiltonian

Closed expressions for the characteristic function f*P(¢;) can be calculated explicitly for the bare CD

Hamiltonian using the following formula for matrix exponential of a 2 x 2 matrix M = (i d) € C**% [85]
ard (coshv -+ a—d sinhv b sinhv
eM =e:’ ( c sinl})l%) v coshv — % sinilv (Hl)

where v = (1/2)+/(a — d)? 4 4bc.
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For the bare CD Hamiltonian, the characteristic function can be expressed as the expectation value of the
matrix exponential

B iH 1, bW
foo () = (Aa Ag) exp [_h - EE Etl] ()‘B> (H2)

which is then

- X t 2 2 i h -
fen (1) = e D=5 (i) {(Ag +7) coshv + va v [(Ag -2 : d_ 2220 Ftl} } (H3)

where A = (A, + Ag)/2 is the averaged detuning, and the various terms (in terms of the CD parameters)
are

t; [ —06%sec?20 2 210

and

a—d idt;sec20  TI'ty ,, 2
R —T(Aa—)\ﬁ). (H5)

The QFI for the outgoing single photon state that scatters off of the CD system is proportional to a
convolution of the incoming field envelope, and the parametric derivative of the characteristic function
fep(t1) which can also be calculated explicitly for the bare CD Hamiltonian for the J parameter,

g _—iAn—Ti(a4a) ov coshv  sinhv 2 2\ a—d 202
6]fcp(tl)fe b 5 ()\ —|—)\b)smhv+ o 2 (AQ—AB) 5 oY I

) sinhv a—d 5 2\ 0t 2 2
+ - {4>\a/\ﬁT+(>\a ,\,3)7seczetan26+zrm ,\ﬁ(Aa ,\ﬂ)H (H6)

62 44
where
dv 5 46° 4i6T 5,y 8D
5= oAt sy {_hz sec’20tan20 — TsecZ@tanZ@ (A =A%) — hsecZ@AaAg}. (H7)

Appendix I. Relation between QFI of PDC state and post-selected biphoton state
The vacuum term in the two-photon PDC state in equation (56) does not contribute to the detected signal,
and is often dropped in theoretical analyses by post-selecting for the detected two-photon states only. The

post-selected biphoton state, renormalised to ensure a unit norm, can be expressed in terms of the PDC JTA
as:

|Bpipn) = / drs / dt Booc (15, 1) al (1) al (1)]0) an)

where A = f dts f dt; @3 (fs, 1) Pepc(fs, 1) is the normalisation factor for the post-selected state. We can
then work out the outgoing state corresponding to the biphoton state in equation (I1) for arbitrary matter
systems with Hamiltonian HM, also in terms of the PDC JTA:

1
|(I)biph,0ut> - ﬁ /dts/dtl q)PDC,out (tSa tl) a']SL (tS)a}L (tl) |0> (12)

where ®ppc out(ts, 1) = D, Tn,ppC QS:,PDC(tS) hL(#;). This can then be used to calculate the corresponding
QFI for parameter 6,

4 q) ou I i (D oul I
Q(9§|‘I’biph,out>) A {/ dts/dﬁ O%roc.out (fs: 1) IProcou s, )

00 00
OPppC.ou t,t :
- ‘/dl‘s/dﬁ PDC 1(ts,11)° Pppc,out (s, 1) ] . (I3)
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The outgoing PDC state QFI and the post-selected state QFI are then related to each other as

2

N 4(A—1 OPppe.out (s, )"
Q (9; |q)biph,out>) — XDC Q(6; |‘I’PDC,out>) + % ’/dts/dtlPDC’aé(SI)‘I’PDC,out(tS,tO

(14)

It is interesting to note the contrasting nontriviality of this relation (where the transformation between the
two QFIs depends on the value of the true value of the parameter 6) vis-a-vis the transformation of the QFI
function when the parameter is rescaled (in which case the QFI is rescaled by the square of the constant
scaling factor Q(0/c; 1) (4]) = (1/¢) Q(0; ) ().

The biphoton normalisation factor A is proportional to the rate of entangled photon production given by
(@ ump/H?), which is typically a very small number given that the PDC process only converts between one in
10° to 10" pump photons into entangled daughter photons, depending on the particular nonlinear crystal
used, and other experimental variables. In this text, for our choice of apump /B =0.01, we can safely conclude
that A < 1, and (by the same token) Nppc ~ 1. This yields the simpler relation between the two QFIs,

2

OPppe out (ts, 1)
/dts/dl‘lfma;(SI)CI)PDc,out(fs,tl) . (I5)

A

Nrpc

Q (9, |®PDC,out>) ~ Q (07 |q)biph,out>)

L4
ANppc
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