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Quantum limits of position and polarizability estimation in the optical near field
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Optical near fields are at the heart of various applications in sensing and imaging. We investigate dipole
scattering as a parameter estimation problem and show that optical near fields carry more information about
the location and the polarizability of the scatterer than the respective far fields. This increase in information
originates from, and occurs simultaneously with, the scattering process itself. Our calculations also yield the

far-field localization limit for dipoles in free space.
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I. INTRODUCTION

Near fields have applications ranging from nanofabrication
[1] to sensing [2,3] and imaging [4,5]. They enable enhanced,
highly localized interactions and label-free imaging at a spa-
tial resolution beyond the diffraction limit, with illumination
wavelengths from the optical to the radio-frequency range.

With recent advances in far-field label-free super-
resolution imaging [6], the question arises whether operating
in the near-field regime is a fundamental advantage. We ap-
proach this question as a parameter estimation task. In optical
imaging, information about a parameter of interest is encoded
into the state of the probing light. It is quantified by the
quantum Fisher information (QFI). Information retrieved in
a specific measurement on that probe state is quantified by
the Fisher information (FI) [7-11]. These two quantities de-
termine the (quantum) Cramér-Rao bounds (QCRB) on the
minimum parameter estimation variance achievable for a spe-
cific probe state or measurement, respectively.

Based on this framework, one can analyze and improve
measurement techniques in practice. The localization preci-
sion was optimized in fluorescence microscopy [12—15] and
interferometric scattering microscopy [16], the phase estima-
tion precision in phase microscopy and holography [17,18],
and the lifetime estimation precision in fluorescence lifetime
microscopy [19,20]. One could also optimize measurements
in challenging scenarios, e.g., when an object of interest is
embedded in a highly scattering medium [7]. These ideas were
recently extended to quantum optical scattering [21,22] and
electron microscopy, where dose-induced damage limits the
number of electron-probe interactions [23,24].
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Here, we consider optical microscopy and calculate the
(Q)FI and (Q)CRB regarding the position and polarizability
of a scatterer both in the near and far field. The (Q)CRB
on localization are relevant for tracking [25] and imaging,
while those on polarizability are relevant for sizing and mass
photometry applications [26]. We first describe the scattering
process classically and calculate the CRB based on a standard
Poissonian detection model. At distances closer than the probe
wavelength, we find a CRB that is significantly lower (i.e.,
better) than in the far field, where the ideally achievable uncer-
tainties for position and polarizability estimation are constant.
In the near field, they can improve, respectively, with the third
and the second power of the detector distance.

Our phenomenological assessment of the CRB, however,
extrapolates an ideally resolving and noninvasive photode-
tector model from the far to the near field. For a more
fundamental bound, we move on to solve the full time-
dependent quantum scattering problem for a free scatterer. We
find that the QFI contained in the quantum state of the field
is significantly enhanced while the probe-sample interaction
takes place. In the far field, the resulting QCRB bounds neither
the CRB nor the QCRB in the near field, and near-field mea-
surements can, therefore, be more precise than any (coherent)
far-field measurement performed with the same probe light.

Harnessing the near-field advantage comes with the ex-
perimental challenge of placing a physical detector into the
near field. This has two consequences that must be analyzed
with a specific detection scheme in mind. First, the detector
changes the mode structure of the electromagnetic field in
its vicinity. Second, near-field detectors suffer from coupling
inefficiencies, which can be accounted for by multiplying the
FI in the measurement with an efficiency factor n < 1. For
example, photon-induced near-field electron microscopy [27]
does not affect the field mode structure but suffers from a
limited coupling efficiency between light and electrons. The
two-dimensional detectors in optical near-field electron mi-
croscopy [28] have a limited effect on the mode structure and
reach efficiencies of a few percent. The bounds we derive
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FIG. 1. Sketch of the planar detector setup for light scattered
off a dipole polarizability yx, at position ry. The detector plane is
orthogonal to the wave vector of the incident light (k"", E™, B™),
at a distance Z from the dipole. The scattered light is denoted
by (E*, B*).

below apply to settings with negligible detector influence. In
particular, the QCRB enhancement gives a strict lower bound
on the precision achievable in such near-field schemes. In
near-field scanning optical microscopy [5], a nanotip or aper-
ture scans across the sample, significantly changing the local
mode structure. We will not derive bounds for this setting, as
they would depend highly on the specific geometry. However,
a nanotip that captures merely a fraction of the scattered light
is not expected to saturate QCRB bounds based on the total
field state. In any case, these bounds can serve as a benchmark
reference for the advantage achievable in a given near-field
scheme.

II. DIPOLE SCATTERING MODEL

We consider the setting sketched in Fig. 1: a dipole
scatterer located at r( is illuminated by coherent, linearly
polarized, and monochromatic light propagating along the z
axis with wave vector k™ = ki"e.. Its amplitude is given by
E'™ and its polarization by e,. The scatterer’s linear response
to this field is characterized by a scalar dipole polarizability
Xo- The task is to estimate x( and the position rog = (xo, Yo, 20)
by measuring the light in a position-resolving photo detector
placed in the near or far field of the scatterer.

We will approach the estimation task in two ways corre-
sponding to different degrees of scrutiny. The first approach is
phenomenological: we treat the incident light as a plane-wave
field of wavelength A™ = 27 /k™, EM(r, 1) = EMe,eX (=)
and B™ = e, x E"/c, and the scatterer as the classical in-
duced Hertz dipole d(t) = 2¢pxoE in(ro, 1) that oscillates at
the light frequency w™ = ck™. Information about the scat-
terer’s position ry and polarizability xo is broadcast to an
ideal position-resolving (and backaction-free) photo detector
through dipole radiation,

E*(r,t) = K" xoE™ oK™ (p+z0—ct) (ep X &) X €
’ 27 kinp
e, —3ey(e.-ep) .,
Sy k" = 1)},
s (1-in3 in
By = E BT e X Exy_yingy ()
2rc (k™p)

where we define p =r —rp and e, = p/p. We consider a pla-
nar detector surface in the z = Z plane here; see Appendix B
for a hemispherical detector of radius R.

Our second approach is a dynamical scattering model:
the dipole is a quantum harmonic oscillator of frequency
wo aligned with the electric field of the incident light,
which is a Gaussian pulse with slowly varying amplitude,
E™(1) = EMe=""/27 | occupying a narrow frequency band
Aw ~ 1/t around 0™ < wy. In the multipolar gauge [29],
the light-matter coupling reduces to the well-known dipole
Hamiltonian (see Appendix C),

ik-ry

" A A hick e
B =0G+b))" €0L3dosk(ex-eks)[
ke

7 ake + H.c.i|,

i
@

with b the dipole’s ladder operator, dy € R its strength param-
eter, and dg. the bosonic operators associated to plane-wave
modes of wave vectors k and transverse polarizations ey, L
k (¢ =1,2) in the mode volume L. We alleviate high-
frequency divergences arising from an ideal point dipole by
introducing the regularization & = 16[4 + (apk)*172 [29]. As
we show in Appendix G, this amounts to relaxing the point-
dipole approximation to the finite, exponentially localized
polarizability density & (r) = e~*/® /(7 a}). Corrections to the
dipole Hamiltonian are negligible as long as the size parame-
ter agp is much smaller than the populated wavelengths. Note
that we do not truncate the dipole to a two-level system, as
this would complicate the calculation and is known to cause
problems with gauge invariance [29].

III. CLASSICAL NEAR-FIELD CRB

We start with the phenomenological model and evaluate
how well an ideal shot noise-limited detector recording a spa-
tial distribution of photon counts can resolve the parameters
0 = (X0, X0, Y0, 20) of the scatterer emitting according to (1).

A single detector pixel of area dA at position r sees a light
intensity I(r, ) = e, - S(r, ), with e, the unit vector orthogo-
nal to the pixel surface and S(r, @) the time-averaged Poynting
vector of the total field at r; it depends on € through the
dipole field (1). Integrated over a measurement time window
T (e.g., the duration of a narrow-band pulse), an average of
i(r, @) = I(r, #)tdA/hw photons are detected. The likelihood
to count n photons in each pixel r is modeled by a Poisson
distribution [12], p(n|r, 8) = e ""P[7(r, 6)]"/n!. Assuming
independent pixels with no cross talk, the likelihood for a
recorded distribution of photon counts is given by the product
of the individual pixels’ likelihoods. The overall sensitivity to
variations in @ is measured by the FI matrix [16]

1 0I(r,0)0I(r,0
z)= = | CONED 4. 3
hw pixels I(r, 0) 39] 89@

It determines how precisely one can infer the parameter values
from a sample of measurement data: the mean-square error
of any unbiased estimate of each 6,, £ =0, 1, 2, 3, is lower
bounded by (A6;)?> > [Z7'(8)]se, with Z~! the matrix inverse.
This is known as the CRB [30].
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FIG. 2. Cramér-Rao bounds for estimating (a) the x, position,
(b) the zy position, and (c) the polarizability x, of a dipole scatterer
with a planar detector at varying distance Z. The square-shaped
detector always covers a solid angle of 1.977. We compare forward
and backward scattering for a point dipole, a finite-size scatterer,
and the far-field quantum CRBs, for a total number of scattered
photons N*.

Figure 2 shows the CRB for a large planar detector (e, =
e,) covering a fixed solid angle 2 = 1.97x at varying distance
Z, in an exemplary setting with polarizability yo = 13.0 nm?
at A" = 1.03 um and a number N*¢ = oy .ceo|E™|? 1 /2hw™ of
scattered photons, with o = 2(6™)* xo0/? /37 the total scat-
tering cross section. We plot the CRB for (a) xo, (b) zo, and (c)
Xo estimation, comparing forward (Z > 0) and backward scat-
tering (Z < 0) at a point dipole, as well as forward scattering
at a polarization density of size ap = 35 nm; see Appendix B.
The CRB always saturates to a distance-independent value
in the far field, |Z| > A™". Conversely, the dipole fields (1)
diverge at the scatterer position, and so does the FI, which
implies that the CRB would vanish for an ideal detector placed
arbitrarily closely. In the intermediate near field not too close
to the dipole, (47 x9)'/? <« |Z| < A", we can neglect the
contribution E* x B** to the Poynting vector, which results
in the scaling A6y ~ |Z|? and Abpzg ~ |Z|? for the CRB of
polarizability and position, respectively. This scaling is seen in
the diagrams for |Z| < 0.1 A", though finite-size corrections
limit the precision when |Z]| ~ ag.

The dashed line marks the fundamental QCRB for far-field
detection, based on Eq. (8) below. The fact that the saturated
bounds on the right of Fig. 2 are worse than the QCRB shows
that the specified detection scheme is not optimal for esti-
mating the parameters. This is in contrast to interferometric
scattering microscopy [31], coherent bright field microscopy
[32], or dark-field microscopy [33], which can reach the
QCRB under certain conditions [16].

IV. NEAR-FIELD QCRB

The previous phenomenological model has three crucial
limitations. Firstly, it assumes a phase-insensitive photo-
detector model of a specific geometry. Any phase information
or light that does not reach the detector is not accounted
for. Secondly, it oversimplifies the scatterer’s response to the
probe light by a quasi-instantaneous dipole field throughout
the pulse duration. Thirdly, photon detection is taken to be a
separate event from photon scattering, neglecting the possible
influence of the detector on the near-field mode structure.

To circumvent these issues, we derive fundamental quan-
tum precision bounds based on the overall information the
scatterer broadcasts into the state of the electromagnetic field
while it emits radiation. That is, we calculate the quantum
field state o(z, @) at every time ¢ during the scattering pro-
cess and quantify its sensitivity to @ variations in terms of
the measurement model-independent QFI matrix J;¢(0, t)
[9-11]. It was proven that, whatever measurement one per-
forms on o(¢, €) to infer @, the mean-square errors of unbiased
parameter estimates obey the QCRB inequalities (A6;)> >
[T~1(8, t)]ee [9]. The QFI, a function of o(z, #), thus serves
as a fundamental precision benchmark that may not always
be attainable in a practical measurement. To obtain o(¢, )
in our case, we must evolve the pure quantum state of field
and scatterer unitarily according to the Hamiltonian A =
Zk‘ . hick &;; ke + fla)()BTlAJ + H; and then take the partial trace
over the scatterer degree of freedom. Fortunately, the asymp-
totic initial state at + — —oo is Gaussian: it describes the
incident light pulse by a coherent displacement of the mode
vacuum with amplitudes ™ = (ot,i;’3 ). and the scatterer in its
ground state. Given the linear interaction Hamiltonian (2), the
state remains Gaussian at all times and is therefore fully char-
acterized by the time evolution of its first and second moments
in the mode operators, which depend on the parameters 6.

At each point in time ¢, the reduced state of the radiation
field is determined by a vector of mean coherent amplitudes,
o = (a) with elements oy, () = (ax.(t)), and by covariance
matrix blocks E = 2[{@oa’) —aooa*] —1 and YT =2[(@o
a) —a o «a] with “o” denoting the dyadic product. The QFI
matrix for Gaussian states reads as [11]

_1 / da
da* da & T 96,
Tie®.0)=2( 5 5—9,)(T* :) (Qwﬂw,z)

00,

Ja* o
~ 2 C—_— .C. i 0,t
[ae, 26 +CC} +Vie®. 1)
E-T T Do
da* d 06,
_2<3¢g/ rg/)( T* E*_ﬂ)((’iai)' (4)
00,

In the second line, we expand the inverse of the covariance
matrix to first order around the identity matrix, a good approx-
imation for realistic weak scatterers. The lengthy additional
term ) does not depend on the amplitudes « and is thus
present even when there is no incident light. It stems from the
higher-order effect that the presence of the scatterer squeezes
the surrounding mode vacuum, which for realistic light inten-
sities would add only little to the information contained in
the a terms in (4). Assuming that the parameter estimation
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is based on coherent amplitude measurements, we can safely
ignore V in the following.

The Heisenberg time evolution of the field operators under
H can be solved in a lengthy calculation assuming weak
coupling (Appendix D). In particular, the mean amplitudes
o(t) are linearly related to the incident a,

in —ickt ink ickt
opu () = ) (uppkectie™ ™ + vp oo @), (5)
ke
The transformation coefficients are

/_kp X(ck)e—i(p—k)-ro
Upp ke = ?(epu ey ) (e - ex)ép%‘k—

—k —i0*
+ (Spu,ke»
/kp X (ck)e—i(p+k)-r0

Uppuke = — (epp. ey )(ege - ex)épék

L3 p+k

(6)

The matrix elements of & — I and Y can also be given. How-
ever, since they themselves are weak-coupling corrections,
their contribution in the last line of (4) can be safely neglected,
as we demonstrate in Appendix E.

The expression (5) simplifies greatly in the far field. In-
troducing the asymptotic output amplitudes a®" as ape' =
lim, _, o ags ()€’ and treating the k modes as a continuum
(see Appendix F), we arrive at

ap =ap, + 10 [ k8 — bx(coe s
XY (- ek )€ - €p )ty )

This amounts to elastic light scattering via a dipole
polarizability, described by the linear response function
x(w) = dga)o / heo(a)(z) — w?). Far off resonance, it is approx-
imately constant, x(w <K wp) ~ dg /hegwy = X, reconciling
the quantum oscillator model with the previous phenomeno-
logical description based on the polarizability xo = x (™).
Indeed, we show in Appendix G that the light field expectation
values for monochromatic input match the dipole radiation
terms (1).

To leading weak-coupling order in the far field, the QFI
matrix (4) reduces to a diagonal matrix with elements

8(km)6|X0|2q’[ 5
157 (k" xo)?’

with & = (1/L?) Y. |t | = ceo|[E™ |t /2how™ the number
of incident photons per area. Consequently, the far-field
precision limits for the polarizability and position of the scat-
terer scale with the incident wavelength like A6y o (A")?
and Af) 33 x (AmM)3, respectively. Our result proves that the
scattering matrix approach to QCRB [7] is valid for a sin-
gle quantum dipole scatterer. The relative error bound of
a polarizability estimate, Axo/xo = 1 /2«/1%, and the er-
ror bounds of position estimates relative to the wavelength,
Arg/A > L (5,572, \/5]T)//N%, are all determined
by the inverse square root of the number of scattered photons,
N%¢ = 0 D.

[Jee (0, 00)]3_y =

1,2, 7i|, ®)

x10?
o~ 31 A1 = 1030 nm
‘g 91 —— X =45pmm
S
S N
04 ———-== NV N A
Z 3.0
)
X
o 151
= _______,,z\/\/\[\/x_,.i
0.0 : — :
—40 —20 0 20 40

t (fs)

FIG. 3. QFI as a function of time for estimating (a) the position
6, = xo and (b) the polarizability 6, = x, of a dipole scatterer with
radius 35 nm and polarizability yo = 12.6 nm?, at two incident wave-
lengths A; . The incident photon flux at A, is set such that N* =1,
the one at A, is increased by A, /A; =~ 4.4 for a comparable QFI peak
value in (a). The dashed lines mark the far-field values; they differ by
a factor 1.3 x 107 in (a) and by 76 in (b). These ratios differ slightly
from those obtained using Eq. (8), as the latter assumes a wave packet
that is much longer than one wavelength.

While the scattering process is taking place (|t| ~ 1), the
QCRB improve drastically with the transient population of
short-wavelength modes, i.e., enhanced near-field amplitudes
around ry. The QFI maxima at ¢t = 0 scale with the flux ®/z,
independent of the temporal width or shape of the incident
pulse. They also diverge for a point dipole, rendering this
common idealisation invalid here.

Figure 3 shows how the QFI about (a) xo position
and (b) polarizability evolves in time. We assume light
pulses of central wavelengths kiln = 1.03 um and Aizn =4.5um
and temporal width 7| = 1, = 24 fs, corresponding to 0‘}2 66
Ene=k=2r/a" eo? /27 /i [k with k = ke, and e, = e,. The
scatterer has the size ag &~ 35nm, the polarizability xo =
13.0nm?, and is resonant to 2mwc/wy = 100nm; see Ap-
pendix E for additional results. As the light pulse approaches,
the information content in the field builds up and oscillates at
about twice the optical frequency. The peak position informa-
tion is reached when the pulse hits the scatterer around ¢t = 0,
amplifying the far-field values here by factors of 10.8 and
1.3 x 10+, respectively. The peak value grows like (A" /ag)*
with decreasing scatterer size ap — 0 assuming constant po-
larizability. The oscillations in Fig. 3(b) show that information
about the polarizability is enhanced in the near field. While
the QFI never exceeds the far-field limit here, it would for
smaller ag, amplifying like (Al /a0)2 for ag — 0. While the
position uncertainty does not relate in a simple manner to
the transient number of scattered photons N*(¢) in the near
field, we find that the QCRB on polarizability estimates obeys
Axo/xo = 1/2/N%¢(¢) at all times.

Discussion. We derived the (Q)FI in the fields scattered by
a dipole both in a phenomenological model and in a time-
dependent quantum scattering model. The former assumes
an idealized time-integrating detector that could potentially
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be realized in experiments. We obtain CRB for location and
polarizability estimation that improve in the near field with
the third and the second power of the detector distance, re-
spectively.

The quantum model provides us with a snapshot of the
information content in the field state at a given point in
time. The QCRB depend on the scatterer size ag, vanishing
like (ap/A™)*> and ag/A" for location and polarizability
estimation, respectively. Our calculations confirm that the
transient state of the near field contains more information
about the scatterer than what photo detectors could pick
up at a distance. Information flows back and forth between
the dipole and the surrounding field, causing a pronounced
oscillatory enhancement of the QFI during the scattering
process, |t| < 7, even though a fraction of the incident pulse
energy has not reached the scatterer yet. After the interaction
ceases, the near-field information is irrevocably lost. The
far-field QCRB derived from (8), v/N*¢Axo/xo > 0.50 and
\/ZWAro/Ai“ > (0.18,0.13, 0.07), are independent of ag as
long as ag < A", They provide a lower bound for microscopy
applications, regardless of the light collection geometry [16].

Our analysis of the textbook example of dipole radiation
touches upon foundational concepts such as ultraviolet diver-
gences and gauge invariance. The near-field QFI diverges in
the point-dipole limit, which forced us to introduce a high-
frequency cutoff amounting to a finite size ao of the dipole
scatterer. At the same time, the QFI depends on the chosen
electromagnetic gauge that fixes the light-matter coupling
Hamiltonian [29], because gauge transformations that depend
on the dipole position ry can change how much informa-
tion about ry is contained in the (transverse) field degrees
of freedom. By fixing the multipolar gauge, we ensured that
any information exchange between the dipole scatterer and a
model detector comprised of dipoles is exclusively mediated
by the transverse field (see Appendix H), thus setting a funda-
mental bound on the achievable measurement precision with
standard photo-detectors.

Our near-field assessment compares favorably with far-
field super-resolution techniques like single-molecule local-
ization microscopy [34,35] or spatial mode demultiplexing
[6,36]. Our results show that, when tracking particles in the
near field, one could achieve a higher signal-to-noise ratio
per detected photon. This could facilitate tracking [25] within
sensitive biological specimens [37] at even higher speed and
precision.

We have derived fundamental precision bounds for a sin-
gle, short, and weak probe pulse of light that interacts with a
sub-wavelength scatterer in free space. For consecutive pulses
of light, the measurement back-action on the particle must be
taken into account: light scattering will transfer momentum
to the particle, which adds to the uncertainty of subsequent
position measurements. For a single pulse, this effect can
be ignored, because the measurement is finished before the
induced motion will have a significant effect. In many mi-
croscopy applications, the scatterer is fixed on a cover slide
and the momentum transfer thus irrelevant. In case measure-
ment back-action does play a role, our analysis still bounds
the information obtainable from each single probe pulse and
thus quantifies the trade-off between gain of knowledge and
back-action noise.

Another followup research direction would be to specify
a detection mechanism based on, e.g., dipole-dipole inter-
actions, which could resolve the subtleties regarding gauge
freedom. It will further be interesting to compare our scatter-
ing treatment to Markovian quantum trajectory models [38],
which describe the information flow out of the scatterer as a
continuous measurement process. Our findings could also be
extended to the radiofrequency domain, provided that an ap-
propriate noise model is chosen. Potential applications would
range from communication and positioning [39] to the design
of avalanche safety equipment [40].
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APPENDIX A: BRIEF INTRODUCTION TO PARAMETER
ESTIMATION THEORY

We provide an outline of basic concepts in parameter es-
timation theory and introduce the all-important Cramér-Rao
precision bound. A more comprehensive introduction can be
found in [8,30].

1. Parameter estimation from measurement data

Estimation theory is concerned with experimental proce-
dures producing data of measurement outcomes in order to
infer one or more underlying system parameters 6 that in-
fluence how likely the observed measurement outcomes are.
To this end, one first formulates a theoretical model that
predicts the likelihood p(D|@) for observing any datum D
of outcomes at any given parameter value 6. Secondly, one
defines a point estimator @ (D), i.e., a function that assigns
an estimated parameter values to the observed data. A univer-
sally used example is to take as @ (D) the maximum of the
likelihood function with respect to the parameters, @(D) =
maxg p(D|0).

Ideally, the chosen estimator should be unbiased, i.e.,
reproduce a given true parameter on average, (@ (D))p =

> p OWMD)p(D|6) ~9.In practice, however, strictly unbiased
estimators are hard to come by, and one mostly operates with
ones that become asymptotically unbiased in the large-data
limit. Regardless of the chosen estimator, the local sensitivity
of the experiment to small variations of the underlying param-
eters around a given 6 = (6, 0y, . ..) is measured in terms of
the positive semidefinite Fisher information (FI) matrix,

1 3apD|6) dpD|6)

L;e(®) = ; pDIO) 06, 96,

(AD)

The greater the norm or the eigenvalues of this matrix at
0, the stronger the impact of small parameter deviations d6
on the likelihood of outcomes and, hence, the higher should
be the achievable estimation precision in the vicinity of 6.
This can be cast into a stringent mathematical inequality, the
Cramér-Rao bound: Assume a fixed true 6 and let A@iz =

([v;(D) — Qj]z)D be the mean-square deviation of the jth
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parameter’s estimate from the true value 6;—quantifying the
measurement precision locally around 6. For an unbiased
estimator © based on large data (or many measurement repe-
titions), the so defined precision (per single repetition) obeys
the inequality

(A6 > [Z(6)7'1); (A2)

as also stated in the main text. In practice, one can often reach
close to this bound. If the data is composed of N indepen-
dent repetitions or identical trials or counts, the likelihood
is a product of N identical single-trial likelihoods and the
corresponding FI is simply N times the single-trial FI. The
Cramér-Rao bound thus takes shot noise into account.

2. Ideal photo detector surface

In our phenomenological near-field dipole radiation model,
the parameters to estimate are the polarizability and the posi-
tion of the scatterer, @ = (o, X0, Yo, Zo). For the measurement,
we assume a planar or hemispherical surface comprised of
individual independent photodetector pixels. That is, the mea-
surement data is a collection of integer count numbers n,
representing the outcomes of all detector pixels at positions
r, with surface areas dA and normal vectors e,. As we are
concerned with mathematically tractable fundamental bounds
on the attainable estimation precision, we make two idealizing
simplifications in our detector model, along the lines of earlier
studies [12,41]. Realistic detectors may not fully reach these
bounds due to technical limitations.

Firstly, we follow standard practice and describe the photo
detection in each pixel as a statistically independent Pois-
son process integrating over the recording time t: given an
average light intensity I(r, 0) = e, - S(r, #) that illuminates
the pixel, the probability of detecting n counts is p(n|r, ) =
e " N7r, 0)]" /n!, where 7i(r, 0) = I(r, 0)tdA/hw denotes
the average number of photons the pixel absorbs during
recording time. Photon shot noise is thus accounted for. For a
pair of, say, neighboring pixels illuminated by approximately
the same intensity, statistical independence means that the
probability to count n; photons in the first and n, photons in
the second pixel is given by the product p(n|r, 0)p(ny|r, 9).
Similarly, the likelihood of the whole collection of mea-
surement data is given by the product of the individual
Poisson count distributions over all detector pixels, p(D|0) =
]_[pixels p(njr, @). Cross talk between the pixels, which would
only degrade the detector resolution, is not taken into ac-
count. Notice also that, rather than assuming a stationary
radiation intensity, we consider narrow-band pulses with a
slowly varying input amplitude E™(¢) = E™"g(¢). We can thus
safely neglect the variation of the dipole fields (1) over the
pulse spectrum and simply replace the recording time by an
integral over the pulse envelope, © = [ dt | g(t)|>. Formally,
this corresponds to modeling each pixel’s count distribution
by an inhomogeneous Poisson process with a time-dependent
rate.

Secondly, we assume that the detector pixels are small
compared to the length scale over which the intensity varies,
so as to approximate the sum over pixels that appears in
the FI matrix associated to the product likelihood p(D|@) by
a surface integral. Explicitly, the FI matrix of a product of

independent likelihoods is the sum of the FI matrices of these
likelihoods, so that

7,(0) = Z ZP("VZ 0)8 In p(n|r, 6) 9 In p(n|r, §)

pixels n=0 89/ 89{
dn(r, ) I(r, 0) ?
-y a(r, 0) dn(r )Zp(nlr,O)[_L—l]
pixels 86/ 90 n=0 ir, 9)
_y L ne.0)ice6)
L nr.0) 06, 00,

N / dA 3I(r,0)dI(r,0)
fiw Sy 1r,0) 36, 96,

, (A3)

as stated in Eq. (3) in the main text. Here we have used that
n(r, ) gives both the mean and the variance of each Poisson
distribution.

3. Quantum bound on parameter estimation

Suppose the system under observation at a given point in
time 7 is described by a quantum state o(z, #), which depends
on the parameters 6 we seek to infer. A measurement protocol
with we conduct on this state is generally described by a
POVM M = {Mp}: a set of positive semidefinite operators
Mp associated to the measurement outcomes D that obey
o Mp =1, such that the likelihood for obtaining outcome
D is PM(D|0) = tr[Mpo(t,0)]. The associated FI matrix
M (6, 1) determines the estimation precision achievable in
this protocol via the CRB (A2)—but a different POVM may
yield a better precision, i.e., a FI matrix with greater eigenval-
ues. In order to place a fundamental bound on the physically
attainable precision given the quantum state o(¢, #), we must
“optimize” the FI matrix over all possible measurements.

The optimization is straightforward in the case of a single
parameter 6. The FI is then a scalar quantity, and we can take
the maximum over all POVMs: 7 (0, t) := max ™ 0,1),
also known as the quantum Fisher information (QFI). It sets
the fundamental quantum Cramér-Rao bound (QCRB) on es-
timation precision, AB? > 7710, 1). The QFI is uniquely
determined by the quantum state; it can be expressed as
J@,t) = tr[o(t, 0)L?], in terms of the so-called symmetric
logarithmic derivative operator, L = L', defined implicitly
through the Lyapunov equation dy0(¢, 6) = (L, o(t,0)}/2.

A natural extension to multiparameter estimation problems
is the QFI matrix

Jje(0,1) = jurlo(, O{L;, Le}] > 0, (Ad)
with the symmetric logarithmic derivative operators defined
through

il 1 .
—o,0) = L. et 0)}. (A5)

36,

The QFI matrix upper bounds the FI matrix associated to
any measurement, 7 (0,1) > TM(0, 1), in the usual sense that
J — TM has non-negative eigenvalues. From this follows the
QCRB stated in the main text, Aef > [T, Dlep.
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4. QFI of electromagnetic field states

The operators f,j defined implicitly in (A5) are difficult
to compute in practice for general quantum states. However,
in the case of bosonic Gaussian states, which are fully de-
termined by their first and second moments in the bosonic
field operators, there are closed-form expressions for them
and the QFI [11]. We make use of these expressions in
Appendix E, to calculate the approximate QFI stated in Eq. (4)
in the main text. We remark that, unlike the FI that we eval-
vate for a time-integrating detector, the QFI represents the
information about the scatterer contained in the field state
at a given time ¢ in a given gauge (see Appendix H). Our
results show that, at times r when the scattering process of
the input pulse at the dipole scatterer is taking place, the QFI
exhibits a near-field enhancement, despite the fact that part
of the input pulse has not reached the scatterer yet. A fair
comparison between the classical FI in our phenomenolog-
ical model and the QFI can be done in the far field: once
the scattering process is completed, the acquired informa-
tion is stored in the phases and amplitudes of asymptotically
outgoing plane waves. These propagate freely and preserve
their information content [21], which one can, in princi-
ple, read out with help of phase-sensitive, direction-resolving
detectors.

APPENDIX B: CRB FOR A CLASSICAL HERTZ DIPOLE

Here we complement the phenomenological approach of
the main text, assuming stationary radiation from a classical
field-induced Hertz dipole. We provide additional results for
planar detectors, a hemispherical detector, and we discuss the
behavior of the CRB in the near field. Finally, we state the
scattering fields for a regularized finite-size dipole instead of
a point dipole, for comparison to the quantum model.

1. Planar detector

In the main text, we have assumed a fairly large planar
detector covering almost the entire range of scattering angles
from —m /2 to 7 /2 into the forward (or backward) half-space.
Namely, for the Cramér-Rao bounds plotted in Fig. 2, we have
integrated over angles up to £0.495. Such a detector covers
a solid angle of 1.977 measured from the origin. In practice,
one can capture a major part of the information already in
much smaller detectors. In Fig. 4, we compare the CRBs in
forward direction from the main text (solid lines) to the CRBs
evaluated for a planar detector covering a smaller solid angle
(dash-dotted). The near-field behavior, in particular, hardly
differs. Figure 5 shows how the CRBs scale with the detector
size (given in terms of the covered solid angle €2), at a fixed
far-field distance Z = 2 um.

Finally, in Fig. 6, we compare the CRBs for two incident
infrared wavelengths at the same number of scatterer photons
and at a given scatterer in the point dipole limit (solid) or
with finite size (dash-dotted, ap = 35 nm). To this end, the
results for (a) x and (b) z estimation are not normalized to
the wavelength, but given in absolute units. We observe that
the near-field improvement is more pronounced at the greater
wavelength.

1071 100 10!
Z (ym)

FIG. 4. CRBs for two square-shaped planar detectors of different
sizes as a function of the distance to the sample. The detector size
is given in terms of the covered solid angle 2. The sample is a
point dipole (a; = 0) of polarizability xo = 12.6nm?, the incident
wavelength is A™ = 532nm. As expected, the detector covering a
larger solid angle (solid line, same as in Fig. 2 of the main text)
captures more information. The difference is less pronounced for
Ax, indicating more information originating from pixels close to the
optical axis.

<1004
8
% ___________________________________
1071_

:; 100_
D S
<
% —— point dipole, Z = 2 pm
10~14 —--—- QCRB, far-field
0.2 0.4 0.6 0.8 1.0
Q/2n

FIG. 5. CRBs for variable detector size. Each detector is placed
2 um in front of the sample, square-shaped and planar, parallel to the
xy plane, and subtends a solid angle €2. The polarizability is xo =
12.6nm?, and the point dipole approximation is used (ay = 0). The
incident wavelength is A" = 1.03 um.
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100_

o 1072_
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% » — 1.03 pm
107 45 pm
100_

)

I

L

=

VN*Ax/x

10-2 10-! 100 10!
Z (ym)

FIG. 6. Comparison of normalized Cramér-Rao bounds for two
incident wavelengths. Solid lines: Cramér-Rao bounds for planar
detector covering a solid angle of 1.86;r placed a distance Z in front
of a point dipole scatterer. Dash-dot lines: Cramér-Rao bounds for
the same detector with a sample of radius ap = 35 nm. Dashed lines:
Quantum Cramér-Rao bounds in the far field.

2. Hemispherical detector

As an alternative to the planar detector discussed in the
main text (Fig. 1), we consider a hemispherical detector of
radius R around the dipole scatterer, oriented in the forward
(Z > 0) or backward (Z < 0) direction of the incident light,
as sketched in Fig. 7. The task is to resolve small deviations of
the scatterer position and polarizability based on the detected
photons from the scattered light.

Using the same detector model and parameters as for Fig. 2
in the main text, we plot the CRBs on position and polarizabil-
ity in Fig. 8. The results are qualitatively similar to those of
the planar detector, except for small oscillations as a function
of the radius R due to interference effects at the detector
edge.

3. Asymptotic behavior

Near the dipole scatterer (k"7 <1), the scattered fields
(1) in the main text scale like E* ~ 1/r3, B* ~ 1/r%. Since
we can also assume that (47 x0)'/? < |Z|, R for most of the
plotted range of detector distances, the terms in the Poynting
vector,

S Re{[E"(r) + E*(r)] x [B"(r) + B*(n)]"}

r) = )

2u0
obey the hierarchy E™ x B™ > E* x B" + E™ x B >>
E*¢ x B*°. Therefore, in the formula (3) for the FI matrix Z
in the main text, the intensity / is dominated by the incident

B

FIG. 7. Sketch of the hemispherical detector setup. The detector
surface is a hemisphere of radius R with the scattering dipole at its
origin and its pole pointing in the direction of the k vector of the
incident light field (k™, E™, B™). The scattered light is denoted by
(ESC, BSC).

light term, while the derivatives of the intensity with respect to
the scatterer parameters are dominated by the cross terms. To
leading order in k"7 with r ~ |Z|, R, we have 31/96y ~ 1/r>
and 91/06j.9 ~ 1 /r*. Integration over the detector surface
contributes another factor 277 R? in the hemispherical case. In
the planar case, the relevant detector area in the near field
is of the order of wZ2. Hence, the diagonal entries of the
FI matrix scale like Zoo ~ R™*,Z™* and Z;; ~ R%,Z7¢ for
j=1,2,3. Accordingly, the CRB for polarizability and po-
sition estimates scale like Ay ~ R2,7% and Ary ~ R3, 273,
respectively, matching the slopes in Fig. 2 in the main text
and in Fig. 8.

In the far field, we simply have 81/96; ~ R™',|Z|~" for
all j, whereas I — const. Hence, the entries of the FI matrix
should approach a constant value for R, |Z| — oo, which is
also in accordance with our results.

In Fig. 8 and in Fig. 2 of the main text, we saw that the
optimal estimation precision is worse for a detector placed
behind the sample (Z < 0) for all parameters except zo. The
reason is destructive interference between the incident and
the scattered field, as can be seen in Fig. 9. Therein, we plot
the expressions %Re[ESC(r) x B™(r)] - e, and %Re[ inry x
B**(r)] - e, as well as their sum, over the plane y = 175 nm.
At weak coupling, these terms are the main contributors to
the relevant measurement signal and the FI. The rightmost
plot shows that the two terms interfere mainly destructively
for Z < 0 and mainly constructively for Z > 0. This is con-
sistent with the fact that E*°(r) and B* are even and odd
functions of p respectively. When estimating zp, this ef-
fect is compensated by the path length difference between
background radiation and light scattered back into a Z < 0
detector, which manifests as the ripples at negative z values
in Fig. 9.

4. Finite-size scatterer

For the case of a regularized dipole scatterer of ef-
fective size ap > 0, we interpret the field expectation
values (G8) and (GY) obtained from the quantum model
in Appendix G as classical fields with yo= x(ck™).
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point dipole, Z < 0
— point dipole, Z > 0
—— ay=2X/29,Z >0
-==- QCRB, far-field

' 10-!
R/A

100 10!

100_

10—2_

VN*Ayo/A\

10—4_

VN*Axo/xo0

10-1 100 10!

R/A

1072

FIG. 8. Cramér-Rao bounds (hemispherical detector) and far-field quantum CRB, normalized by the total number of scattered photons, for
¥o = 13.0nm? at A'® = 1.03 um. The detector is slightly smaller than a full hemisphere and covers a solid angle of 1.847. Note that the signal
stems from the interference of the scattered wave and the unscattered plane wave. Their relative phase depends on the distance to the scatterer,
leading to the oscillations in the far field. We further note that, with linearly polarized excitation light, the CRB for the estimation of the x and
y position of the scatterer differ slightly. The orange line corresponds to the hemisphere oriented in backward direction (Z < 0).

Explicitly,
(k™) xoE™ [ (e, X €;) X €, & (p) &(p)
E*¢ = - £ - - = e — 3 X ,
(r) T e 1(p) + Gnp) (ki) (e, — 3ey(ey - €p))
; k™Y xoE™ [ E:(p) &(p)
BSC = i - 3 X B2
"= "ei |iknp gy | X © (B2)
where
16i 4p p—ag\ _, in
& = - - p/ao ik™p ,
1P = 45 Cagkm 2P [(ao(aokm)z ao )e e
16 (K"ag —2p)ag  ao+2p\ _, in
E = — . _ i p/ao k™ p ,
2P) = i kP [’( 4 a3k )e e
161 Y (aokin)zp 2 iin
& ==+ 14+ — plao _ oik"p | B3
3(0) 0T (k2P |:<llo +1+ ” e e (B3)

In Appendix G, we show that these expressions are obtained
by averaging the scattering fields of an ideal point dipole
(ap = 0) over the radial dipole polarization density &(r) =
e~/ /(za3) with mean radius 3ag/2, assuming aok™ < 1
and qp/p < 1.

APPENDIX C: INTERACTION HAMILTONIAN

Here, we review the steps leading to the dipole
Hamiltonian (2) in the main text, which describes
the scatterer-field interaction. Our starting point is the
minimal coupling Hamiltonian of nonrelativistic quantum
electrodynamics between a single bound charge ¢ and the
electromagnetic field in the multipolar (PZW) gauge with

[
respect to the dipole position rq [29],

A 1 . ~ o . €
A =5 b~ GAG +r) + UG + Ve + 5 f &

2
x {[fux) + eiiwx)} + 2V x AT<x>]2}. (Cl)
0

The charge is a quantum particle trapped in a potential
U sourced by the opposite charge —g fixed at ry. The
displacement of g from r( is described by conjugated position
and momentum operators #,, p,. The chosen gauge leads to
the (infinite) Coulomb self-energy terms Vi of both charges,
while the quantized light field is described by the transverse
vector potential A7 (x) and its canonical conjugate FI(x). The
full multipolar-gauge vector potential is then given by its
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JRe(ES“x B"") - e, IRe(E™ x B*") - ep IRe(E x B + E" x B*") - ep

1 1
Z(um) 2 Z(Nrn) 2

1
Z (um) 2

FIG. 9. Interference terms between background and scattered field plotted over a 4 um x 4 um rectangular area in the plane defined by
y = Sap with the scatterer radius ap = 35 nm. This value for y was chosen to be close to the scatterer but sufficiently far away to avoid large
near-field values. The two interference terms (first and second panel) are the main contributions to the time-averaged Poynting vector for weak
coupling. The rightmost plot shows the sum of the two terms. They interfere largely destructively for z < 0 and constructively for z > 0,
because the electric and magnetic fields are even and odd functions under p — —p, respectively. The ripples in the Z < 0 half-space are

attributable to the path length difference between the forward-traveling background light and the backward-traveling scattered light.

real-space representation

37/

A n d’k ~
Ax)=Ar(x)+ V/ ——=&r (K, x)-AK')
2m)
37/
_ A —ik’-ro
=47 - | GAr®e (€2)
where g; is defined as
grk,x) = —e %7 " e (ere - x). (C3)

The Hamiltonian (C1) also contains the transverse
polarization P whose definition is also gauge-dependent.
In the PZW gauge, it is most conveniently representable in
reciprocal space,

Pr(k) = —qlgr (e, ro +7.) — gr(k, r0)]

=qe ") " erlege - Fo). (C4)

We work in the electric dipole, or long-wavelength
approximation. This amounts to assuming that the
wavelengths impinging on the scatterer are much longer
than the extent of the scatterer. More concretely, we assume
k - 7, < 1. Fourier-transforming (C2), we have

Aw) = f G dote®r -y (c5)

2r)? '
Substituting x = ro + 7, and e~ *Fe _ 1 ~ (), this imme-
diately yields A(rg 4 #.) ~ 0. The Hamiltonian (C1) then

becomes

5 P
H= 26 +U(re)+vqe1t

n 30 / P + A1V x Ar@)P)

Va1 o s .
+§/dxtJH@)+H%@yH@4. (C6)
0

The I'\’T(x)2 term only involves the 7, operator, and
can be subsumed into U(#,) by defining U'(F,) =
U#,) + [ d*xPr(x)?/2¢). The last term describes the
charge-field interaction,

s a R d’k pl
=/dxH(x)-PT(x)=/(2 SUON AT

d3k ik-ro > o > N
=q / Gy ) b = gl ) e (CT)

where we have used (C4) along with the fact that I is
transverse so that Zszu €ke (ﬁ(k) c€e) = ﬁ(k). This is the
only term that entangles the field with the charge, whereas
all the other terms act on either the field or the charge. Corre-
spondingly, we define the free Hamiltonian Ay = H — H;.

The multipolar gauge can be modified by introducing a
high-frequency cutoff, k < 1/ag, to avoid the high-energy
divergences inherent in the dipole approximation [29]. This
amounts to setting

—lk R4}

gT(kix) - -
[1+ $(aok)?]

ensuring that g, (k,x) — 0 for k — oo. The vector potential
and polarization in (C2) and (C4) are then

A’k Ap(K)e=*

07 LT Z ec(ee -x),  (C8)

Ax)=Ar(x) — , C9

@0 =Ar@) - | 555 Tt et (C9)
—ik-rg

Pr(k) = T ( ] ZZekg(ekg Fo). (C10)

The assumption A(ro + F.) ~ 0 continues to hold as long as
all modes with k > 1/ag are unpopulated. This is true, and
(C6) remains valid, if the scatterer is larger than ay.
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We now quantize the field in the usual manner, by intro-
ducing discrete plane-wave modes in a box of volume L3 and
their operators, [de, &;m] = 8kpbeu, such that

A h _— ik At
Ar(x) = Z ZEOL—Sckekg(elk'xakg + ek a,'(s),
ke

A . Flck ik-x ~ —ik-x A~
Mx) = —lz mekg(ekxakg —e **al ). (Cl1)
ke

The continuum limit Y _,, — (L/27)* ", [ d’k will be car-
ried out later. The interaction Hamiltonian becomes
H = /d3x () - Pr(x)
_ a3k
) @)
ke fk) -7,
= q - B}
Qo1+ §(ak)?]

hick €ie - T |:eik'0 R
=q Z 3 —ay. + H.c.|.
¥ 2eol? [1+ Lagk)]

M1k - P o)

1

(C12)

Finally, we restrict the motion of the bound charge to a one-
dimensional harmonic motion in x direction, setting the dipole
operator g, = dye, (b + b), with b the associated ladder op-
erator. Defining
1
G=—"""> (C13)
[1+ X(aok)?]

then leaves us with the model Hamiltonian (2) in the main
text.

By fixing the regularized gauge in (C9) and subsequently
assuming A (ro + 7,) ~ 0, we have prevented the interaction
Hamiltonian (C12) from coupling 7. to any modes with
wavelength A < 2m /ay. Effectively, the regularizing factor
in k-space relaxes the point-dipole assumption and gives the
scatterer a finite transverse polarization density with profile
e 20/® /(ra}). (For a derivation of this see Appendix G.)

J

t
ap (1) = diyy e P 4 G, / dt'[by (t') + bl (t")]e 7P,

fo

t
b (1) = b~ / di' ey Chey, (1) — Gilike, (1)

4]

This is no violation of gauge invariance: mode populations
are not directly measurable. What must be gauge-invariant
are the probabilities of photon detection events. To calculate
the latter, one must specify a concrete coupling between the
detector and the system. We discuss this point in more detail
later, in Appendix H.

APPENDIX D: TIME EVOLUTION

Here we solve the combined quantum time evolution
of the harmonic field and scatterer degrees of freedom
under the Hamiltonian H = Hy + H;, assuming an asymp-
totically free incident coherent pulse and the scatterer
in the ground state at initial time o — —oo, |[¥"(f)) =
Q. Die (2 e™0)|vac) ® |0), with D(«) the displacement
operator. The goal of the following calculation is to integrate
the Heisenberg equations of motion for the mode operators.
From this, we obtain the coherent amplitudes « and the covari-
ance matrix blocks E, Y used to calculate the quantum Fisher
information matrix in the main text. The initial condition for
the incident light amplitudes ot,i('; is chosen such that the wave
packet of the pulse is centered around the dipole position
roatr =0.

In the Hamiltonian, we identify the bare terms, 1-7() =
Zk‘ . hck&;s&kg + hwolgfl;, and the interaction Hamiltonian,

Hy = (b+b")doe, - [(ro) = (b+ b")

ik-ry

hck e
X %: mdo(eks 'ex)‘(;:kI: ;

ke + H.C.]. (D1)

The mode operators satisfy [Hy, éx.] = —Fhickag, and
[H,, 13] = —szol; with respect to the bare term, and so
the equations of motion for the respective Heisenberg-picture
mode operators take the form

d . A I A &
EbH(t) = —iwoby(t) + E[Hlv bly(t);

d . [N
E&ka,H(t) = _leaka,H(t) + %[Hlv arelu ().  (D2)

Carrying out the remaining commutator with (D1) and inte-
grating both equations of motion, we have the coupled integral

equations
ck —ik-rg.
Con = g @K e T

(D3)

(D4)
ke

For clarity, we are now denoting the bare (Schrodinger-picture) mode operators acting on the separate Hilbert spaces of dipole
and field by 6™ and &, as they appear as the initial conditions at # = #, here. Next we insert (D4) into (D3) to obtain an implicit

integral equation for the field mode operators,

1
&pu.H(I) — alpﬂﬂe*lcp(tffo) + Cp;L / dt/[blneflwo(t —19) + bm'{'euuo(t 7t0)]€7wp(t7t )

fo

t t
+Cppe / dt'e=iert=1) / dt" (e~ —cc) Y [Crettf, (t") — Hel.
o fo ke

(D5)
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Under the usual assumption of weak coupling between scatterer and ﬁeld modes, we may truncate (D5) at second order in Cy,
and replace the dy, g (¢") under the double integral by the bare terms &, e ick"=10) This results in the expansion

A Ain— (1 A2
By (1) % iy, PO ) () ) (1), (D6)
with the first- and second-order contributions
t
a0 (1) = / dt/[l;ine_iwo(t’—zu) + ginfeiwo(t’—zo)]e—icp(z—z’) (D7)
pp, )
4]
t
A(Z)H(t) _ pu/ dt’ |:f dt//(efzwo(t —1") —cec. )Z CksAmT ick(t"—19) H'C.]:|ech(tt’)' (D8)
fo fo ke

1. Coherent amplitudes

To obtain the coherent amplitudes, we take the ex-
pectation value of (D6) with respect to [¥'), ap,(t) =

M, g@)|v™). Since the scatterer is initially in the

piL, y

ground state, the 5™ terms vanish, (/™" [5i“|wi“) = 0. We also
recall that the input pulse amplitudes «;, are defined with re-
spect to the scattering time ¢ = 0, (1//‘"|&;(';|1//‘“) = oe"‘ e~ ickio,
Hence, we have a,,, (1) ~ ay), e " + a(z)(t) with

t

1
(2)(I) — plt/ dt/ 7l(,‘[7(t7t)\/. dt//(efzwo(t’ft’) —C.C.)
T

to
C inx tckt
X keOlge €

Note that the ke sum is simply the expectation value of the
field quadrature at position ry and time ¢”,

Z (Creay " — c.c.) = —ido (Y™ o)y (1")).
ke
(D10)

—Hc]. (DY)

J

t t
‘; _/ dt//ent”h(t//) < ¢ _/ dl//h(l‘//)
T

py
< {_f dt//h(t//)
T

where an arbitrary intermediate time 7 <t was intro-
duced. Due to the aforementioned uniform convergence of
ft(t)/ dt"h(t"), there exists a Ty (sufficiently close to fp — —o0,
and independent of ¢’) such that both of the first two terms
in (D13) are less than € /3 whenever T < min(7p, ¢'). Having
chosen this Ty, we set T = min(7p, t’) then choose a suffi-
ciently small 1 such that the last term is also less than €/3.
This choice is independent of ¢, because either Ty < ¢/, in
which case T = Tj independent of ¢’, or Ty > ¢, in which case
T =1 In the latter case the last term in (D13) is identically
zero, so n may be chosen freely. In conclusion, this choice of
T and 7 is independent of ¢’ and bounds the entire expression
by €, proving our claim.

We can now make use of the auxiliary construction (D12)
with n — 0 to take the limit 7y — —oo and carry out the

T
+ '/ dt//enz”h(t//) +

+ e

(

Here, |yin(t")) = e~iHo@ —0)/f|y,in} describes the incident
light pulse of temporal width t propagated from the initial
fo to the time ¢”. Since the center of this pulse is chosen to
hit the scatterer position at t” = 0, the field expectation value
(D10) vanishes for |¢”| > 7. Letting

h(t") = —ido(e”™ ™) — c.e) (Y™ (o) y™ (")

(D11)

be the #”-integrand function in (D9), it is then clear that its
integral flz dt"h(t”) converges to a finite value ¢ in the limit

to — —o0. In particular, this convergence is uniform over ¢’ €
(—o00, 1), and we claim that

’

¢ =1lim lim dr’e" n(t"), (D12)

n—01t—>—00 f

and that convergence in 1 > 0 is uniform over t' € (—o0, t).
To show this, let € > 0. By virtue of the triangle and the
Cauchy-Schwarz inequalities,

p
dr’(1 — " Hh@")
T

t/
/ dl‘”h(t”) ;
T

e
T
/ dt”h(l”)
(

integrals in (D9). This yields

—ickt inx zckt
ap,(t) = E ”P/L,keaka t UppkeQe €+ O(do)

+ |1 —e"| (D13)

ke
(D14)
with the transformation coefficients
p i(k—p)-r
Upp ke = F(ex - € )(ey - epu)é;-k%—pe k=prro
x (ck 4+ i0T)
p—k——i()+ (Spu,ks s (D15)
0+
_ _ , —itk+pyro X (K — 107)
Upu.ks = I3 (e, - e )(ex €pu )sképe 0 Ptk ,
(D16)
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and the response function

d2 1 1
2echi\w+wy w—wy)’

x(w £ i0T) = rl/iir(l)x(a) =+ in).

x(w) =
(D17)

In the off-resonant case ck # wy, we may omit the £i0" in
the argument, resulting in equation (6) in the main text. The
Spu ke term in (D15) represents the zeroth-order contribution
of the unscattered field.

For future convenience, let us also calculate the real part of
the scatterer’s coherent amplitude to leading order, which we
obtain by taking the expectation value of (D4) with respect to
[ and using b |y™) = 0,

B@) + B*(t) = (Y™ by (t)ly™) +c.c.

t
— / d[, e*ia)g(tft’)
Io

X Y [Creerf, (') — Giooe ()] + c.c.
ke
(D18)

To leading order in dy, we replace oy, (t') ~ (x‘“ e~k and

once again, we can thus identify the field expectatlon value
(D10) under the ¢" integral and leverage (D12) to introduce
the factor e . We are left with

oo 1 _ 1
pO+ 5 0) = Z <ick +iwy ick — iw())

ke

% Ckpam* ickt +cc.

2 h
EO Z x (ck — i0")Creoyst e — c.c.].

with

B = trlo(){a@n — a,(1), &, — o (O} = 2(Ynl[@], 1 (1)
Tnm - tr[Q(t){&n - Oln(t)v &m - am([)}] = 2(Iﬁlfinl[&n,H(t) - Oln(t)] [am,H(t) - am(t)]|win>-

Here, we only access the submatrices of the field degrees of freedom, (n, m) =

coupling expansion (D6) of the mode operators, we arrive at

Bikepu = Skepu + 20Winlfy 1y (S 1 (O in) + 2(Winl [22) (1) — 2™ ()] (e, €7
g ()] |¥in),
Yiee o = 2(Winlatgy, (a5, 1 (OWin) + 2(Winl[a 5 (1) — e ()] (@l € P"

—ogn)e M a? (1) — e (O] 1Win).

+ (El;(n;e_lcm

ki 2
— Ol;;;*)el‘ t[ ;;H(t)

4 (&;cn elLkl()

This yields the relation

ldO(ex €pu )ép —zp ro

V2¢eplicpL3

2

[B() + B ()]

= T(ex : ep/L)Sp Z(ex ' eks)&k
ke
x [x(ck —i0M)oyre™ — c.c.], (D20)

which will be useful when computing the coherent amplitudes
in different gauge representations.

2. Covariance matrix

With the time-evolved Heisenberg-picture mode operators
at hand, we can not only evaluate the mean coherent ampli-
tudes, but also the second moments, i.e., covariances. This
is all we need here since the system remains Gaussian at
all times due to the Gaussian initial state and the quadratic
Hamiltonian.

The covariance matrix, contains all second-order cumu-
lants between all combinations of the mode operators and their
Hermitian conjugates, reflects the vacuum properties of the
state and does not depend on any of the coherent displace-
ments. In the absence of coupling between the modes, it would
simply reduce to the identity matrix. Hence, we can expand
it perturbatively around the identity in the weak-coupling
regime considered here.

Let us, for the moment, introduce the shorthand notation
a, with n = ke, b subsuming any of the mode operators dy,
or &, = b. Given a (Gaussian) quantum state o(¢) with mean
displacements «,(¢) = tr[o(t)a,], the covariance matrix can
be expressed as [11]

o= (? f) (D21)
— ot (D11 (1) — an(O1Yin) + Sum,
(D22)

(ke, pw). Inserting the perturbative weak-

_ Olli’r;t)e—icpt
(D23)
_ a}i’r}l‘)eficpt

(D24)

which are both of second order in the weak coupling, i.e., valid up to O(dé ). Here, we have exploited that ozl(,})(t) =

Wmm(l;z #1Win) = 0, because (in|6™|1,) = 0. Moreover, since (af2 e’ —

ai")| ") = 0, it follows that the entire second line

in (D23) vanishes, as well as the first half of the second line in (D24). Substituting (D7) and (D8), commuting the mode operators,
and performing the remaining time integrals yields the explicit matrix elements

e*l’(z}o({*fo) _ eick(ffl(]) el'w()(tft(]) _ e*ic‘p(tff(])

= *
Ske.pu — (Ska,pu = 2CkeCP//«

—ick — iwg

. . (D25)
icp + lwy
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e*iwo(lflo) _ e*i(‘k(l*[{)) eiw(](l*t[)) _ e*ic'p(lft())

Yie,pu =2CkCppe

ick — iwy icp 4+ iwg
1 1 — e—icp+hi—to)  p—in(t—to)=ick(i—to) __ ,=ic(p+Kk)i—to)
+ 2CC, - - - - — ; -
P ek + iwg icp+ick icp — iwy

1 1— e*ic(erk)(tflo) eiwo(lftg)fick(tftg) _ e*ic(erk)(lftg)
_ : - . (D26)
Lo

ick — icp +ick icp + iwg

In order to take the limit ) — —o0, note that in the end, the covariance matrices will be applied to coherent amplitude vectors rep-
resenting pulses with a finite temporal width. In our case, we will have terms such as stw[aa;g(t)/aej] Eke,pul0ap, (1)/06;],
evaluated in the continuum limit and at finite ¢; see Appendix E below. Any contribution that oscillates with e or e*icPo will

thus converge to zero as fy — —oo. The residual time-independent covariances representing the squeezed mode vacuum of the

weakly coupled scatterer and light field are

C Cf
o _s _ pu ke D27
ke,pi ke,pit cp T+ wo ck + w0 ( )
G C Ci.C 1 1 C,.C 1 1
Vi pu = 2—e_ P _ o ke pu - = —p—puke + . (D28)
’ wy — ck cp+ wy cp+ck|ck+wy ck—wy ck+cp\cep+wy  ck+ wy

APPENDIX E: QUANTUM FISHER INFORMATION

Here we provide details on the calculation leading to the
QFI matrix of the field state at a given time ¢ with respect
to the scatterer parameters 6. As the state is Gaussian, the
QFI can be expressed in terms of mean displacements, covari-
ances, and derivatives thereof with respect to the parameters.
We will give the relevant expressions in the continuum limit,
which we have used in our numerical evaluation of the QFI.

1. Gaussian state QFI

The quantum Fisher information matrix J of a multimode
Gaussian state with respect to some parameters 6 [Eq. (4)
in the main text] depends on both the vector of all coherent
displacements «(#) and on the covariance matrix o (@) defined
in (D21); see Ref. [11], which also contains the explicit form
of the here omitted vacuum contribution V. The latter depends
neither on the displacements nor on time, and it has the same
value regardless of whether any coherent light scattering oc-
curs at all.

The dominant contribution comes from the parameter sen-
sitivity of the displacements «(f), compactly written as the

J

(

bilinear form (4) in the main text, reflecting that this infor-
mation about the scatterer is obtainable by measuring those
coherent amplitudes and subsequently deducing an estimate
for 0. The expression also depends on the inverse of the
covariance matrix o, which we can approximate in the weak-
coupling regime by expanding it around identity,

-1
= T -1 T
) o~I- ) @y
T E* T* B -1

which leads to the second line of (4) in the main text. Indeed,
at vanishing scatterer-field coupling, we have £ — I and
T — 0, and the leading-order expansion spares us the effort
of performing a numerical matrix inversion.

2. Derivatives of the amplitude

To compute the QFI, we need to take derivatives of the
coherent amplitudes (D14) with respect to the parameters of
interest. This is tedious but not difficult; we will now state the
essential steps in the continuum limit L — oo. The derivatives
with respect to the scatterer’s coordinates ¢; = rg - €; and the
off-resonant polarizability 6y = xo = dg /hegwy are

0 t ou’ . 9 4
Tl Y| Feap T |
770 lro=0 ke J J
) © dk x (ck + i0H)a™(k, 1) x (ck — i0H)a™ (k, 1)
— iy/plepy - €)5p ; E\/E’Ek[ pa—— (pj —kéjz) + KT (pj+k8j2) |,
(E2)
dap, (1) Npke i | OVpuke in
A = Z ke e
000 o 4L 00 36
® dk dx(ck +i0T) o™(k, 1) dx (ck — i0%) o™ (k, 1)
- e, = Vk : E3
= VP ety | o VR [ 00 k—p+ior 960 k+p (E3)
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Here, the derivatives are evaluated at the current reference position of the scatterer, ro = 0. Also, we use that the incident light
propagates along the z direction and is x polarlzed O‘ks = ake 8k,00k,00¢1 with ex; = e, and k > 0. In the continuum limit, this
translates to ), aka — > . (L/27) fdk ak 8¢1, and we define the amplitude density per unit area, o™ (k, 1) = (a /Lz)e”Ck’
which is nonzero strictly only for k > 0. If we use the parametrization

ep = ;;(—Z', ep = I—; X €p1, p = p(Cos i}, e, + cos @, sin Ve, + sin g, sin D ,e,), (E4)

the last factor turns into e,,, - €, = —38,2+/sin’ ¥, sin ¢, 4 cos’ ¥, so that
% 1[3,& A+ 2 "L p. z)] 2\/sin? 9, sin? g, + cos? B, (ES)
M;—g:t) = f(p, t)(S,ﬂ\/sin2 ¥, sin® @), + cos® V. (E6)

Herein, the f’s abbreviate the frequency integrals

0y ik . F o in
filp.t) = p'%&, / _k3/2 & [ x(ck —i0T)a™ (k,1)  x(ck+i0T)a (k,t):|’

k+p k—p+i0*
dk ck — i0H o™ (k, t ck + i0H)e(k,
f2<p,t>=p3/2€pf K g, [ XL oD | X Jo 1)
0 2w i k+p k—p+i0*
* dk [dx(ck —i0t) o™ (k,t)  dx(ck+i0T) o(k, 1)
fp,0) = p', f Sk + — . (E7)
o 2 | 9 X0 k+p 0 X0 k—p+i0t
Lastly, from (D17), we immediately obtain the remaining derivative of the response function,
0 ad
xw) _ax() _ x() _ L (ES)
96 9xo0 X0
The last step amounts to the off-resonance approximation x (v) & xo. It implies that dop, (t)/06y = [0, (t) — ]/ Xo- This is

as far as we are able to go analytically. The frequency integrals fj > 3 must be evaluated numerically.
We can now proceed to calculate the QFI, omitting the vacuum contribution V. We begin by explicitly expanding the bilinear
form (4) in the main text,

do™ oo o«
2— .E— 4cc. =4R detpy dotgy Eppgvs
00, “ag U TS Z o0,
pu.qv
do* oo o«
22% 2% 4 ce = 4Re Sty v E9
30, 6, qu: 30; g, 1 €

In the following, we calculate the above expressions for all combinations of indices j, [.

3. Position estimation

For j, 1 # 0, the estimation parameters are the position coordinates of the scatterer, §; = ry - €; and 6; = ry - €;. Substitution
of (ES), (D27), and (D28) into (E9) gives

fo” gl are| [ 2 (Gin2 sin? g, + 20)/dp25f( t)+pjf( ol
— c.c. —> 4Re sin” 9, sin cos — ; s — s
20, " o6, oo Qo e e T 2P
ni dQ,dQ,
X 10fi(p, 1)+ — fa(p,t); + W(sm 0y sin’ Oy + cos? Uy )(sin? g sin’ (pp+cos )
p
dpdp / ’ p/‘ ’ " P —
o )zpzpzi j3f1(P,f)+;Jf2(P,f) 8z3f1(p,t)+;lfz(p,t) SE(. p)|. (E10)

do* oo d2,d2,
2 -YT— +c.c. —4Re PP (sin® 9, sin® ¢,y + cos® ¥, )(sin’ &, sin’ cos® 9
26, 96 ¢ Tom [/ ()t I Uy SINT @y o COST D )(SINT D, SINT 0, + COS™ D)

dpd g * *
(f ip/2p2{a,-3f1<p/,r)+%fz(pm} {6,3f1(p,r)+%fz<p,t>} T(pﬁp)}. (E11)
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FIG. 10. QFI for estimating the components of ry, for a scatterer with radius ay = A" /30 (a)—(c) and ay = A"/53 (d)-(f). The QFI is
normalized to the far-field value Jy,(c0) and the vacuum contribution V is omitted. The horizontal axis shows time in fs. All data were
obtained with a polarizability xo = 13.0nm?® at A" = 532nm, i.e., the smaller scatterer has a different polarizability density. Panel (a) is
identical to Fig. 3(a) in the main text. The far-field values are independent of aq as long as ay < A", i.e., the same for both scatterer sizes.
Different particle sizes cannot be distinguished in the far field if the polarizabilities are the same.

Recall that the p; components in the curly brackets depend on the integration angle, c.f. (E4). The integrals simplify drastically,
because any odd p; term will integrate to zero. In the first expression, only the summands with §;38;3 or pﬁ under the integral
survive. In the §E and Y expressions, all terms vanish except for the one with §;36;3. The angular integrals over the remaining
terms can be done analytically, leaving only the frequency integrals. Putting everything together, we have

oy 8 [Tdp 2 In@)—Vn

Ju) V11—15n ; 27tl7|f2(l7,l)| = 7 ,
8 (4

Tn(t) — Vs :2<Jn<r>—vn)+3—/ 2P 21 )P
T Jo 2w

8 Ood /d /. % / * / * / (=) /
507 ), (;T)fpzpz(fl P Of (. O, p) = £ (0, Ofilp, DSEW, p) + c.c.), (E12)

and Jj; — V;; =0 for j # [. The three diagonal entries, which represent the Cramér-Rao precision bounds for estimating
X0, Yo, 2o, are plotted in Fig. 10 for two scatterer sizes. Panel (e) corresponds to Fig. 3(a) in the main text.

4. Polarizability estimation

For j, I = 0, the estimation parameter is the weak-coupling polarizability, 8y = yxo. Substituting (E6), (D27), and (D28) into
(E9), and performing a calculation similar to the one above, we obtain the diagonal entry of the QFI matrix corresponding to
polarizability estimation,

o0 d o0 d /
Joot) — Voo = 4 /O #};{m@,tﬂz_ /0 g”zpﬂ[f;‘(p’,r)f;(p,t)T(pﬂp)+f5‘(p’,t)f3(p,r)ss(pﬁp)+c.c.]}.

(E13)

This is the quantity shown in Fig. 3(b) in the main text.
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FIG. 11. If the covariance matrix o defined in (D21) is close to, but different from I, the QFI is modified by the corrections 7= =
da* - 880 and J " = da* - Y. The data shown are for xo = 13.0nm?, A" = 532nm, and ay = A™"/30. The O(10~°) magnitude of the
correction confirms that effects from the dressed electromagnetic vacuum are negligible at this coupling strength.

At weak, off-resonant coupling, the covariance matrix terms § E and Y will give only minor contributions to the QFI, as
confirmed by our numerical assessment. Neglecting them, we can approximate

dap, (1)

2

AN (1)

Joo(t) = Voo x4
pi

a6y

4 .
m
~ PAE E |apu(t)—apu
pu

IX0l* (B9

where N (t) is the number of photons in the scattered field at a given time ¢. In other words, the QCRB for polarizability
estimation, A xo/xo = 1/2+/N*¢ from Eq. (8) in the main text, is not only valid in the far field, but for any point in time during

the scattering process.

5. Position—polarizability covariance

The only remaining entries are off-diagonal ones with j = 0,/ > 0. Substituting (E6), (ES), (D28), and (D27) in (E9) gives

vanishing Jy1(t) — Vo1 = 0 and Jp2(t) — Voo = 0, while

. e e} dp ) . oo dp/
Jo3(t) = Vo3 =21f 3727 {fl(P,t)fg (P,t)+f
0 s 0

6. Numerical methods

The integrals in (E12), (E13), and (E15) were computed by
discretizing wave number (frequency) space based on p, =
d sinh(A[n — ngl) + ko, with n an integer ranging from 0 to
N, and ng chosen such that p_; < 0 < pg. This parametriza-
tion ensures that the resolution becomes coarser as one moves
away from ky, the wave number the incident wave packet is
centered on. The scaling parameters were chosen as d/q =
2.5 x 1073 and A = 3.8 x 1072, The maximal index N was
chosen so pa = 1.1 x 1073¢ > 27 /ay, ensuring that the
hard cutoff imposed by the constraint n < N has no effect.
The functions f;(p) defined in (E7) were calculated using the
Sokhotski—Plemelj theorem,

1

- E16
v+ 0+ (E16)

—pL _isw.
V

302

PP O (p.OYW, p) + £ (P O f(p, HSEW, p)]} +c.c.

(E15)

(

‘P denotes the Cauchy principal value. The §(v) term was eval-
uated analytically in (E7), while the principal value integral
was computed using the QUADPACK routine [42].

Our numerical evaluation could show that, in the off-
resonant weak-coupling regime we consider here, the covari-
ance matrix terms 8 2, T # 0 describing the squeezing of the
mode vacuum due to the presence of the scatterer give rise
to merely negligible corrections to the QFI. Curiously, these
corrections only appear in Jy3, Joo, and J33; we plot them for
our parameter settings in Fig. 11. A quick comparison to the
values in Fig. 3 of the main text and in Fig. 10 confirms that
the corrections are indeed negligible.

7. Asymptotics

Finally, let us remark on the asymptotic behavior of the QFI
at large k) = 1/ag. The dominant integrals in (E12), (E13),
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and (E15) have the form

o0

Tit = Vi = fo dpp’1&p > Fi(p), (E17)
where Fj;(p) is a smooth function of p. If F;(p) ~ p" for
large p, then the integral will scale like 1/ ag+3 for small ay, as
can be observed by performing a change of variables p —
app. Using that fi ~ p~'/2, f, ~ p'/2 5 ~ p~1/2, we can
conclude Joo — Voo ~ (A" /ag)? for polarizability estimation,
Jij = Vi~ (A" /ag)* for position estimation (j = 1,2, 3),
and Jo3 — Vo3 ~ (A" /ay)? for the nonzero off-diagonal term.
Here, A" is the characteristic wavelength of the incident light
pulse.

APPENDIX F: FAR-FIELD AND SCATTERING
CROSS SECTION

Here, we derive the far-field scattering amplitudes (7) in the
main text, as well as the associated scattering cross section and
total number of scattered photons N*¢. The latter serves as a
normalization constant in the quantum and classical Cramér-
Rao bounds on the estimation precision of the scatterer’s
parameters.

J

4
< g__/ dt//h(l//)
T

—00

&
’g_ _ / dt//ent”h(t//)

4
< é__/ dt//h(t//)
T

T
+ ‘ / dr"e " 1 h(")
—0oQ

T
+ ‘/ dt//h(t//)
—00

We follow along the lines of the full scattering calculation
in Appendix D. Rather than integrating the Heisenberg equa-
tions of motion to a finite time ¢ as in (D3) and (D4), we
now integrate to t — oo. Specifically, we let t — oo in the
scattering contribution to the coherent amplitudes (D9),

o) t
2 iep(t—t’ IR
o) (1) chﬂf dr'er [)/ dr"(e ) —cc)

fo fo

x> [Creore™” —Hee.]. (F1)
ke

Again, let h(t") be the integrand function as defined in (D11),
which due to (D10) describes a finite-time pulse at the scat-
terer position. Analogously to the auxiliary limit construction
(D12), we now claim

t
¢ =lim lim dr"e " p", (F2)

n—01—>—00 I

with uniform convergence in n > 0 over ' € R. Notice the
absolute value |¢t”| in the exponent, which differs from the pre-
vious claim (D12). Nevertheless, the proof proceeds similarly
to (D13) by means of the Cauchy-Schwartz and the triangle
inequality,

.,
+ / di"(1 — e """ Ha")
T

p
f dt//h(t//)
T

+I1 =M : (F3)

where T < t’ is again arbitrary. In the same manner as before, 7 and 1 can be chosen such that the left-hand side is upper

bounded by € > 0, which completes the proof.

We now substitute the construction (F2) into (F1) and perform the integrals. This results in the linear expansion

out icpt

o)t = lim oy, (t)e'” =
—00 pu«()

T,

with the coefficients

1

out

out in out inf
Z [upu,kaaks + Uppejee Xce ] (F4)

JVkp -
Upp ke = F(ex e ) (e - €y, )EE e’ kPO

p—k—i0* B

Py x (ck 4+ i0%) + 8pykes v;f;‘kg =0. (F35)

=2mis(p—k)

The response function y(w) is defined in (D17). The energy condition k = p ensures that all scattered field components
remain far red-detuned with respect to the scatterer and the high-frequency cutoff, cp <« wy and pay <« 1. Hence, we can set
x (ck +i0™) = x(ck), neglect the ag terms in the denominator and carry out the continuum limit, which results in the scattering
amplitudes (7) in the main text.

For an incident light pulse along z, a}“; = Lo (k)8¢,18k,.,08k,,0, with polarization ex, = e, and amplitude density per unit area
o (k) = oz}(’éz/Lz, the total number of incident photons per unit area is ® = (1/L?) D ke |a}f€|2 — (L*/2m) f dk|o™(k)|*. With

out _ it = ipy (cp)(ey - €y, )PP (p), from which we

the above approximations, the scattering amplitudes are simply o, on

obtain the total number of scattered photons,
in 12 L\’ . .
N =) et —ap| = (E) / &> plpx (cp)a™ () PPN (e, - epu)’
i m

_ i ’ 4 in 2 _ . 27 ~ i in\4 2 —
=13 dpp’lx(cp)a™(p)l” [ d2p[1 — (ex - €p)"] = — (k") | xol"® = 010t P. (F6)
b4 0 3
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In the final step, we have used that x(cp) = xo and p =
k™ for sufficiently narrow-band off-resonant incident light,
which results in the total scattering cross section oy =
2(k™)* xol>/3w. Notice that our definition of the re-
sponse xo corresponds to a polarizability of 2epxo in SI
units, which yields the well-known dipole scattering cross
section.

APPENDIX G: FIELD EXPECTATION VALUES

Here we verify the agreement between the phenomeno-
logical dipole radiation fields (1) in the main text and the
expectation values of the physical fields resulting from our
quantum scattering model for any distance p > 0 from the
scatterer. To this end, we will evaluate the expectation values
of the transverse field variables in the multipolar PZW gauge
from the exact time-evolved expressions for the coherent

J

] /kin
asc (t) — L3 p

m e—ip-ro XO(ep/L . ex)gp‘i:ki" |:p

— kin —

mode amplitudes, as stated in the main text and derived in
Appendix D. We will carry out the calculation for a regular-
ized dipole assuming p >> ao and perform the point dipole
limit ag — O in the end.

The quantum operators of the transverse vector poten-
tial flr(r) and its (gauge-dependent) conjugate I (r) at the
position r =ry+ p of a detector pixel are expanded in
terms of the plane-wave mode operators a,, in (C11). The
time-dependent expectation values of the latter are the co-
herent amplitudes o, (¢) in (D14) which, after inserting the
expansion coefficients (D15) and (D16), can be split into
an incident amplitude oy e and a scattered amplitude,
a;Z(t) = otp, (1) — a},‘}te‘ifl”. For consistency with the phe-
nomenological setting, we shall now assume a},‘L = ainépﬂﬁkg,
corresponding to stationary off-resonant illumination by a sin-
gle mode of wave vector k = ke, ck™ < w, and polarization
e, = e,. Hence, the scattered amplitude simplifies to

ik (70—
e k™ (zo ct)i|’

inx
o

p+kn

in .
o eik‘“ (z0—ct) __

i0* @b

with the real-valued off-resonant polarizability xo = x (ck™). Accordingly, the mean transverse vector potential (A7 (r)), splits
into the incident AiT“(r, 1) = Ai“exeiki"(Z’Ct ) 4+ c.c., with A = ",/ l/2egck™L3, and the scattering component A¥(r,t). In order
to obtain the physical fields, we focus our attention on the conjugate, ([1(r)), = 8,A}“(r, t) + II*(r, t), which in the PZW gauge
and away from the scatterer represents the negative electric field. The scattering contribution is

SC . hc p-r_,SC
I (l‘,t): —1 mpzﬂﬁepﬂep apu(t)_l_c.c.

d3p . Aineiki" (zo—ct) Ain*e—iki"(zg—ct)
pePPE . — .
(2n)? Pl p —kin — jot p+kin

Ain*e—iki"(zg—ct)
p+kn /

Ain*e—iki“(z()—ct)
0t p+kn—i0F

L—o0 R
5 ick™ g€ / } > epulep - €) +coc.
I

Aineiki“(zo—ct)

; < dp , Qe .
= —i km in —= D T
ic XO‘i:k /0 27T2P $p|:p—k‘“ — 0+

—e'Pr Z epu(€p, - €)+c.c.
m

4

=F(pp)

. 00 dp ineiki“(zo—ct)
= —ick™ xo&yin / ﬁP3F(PP)§p|:
oo 27

p_kin_

% dp pF(ppl

: = —E*(r,1).
00 272 p — kin — O ¢ 1)

= —ick™ yoAE et @ / + c.c. (G2)

From the third to the fourth line, the complex conjugate is absorbed by extending the p integral to —oo. Recalling that the e,
are two basis vectors orthogonal to e, = p/p, we have Zu epu(e - e,,) =e. —e,(e,-e,). Let us now define the solid angle
with respect to the polar axis e, = p/p and the two azimuthal axes ey, €;, such that e, = cos e, + sin ¥ (cos pe; + sin pe;) and
€, = cos ye, + sin ye;. The angular part of the integral then simplifies as

d2 d vd
F(pp) = / Ee’”’[ex —eye,-e)] = f %e”’“’w[ms y(1 — cos® ¥)e, + sin y (1 — sin” ¥ cos” p)e; ]

Pp €os pp — sin pp
(pp)?

sin pp

=(e, X €)X e, + [ex — 3e,(ex - ep)] , (G3)
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which assumes a finite value also at p = 0. Analogously, the magnetic field is
sc A . h ip-r_  sc
B*(r,t)=V xAr(r,t)=1 m Z JPep X ey e apu(t) + c.c.
pu

% dp p*V x F(pp)y

oy e (G4)

ikin XOAinékin eikm(Zo—Cl) /
L—oo _
The curl of F is
a2 d 9d i —
V x F(pp) = f 4_g17-p[p x e,] = P/ yeppcosﬁ sin pp P,Ozcospp.
T 4 (pp)

We can now carry out the remaining p integrals in (G2) and (G4) with the help of the residue theorem. To this end, we must
express sin pp = (¢'PP — ¢~'P?)/2i and cos pp = (eP? + e~"P?)/2 in F. Since p > 0, the integration contour must be closed in
the complex upper half-plane for the e”” terms and in the lower half-plane for the e~"?” terms. Writing i0" = iz in terms of an
infinitesimal 1 > 0, the integrand has a pole at p = k" + in in the upper half-plane, while the regularization factor contributes

siny cose; = pe, X e

(G5)

two additional poles at p = =£i/ay. We arrive at

/ * dp PFpp)ty _ k") & 40 P =0\ apay o | (80 X &) X &
oo 272 p —kin — Ot 2 ap(apgkin)? ay kinp
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2

4(1()

)y’

/°° dp P’V xF(pp)ey _ K™Y&[ (.
oo 22 p—kin—i0t T 27

k™(ap —2p) ao +A210>e—2p/a0 I ei/&“p)
4 aék‘“

. kin 2 . y
— l'klnp((ﬁ + 1+ M)EZM% _ elk p>]ep X e (G7)
aop

4ag (kinp)?

Inserting this into (G2) and (G4) yields explicit expressions for the regularized scattering fields at distances p >> ay away from

the scatterer,

i Aime |
E*(r,t) = —IT*(r,t) = weik‘“(pﬂrm 4'0' P =490 ~20/a0 1ok (€p X ?x) X €p
2 ap (aok‘“ )2 ap km,O
i (. (K"@—2p) ag+2p\ _, i
i _ i p/aop ik p
el 2
P (agk™*p\ _, wins ) | € — 3ep(ey - ep)
Loy TP apsay ik ) | & T € €0) 8
* <<ao ti 4ay ¢ ¢ (kinp)? (G8)
.7in\4 ing . . in _ .
B (r.1) = iK™ xoA™ Epin girc—en | _(; k™(ag — 2p) _ap :—.2,0 20/ eikmp>
27 4 aokm
i 14 (aoki")zp 2 ikin €p X €
—ik™ o414 = plag _ Lik"p L . G9
i ,0<<a0 + 1+ day e e ko) (G9)

If we set A" = —E™/ck™ and go back to the ideal point
dipole case, ap — 0, we retrieve the phenomenological ex-
pressions (1) from the main text.

1. Finite dipole polarization density

By imposing a UV regularization of the dipole scattering
field in terms of the length scale parameter ay > 0, we have
ensured that the near-field QFI would not diverge. Here we
provide the intuitive physical meaning of ay: it represents
the radial extension of a dipole polarization density &(r) =

(

e~2r/% /(ma3) that describes the dipole scatterer in the regime
apk™ < 1. Explicitly, we claim that the canonical scattering
field (G2) is, to a good approximation, given by the integrated
scattering field emanating from the density & (r),

agk"«1
~

me.0) =" O

= / Bre*" T GHT (r—r, 1) +cc. (G10)

Here, the factor ¢*"r" accounts for the path lengths traveled

by the incident light wave to the locations r’ occupied by the
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polarization density, and the complex point-dipole scattering
field reads as

~SC . hC iDr~
o (rt)=—i /m %:ﬁepﬂep’a;;(t),

~ SC 1 sc
a,, (1) = 64101210051,“(1‘).

(G11)
Inserting this plane-wave expansion into (G10), we can
express the integrated scattering field in terms of the
Fourier components of the polarization density, & =
fd3r e *kre(r) = 1/[1 + (a()k/4)2]2; namely,

N . hic ip-r ~SC
IME(r,t) = —i PNE Z PepuePTE, yintiy (1) 4 c.c.
pu
(G12)
Now we can simply notice that, to lowest order,

&y ondipe, (1) = £y, (1) + Olaok™) = a3, (1) + O(aok™),
which proves our claim in (G10). We remark that Ref. [29]
employs a simpler UV regularization in terms of the Fourier
components & = 1/[1+ (apk)?], which amounts to a
polarization density &'(r) = ¢™"/% /4ajr. Unfortunately,
this density diverges at the origin and thus would retain a
logarithmic divergence of the near-field QFI, which is why
we use the bounded & (r) instead.

APPENDIX H: GAUGE RELATIVITY
OF THE QUANTUM FISHER INFORMATION

In the main text, we evaluated the information content
of the quantum state of the transverse light field at a given
time ¢ about the dipole scatterer polarizability and position,
0 = (xo0,ro), as measured by the quantum Fisher information
(QFI) matrix 7 (0, t). Here we argue that this QFI is in general
not invariant under the choice of electromagnetic gauge. How-
ever, for a standard dipole detector model, there is a preferred
gauge—the multipolar PZW gauge we assume in the main
text—in which the state of the transverse field degrees of
freedom captures all the detectable information the scatterer
transmits to the field. The QFI in this gauge is thus optimal
compared to that in other gauges, assuming the same detector
model.

1. Unitary invariance of the QFI

In order to understand the gauge relativity of the QFI
matrix, recall its formal definition given in Appendix A. In
our setting, the initial state of the field and scatterer o(#) ac-
quires information about the unknown scatterer parameters 6
through its time evolution under the light-matter Hamiltonian
H =H®): o(t, 0) = e HOC—0)/l (1) HO~10)/h The QFI
matrix J of this state is then defined as the optimum of FI
matrices Z taken over all possible POVMs on the state. It
follows immediately that the QFI matrix is unchanged under
unitary transformations, o(¢, ) — U o(t, 0)[7 ¥, which could
be used to change the frame or representation of the quantum
system. Crucially, this assumes that the unitaries themselves
do not depend on the parameters 6 to be estimated.

2. Gauge transformations

Here, the quantum system is a dipole scatterer (modeled
as a harmonic oscillator) interacting with the electromagnetic
radiation field, and the initial state at {5 — —oo describes
an incident coherent pulse of probe light and the scatterer
in its ground state. However, the exact representation of the
quantum state o, and the Hamiltonian H,(@) of scatterer and
field depends on the chosen electromagnetic gauge g [29]. One
typically starts with the minimal coupling Hamiltonian in the
Coulomb gauge ¢ and then switches to a more convenient
gauge g by means of a unitary gauge fixing transformation
U,y . The quantum state transforms as 0y — 0, = Ugg0,U ;g,.
Gauge relativity of the QFI in our setting can be attributed to
two problems.

Firstly, the most expedient gauges in the case of a dipole
scatterer depend on its position ry. In particular, the multipolar
PZW gauge, for which the scatterer-field interaction reduces
to the (regularized) textbook form (C12) of a dipole Hamilto-
nian, is fixed by

7, A ‘
qu Tk 2€—zk~roj|. (Hl)
T [+ Gaok)?]

Since it is explicitly determined by the parameters ry that
we seek to estimate, we cannot expect the same QFI for g,
and gy.

Secondly, we have no direct access to the state of the
scatterer here, but only to the field through photo detection.
Hence, the relevant QFI in our setting is that of the reduced
state of the (transverse) field degrees of freedom. Given that
gauge fixing transformations, whether they depend on ry or
not, may correlate and exchange information between the
scatterer and the field, the QFI of the reduced field state may
change, too.

3. PZW versus Coulomb gauge

As an illustration of the gauge relativity, we compare
the PZW gauge employed in this work with the Coulomb
gauge. Once a gauge g is fixed, the transverse field excitations
are quantized by expanding the (gauge-invariant) transverse
vector Botential Ar(x) and its (gauge-variant) canonical con-
jugate I, (x) in a chosen mode basis and taking the expansion
coefficients as the “position” and “momentum” quadratures.
Here, we quantize the free-space field in the basis of plane
waves, according to the rule (C11) in the PZW gauge, and the
resulting photon degrees of freedom are represented by the
ladder operators

[ € A i A
&ks,g = 2—(;1 <\/ ckAry + ﬁnk”&) - Cke,

A / d3xA ( ) —ik-x
Tk = —F—=ArX)e ,
3 L3
. dx
M,= | —=IM,(x)e** H2
k.g 13 \/E g(x) ( )

However, the meaning of a photon differs from gauge to
gauge. The photon annihilation operator d, = dy, , We are
using in the PZW gauge transforms under (H1) back into the
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Coulomb gauge as

a, 0" a0 a iqF, - €xe ek
s — ke = Ugeg —
ke T Tt V2eohckL [1 + (aph)2]’
id, - —ik-ry R R
_z idye, - e e o 5. )

T 2e0hek D3 1 + Haok)?]

This operator represents the same expectation value,
tr[ay, 001 = tr[ag.0,], but it now acts on both the field and the
scatterer subsystem. On the other hand, the average coherent
amplitude for the respective Coulomb-gauge photon mode
would be

oy, = trlag.00] = o idoey - e e % (B + B*)
= k = Oke — s
ke TR T Jeghek L3 [1 + Lagh T

where oy, and B are the coherent amplitudes of the field mode
and the scatterer in PZW gauge. The Coulomb-gauge ampli-
tudes are also linear combinations of the incident ot,f;‘ = o;,i;.
By expanding the operators in (H3) according to (D14), and
with help of identity (D20), we find that their expansion coef-
ficients can be given in terms of the PZW-gauge coefficients
simply by u,p/,,,kg = —(k/p)upy ke and v;y.,ks = —(k/P)Vppke-

Similarly, we can use the transformation rule (H3) to calcu-
late the covariance matrix blocks Ey, Y, of the field degrees
of freedom in the Coulomb gauge, as well as the derivatives
with respect to the parameters 6 as in Appendix E. This allows
us to reevaluate for our scattering problem the QFI in the
reduced field state, as seen from the Coulomb gauge. We do
not repeat the full calculation, since it proceeds along the same
lines as (E2)—(E7). We simply state the relevant frequency
integrals f| 235 which differ from the f; 5 3 in (E7) by a factor

(H4)  k/p inside the k integral, and by an overall sign,
|

fn= """ / dk K2 T x(ck—i0h)a™ (k1) x(ck+io+>ain<k,t>}
e [1 + i(aop)2]2 0o 27 [1 + i(aok)z]z | k+p k—p+i0t
o= 2" /°° dk K2 [ x(ck—i0T)a™ k1) x(ck+i0+)ai"(k,t)}
B T R (R o koprior J
Flp.t) = p~1/? /°° ﬁ k372 __ax(ck— i0H) o™ (k, 1) 3 dx(ck +i0%) oi"(k, 1) i| (HS)
T it bapr] o 14 k2L 0 ke 0xo  k—p+i0t

Figure 12 plots an exemplary comparison of the QFI matrix
elements in the PZW (purple line) and the Coulomb gauge
(green) as a function of time, associated to the parameters
(a) ) = xp and (b) 6y = xo. The purple lines match those of
Fig. 3 in the main text, which uses the same settings. In both
gauges, the QFI oscillates twice per optical cycle. While the
overall buildup over time can be observed in both gauges, with
the same asymptotic far-field value, the transient near-field
values in the PZW gauge clearly exceed those of the Coulomb

—~ 124 —— PZW gauge
E/ —— Coulomb gauge

(b)

—— PZW gauge
—— Coulomb gauge

—2%0 —10 0 10 20
t (fs)

FIG. 12. QFI for estimating 6, = xy and 6y = xo, for a scatterer
with radius ay = A" /30.

(

gauge. In Figure 13, we plot the corresponding peak values
of the QFI when the probe pulse hits the scatterer at r = 0,
as a function of the scatterer size ay. In the PZW gauge, the
peak QFI for (a) xo and (b) xo diverges like the fourth and the

105_

102 T \

—— PZW gauge

J1(to)/ J1(o0)

—— Coulomb gauge

Joo(to)/ Joo(o0)

103 102 10-1
ao/A

FIG. 13. Near-field QFI as a function of g, for a fixed polarizabil-
ity xo = 13.0nm® at A™ = 532 nm. The near-field oscillations peak
at o = 0. Upper panel is for estimating xy, lower panel for xo. The
(A" /ag)* and (A" /ay)? powers in the PZW gauge reduce to (A" /ag)?
and (A" /a,)° in the Coulomb gauge.
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second power of A" /ay, respectively. In the Coulomb gauge,
on the other hand, we find a divergence with only the second
power in (a), and a saturation in (b). Clearly, the transverse
field degrees of freedom in the PZW gauge learn more about
the scatterer than in the Coulomb gauge. In the following,
we will argue why the quantum state of the transverse field
in the PZW gauge carries the most information about the
scatterer to a photodetector, as compared to the Coulomb or
other intermediate gauges [29].

4. Scatterer-detector interaction in the PZW gauge

Ultimately, physical observables must always be gauge
invariant, and so must be parameter estimation based on them.
This calls for a physical model for photo detection, determin-
ing which exact POVM measurement it represents in a given
gauge. (Working out a realistic detector model is beyond the
scope of this paper.) At the same time, the purpose of the
QFI is to provide an upper bound on how much information
about certain parameters can at best be extracted from a quan-
tum state by any measurement. We now show that the PZW
gauge should give the greatest upper bound on the information
that can possibly be extracted from photo detectors—when
they are also modeled in the usual manner as (regularized)
dipoles.

To this end, consider multiple dipoles described by
bound quantum charges ¢. = ¢ with canonical coordinates
(7, p..), oscillating around the respective equilibrium posi-
tions rg .. We shall label by ¢ = 0 our scatterer of interest,
(Fo, py) = (F., p,) and rypo =rp, while ¢ > 0 represent the
detector dipoles. The full Hamiltonian of all these dipoles
and the field in the PZW-gauge is then the multiparticle
equivalent of (C1),

, [Pe — GAG. +10.0))
Hm[ZZ{ P.—4q - 0

c

+ Uc(?c)} + Vself

2

q Po-Fg 3@ peg)Fa- Peg)
+ 4meg Z |: 3 S

c<d Pea Ped

1.\ R
+82—0/d3x|:<17+—PT> + AW xAT)2:|.
&o

(Ho)

Here, Vi subsumes all (infinite) self-interaction terms.
The U, in the first line represent the individual trapping
potentials of each bound charge while the second line
corresponds to the static dipole-dipole interaction between
pairs of them, denoting the distance as p.; =ro. —roq.
The third line is the contribution of the transverse field,
which includes the dipole-field coupling through the trans-
verse polarization. In the regularized dipole approximation
analogous to (C10), using the same length scale ay for all
dipoles, the Fourier components of the transverse polarization
read as

N

Pry = T T k)ZZZe*"”OLZeks(ekg R (HT)

Consistently, we can also approximate A (7. + ro.c) ~ 0, re-
ducing the Hamiltonian to

. . . € ) R
Ao =) He+Vaar + Ay + 5 f IxT + A (V x Ar)],
(H8)
where H, = p?/2m + U.(#.). All dipole-dipole and dipole-

field interaction terms are subsumed under
2

A q i'c';'d 3(;‘L"pcd)(i‘d'pcd)
H = -
4 47-[802[ 3 5

c<d Pea Pea

1 5 PN 1.2
+ = | &x| 2P, - f1+ —P; |
2 €0

In the second line, we have the coupling between the dipoles
and the transverse field quadrature IT as well as another
dipole-dipole coupling term. Using Parseval’s identity to ex-
press the latter term in Fourier space in the continuum limit,

3
1 A
- e -P 2
8()L3 Ek ?zl | i Tk|
3

1 [ &% )
— - Prl?
o~ & / @) ; e Prvd

we can plug in (H7) to get

Z le; - Pril® = ¢ Z Y eba

i=1 c¢,d
8 Z (e; - exp)(e; - e, )(Pe - ekz)(i'd - k)
e,u=1,2 [1 + l(aok)2]

_ 22 k-0, Z (Fe - ege)(Fy - eke-").

oo [1+ z(aok)z]

(H9)

| .
— / PPl (x) =
2N

(H10)

(H11)

Recall that the e, are two field polarization unit vectors or-
thogonal to k. We now bring in the assumption that the extent
ap of the dipoles is much smaller than the distances o4
between them. Therefore, the exponential e oscillates
very rapidly in the relevant k values at which the regularizing
term kao becomes appreciable, and we can neglect the latter.
Substituting back into (H10) and omitting the self-interaction
terms ¢ = d, we obtain

1 ~2
™ / d*xP(x)

‘12 d’k ik-p,y n o
= P g mé’ 8;2('}- - ere)(Py - exe)

7 [?‘c g 3@ peg)Fa - pea)
= 3
c<d p

. (H12
4o ed Po :| (12

This is exactly the negative of the dipole-dipole potential
between the bound charges ¢ and d, and cancels with the first
line in (H9). We are left with an interaction solely mediated
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by the transverse field,

H = / d*x [ (x) - P (x), (H13)
which we can evaluate by expanding fTin plane-wave modes
and modeling the charges as harmonic oscillators as we did in
Appendix C.

The result proves that there is (to a good approximation) no
separate dipole-dipole interaction term between the scatterer
and the detector in the PZW gauge—a distinguishing feature
compared to the Coulomb or other intermediate gauges. All
the information that the scatterer broadcasts into its surround-
ings is transmitted to the detector dipoles via the transverse
field, and thus captured by the QFI of the reduced field state

in this gauge. In particular, the near-field dipole-dipole inter-
action between the scatterer and the detector is also mediated
by the transverse field in the PZW gauge. In the Coulomb
gauge, on the other hand, it is the longitudinal field that carries
part of the near-field information, which shows up here as the
separate dipole-dipole interaction term, thus depleting the QFI
of the transverse field state.

We remark that, if the assumption p.; > ag does not hold,
we cannot approximate the regularizing denominator in (H11)
by unity, and (H12) is no longer valid. Hence, the QFI of the
reduced field state only characterizes measurements made by
detectors that do not overlap with the scatterer region of radius
ap. That is to say, detection schemes in such close vicinity are
not subject to the quantum Cramér-Rao bound evaluated here.
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