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Research activity

My second year of activity as phD student has been focused on the study of
classical and quantum correlations, providing theoretical predictions for experi-
ments, but also new generalizations in the framework of quantum entanglement.
In the former activity, I follow the path started in my first year studying intensity
correlations of light. The interest in this topic started in the mid fifties, when
Hanbury-Brown and Twiss (HBT) proposed to measure the angular dimension
of stars by retrieving second-order interference in the absence of first-order co-
herence. The debate concerning the interpretation, and even the correctness, of
HB'T’s predictions was quite intense, due to the counterintuitive aspects related
with the second-order interference arising from intensity correlation measure-
ments. In fact, HBT intensity interferometry imposed a deep change in the
concept of coherence, and triggered the development of quantum optics.

My activity involves also the search for general results on light-matter interac-
tions for two-dimensional systems supporting plasmons. These plasmons effec-
tively make the fine-structure constant larger and bridge the size gap between
atom and light. This theory reveals that conventionally suppressed light-matter
interactions such as extremely high-order multipolar transitions, two-plasmon
spontaneous emission, and singlet-triplet phosphorescence processes can occur
on very short time scales comparable to those of conventionally fast transitions.
The idea is to take advantage of the full electronic spectrum of an emitter,
and a potential testing ground for quantum electrodynamics (QED) in the me-
dia. While in the first line of research I studied the correlations in space, the
mid-term objective of the latter is to analyze the correlations ofemitted light in
the time-frequency domain. Moreover I am studying the quantumness, as non
classical correlations from the abstract convex quantum state geometry.

Spatial correlations of the light for imaging and sensing

Correlation Plenoptic Imaging (CPI) is a novel imaging technique, that exploits
the correlations between the intensity fluctuations of light to perform the typical
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Figure 1: Schematic representation of two setups that enable to perform plenop-
tic imaging by measuring correlations of intensity fluctuations Ai(p,)Ai(pp)
between points on two spatially resolving detectors D, and Dy.

tasks of plenoptic imaging, namely refocusing out-of-focus parts of the scene,
extending the depth of field, and performing 3D reconstruction. In this frame-
work, I have characterized the noise properties, in particular the signal-to-noise
ratio, of two setups aimed at performing plenoptic imaging with intensity corre-
lations measurements. Both setups are illuminated by chaotic light, split in two
paths by a beam splitter, and feature a transmissive object and a lens of focal
length f. In setup S1 (upper panel), the chaotic source is focused by the lens on
the detector Dy, while the “ghost” image of the object emerges in correspondence
of D, from the average I'(pq, pp) = (Ai(pa)Ai(pp)). Setup S2 (lower panel) is
based on a different working principle: the image of the object is formed by
the lens on D,, while the image of the lens is retrieved in correspondence of
Dy, by averaging correlations. In both cases, correlated detection of the two im-
ages contains information on the direction of light in the setup, which provides
the possibility to recover the image of the object even the focusing conditions
(namely, zp = z, for S1, and 1/S7 +1/S3 = 1/f for S2) are not matched. The
common feature of the two setups, represented in Fig. [I] is the fact that light
emitted by a chaotic source is split in two paths a and b by a beam splitter (BS),
with an object placed in one of the paths, and is recorded at the end of each
path by the high-resolution detectors D, and Dj. More specifically, intensity
patterns i4(p,) and ig(py), with p,p the coordinate on each detector plane,
are recorded in time to reconstruct the correlation function

LaB(Pa;pv) = (Aia(pa)Ais(pb)) (1)

with Aia 5(Pab) =ia,8(Pap)— (ia,5(pas)). The expectation value in (1)) must
be evaluated on the source statistics, but it can be approximated by the time
average of the product of intensity fluctuation, provided the source is stationary
and ergodic [I7]. The lens in S1 focuses the source on the detector Dj, while
the lens appearing in S2 focuses the object on D,. The role of the source is less
intuitive: actually, when measuring second-order correlations, a chaotic source



acts as a focusing element [I4]. In our cases, as will be explained in more detail
in the following, the source focuses the object on D, in S1, and the lens on Dy
in S2.

In both setups, the correlation function at fixed p, encodes multiple coherent
images of the object. Each point p, on the plane of detector Dy, corresponds to
a different point of view on the scene, and the images corresponding to different
py’s are generally shifted one with respect to the other. If the position of the
object in each setup satisfies a specific focusing condition, the relative shift of
such images vanishes, and one can integrate over the detector D; to obtain a
total incoherent image, with improved SNR. In all other cases, the images must
be realigned before being piled up by integrating over Dy, following

Sret (Pa) = (0 (a,8)(Pa)) - (2)
with
O(a,8)(Pa) = /d2pbAiA(apa + Bpp)Aig(py). (3)

The parameters («, 3), that are necessary to realign the coherent images, depend
on the setup. he fluctuations of the observable (3]) around their average ¥,ct(pq),
namely

F(pa) ={0(a,p)(Pa)’) — <U(a,ﬁ)(pa)>2

=/d2pb1d2pb2q>(l)a, Po1, Pi2)s (4)

with ® a positive function related to the local fluctuations of intensity correla-
tions [compare with the definition of , to obtain an estimate of the signal-
to-noise ratio related to the refocused images retrieved in S1 and S2. We have
achieved interesting properties of the signal-to-noise ratio for the setups S1
and S2, finding that the results obtained for the latter are generally more ad-
vantageous than the former. In the focused case, S2 is characterized by the
suppression of background noise, that, on the other hand, is a typical feature
affecting the ghost image obtained in S1. Moreover, noise in S1 increases with
improving resolution on the object entailing a trade-off between resolution and
SNR trade-off. In the out-of-focus case, background noise is present in both
configurations. However, in S1 it depends on small quantities, namely the ra-
tios between the area of an effective resolution cell and the total area of the
object. In S2, instead, we find that the SNR depends also on the ratio between
the effective lens area and the one of the object, a quantity that is not neces-
sarily small. Therefore, we expect that a smaller number of frames is needed to
achieve the same resolution in S2 compared to S1. The outcomes provide the
experimenter with rules to determine the scaling of the SNR with the number
of frames, and consequently to fix the number of frames needed for a fast and
accurate imaging of the scene. The problem of optimizing the acquisition time is
particularly relevant if unconventional sources like X rays [15], [16], characterized
by additional difficulties in retrieving intensity correlations, will be employed to
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Figure 2: SNR for the refocused image (solid blue line), and for a ghost
image (red dashed line) for SETUP1 (up) and SETUP2 (down) taken at z, = 2y
(for S1) and at SJ = (1/f —1/51)~! (for $2) as a function respectively of z,
and 5.

perform CPI.

Beyond this work, I am working on the proposal to measure the distance of two
distant double-slits by analyzing the second-order interference effects of chaotic
light. Moreover we would like to include turbulence effects for studying the
robustness of the interference pattern.

Referring to figure of the setup, I consider the case in which the two slits are
parallel to the horizontal axis, and thus specialize to a quasi-one-dimensional
problem. Assuming that the finite size of lenses in both optical paths can be
neglected, since the propagation of low horizontal frequencies is only limited by
diffraction at the slits. Up to an irrelevant constant, the correlation between
intensity fluctuations at the coordinate z¢ on the detector D¢ and x7 on Dp
reads

L(zo,z7) = (Ao (xo)Alr(zr))

2
_ \ [ droStartere g twer)

; (5)

where S is the intensity profile of the source and gc r are the paraxial transfer
functions on each path., which read

. ) )
gs(x,xs) o< exp <1§ (xfT i 52)) -

The above results are the basic elements to compute the correlation function
(5) and its fluctuations.
The expectaion value on the pseudothermal state appearing in Eq. is

practically estimated by averaging over the products of intensities {I ‘(]i)}izl,__ﬂ N
measured in correspondence of a set of discrete times {¢;};=1,.

N
1 i i
T (2, 27) = v ST AL (@e)AL (@), (7)
=1



with

N
i i 1
AL () = 19 (ws) = 52 D15 (). (8)
(=1

The correspondence is valid provided intensity fluctuations in the same detection
point at different times are uncorrelated with good approximation, namely when
ti+1—t; > T.. The asymptotic covariance of the estimation of I'(x¢, 1) through
Eq. @ is related to the four-point fluctuation correlator as

Clze,xr,Te,xp) = COV{F(N)(xc,IT),F(N) (xe, )}
1
~ = ((Ale(we) Alr(ar) Mo (ep) Al (@)

—T(ze, 7)) (2g, Jc'T)>, (9)

which comprises the variance V(z¢,z1) = C(zc, @1, Tc, xT) as a special case.
I skip the detail for the most general case for zp # z¢. Since the number
of paramenter are not easy-hand I analyse the behavior of the pattern fixing
each parameter time by time. 1) Xr = Xe = 0:dp = do; 2r finding the firt
order of Eq. (f) around z¢;2) X7 = X¢ = 0;27 = z¢;dr finding the firt
order of Eq. (5)) around d¢;3) characterization of the oscillation slope respect
to bisector line;4) characterization of the distance between the maximum in
the modulation regime; 5) Characterization of the second modulation regime;6)
In the semiclassical limit (~ 100 photons per mode) we can unbalanced the
intensity along one of the branch (minimum absorption rate VS SNR); 7) the
best settings for the trade-offs; 8) minimum dr measurable, it turns out the
lower bound for the resolution; maximum dr in order to determine the field of
view microscope and by the difference (d; — d.) we can analyse the precision of
the setup thought as a microscope.

QED in the media

Besides the topics outlined in the preceding part of this report, I am recently
investigating from the first principles of quantum electrodynamics QED, a two-
level asymmetric quantum system hosted in the bulk of a lossy dispersive media.
In particular, I would like to characterize the spontaneous emission rate and the
Lamb shift in terms of the asymmetry due to the intrinsic permanent dipole
moment. In the free space, the asymmetry do not contribute in the decay
rate, but in well-engineered materials the asymmetric nanostructure becomes
much more relevant and we predict new contributions which pave the way for
new physical phenomena and devices. The asymmetry emerges as a quantum
piezoelectric effect of our guest system and all the divergences are overcome
by considering the dipole wavefunctions. The general theoretical framework
is administer to an hydrogen-like system and to a prominent semiconductor
quantum well. Modelling the atom as a dipole of charge ), with a heavy positive
charge in the fixed position R = 0 and a moving negative charge of mass m and
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Figure 3: Plots of the correlation function I'(z¢, z7) at different values of the
distance zp of the target slit. The color scale ranges from blue (I' = 0) to white
(T equal to its maximum). The functions are computed with fixed parameters
A = 980nm, do = 0.70mm, dr = 0.55mm, ¢ = 0.55mm, zc = 70mm, f =
200 mimn, XC = XT =0.



coordinate —p, one finds the dipole Hamiltonian

Q 1

€0 0

Hdip —

int

dsII(—sp), (10)

representing the correct generalization of the Hamiltonian d - IT to a non-point
dipole, which regularizes the ultraviolet divergences. Now we can provide an
analysis on the dynamics of the Hamiltonian determining the decay rate and
the Lamb shift. In my theoretical framework the following quantity determines
the total decay rate of the excited state a

27 o 3
r, = ﬁgb:/o dw5(ﬁw—ﬁwab)/d qTar(q,w)

= %Ze(wab)/dgq%b(qawab)a (11)

b#a

where wqy, = (Eq — Ep)/h [in the second equality, we have considered that
Taa(g,w — 0) — 0], and the total energy shift

o0 1 _
b, = [ dw [ @aTunla.w)
0 w

+ZP/O dww—wab/d qTuw(q,w), (12)

b#a

where we have removed a divergent and state-independent part by replacing 7.,
with

Taa(q,w) = Taa(q, w).

2 1
— Q GI(W) _ 3 (13)
(2m)3meolql?|e(w)]? lg|2c2
‘1 T wZe(w)
The 7 is the sum of the element matrix M as follows
3 2
Tan(gw) =Y [M(q,w)]", (14)
j=1
with
M (q,w) = (al HGP |b; (q,w);) =(al HP f1(q,w)|b)
1
— CuGinla.)laln [ dse 7], (15)
0

and Cy = —iQ‘Z—;, / (;737&7‘20 The quantity ij is the well-know tensor green
function which I have already studied during my first year [5]



Quantum correlations

During my period aborad I have worked on the problem of quantum entangle-
ment, which is the essence of many fascinating quantum-mechanical effects. It
is a very fragile phenomenon. It is usually very hard to create, maintain, and
manipulate entangled states under laboratory conditions. In fact, any system
is usually subjected to the effects of external noise and interactions with the
environment. These effects turn pure-state entanglement into mixed-state, or
noisy, entanglement. The separability problem, that is, the characterization of
mixed entangled states, is highly nontrivial, and has not been accomplished so
far. Even an apparently innocent question -Is a given state entangled and does it
contain quantum correlations, or is it separable, and does not contain any quan-
tum correlations? ?will, in general, be very hard (if not impossible!) to answer.
In this scenario I provide a new family of separability criteria both for bipar-
tite and multipartite quantum systems with arbitrary (but finite) dimensions
of the corresponding Hilbert spaces. This criterion unifies several known sep-
arability criteria: the powerful realignment (or CCNR) criterion which is able
to detect many bound entangled state or the criterion derived by de Vicente.
Surprisingly, the recently proposed criterion based on symmetric informationaly
complete measurements SIC POVMs (so called ESIC criterion) turns out to be
a special example of our criterion. Moreover, our result shows that this criterion
is universal, that is, it does not require the existence of SIC POMYV at all!

Its characteristic feature is that unlike other criteria like e.g. Covariance
Matric Criterion (CMC) or Local Uncertainty Relations (LURs), extensions of
realignment criterion, is linear in the state of the system. This property allows to
derive appropriate family of entanglement witnesses and new classes of positive
maps suitable for entanglement detection.

The generalization to multipartite scenario is also provided. This is based on
the generalization of the trace norm from matrices to arbitrary N-tensors (where
N is a number of parties). We show that our proposal is stronger that the one
already discussed based on the mathematical theory of unfoldings. Moreover,
it is conceptually much simpler and physically more intuitive. In particular it
provides generalization of CCNR to arbitrary number of parties.

The last point is the detection power: is it stronger than other criteria? It is
well known that CCNR criterion does not detect all entangled qubit-qubit state.
An example of such state was provided by Rudolph. Now, this state is detected
by our criterion. In the end I analyzed well known examples of PPT entangled
states based on the construction of Unextendible Product Bases showing that
our criterion is stronger than CCNR and ESIC. Clearly, being linear criterion
in general it is difficult to be compared with nonlinear ones like e.g. CMC or
LURs. However, we provide an example of qutrit-qutrit PPT state which is
detected neither by CCNR, nor by CMC supplemented by local filtering but is
perfectly detected by my criterion brefly explain in the following just for the
bipartite case for semplicity.

Consider a bipartite system living in H4 ® Hp with dimensions d4 and dg,
respectively. Let G4 and Gg denote arbitrary orthonormal basis in B(#H 4) and



B(Hp), that is, the Tr(G/TGy') = 6,,, and the same for G5. Now, given a
bipartite state p one defines the following correlation matrix

Cop = Gi®GE =Tr(pG4 ® GF). (16)

If p is separable, then the CCNR criterion gives the following bound for the
trace norm of C"

IC]ler = TeVCCT < 1. (17)

The norm ||C||s; does not depend upon the particular orthonormal basis G2
and Gg . Let us take a particular basis consisting of Hermitian operators such
that G = 14/v/da and G§ = 15/v/dp (we call it canonical basis). It is clear
that G4 and GE are traceless for a, 5 > 0. The canonical basis gives rise the
following generalized Bloch representation

1
po= ==GieGi+) r!Glely+) rflieG]
AYB i>0 >0
d4—-1d%-1
+ Y i GReGr=) Y CHGiedGE, (18)
i,j>0 a=0 B=0
where r{* and rf are generalized Bloch vectors corresponding to reduces states

pa and pp, respectively, and t;; is usually called a correlation tensor. We denote

Cap defined by the canonical basis by C54'. Clearly |[C"|¢ = [|C]l¢r. Let us

introduce two square diagonal matrices:

DA = diag{x,1,...,1}, Df = diag{y, 1,...,1},
where D' is d% x d% and DJ is d%, x d%. Now comes the main result

Theorem 1 If p is separable, then

ID7 C* Dy ler < Na(2)Np(y), (19)

[dg — 1+ 22 [dg — 1+ y?
/\/A(f): AdiAx NB(?/): BdiBya (20)

for arbitrary x,y > 0.

where

In the future I would like spent my efforts towards the only if direction and
investigate correlations beyond quantum mechanics, in jargon out of the polytope
in order to answer at the following question:

Is quantum mechanics the last universal theory of the nature?



Training activities

I did all my exams and also attended the following schools and conferences:

51st Symposium on Mathematical Physics, Toruii (Poland), 16-18 June
2019, with presentation of the talk "The Friedrichs-Lee model and its
singular coupling limit";

Summer School: Topics in Quantum Probability, Genoa, 1-3 July 2019;

Introductory Course on UltracoldQuantum Gases, Innsbruck (Austria), 8-
10 July 2019;

Italian Quantum Information Science conference, Milan, 9-12 September
2019, with presentation of the poster "Bound states in the continuum for
an array of quantum emitters".

YQIS 2019: 5th International Conference for Young Quantum Informa-
tion Scientists, University of Gdansk, Sopot, Poland, September 25-27,
2019.
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