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INTRODUCTION

The binary base of {0, 1} posseses the minimal number of elements to represent information. Within a classical

context a minimal amount of information called Bit takes values of 0 or 1, , while in the quantum realm we are

able to superposed those elements in the so called Qubit which take values from 0 to 1. A qubit can be described

by |ψ〉 = α |0〉+ β |1〉, where α and β are complex numbers that obey |α|2 + |β|2 = 1.

There are systems that need coupled qubits to be represented. If those coupled-qubit can be written as tensor

product of the original qubits we have separable systems, otherwise we have entangled systems.

A non-linear optical process known as Spontaneus Parametric Down Conversion (SPDC) uses photons of pump

wavelength λp to generate pairs of photons, where by convention the signal one has wavelength λs and the idler

one has wavelength λi. The conversion obeys the conservation of energy ωp = ωs + ωi and the conservation of

momentum kp = ks + ki, and the resulting generation corresponds to a correlation between the emission modes

allowing to identify and measure an entangled state of the two particles system.

Entanglement sources are the most spread way to create entangled particles in quantum optics because they

are very customizable. In particular, I will will describe the source that I used in my experiments and the results

of geometrical optimizations to obtain a particular state of high quality.

There are two topics to follow in my thesis: Quantum maps in free-space optics (or bulk) and their influence in

the entanglement of photon particles, and quantum walks dynamics in integrated photonics.

Even in a ”‘secure”’ but real communication channel there are some losses of information. In that case it is

possible to associate a combination of simple particular maps to describe the entire noise process. Imagine now that

the communication uses a quantum channel, then, under some assumptions it is possible to apply reverse maps to

recover your lost entangled information.

Finally, up to now, a lot of experiments in integrated photonics use polarization-entangled photons as resource,

but if we add the frequency of the photons as an extra degree of freedom, the robustness of the new states makes

possible to improve the quality of the results and also think to a novel family of experiments.

1 Source of Entangled Photons

For all the programmed experiments of my PhD I will use a basic element, a particular source of entangled photons.

Here, a continues laser of 405nm pump in a non-linear crystal of PPKTP compound [1]. If the pump polarization

is aligned with the ordinary axis of the crystal, a type-II SPDC will take place, creating two photons of orthogonal

polarization, and the periodicity of the crystal non-linearity produces more efficient conversion than in a normal

birefringent crystal, obeying the quasi-phase-matching condition (see Fig.1):

kp(λp, T ) = ks(λs, T ) + ki(λi, T ) +
2π

Λ(T )
(1)

Where k represents a wavevector, T the temperature and Λ the crystal poling. Each emissions of signal and

idler photons, are initially symmetrically separated by their own emission cones. I use the collinear generation
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Figure 1: Spontaneous Parametric Down Conversion and Quasi-phase-matching restriction.

regime, where these cones intersect each other in only one little region, parallel to the pump laser. By pumping

with horizontal polarization |H〉p is possible to obtain a horizontal one |H〉s and a vertical one |V 〉s.

Consider now that the crystal is heated with a partially isolated oven and putted in the center of a triangular

Sagnac interferometer (see Fig. 2), open and closed by a single polarization beam splitter PBS. Just before go into

the interferometer (input of the PBS) I control the pump polarization to send light to a single or both sides of the

crystal. This structure allows to make SPDC in two directions, and after that, separate the different modes by their

characteristic polarizations. Finally, at the PBS outputs we will get the following state

|ψ〉 = α |H〉s |V 〉i + β |V 〉s |H〉i (2)

The entanglement feature comes from the indistinguishability between both generations in the crystal, and can

be tested by an interference between signal and idler modes in a optical beam splitter BS.

Figure 2: Scheme of the Sagnac geometry in the polarization entanglement photons source.

2 Non-Degeneracy: Polarization-Frequency Entanglement

A degenerate SPDC regime generate two photons of equal frequency by the relation ωs = ωi =
ωp

2 . On the other

hand, I plan to obtain a non-degenerate regime, where both photons have different frequencies. If the signal photon
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increase (decreases) its wavelength, the idler one decreases (increases) its own, and the spectral range of generation

depends on the temperature, where its dependence is almost linear around the degeneracy temperature.

If the source can make non-degeneracy in both generations, then, we can associate each frequency (wavelength)

to each output mode (signal or idler).

|ψ〉 = α |H,λ1〉s |V, λ2〉i + β |V, λ1〉s |H,λ2〉i (3)

This generation doesn’t have a genuine frequency entanglement, but by replacing the HWP within the Sagnac

interferometer with a Quarter Wave Plate (QWP), it is possible to create frequency hypoentangled states (a mixture

of bipartite states where the entangled contribution can be adjusted to our own needs).

The interesting feature of this kind of states is its robustness against experimental environmental changes, where

is normal to find polarization-dependent noises, but unusual to find frequency-dependence noise.

PAST PROJECTS

3 Improving the Generation of the Source

During the first year of work I could improved quality of the Sagnac polarization entanglement source. I present here

a comparison table with the characteristic mean values of the generation, before and after the structural changes.

Pumping at 2, 5[mW ] Concurrence [%] Fidelity [%] Single. C. [ 1s ] Coin. C.[ 1s ] Spec. Band [nm]

Old Source 96,5 95 46900 4600 5

New Source 98 98,5 337500 61500 0,5

It is possible to appreciate an important improvement in the spectral bandwidth of the generated photons and

also in the rate of photon pairs, which are two important features to implement quantum optics experiments.

4 Open Systems and Non-Markovian Dynamics

In an interaction between an open system and its environment, the information can be transport in a memory-

less process obeying a Markovian dynamics. But, if the system itself or the system-environment interactions are

correlated, this may cause memory effects generating a non-Markovian dynamics.

The formal description establishes that a system evolution is called Markovian if its corresponding quantum

map is divisible in completely positive maps (CP), for example

Λt2,t0 = Λt2,t1Λt1,t0 for all t2 ≥ t1 ≥ t0 (4)

where ti represent different evolution times. Lets considers a quantum system ρs interacting with an environment

by two collisions, each one with three possible operations

O0 ≡ Is , O1 ≡ σxs or O2 ≡ σzs (5)
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If those collisions are fully uncorrelated, then the following evolution decomposition is valid

Λt1,t0(ρs) = p0ρs + pxσ
x
s ρsσ

x
s + pzσ

z
sρsσ

z
s (6)

Λt2,t0(ρs) =
∑
mn

pmnOnOmρsOmOn

Where pm,n are normalization constants that obey 0 < pmn < 1 and
∑
mn pmn ≥ 1. If one extends the situation to

n independent collisions, then the state becomes

ρs(tn) = Λtn,t0(ρs(t0)) = (Λt1,t0)n(ρs(t0)) (7)

Now, coming back to the two collisions situation, and adding the probability correlation Q = pxx+pzz−pxz−pzx
pxx+pzz+pxz+pzx

> 0

it is possible to obtain

pij 6= pipj with i, j = {x, z} (8)

Thus, the resulting representation of the collisions is no more divisible in CP maps.

Λt2,t0 6= Λt2,t1Λt1,t0 (9)

And consequently non-Markovian.

In this experiment, we chose to use the polarization entanglement between two photon particles as degree of

internal information. The system particle S suffered two consecutive interactions with an environment, simulated

by a two pairs of liquid crystals (LC) and finally was measured in a tomography stage with its ancilla couple A (see

Fig.3).

Figure 3: Experimental setup for Weak Non-Markovian test

The LCs applied local operations in a specific statistical distribution, which represented the system-environment

correlations as

p00 = (1− 2ε)2 (10)

p0x = p0z = px0 = pz0 = (1− 2ε)ε

pxz = pzx = 0

pxx = pzz = 2ε2
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The first test was to reconstruct the eigenvalues of the total evolution matrix by a full tomography technique

as seen in Fig.4. The persistent negative eigenvalues allow to conclude that for any value of the probability control

parameter ε, the evolution is non-Markovian.
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Figure 4: Negative eigenvalues of the evolution matrix Λt2,t1

The second test was to evaluate the back-flow of information, by calculating the concurrence from the recon-

structed matrices between the first and the second interaction (see Fig 5). The negative values of C(t2) − C(t1)

represent a loss of entanglement, hence a loss of information from the system to the environment, while the positive

values of C(t2) − C(t1) represent a return of entanglement from t1 to t2, which means an information back-flow

from the environment to the system in the second interaction.
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Figure 5: Information flow from the concurrence substraction values between t2 and t1.

Combining both results we proved the existence of two kinds of non-Markovian dynamics separated by a tran-

sition region slightly over the theoretical value ε = 0.25. For ε ≥ 2.75 we find the Strong Non-Markovianity (SNM)

regime, where the complete evolution of the system cannot be decomposed in a sequence of CP maps neither Pos-

itive Maps (PM), and for ε < 2.75 we find the new Weak Non-Markovianity (WNM) regime, where the complete
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evolution of the system can be decomposed at least in a sequence of PM. Thus, I conclude that only SNM can

be measured using the back-flow of information, while WNM needs another test based on the eigenvalues of the

evolution operator.

FUTURE PROJECTS

5 Amending Entanglement Breaking Channels

5.1 Cut & Paste Technique: Redistribution of Channels

Let’s suppose a decoherence channels with the following features in the polarization basis {|H〉 , |V 〉}

α |H〉 −→ α |H〉 (11)

β |V 〉 −→ β(
√
η |V 〉+

√
1− η |H〉)

These kind of joint operations are called Amplitude Damping channel (AD), and its Kraus operators are described

as

E1 =

 1 0

0
√
η

 and E2 =

 0
√

1− η

0 0

 (12)

E1 represents a null polarization operation, while E2 represents a rotation of the vertical into horizontal polarization.

The damping parameter η controls the probability of both processes. The action of an AD channel operating over

the single-photon state ρin = |ψ〉 〈ψ| is given by

ρ′ = Aη(ρ) = E1ρE
†
1 + E2ρE

†
2 (13)

Also, consider a Half Wave Plate (HWP) described by

Λθ =

 cos(2θ) sin(2θ)

sin(2θ) −cos(2θ)

 (14)

Then, apply combined local operations of an AD channel and a HWP over a system S, coupled with an ancilla

A by the entangled state |ψ〉 = 1√
2
(|H〉s |V 〉a + eiθs,a |H〉s |V 〉a). The entire action of the two elements brings to

an entanglement loss for the bipartite system. This is known as Entanglement Breaking channel (EB) [3],[4]. In

particular, the following two structures have 2nd Order (EB-2: applied two times to destroy the entanglement) [5].

Ψs = Λϕ ◦Aη1 and Φs = Aη2 ◦ Λθ (15)

Our proposal [6] studies a sequence of four EB-2 maps, using two Φ and two Ψ. The intuitive notion of entanglement

breaking tells us that, if we use more than two EB-2 maps, the resulting channel destroys the entanglement.

Similarly, at a first sight we don’t expect that this behaviour changes if we reorder the maps as

ρ′ = Φs ◦ Φs ◦Ψs ◦Ψs(ρs,a) −→ ρ′′ = Φs ◦Ψs ◦ Φs ◦Ψs(ρs,a) (16)
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However, we observe a restoration of the entanglement after this reordering operation [4], [6]. Given the

symmetry of our channels structures, we can combine the second and third channels in a new AD channel stage, as

shown in Fig.6.

Figure 6: Cut & Paste diagram and channel reduction

We call the last combined-reorganized channel as ”Cut & Paste structure”, and the entire sequence of operations

is experimentally implemented as shown in Fig.7.

Figure 7: Cut & Paste experimental setup

We will first study the action of Ψs ◦Ψs (Φs ◦ Φs) by fixing η and rotating both ϕ (θ) simultaneously. Having

demonstrated that Ψs and Φs are EB-2 channels, we will set Ψs in its entanglement breaking zone (ϕ = π
4 ) and

then rotate θ in Φs.

The Fig.8 shows a theoretical simulation of the expected concurrence using ideal optical elements (reflectivities,

transmissivities and losses).

From Fig.8 we conclude that even with a entanglement revival, its associated concurrence is limited to low values

(blue curve) and doesn’t reach the coincident maximums of Ψs ◦Ψs and Ψs ◦Ψs, or the original input concurrence.

By a counter-intuitive mechanism this sequence allows to restore the entanglement, giving a new channel that

is no more EBC. Thus, we conclude that, by using suitable techniques as the one used in our experiment, it is

possible to amend entanglement losses in different kinds of noisy channels.
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Figure 8: Ideal concurrence oscillations for Ψs ◦Ψs, Ψs ◦Ψs and Ψs ◦ Φs ◦Ψs ◦ Φs maps.

5.2 Filtering Technique

Unlike the previous technique, in this situation we will use a Filter map to restore an entanglement breaking

sequence of channels.

1. The first case uses the known EB-2 channel Φs ◦Φs described in the last section, but instead of use the noise

contribute of two extra reordered channels Ψs, we will put a filter map between both Φs maps as shown in

Fig.9.

Φs ◦ Fs ◦ Φs(ρs,a) (17)

Where the filter map is composed by two consecutive HWP, which their joint operation is represented by

Fs(θ) = Λθ ◦ Λ0 (18)

Figure 9: Experimental setup for Filter technique

Λθ and Λ0 are the first and second HWPs of Fs respectively, but only Λθ rotates its angle, while the second

HWP keeps a zero rotation, adding an identity operator I.

8



The experiment uses a fixed common value for the damping parameter η for both Φs maps, and by letting

them in their maximum breaking of entanglement (θ = π/8), we explore the rotation of the filter plate

Λθ. We expect to see a recovery of entanglement between the system and its ancilla, where originally was

destroyed.

Considering ideal optical elements, the theoretical simulation predicts the next concurrence oscillations

(Fig.10), where the blue curve (filtered map) presents an entanglement revival where originally was destroyed

in the red curve (unfiltered map).
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Figure 10: Ideal concurrence oscillations for Φs ◦ Φs and Φs ◦ Fs ◦ Φs maps.

2. The second case uses the filter amending technique for two consecutive Phase Damping channels (PD), where

a single PD channel εη implements the Is and σxs operations with specific actuation weights, according to

the following probabilities

PI =
(1 + η)

2
, Pσz =

(1− η)

2
(19)

Let’s suppose a qubit system of state ρs after the action of a single PD channel.

ρ′s = εη(ρs) =
(1 + η)

2
ρs +

(1− η)

2
σzsρsσ

z
s (20)

Then, a double dephasing channel structure Ξs ◦Ξs and its filtered version Ξs ◦Fs ◦Ξs will have the following

internal structure

Ξs = Λα ◦ εη (21)

Where the filter F is the same used in the filtered AD channels, while Λα can be experimentally implemented

by a rotating HWP. The PD channel εη can be implemented in two ways:

• Using a liquid crystal (LC) wave retarder that works as Is for high voltage values, or as σzs for low

voltage values. The Is and σzs operations must follow a temporal alternation of period T < 0.1[s] (a

tiny temporal fraction compared to the tomography measure times).
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• Instead of applying a probabilistic maps within the tomography measure times, we mix the statistics

measures of different tomographies taken under the I or σz operations. This can be done again with

the LC or by replacing it with an extra HWP, rotated at zero degrees to apply σz or removed to apply

I.

Whatever it is the chosen procedure one has to apply two consecutive PD channels, and all the action

combinations must conserve the η-probabilistic dependence as

PII =
(1 + η)2

4
, PIσz

=
(1− η2)

4
(22)

PσzI =
(1− η2)

4
, Pσzσz

=
(1− η)2

4

which associated experimental action times are

TII = T · (1 + η)2

4
, TIσz

= T · (1− η2)

4
(23)

TσzI = T · (1− η2)

4
, Tσzσz = T · (1− η)2

4
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Figure 11: Ideal concurrence oscillations for Ξs ◦ Ξs and the anti-correlated concurrence revival of

Ξs ◦ Fs ◦ Ξs maps.

Similarly to the previous case, the experiment will fix a common value for the damping parameter η in both

Ξs maps, and by letting them in their maximum breaking of entanglement (α = π/8), we will explore the

rotation of the filter plate θ, expecting to see a recovery of entanglement between the system and its ancilla

where originally was destroyed, as shown in Fig.11.

6 Detection of Quantum Channel Capacity

There is a novel proposed method to detect lower bounds to the Quantum Channel Capacity (Q) of noisy quantum

communication channels. The proposal [7] establishes that Q is limited by

Q > QDetectable = S

(
ε

(
I

d

))
−H(~p) (24)
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Where S(ρ) = −Tr[ρ · log2(ρ)] is the Von Neumann Entropy, H(x) = −x · log2(x)− (1− x) · log2(1− x) is the

Shannon Entropy, ε(ρ) =
∑
j AjρA

†
j is the channel operator. Finally pi represents the probability vector for each

possible measurement of the state, in other words

pi = 〈Φi| (Ia ⊗ εs)(|Ψρ〉 〈Ψρ|) |Φi〉 (25)

The method says that H must be minimized according to an optimization of some parameters, characterizing

a base decomposition of the measurements. These measurements are σx ⊗ σx, σy ⊗ σy and σz ⊗ σz, and determine

a considerable reduction in the number of measurements compared with a normal tomography. The parameters

optimization follows a generalized procedure and doesn’t depend on which map we are testing, then in principle we

can obtain the Q from any kind of map.

Figure 12: Scheme of the experimental tests in the detection of quantum channel capacity

As Fig.12 shows, the idea is to extract the minimal bound of Q under the action of different kind of noisy

channel. I pretend to test the method in the presence of AD channels, PD channels, Depolarizing Channels and

also Erasure Channels.

7 Generalized non-Markovianity

I plan to prove experimentally a new model that connects the quantum non-Markovianity with its classical coun-

terpart by generalizing the an evaluation criterion based on the information flow.

In addition to the standard description explained above, a quantum process Φ is defined to be Markovian if the

Trace Distance (TD) between two biased mapped states

||p1Φt(ρ1)− p2Φt(ρ2)||1 = Tr|p1Φt(ρ1)− p2Φt(ρ2)| (26)

decrease with t ≥ 0. Lets defined the information present in the system and its environment as

Iint = ||p1Φ1
s(t)− p2Φ2

s(t)||1 ; Iext = ||p1Φ1
s,e(t)− p2Φ2

s,e(t)||1 − Iint (27)

Where we use the following constraint

Iint(t) + Iext(t) = Iint(0) = constant (28)
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If one quantifies the degree of memory effects by continuity in t we get a new extended TD [8] in terms of the next

integral expression

N(Φ) = max{pi},ρ2∈∂U(ρ1)

∫
σ>0

dtσ(t, piρi) (29)

with

σ(t, pi, ρi) ≡
1

||p1ρ1 − p2ρ2||1
d

dt
||p1Φt(ρ1)− p2Φt(ρ2)||1 (30)

as the biased trace distance differential.

One important result extracted from this new method is that P-divisibility is no more enough to prove Marko-

vianity, we need also CP-divisibility in the quantum map representation.

The experiment will try to measure the new generalized trace distance between two photon entangled states

before and after being modified consecutively by some known correlated optical maps, which will simulate the

presence of an environment. If the TD weights are set be p1 = p2, we will not be able to detect the non-Markovian

dynamics, finding a Markovian evolution process. Otherwise, if the TD weights are set to be p1 6= p2 (under some

fixed restrictions) we will be able to detect non-Markovianity, even under subtle hints.

Conclusive results will give a confirmation of a local and universal representation for Markovianity measure-

ments. Also will provide the prove that only orthogonal states are optimal for show maximal information back-flow.

8 Superdiffusion of bosons and fermions in a randomly

diluted quantum walk

Like its classical version, a Quantum Walk (QW) is the evolution random unit of some quantum system inside a

chain or network of random steps.

In this work the principal aim is to study three different kinds of spatial light diffusions in some particular

integrated array of quantum walks (IQW). In integrated optics an array of QW can be achieved by a network of

wave guide Mach-Zehnder (MZ) interferometers inside a silica material. Here, each photon choose the its output

port depending on the input and the localized phases (noise)

The length differences between each arm of the MZs can be seen as phase differences. If for any step the phases

in the different MZs are always zero (ordered QW ), the light wave energy transport will be geometrically diffused.

If for any step the phases present a statistical but static disorder, we will see an absence of spatial diffusion and

transmission giving an Anderson Localization effect [9] (see Fig.12).

Now, If the phases disorder in the material evolves (i.e. changing upon propagation), localization might breaks

and a new type of diffusive behavior can settle in, where the transport rate might be even higher than the classical

ballistic ordered regime. We will call it spatial superdiffusion.

The geometrical localization depends on the statistics and symmetry of the light wave-function. Normal light

obeys the boson statistics, but entangled photons with an antisymmetric wavefunction allow to investigate also

fermion statistics. Even in view of this kinds of experiments, I plan to use the new source of polarization-frequency

entangled photons.
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Figure 13: Integrated quantum walks and Anderson localization phenomenon. The left hand

image shows an entangled photon states passing through an integrated array of quantum walks.

The right hand images shows the coincidence output distribution of entangled photons by using

different bipartite input states or array disorders.
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