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Abstract: Temporal metamaterials empower novel forms
of wave manipulation with direct applications to quantum
state transformations. In this work, we investigate vacuum
amplification effects in anisotropic temporal boundaries.
Our results theoretically demonstrate that the anisotropy
of the temporal boundary provides control over the angular
distribution of the generated photons. We analyze several
single and multi-layered configurations of anisotropic
temporal boundaries, each with a distinct vacuum ampli-
fication effect. Examples include the inhibition of pho-
ton production along specific directions, resonant and
directive vacuum amplification, the generation of angular
and frequency photon combs and fast angular variations
between inhibition and resonant photon production.

Keywords: metamaterials; quantum optics;
vacuum; temporal metamaterials.
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1 Introduction

Temporal metamaterials or time-varying media offer
advanced wave manipulation opportunities via simulta-
neous control of spatial and temporal degrees of freedom
[1-3]. The basic process underpinning temporal meta-
materials is that of a temporal boundary/time interface,
i.e., an abrupt (theoretically instantaneous) change in
material properties at a localized point in time. Early
works [4-8] identified that temporal boundaries result
in mixing of forward and backward waves, shifted in
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frequency with respect to the waves before the temporal
boundary. However, recent research on time-varying media
has explored the many opportunities offered by more
complex metamaterial temporal boundaries.

For example, anisotropic temporal boundaries act as
an “inverse prism” [9], can redirect the energy of propa-
gating waves [10], and exhibit temporal Brewster angles
where no backward wave is produced [11, 12]. Frequency
dispersive temporal boundaries enable multi-frequency
generation [13, 14], and nonreciprocal temporal bound-
aries exhibit Faraday rotation effects [15]. Combining two
or more boundaries into a temporally multi-layered system
provides further design flexibility, including control over
the backward wave and its spectral response [16-19].
Furthermore, when a large number of temporal boundaries
are put together, the system can be effectively described asa
photonic time crystal [20-22] or a space-time metamaterial
[23] granting access to new forms of light propagation.

Temporal boundaries are also of interest for the
field of quantum optics, where they have been shown
to result in squeezing transformations [24-26]. They also
modify light emission from quantum emitters [27] and free
electrons [28]. Similar to the classical case, it is expected
that the design flexibility offered by metamaterials will
open new pathways for research on quantum time-varying
media. Following this motivation, in this work we inves-
tigate how anisotropic temporal boundaries provide con-
trol over the angular properties of vacuum amplification
effects (see Figure 1). Vacuum amplifications effects [29,
30] consist of photon generation from the electromagnetic
vacuum state, produced by the interaction between quan-
tum vacuum fluctuations and a dynamic boundary. As
schematically depicted in Figure 1, anisotropic temporal
boundaries allow for controlling the angular distribution
of the generated photons, including inhibiting the pro-
duction of photons along a specific direction, resonantly
enhancing photon emission while concentrating all of
them into a single direction, generating frequency and
angular combs of photons, and producing fast angular
variations from zero to resonant amplification, akin to Fano
resonances.

aOpen Access. © 2022 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International
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Figure 1: Schematic depiction of an anisotropic temporal boundary. At time t,, the material parameters of a two-dimensional (2D) system
suddenly change from (u,, £,;) to (4, €,,). The interaction of vacuum fluctuations with the dynamical boundary results in photon production
with a nontrivial angular profile. Engineering the anisotropy of the boundary and its time sequencing enables a variety of vacuum
amplification effects, including inhibition of photon production along specific directions, resonant and directive amplification, the
generation of angular combs and fast angular variations from inhibition to resonant amplification.

Most experiments on vacuum amplification effects
have been carried out at microwave frequencies by using
superconducting circuits [31, 32]. Such technological plat-
form resonates with experiments on transmission line
metamaterials (TL-MTMs) [33, 34], which enabled the first
observation of metamaterial lenses overcoming the diffrac-
tion limit [35]. The extension of TL-MTMs to anisotropic
systems has also been experimentally demonstrated as
an enabler of transformation optics applications [36, 37].
In addition, temporal boundaries [38] and photonic time
crystals [39] based on TL-MTMs have been experimen-
tally demonstrated. The implementation of anisotropic
temporal boundaries at optical frequencies is likely to be
more challenging. However, the ultrafast modulation of the
optical properties of doped semiconductors is being very
actively investigated as a suitable platform for temporal
metamaterial concepts [40-43].

2 Anisotropic temporal boundaries

2.1 Theory of anisotropic temporal
boundaries

An anisotropic temporal boundary is schematically
depicted in Figure 1, where we focus on the case of
two-dimensional (2D) media with isotropic permittivity
and anisotropic permeability, considering the behavior

of the modes with out-of-plane electric field polarization.
Thus, at the temporal boundary ¢t = t,, the system suddenly
changes from constitutive parameters €,, and y, for t < ¢,
to €,, and u, for t > t,. This material system has been
selected because it can be effectively implemented, for
example, with the simple 2D TL-MTM with the circuit
unit-cell depicted in Figure 2 [33, 34]. Specifically, a 2D
TL-MTM can be effectively described with a unit-cell circuit
model with shunt capacitor C, and series inductors L,
and L. The effective material parameters of this system
are y = (XXL, +YYL,)/Ax and €, = C,/ Ax, where Ax is
the length extent of the unit-cell. Thus, controlling the
properties of the circuit elements and/or transmission
lines makes it possible to effectively implement anisotropic
metamaterials. However, we note that, by duality, all
effects discussed in this work can be observed in systems
with an anisotropic permittivity and out-of-plane magnetic
field polarization, which might be more convenient at
optical frequencies. Extensions to configurations where
both permittivity and permeability are anisotropic are left
for future research.

At the temporal boundary, the system suddenly
changes its Hamiltonian from 1?11 to ﬁz, with I?In =
> hoy, (ﬁln/dkn + 1/2), n=1,2, where @, is the fre-
quency and @, is the destruction operator for an optical
mode with wavevector k = k(u, cos ¢ + u, sin¢). A cru-
cial aspect of anisotropic media is that modes with the
same wavenumber k have a different frequency w,, as a
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Figure 2: Unit cell circuit model for an anisotropic transmission line
metamaterial (TL-MTM), with effective material parameters:
u=@EXL +VyL,)/Axande, = C,/Ax.

function of the direction of propagation ¢. For example,
Wy = ke \/ (M €OS2 b+ pyy SIN* B) /(b Hym) fOT UD-
iaxial media (see Supplementary Information).

Due to the instantaneous nature of the temporal
boundary, the response of the system to the change
of the Hamiltonian can be modeled within the sudden
approximation [44], where the state of the system does not
have time enough to follow the changes in the Hamiltonian.
Such approximation is justified by taking the asymptotic
limit of the time evolution operator: limt_,toﬁ(t, ty) =T
[44], or by integrating Schrédinger’s equation around the
temporal boundary: 9,|y) = (ih)"'H|w).

However, because the basis in which the quantum
state is written before and after the temporal boundary
are different, there are nontrivial changes in the photon
statistics. The additional boundary conditions required
to compute such photon statistics can be casted in the
form of operator transformation rules. Such transforma-
tion rules can be found by noting that the quantized
field operators obey Maxwell equations: atﬁ =V xHand
6tﬁ = —V X E. Therefore, similar to the classical case,
the electric displacement and magnetic flux operators
must be continuous across the temporal boundary, i.e.,
D(t=t;)=D(t=¢t/)andB(t=t;) =B(t=t}).

Following the quantization of the electromag-
netic field in anisotropic media (see Supplementary
Information), the magnetic field operator in the interaction
picture is given by H(r, t) = HO(r, t) + h.c. with positive
frequency component ﬁ(+)(r, H=>x ﬁi:')(r, t) and indi-
vidual mode operator

hwk h akeik»re—ia)kt (1)

HYr,0) =
k ( ) ZMOCI(V

where h,, is a unit vector describing the polarization of the
magnetic field, V is the quantization volume, and we have
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defined an energy normalization constant C,, = hy - u - hy
(see Supplementary Information).

Using (1) to enforce the boundary conditions on the
electric displacement and magnetic flux operators, we find
the following input—output transformation rule for the
photonic operators before and after the temporal boundary
(see Supplementary Information)

@y, = cosh(sy) Ay, — sinh(s,) @’y @

In other words, the input—output relations are a two-
mode squeezing transformation with squeezing parameter

W€
S =In, [ k=22 3)
Wy1€2

Previous works have identified that isotropic temporal
boundaries result in a squeezing transformation [24]. Here,
we demonstrate that the same conclusion can be extended
to anisotropic temporal boundaries. In fact, despite the
complexity at the field level introduced by a permeability
tensor, the squeezing parameter acquires the simple form
given by Eq. (3). However, a crucial difference is that, by
contrast with isotropic media, the squeezing parameter
s, for modes with the same wavenumber changes as a
function of the direction of propagation ¢. In turn, this
property enables the control over the angular properties of
photon production.

Simpler expressions for the squeezing parameter are
obtained for particular cases. For an isotropic medium,
the squeezing parameter reduces to s, =1In+/Z,/Z; Vk.
Therefore, the squeezing transformation is the same for
all directions, and it is solely determined by the contrast
between the medium impedances Z, = v/p, /e, n=1,2.
On the other hand, if the permittivity is the same in both
media, £, = €,,, the squeezing parameter reduces to s, =
In v/@y, / Wy, revealing that only the frequency shift of the
modes results in a squeezing effect.

2.2 Vacuum amplification and photon
statistics

Let us assume that the system is initially in the vacuum
state |0), with a zero average on the number of photons
(M) = <allakl> = 0, and minimal variance in the quadra-
ture operators: AX} = AY, = 1/4, with AA} = <ﬁlz(> -
<ﬁk>2, X, = (Zilt + ak>/2 and Y, = i(ﬁ:{ - Hk)/z. After
the temporal boundary, the average number of photons

is (n,) = sinh’(s,), and the variances of the quadra-
ture operators are AXIZ(2 = AYf{2 = (1 + sinh’(s))/2. As
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Figure 3: Phase space (quadrature plane) representation after the
temporal boundary. (a) Schematic representation of the quadrature
operator variances for the forward (left) and backward (right) modes
with wavenumber k. (b) Same as in (a), but in the symmetric (left)
and asymmetric (right) basis, showing squeezing along different
axis. For comparison, vacuum state variances (phase space
representation before the temporal boundary) is included as a
dashed red circle.

expected, the temporal boundary induces a vacuum ampli-
fication effect, generating photons from the electromag-
netic vacuum state. In addition, the larger the squeezing
parameter s, the larger the photon production is, and the
larger the variances of quadrature operators are.

The squeezing nature of the temporal boundary is
more apparent when the output modes are analyzed in
a symmetric/anti-symmetric basis: Gy, = @, + d_10)/ V2
and 4, = (@, — d_1)/V2. In this basis, the quadra-
ture variances are exponentially expanded/compressed
with the squeezing operator: AXZ =AY =e >k/4
and AY] , = AX? , = e*k /4, as schematically depicted in
Figure 3. In conclusion, anisotropic temporal boundaries
result in photon generation from vacuum, with nontriv-
ial correlations between the photons propagating along
opposite directions. In fact, the states depicted in Figure 3
are continuous variable entangled states of interest for
continuous variable quantum information processing [45]
and quantum sensing [46].

2.3 Angular-dependent photon production

The main signature of quantum anisotropic temporal
boundaries is the angular dependence in photon pro-
duction. To illustrate this point, we apply our theory to
the particular case schematically depicted in Figure 4(a),
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Figure 4: Anisotropic temporal boundaries from isotropic to uniaxial
media. (a) Sketch of an anisotropic temporal boundary, where an
isotropic medium, u, = p, (XX + ¥¥), is suddenly transformed into
an anisotropic medium, u, = p,, XX + ,, ¥¥. The pemittivity is
assumed to be unity in both cases, ¢,, = €,, = 1. (b) Isofrequency
contours before and after the temporal boundary, for y; =1, u,, =2
and u,, = 3. (c) Photon production for modes with a common
wavenumber k as a function of the angle of propagation ¢.

where a medium is isotropic before the temporal boundary,
u, = pu, (XX + YY), while it changes to an anisotropic
medium, with a diagonal permeability tensor, u, =
Uy, XX + Hay vV, after the temporal boundary. A unit-
permittivity medium is assumed before and after the
temporal boundary, €,; = €,, = 1. Consequently, the iso-
frequency contours, depicted in Figure 4(b) for the partic-
ular case of y; = 1, p,, = 2and p,, = 3, shift from circular
to elliptical across the temporal boundary. The angular-
dependent photon production is depicted in Figure 4(c),
confirming that the number of generated photons presents
a clear angular dependence as a result of anisotropy of the
temporal boundary. In particular, the photon production
smoothly varies between the values associated with the
permeability contrast on each of the ellipse semiaxis.

2.4 Inhibiting vacuum amplification

A more interesting angular distribution of photon produc-
tion is found when the isofrequencies of the media on both
sides of the temporal boundary intersect. For example,
Figure 5(a) shows an anisotropic temporal boundary with
material parameters u; =2, u, =1 and u,, =4, such
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Figure 5: Anisotropic temporal boundaries with intersecting
isofrequencies. (@) Sketch of an anisotropic temporal boundary,
where an isotropic medium, u; = u, (XX + ), is suddenly
transformed into an anisotropic medium, g, = p,, XX + 15, ¥¥. The
pemittivity is assumed to be unity in both cases, €,, = €,, = 1. (b)
Isofrequency contours before and after the temporal boundary, for
My =2, 4y = 1and p,, = 4. (c) Photon production for modes with a
common wavenumber k as a function of the angle of propagation ¢.
The dashed black line indicates the angle

sin g = \/,uyz(yx2 — Hy)/ Ha (i, — p1,,) where the isofrequency
contours cut, corresponding to a zero of photon production.

that the isotropic permeability value before the temporal
boundary lies between the two diagonal values of the
anisotropic case, i.e., p, < pi; < py,. In this manner,
the circular isofrecuency contour before the temporal
boundary crosses the elliptical isofrequency contour after
the temporal boundary (see Figure 5(b)).

The average number of generated photons for this
configuration is depicted in Figure 5(c). The angular dis-
tribution is characterized by a zero at the angle where
the isofrequencies cut, given by the solution to sin ¢y =

\/ Hya(to — 1)/ 1 (pyy — ). At this angle, both media
support a mode with the same wavenumber and at the
same frequency, so that no frequency shift is needed
to support the boundary conditions across the temporal
boundary. Following Eq. (3), the squeezing parameter is
zero at such angle. This effect is the quantum counterpart
to the classical temporal Brewster angle derived in [11],
where it was found that the field reflected at the temporal
boundary is cancelled for specific angles. Here, it is
demonstrated that tailoring the anisotropy of the temporal
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boundary it is possible to inhibit vacuum amplification
effects at specific angles.

3 Multilayered anisotropic
temporal boundaries

Additional design flexibility can be obtained by combining
multiple temporal boundaries to conform an anisotropic
temporal sequence [12]. In this section, we demonstrate
that multilayered anisotropic temporal boundaries enable
vacuum amplification effects while: (i) concentrating all
generated photons into a single direction, (ii) generating
angular and frequency combs of photons and (iii) enforcing
asymmetric amplification lines with fast angular variation.

3.1 Theoretical framework

First, we generalize the theory introduced before for the
case of multiple temporal boundaries. To this end, it is
convenient to rewrite the input—output relations in the
form of a transfer matrix:

Qio(t) Qe (t)
~ =S ~t 4
[aikz(t)] o la—kl(t)] “
with the squeezing matrix
_ | cosh(sy) —sinh(sy)
S = l— sinh(s,) cosh(sy) ] ©)

Similarly, the time evolution along a temporal slab can
be characterized in transfer matrix form as

at+7) | _ ay (1)
la*_k(t + r)] = Ulex) la*_k(t)] (©)
with the time-evolution matrix
—igp
Ulp) = leo e?q,] )

Consequently, the input—output relations for a
sequence of N — 1 anisotropic temporal boundaries (thus
with N temporal layers) can be compactly written as

[;}kN] = S(Siww-1)U(@y-1) - --
—kN

5(51(32)U(§02)3(Sk21) |;;k1 ] ®
—k1
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The squeezing and time evolution matrices have
nice multiplicative properties, S(Sy;)S(Sk2) = S(Sk1 + Sk2)
and U(@,)U(@,) = U(p, + ¢@,) showing that consecutive
squeezing and/or time evolution processes result in the
addition of the squeezing parameters and/or phase delays,
respectively. However, the same properties do not apply for
multilayered slabs, where squeezing and time evolution
matrices appear alternating each other. Exceptions occur
for specific durations of the temporal slabs. A particularly
relevant case for coherent amplification is that of a 7 =
Ty /4 slab, where T = 27 /wy is the period of the mode
within the slab. If the duration of the temporal satisfies
Wy T = 7 /2, we can write

SEU(5)S6) = Se-sab(5)  ©

Consequently, the input—output relations for the T} /4
slab can be factorized as

lakN ] _
/\T -
iy

N
S ( Z (_1)N—n Sknn—1>

n=2

ofor-25) | |

—k1

(10)

3.2 Resonantly-enhanced vacuum
amplification along a single direction

Next we show that multilayered anisotropic slabs can be
designed to produce resonantly-enhanced vacuum ampli-
fication, while concentrating all generated photons into a
single direction. To this end, we consider the two-stage N-
layered temporal boundary sequence shown in Figure 6(a),
constructed by the concatenation of two classes of tem-
poral slabs: isotropic temporal slabs p; = y, (XX + ¥y)
of duration 7;, and anisotropic temporal slabs u, =
Hy XX + 1, JY of duration 7, (both with &, = ¢, =1).
A two-stage sequence can be convenient from a practical
standpoint. In addition, it has the important property that
each temporal boundary is the reverse process of their
neighbouring boundaries. Consequently, in accordance to
Eq. (3) their squeezing parameters only differ by a minus
sign

11
To guide our thoughts, consider the set of modes with

wavenumber k but different propagation angle ¢. Before
the first temporal boundary, the medium is isotropic.

Sknn—1 = ~Skn+1n Vn

DE GRUYTER

Therefore, all modes with the same wavenumber k exist
at the same frequency wy, = kc/ \/;71 for all directions of
propagation ¢. After the temporal boundary, the medium
is anisotropic, and each mode is projected into a different
frequency as a function of the angle of propagation,
Do) = key (i OS2 + iy, SN §) [(teyy) L., the
anisotropic temporal boundary behaves as an “inverse
prism” [9]. In this manner, the phase advance w,,7, expe-
rienced by each mode changes as a function of its direction
of propagation. After the next temporal boundary, the
medium becomes isotropic again, and all modes converge
to the same frequency . As this process is repeated mul-
tiple times, the temporal sequence experienced by each
mode is different, due to their different phase advances
through medium 2. Therefore, when the temporal sequence
finishes, all modes are back to the original wy, frequency.
However, their photon statistics change in a nontrivial
fashion as a function of the angle of propagation, following
Eq. (8).

Let us assume that there is a direction ¢,, with
wavevector K, for which the time-duration of the temporal
slabs is Ty /4 resonant. That is to say, the duration of the
time delays is set in such a way that oy ;7; =z + 7 /2
and wy ,7, = M + /2. In this case, Eq. (8) simplifies to
(10), and using (11) it further reduces to

l?;koN ] = S((N = Dsyo) U((N - 2)%) laaTkOl ] (12)

—KoN

In other words, for the mode with wavevector k,, asso-
ciated with the direction ¢, the temporal sequence acts
as a squeezing transfomation with enhanced squeezing
parameter (N — 1)sk0. Thus, the photon production from
the quantum vacuum in the ¢, direction is coherently
amplified. However, the same resonant condition does not
hold for the rest of ¢ directions.

In order to illustrate this effect, Figure 6 represents the
photon production from a mode with wavenumber k as a
function of the observation angle ¢ for temporal sequences
of N = 3,N = 11and N = 21layers, with y; = 1, y,, = 2and
Moy =3, 7, = (n/2)/(kc) and 7, = (57 + 7/2) [y ,, With
¢, = 60 deg. It can be concluded from the figure that the
photon production exponentially grows with the number
of temporal layers, while being concentrated along the ¢,
direction. Therefore, it is shown that by using anisotropic
temporal boundaries it is possible to resonantly generate
photons from the quantum vacuum, while concentrating
all of them along a specific direction.
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Figure 6: Vacuum amplification concentrated on a single direction. (a) Sketch of a N-layered temporal boundary sequence constructed by
the concatenation of unit-permittivity (¢,, = £,, = 1) isotropic temporal slabs u, = y, (XX + ¥¥) of duration 7,, and anisotropic temporal
slabs p, = py, XX + yzy?Ay of duration 7,. (b) Photon production from a mode with wavenumber k as a function of the observation angle ¢
for temporal sequences of N = 3, N = 11and N = 21 layers, with y; = 1, u,, = 2 and u,, = 3, 7, = (7 /2)/(kc) and 7, = (57 + 7 /2) [ W, (o),
with ¢p, = 60 deg. The results show that the photon production exponentially grows with the number of temporal layers, while being
concentrated along the ¢, direction. (c) Colormap of the photon production as a function of observation angle ¢ and frequency @' /w,, with
@' = kK cand w, = ke, showing that the peak angle periodically shifts with frequency scanning all directions.

3.3 Generation of angular and frequency We illustrate this effect by considering again the

combs temporal sequence depicted in Figure 6(a), but extending

. the duration of the anisotropic time slabs to 7, = (100x +
Controlling the parameters of the temporal sequence

enables shaping the photon production beyond concen-
trating it into a single direction. For example, if the time
interval 7, is large enough, more than one angle will
satisfy the condition for T\ /4 resonant amplification. In

7/2)/wy, as schematically depicted in Figure 7(a).
As expected, the photon production for a mode with
wavenumber k, shown in Figure 7(b), exhibits an angular
comb with multiple amplification peaks. The envelope of

such a case, the photon production will be angularly the comb is a result of the response of each individual

characterized by a comb structure, arising from multiple ¢
directions resonating simultaneously.

(a) N

temporal boundary (see Figure 4), and it is associated with
the permeability contrast along different directions.
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Figure 7: Generation of angular and frequency combs. Same as in Figure 6, except the duration of the second temporal slab has been
extended to 7, = (1007 + 7/2)/wy,, with ¢, = 60 deg. Plots in (b) show that photon yields an angular comb with multiple peaks of
emission. Plot in (c) shows that the angular comb periodically shiftes with frequency, forming a frequency comb along a single direction.
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Photon production as a function of frequency and
angle of propagation is reported in Figure 7(c) where it
is shown that each amplification peak continuously shifts
its angle with frequency. As a result, photon production
exhibits an angular comb for a fixed frequency, but also a
frequency comb for a fixed angle of observation.

3.4 Asymmetric and fast-varying angular
lines

Different resonant amplification effects can be observed
in temporal sequences containing anisotropic boundaries
whose isofrequencies intersect. In such cases, the inter-
action between resonant amplification and the temporal
Brewster angle leads to asymmetric angular lines, akin
to Fano resonances. To illustrate this point, we select
material parameters y; = 2, u,, = 1and u,, = 4 such that
vacuum amplification effects are inhibited at the Brew-
ster angle: ¢z = 54.74 deg. The duration of the temporal
slabs 7, = (/2)/(kc) and 7, = (7 /2)/w, , are selected to
enforce amplification at ¢p, = 55 deg. The resulting photon
production, shown in Figure 8 is characterized by a fast
angular variation, in the form of an asymmetric angular

Ay, A Al A A
@, 2o =22 t
Hx2 Hy2 eee
>t
T3 71 T3
(b)
6 1
1
5| |
||
4
\::I 3
2,

Figure 8: Asymmetric and fast-varying angular amplification lines
near a temporal Brewster angle. (a) Sketch of a temporal sequence
constructed by 501 temporal slabs with material parameters:

£y =€, =1, 4, =2XX+VY) and u, = 1XX + 4V, and duration
7, = (7/2)/(kc) and 7, = (7 /2) /@, Inhibition of photon
production takes place near ¢y = 54.74 deg, while resonant
amplification takes place at ¢», = 55 deg. (b) Photon production as a
function of the observation angle ¢. The results show an asymmetric
angular line arising from the interaction between the Brewster angle
and the coherent amplification.
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line arising from the interaction between the Brewster
angle and the resonant amplification (see Figure 8(b)).

4 Conclusions

Inspired by previous works on the classical response of
anisotropic temporal boundaries [9-12], our results theo-
retically demonstrate that quantum anisotropic temporal
boundaries provide control over the angular distribution
of the photons generated via vacuum amplification effects.
We show how the design of the anisotropy of the tempo-
ral boundaries and their time sequencing empower the
inhibition of the photon production in specific directions,
the resonant photon production concentrated along a
single direction, the emission of angular and frequency
photon combs, and asymmetric photon generation with
rapid angular variations. We expect that research over
more advanced temporal sequences would lead to even
a finer control on the angular distribution and/or the
realization of arbitrary angular distributions. In general,
the design flexibility offered by temporal metamaterials
enriches the physics of quantum optical phenomena. Upon
this basis, one can envision further advances of this field
where each of the different degrees of freedom of a material
connects with a degree of freedom of the generated pho-
tons, with their interaction enforcing nontrivial quantum
correlations.
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