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Abstract: Studies of subradiance in a chain N two-level atoms in the single excitation regime focused
mainly on the complex spectrum of the effective Hamiltonian, identifying subradiant eigenvalues.
This can be achieved by finding the eigenvalues N of the Hamiltonian or by evaluating the expectation
value of the Hamiltonian on a generalized Dicke state, depending on a continuous variable k. This
has the advantage that the sum above N can be calculated exactly, such that N becomes a simple
parameter of the system and no more the size of the Hilbert space. However, the question remains how
subradiance emerges from atoms initially excited or driven by a laser. Here we study the dynamics of
the system, solving the coupled-dipole equations for N atoms and evaluating the probability to be in a
generalized Dicke state at a given time. Once the subradiant regions has been identified, it is simple to
see if subradiance is being generated. We discuss different initial excitation conditions that lead to
subradiance and the case of atoms excited by switching on and off a weak laser. This may be relevant
for future experiments aimed at detecting subradiance in ordered systems.

Keywords: superradiance; subradiance; cooperative emission

1. Introduction

Since the seminal paper by Dicke [1], collective spontaneous emission by an ensemble of two-level
atoms has been studied by many authors [2-4]. In particular subradiance, i.e. inhibited emission due to
destructive interference between the emitters, has recently received great attention, both in disordered
systems as in a cloud [5-8], and in ordered systems, as in atomic chains or 2D and 3D lattices [9-14].
The theoretical studies on subradiance has been focused mostly in the study to the eigenvalues of
the system [15,16] and in particular on the collective decay rate, which for subradiance is less than
the single-atom decay I'. Few attention has been devoted to the generation of subradiance, from the
preparation of the excited atoms or when the atoms are driven by a laser.

In disordered system, subradiance has been investigated numerically and experimentally by
switching off a continuous detuned laser driving a thermal cloud and calculating the decay rate of
the fluorescence light intensity by reporting it in a semilog plot [5,6]. After the initial fast decay;,
subradiance manifests itself in a slowly decaying fluorescence intensity with a rate below the single
atom decay rate. At first, the subradiant decay is not purely exponential, since several modes decay
simultaneously. For longer times, it then ends up with a pure exponential decay (referred as subradiant
decay) when only one long-lived mode dominates. A similar approach can be adopted for ordered
system, as atoms in a linear chain. Such linear chains have been investigated theoretically by different
authors [17-24]. In the single-excitation approximation, subradiance has been studied in the previous
literature by calculating the eigenvalues of the system, determined numerically by diagonalizing the
finite N x N matrix associated with the Green operator describing the coupling between the emitters.

Recently, we proposed a different method to study subradiance in a finite linear chain, based
on the evaluation of the expectation value of the effective Hamiltonian on a generalized Dicke state,
depending on a continuous variable k [14]. This has several advantages: 1) it allows to calculate the
collective decay rate I'(k) as a function of a continuous parameter, mimic the exact Fourier spectrum;
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2) The sum over N can be calculated exactly, making N a mere parameter of the system and no more
the dimension of the matrix whose eigenvalues are to be evaluated; 3) the study of T'(k) allows us to
identify the subradiant regions of the spectrum. The last point is important, because it can be used
to detect how subradiance may be dynamically generated. By solving the coupled-dipole equations
for N atoms with given initial conditions or in presence of a driving laser, it is possible to project the
solution at a given time on the generalized Dicke state. The result gives the probability distribution
of the state as a function of the continuous variable k. Then, by identifying the subradiant regions of
the spectrum, it is possible to see if subradiance has been generated. In particular, we find which is
the initial state maximally generating subradiance: this is useful in order to understand the symmetry
properties of the subradiant state.

The paper is organized as follow. In the first part we review the main results of Ref.[14], defining
the generalized Dicke state and adding the calculation of the collective frequency shift, both in the
scalar and vectorial models. The second part is devoted to the generation of subradiance by suitable
initial atomic excitations or when atoms are excited by a weak laser field. The dynamics of the system
is investigated by solving the N coupled-dipole equations and projecting the single-particle state a the
time ¢ over the generalized Dicke state. We will see that it is possible to build a maximally subradiant
state, which in the limit of an infinite chain gives a vanishing spontaneous decay rate. Finally, we
interpret the results in terms of the fluorescence intensity spatial distribution.

2. Modelling Emission from a Chain of Atom with a Single Excitation

Here we define the collective frequency shift and decay rate as the real and imaginary part of the
expectation value of the effective Hamiltonian over the generalized Dicke state. Preliminary results
have been previously reported in Ref. [14]. The calculations are carried on first for the scalar model
and then for the vectorial model.

2.1. Scalar Model

We consider N two-level atoms with the same atomic transition frequency wg = cky, linewidth
I and dipole p. The atoms are prepared in a single-excitation state; |g;) and |e;) are the ground and
excited states, respectively, of the j-th atom, j = 1,..., N, which is placed at position r;. We consider
here the single-excitation effective Hamiltonian in the scalar approximation, while the vectorial model
will be considered in the next section. If we assume that only one photon is present, when tracing over
the radiation degrees of freedom the dynamics of the atomic system can be described by the following
non-Hermitian Hamiltonian [25? ]

A N At A

= _IEZG]"" i Om, 1)

Jom

where 0; = [g;) (ej| and ?7; = lej)(gj| are the lowering and raising operators, Gj,, is the scalar Green

function,
G { Tip — 1 Qy 1f] £ m, 2
r ifj=m,
and .
Ljm = l”smk(okri:jm) ;o Q= FCOS}((QZ’"), 3)

where 7j,, = [1j — Tp|. H contains both real and imaginary parts, which takes into account that the
excitation is not conserved since it can leave the system by emission. The real part can be obtained
as the angular average of the radiation field propagating between the two atomic positions r; and ry,
with wave-vector k = ko (sin 6 cos ¢, sin 6 sin ¢, cos 6),

iy = g<e_ik'(rf_r’") + c.c.>Q (4)
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where the angular average is defined as

(F(6,6))q = ﬁ/@znd¢/onsin()f(9,cp)d9.

Equation (4) provides a simple interpretation of I'j, as the coupling between the jth atom and the
mth atom, mediated by the photon shared between the two atoms and averaged over all the vacuum
modes. Equation (4) allows to factorize I'j, in the product of two terms, before averaging them over
the total solid angle. If we consider N atoms placed along a linear chain with lattice constant d i.e.
with positions r; = d(j—1)é;, withj=1,...,N, we can write

s . .
ij = g /0 sin @ [eilkod(]im)cose + C.C.} de. (5)

2.2. Generalized Dicke State.
We define the generalized Dicke states [14]

1 N
k) = —= Y ™0 Vlj) 6)
wh
where |j) = |g1...¢j...¢n) and k € (—m/d, w/d). Tt includes for k = 0 the Dicke state [1] and for
k = ko the Timed-Dicke state introduced by Scully [26,27]. It satisfy the completeness relation

d n/ddkkk 1 7
E/_W ) (k| = 1. @)

As expected, the states |k) are not orthogonal for a finite chain, since

1y Sinf(k —K)AN/2] i gyan—1)/2
W) = e —masz © ’ ®)

but they become so for an infinite chain, (k'|k) — é(k — k) for N — oco. So the states |k) form an
over-completed basis the the single-excitation manifold.

2.3. Collective Frequency Shift and Decay Rate.

Taking the expectation value of the effective Hamiltonian (1) over the generalized Dicke state (6)

yields
2, . ,
—5 (kIH[k) = Qn (k) + il (k) ©)
were
13 ikd (j—m)
On(k) = 5 1 L Qe (10)
is the collective frequency shift and
1 N N .
In(k) = 5 2 X Dme™ 0™ (11)
j=1m=1

is the collective decay rate. By using Equation (5) in Equation (11) we can write

(k) = % /O"sine|Fk(9)|2d9 (12)
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where

2
_ sin®[(k — ko cos 0)dN /2]

% gilk—ko cos0)d(j=1) [
sin?[(k — ko cos 0)d /2]

=1

(13)

and

T (k+ko)d/2 sinz(Nt)
I'n(k) = ——2dt 14
N (k) kodN Jk—kp)d/2  sin®t (9

where we changed the integration variable from 6 to t = (k — kgcos6)d/2. For large N, we can
approximate in the integral of Equation (14),
sin?(Nt) w

~ N? sinc?[(t — m7mt)N], 15
P m:Z_w [( )N] (15)

where sinc(x) = sinx/x, so that

sinc®[(t — mm)N]dt. (16)

IN t= (x+a)/2
In(x) = =— /(

a =/ (x—a)/2

where a = kod and x = kd, with x € (—m, ). Hence, we have transformed the double sum in
Equation (11) into an integral, where N plays the role of a simple parameter of the system. The
collective frequency shift takes the form

r al | — ix(j—m
On(x) = N]; y we j=m), (17)

I3
=

<

v
2.4. Infinite Chain

If the chain is infinite, N — oo, the solution for the collective decay rate is

+o0
Fo(x) = 1"77r Y H[2mm —a < x < 2mm + a] (18)

m=—o0o

where IT(a < x < b) is the rectangular function, equal to 1 for a < x < b and 0 elsewhere. In the first
Brillouin zone, m = 0, I'e(x) = I'7t/a for |x| < a and I'w(x) = 0 fora < |x| < 7r. Atomic modes in
the region enclosed within the light line k = +kj are generally unguided and radiate into free space.
Outside the light line (|k| > k), the modes are guided and subradiant, as the electromagnetic field is
evanescent in the directions transverse to the chain. For an infinite chain, limy_,c Qn (%) = Qoo (x)
depends only on the index ¢ = j —m,

Owl(x) = T ), MEM T ) %[ei(”xﬂ + i)t —i—c.c.] (19)

Using the expansion

) Zn
In(l—-z)=-) =
n=1 n
we write
T ) )
_ _ i(a+x) _ i(a—x)
Owlx) = 2a{1n[1 ¢ )] £ In[1 —e ]+c.c.}
T

= —Eln[2|cosa—cosx|] (20)
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The frequency shift has a logarithmic divergence for x = +a and three extremes at x = 0, £7, with
Qe (0) = —(2I'/a) In[2|sin(a/2)|] and Qe (£77) = — (2T /a) In[2| cos(a/2)|], respectively.

2.5. Finite Chain

If the chain is finite, the collective decay rate I'y(x) can be calculated by using Equation (16). The
collective frequency shift of Equation (17) can be written transforming the double sum in a single sum
on the index ¢ = j — m, with a degenerate factor gy = N — ¢:

N-1
On(x) = %Z(N—E)%(;z)cos(xﬁ) 1)
(=1

3. Vectorial Model

We now extend the previous expressions to the vectorial model, taking into account the polariza-
tion of the electromagnetic field. The non-Hermitian Hamiltonian is now

N h At A
H = _li ZZ G,x,,g(r]- — I']'/) O'jI‘xO']'/,/g. (22)
wp i
~ A1’!’!]21 Am]:*l A A1’!’!]21 Am]:*l . A AI1’l]:0
where &, B = (x,y,2). Here 6;, = ((T] +0; )/2,67,y = ((7] —0; )/2iand 0;, = o

where ff}nl =1gj) <e;-n] | is the lowering operator between the ground state |g;) and the three excited

states |e;n] ) of the jth atom with quantum numbers | = 1 and m; = (—1,0,1). The vectorial Green
function in Equation (22) is

3T eikor L o i 1
Garﬁ(r) = 2 kot Ou,p — Naflp + ((5“,,5 - 3nanﬁ) kor - 1%7 (23)

with r = |r| and 71, being the components of the unit vector i = r/r. We consider the linear chain with
lattice constant d, i.e. rj = d(j—1)é;, withj=1,...,N, and all the dipoles aligned with an angle §
with respect to the chain’s axis, so that 1, = i p = COS J and

3T ekorjm i 1
GO () = > sin?§ + (1 — 3 cos? & —— . 24
( ]m) 2 lkorjm ( ) korjm kérjzm ( )

where 7;,, = a|j — m|. The decay rate for the vectorial model is given by the real part of G (Tim),

(25)

kot
1“(‘5)(;’]- ) = % lSiHZ Sjo(kotjm) + (3 cos® 8 — 1)]1(0”)]

kOrjm

where jo(x) = sinx/x and ji(x) = sin x/x? — cos x/ x are the spherical Bessel functions of order n = 0
and n = 1. The frequency shift is given by the negative of the imaginary part of GO (Tjm),

) (rjm) =

kot
sr [Sinz 5M (26)

 (Beoss - 1) sin(korj)  cos(kofjm)
2 ko?’]‘m

(ko jm)? (ko7 jm)?
It is possible to demonstrate that the collective decay rate is [14]

5)(x) _ 3TN = /(X+a)/2
N 2q (

_op)2 _ 2
{sin2 o+ 1(1 —3cos? §>(x2t)a}
m=—o0 2

x—a)/2 a?

x  sinc?[(t — mr)N]dt (27)
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while the collective frequency shift of the dipoles oriented with the angle ¢ is
Q) 2 il 6)
Oy (x) = N g; (N —0)Q\ (al) cos(xl) (28)
If the chain is infinite, N — oo,
@y = ST NS [u2s0 L gegts) F=2mm)?—a
T (x) = o m;m sin® 6 + 3 (1 —3cos®9) 3
x TI2mm—a < x < 2mm+ 4|, (29)
and
09 (x) 2 Y 0O (af) cos(xt)
=1
= %Re{—uz sin? & [ln(l - ei(x+”)> + ln(l - ei(x*”))} + (3cos?6 —1)
x [—iaLiz (ef(”“)) +iaLip (ef(x—“>) 1 Li (ef<’f+“)) 4 Li (e“x—“)ﬂ } (30)

where Liy,(z) = Y%° ; z /¢" is the PolyLog function. Figures 1 and 2 show T'(x)/T and Q(x)/T vs x
for a = 7t/2, for an infinite chain (dashed lines) and for a finite chain with N = 10 (continuous lines).
Black lines are for the scalar model, red and blue lines are for the vectorial model, with § = 0 and
0 = 11/2, respectively. For an infinite chain the collective decay rate is zero for |x| > a (i.e. for |k| > ko),

both for the scalar and the vectorial model. Notice that for 6 = 0 the phase shift ngo) (x) is not
diverging at x = +a.

3.5 17 T T T T

F(x)/"

Figure 1. I'(x) /T vs x for a = 7r/2. Dashed lines are for an infinite chain, continuous lines for a finite chain with

N = 10. Black lines are for the scalar model, red and blue lines for the vectorial model withd = 0and é = 7t/2,
respectively.
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Q(X)IT

Figure 2. Q(x)/T vs x for a = /2. Dashed lines are for an infinite chain, continuous lines for a finite chain with
N = 10. Black lines are for the scalar model, red and blue lines for the vectorial model withé = 0and é = 77/2,
respectively.

4. Dynamics

Having characterized the properties of the collective decay rate and frequency shift, identifying
the subradiant zone |x| > a where the collective decay rate is less than the single-atom decay rate I', we
are interested now to study how subradiance can be generated by properly exciting the atoms. First we
define the probability distribution of the system to be in a given generalized Dicke state |k), expressed
in term of the single-particle basis. Then we will study the time evolution of this distribution, leading
to subradiance. The behavior in the vectorial model is not much different from that of the scalar model,
so we will limit our discussion to the scalar model only.

4.1. The Probability Density P (k)
Let us assume that the state of the system is [¥) = «|g7...gn) + [¥’), where

N
) =2 Bili) (31)
j=1
describes the state in the single-excitation manifold. By projecting on the generalized Dicke basis (6),
¥ d e dk|k) (k%' 32
W) =5 [ Ak ()
where
1
k[¥') = e Mg = —— An(K). (33)
W) =753 » ()
Hence, the probability density to be in a state |k) is
2
N —ikd(j—1)
p ~ INLEIE _ a [Bae O] aywp o
T Ll B J7e)a A (k) Pk
with
n/d
/ P(k)dk = 1. (35)
w/d
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Equation (34) expresses the probability density in terms of the dipole amplitudes of the single atoms,
whose time evolution is described in the following section.

4.2. Dynamics of the probability density P (k)

Let consider the time evolution of the atomic system in the presence of an external driving field
in the scalar model. In the linear regime, the probability amplitudes g;(t) evolve with the following
coupled-dipole equations,

Q
:B] ZAQ‘B] 0 za] 1) Z G]mﬁm (36)

where Gj;, is defined in Equation (2), a = kod, ()p and A are the Rabi frequency and the laser-atom
detuning of the driving laser field. From Equation (36), it is possible to obtain the equation for the
temporal evolution of the probability amplitude Ay (x, t) defined in Equation (33) (where x = kd) (see

Appendix A):
0AN(x,t) B QO sin[(x —a)N /2] -ilx-a)(N-1)/2
ot N (ZAO ) () = 2 sin[(x —a)/2]
I N\= 14
- ; sin(af) —1cos(a€)]coséx )AN,g(x,t) (37)
For an infinite chain,
. sin[(x —a)N/2] B
I\%linoo sin[(x —a)/2] 276 (x —a)

and

Mwai(tx’t) = ling+ iQWT(x) - D"’z(x)} Ao (x, 1) — imQ0d(x — a) (38)

where I', and Q) are defined in Equations (18) and (20). The solution of Equation (38) is

Aco(x,t) = Aco(x,0)eli0tile(x)/27Tee ) /2t
2000(X — ) (1 (Mg tiO(x) /2-Teo(x)/2)t
200 + O + iTeo (1-e ) )

5. Generation of Subradiance

Based on the previous expressions, we now discuss how subradiance can be generated studying
the temporal evolution from some initial conditions of the probability amplitudes ;. The case of the
excitation by an incident laser field will be discussed in the next section.

5.1. Single Excited Atom

As a first example, we consider a chain of N = 100 atoms with a = 7r/2, no driving laser, (g = 0
and Ag = 0, and a single initial atom excited in the middle of the chain, with B/, = 1 and all the others
B; equal to zero. From Equation (34), the initial probability to be in the state |x) is P(x,0) = 1/(27)
(where x = kd) i.e. it is uniform. Figure 3 shows P(x,t) vs x at different times, from + = 0 until
t = 10/T: after few time units, the probability becomes zero for |x| < a and different from zero in the
subradiant interval a < |x| < 7.
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T T T T T T T T
-30 -25 -20 -15 -10 -05 0.0 0.5 1.0

Figure 3. P(x,t) vs x forT't =0,...,10,a = /2 and N = 100, with initially a single atom excited in the middle of
the chain.

For an infinite chain, | A« (%, t)|? = exp[—Te(x)t] where, for a < 7, Teo(x) = T'(7t/a) for |x| < a
and ' (x) = 0 fora < |x| < 7. Then,

e Teo(2)t
P(x,t) = 40
(x8) 2[r — a+ ae=(T/a)t] (40)
In the limit f — oo, P(x,t) — 0 for |x| < aand P(x,t) — ﬁ fora < |x| < . Figure 4 shows P(x,t)

att =10/T and a = 71/2 (blue continuous line), obtained for a finite chain with N = 100, together the
value P(x,00) = 1/[2(7t — a)] obtained for infinite chain (dashed line).

05— T T T T Ty

0.4 : : ]

0.2 : 5 ]

P(x)

0.1 ' 3

0.0 fH+—mr—r—v—r—"r—"r—rrr— T

Figure 4. P(x, t) vs x (blue line) for I't = 10, a = /2 and N = 100, with initially a single atom excited in the
middle of the chain. The dashed line is the analytical result P(x, o) = 1/[2(7r — a)] for an infinite chain, while the
red line is the initial value P(x,0) = 1/27.
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Hence, a single excited atom generates a subradiance state with a probability P(x) which for an
infinite chain is uniform in the subradiance spectral region a < |x| < 7. It is interesting to see the
distribution of the dipole amplitudes for the case of Figure 4: Figure 5 shows [B;| vs jatt = 10/T,
where the inset shows the average excitation probability (|3|2) vs time. The initial excitation for the
atoms with j = N/2 spread among the adjacent atoms, to a final distribution generating subradiance.

Also if not visible in the Figure 5, it is expected that the destructive interference among the atoms
inhibit the spontaneous decay of the excitation, as it will be discussed in the next section.

I I I I I I I I I
2
0.008 <Ip> ./.\.
0.2 I -
0.004 14 \o
0o 2 4 rt 6 8 10 / \
San) [\
I
0.1 - \ i
¢ 1Y
/
& .
o .'0.
- M/’ g .-~\“'\~',~
00 ' I ' I ' I ' I I I I I I

doi:10.20944/preprints202504.1626.v1

70 80 90 100

Figure 5. [B;| vs j for N = 100 and a = 71/2, at I't = 10, for the case of Figure 4. The inset shows the average
excitation probability (|B|?) vs time.

5.2. The Most Subradiant State

Since an initial uniform probability P(x) generates asymptotically a subradiant distribution which
is uniform for an infinite chain, as observed in the previous case, we are now interested to obtain the
values of f; which are generating such subradiant distribution. We assume

_i _ 1 ifa< |x|<m
A _ ,—ix(N/2-1) 41
n(x) =e 0 if |x| < a. 4

which describes a subradiant state, with zero probability distribution in the superradiant region |x| < a

and uniform distribution in the subradiant region a < |x| < 7. Calculating the single atom probability
amplitude §; we obtain

o 1- 2 if j=%
o ix(j—1) =
Bi 5 /_ne An(x)dx N (42)

., N
7(i—N7/2) it j#3
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In Figure 6 we plot | ;] vs j for N = 100 and a = 1, at the initial time ¢t = 0 (blue circles) and at T't = 10
(red squares), obtained solving numerically Equation (36) with the initial condition (42). The inset
shows the average excitation probability (|B|?) vs time, which remains approximately constant. The B;
as defined in Equation (42) reproduce the distribution amplitude (41) only in the limit N — oo (see
Appendix B), since the states |k) are not hortogonal. The distribution shown in Figure 6 has the same
features as that shown in Figure 5 obtained from a single initially excited atom. To better appreciate the
similarities with the case of sec. 5.1, Figure 7 shows the probability density distribution P(x,t) att =0
(black-dashed line) and at I't = 10 (blue continuous line): for an infinite chain, P(x) = 1/[2(7r — a)]
fora < |x| < 7 and zero for |x| < a, as obtained from Equation (41) (red line in Figure 7). Notice the
similarities between Figure 5 for the single initially excited atom and Figure 7 for the initial state (42).
We conclude that the state described by Equation (42) represents the ‘most subradiant’ state for a finite
chain of N atoms, with a purely subradiant spectrum in the limit of an infinite chain.

0.7 T -~ r -~ Tt~ 1~ 1~ 5 1 1 1 r1 ]
0.010 4
0.6 <IB/*> =0 |
] ——t=10/T| 1
0.005

0.5 .
1 %% 34 & & 10
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0 10 20 30 40 50 60 70 80 90 100

Figure 6. |B j\ vs j for N = 100 and a = 1, at the initial time f = 0 (blue circles) and at I't = 10 (red squares),
obtained solving numerically Equation (36) with the initial condition (42). The inset shows that the average
excitation probability (|B|?) is almost constant.
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Figure 7. Probability density distribution P(x,t) at t = 0 (black-dashed line) and at T't = 10 (blue line), for the
parameters of Figure 6. The red line is the case of an infinite chain.

5.3. Atoms Driven by a Laser.

We now study the subradiance generation when the atoms are excited by an external laser field
and then switched off. As an example, we consider a chain of N = 100 atoms with a = 77/2, weakly
driven by a detuned laser, with Qg = 0.1 and Ag = 10T. The atoms, initially unexcited (i.e. 8;(0) = 0
forj=1,...,N) are driven by the laser up to ty = 50/T, after which the laser is switched off. Figure 8
shows P(x, t) vs x and at different times  after the laser is switched off.
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s0

4

0

Figure 8. P(x,t) vs x at different times after the laser has been switched off, for a chain of N = 100 and a = 71/2
driven by detuned laser with )y = 0.1I' and Ay = 10I'. The dashed line is the value x = a. The laser is switched
off at 'ty = 50.

The distributions P(x,t) at the laser switch-off time t = 50/T (blue continuous line) and at
t =100/T (red line), are shown in Figure 9: we see that the driving laser on brings the atoms close to a
Timed-Dicke state, |kg) [26] (dashed line x = a in Figure 9), with a width inversely proportional to the
chain’s length dN. The inset of Figure 9 shows that, after the initial fast decay, subradiance manifests
itself in a slowly decaying. At first, the subradiant decay is not purely exponential, since several modes
decay simultaneously. For longer times, it then ends up with a pure exponential decay when only one
long-lived mode dominates. However, the precise evaluation of the decay rate can be problematic
due to the general non-exponential decay. In our approach, we determine the precise distribution
of the subradiant modes: as it can be observed from the red line of Figure 9), at later times after the
laser switch-off the distribution P(x, t) is mostly in the subradiant region, x > a. The distribution is
broad, so there is not a single subradiant mode dominating. As a consequence, the decay is not purely
exponential.
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Figure 9. P(x, t) vs x at the switch-off time I't = 50 (blue line) and at I't = 100 (red line), for the same parameters
as in Figure 8. The vertical dashed line indicate the value x = a = 71/2. . The black dashed line is at x = a. The
inset shows the average excitation probability (|8|?) vs time.

In the case of infinite chain, Equation (39) gives

2N (1)
Al e9) 2 = 5 +<0°o)2)+ 00— a), (43)
where we used the relation
.2 .
lim s1r'1 g(x a)N/2] = ntNJ(x — a).
N—eo sin“[(x —a)/2]

Hence, for a driven infinite chain the asymptotic spectrum is P(x, c0) o é(x — a) and no subradiance
occurs. To observe subradiance, we need a finite chain, as seen in Figures 8 and 9: in the detuned
case, the finite width, proportional to 1/ N, of the driving term (second term in r.h.s. of Equation (37)
and blue line in Figure 9) is responsible for the subradiant components of the spectrum until the laser
is on, which subsequently evolve without reaching a steady-state value. From the above analysis,
the possibility to have access to the full spectral distribution of the subradiant modes is clearly more
advantageous than observing the time decaying excitation to obtain the subradiant decay rate, as done
for instance in Ref.[5,6].

We now consider again the same chain of N = 100 atoms with 2 = 71/2, but driven by a resonant
laser, with )9 = 0.1 and Ay = 0. The result is rather surprising: Figure 10 shows the average excitation,
(|B|?) vs Tt, where the drive field is switched off at [t = 50 (vertical dashed line). The average
excitation grows almost linearly when the laser is turned on, typical for a diffusive regime [28,29].
After the laser is off, the excitation decays very slowly, showing that the excitation remains trapped in
the atomic chain. We can understand this peculiar behavior by observing the probability density P(x, t)
in Figure 11 at the laser switch-off time, ¢t = 50/T (red line) and at ¢t = 100/T (blue line). Contrarily to
the detuned case, at resonance the subradiant region of the spectrum is already populated when the
laser is on (red line of Figure 11). After the laser has been switched off, at I't = 100, P(x, t) is remained
almost the same, with only the radiating components, for x < a, decayed (blue line of Figure 11). Since
now the spectrum is completely in the subradiant region x > a4, the decay rate is almost zero and the
atoms remain excited for a sufficiently long time.
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Figure 10. Average excitation, (|8|2), vs Tt of a chain of N = 100 with a = 7/2, driven by a continuous resonant
laser field, with Qg = 0.1 and Ag = 0, switched off at I't = 50 (vertical dashed line).

P(x,t)

3.0

Figure 11. P(x, t) vs x at the laser switch-off time, t = 50/T (red line) and at t = 100/T (blue line), fora = 7/2,
N =100, Qg = 0.1 and Ay = 0. The dashed line is the value x = a.

6. Radiated Intensity

The following important question arises: may the probability P(x, t) be determined measuring
the scattered intensity at a certain angle § with respect to the chain’s axis? We know that the scattered
field appears as a sum of spherical waves radiated by the atomic dipoles,

_hD N, expliko|r — rj]]

Es(r, t) =
S( ) e.ujzl k0|r7rj|

Bi() (44)
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In the far-field limit, one has ko|r — 1| ~ kor — k - rj, where k = ko(sin 6 cos ¢, sin § sin ¢, cos ) and
1; = d(j — 1)&;, so the field of Equation (44) radiated in a direction k reads

AT e " & kdcoso(j—1
Es(0,t) ~ ST ;e ikod cos 6(j )ﬁj(f) (45)
]_
and the scattered intensity is
N 2
L(6,t) =1 X%e—lkodcos9<1-1>ﬁj(t) « P(k;,t) (46)
]:

where k; = kg cos 0. Hence, the atoms radiate out of the chain’s axis for |k;| < ko. The subradiant region
|kz| > ko is not accessible by the scattered field, since it would be cos 6 > 1 and the electromagnetic
field is evanescent in the directions transverse to the chain, since k| = ikgv/cos? 0 — 1 = i¢. Very few
photons are emitted outside the chain’s axis direction (anyone in the case of an infinite chain). However,
from the radiated intensity it is possible to see if the atomic state is subradiant or not, observing if the
atoms are emitting in a direction out of the axis’ chain. This can be seen in Figures 12 and 13, where we
plot the field intensity Is o |Es|? (where E; is determined by Equation (44)) in the plane x = 5d, emitted
by a chain of N = 50 atoms with kd = 1, centered at x = y = 0, for two different atomic distributions.
Figure 12 shows a case of uniform excitation, with f; = 1/+/N such that P(k;) = Nsinc? (k,dN /2) and
the probability distribution is peaked around k, = 0: in this case the atoms emit out of the chain’s axis.
Figure 13 shows the emission from the most subradiant state, with f; given by Equation (42), such
that P(k;) ~ 0 for k, < ko: the field is evanescent and does not propagate out of the chain, remaining
confined along the chain; since the chain is finite, most of the energy is radiated out at the ends of the
chain [11].

-50 0 50 z/d

Figure 12. Field intensity (arb. units) in the plane (y/d,z/d) at x = 5d emitted by a chain of N = 50 atoms, with
kd = 1, along the z-axis, centered at x = y = 0 and uniformly excited, ; =1/ V/N. We observe that the field is
radiated transversely to the chain.

y/d |
40 i

201

-20}
-40}

-40 -20 0 20 40 z/d

Figure 13. Same as in Figure 13, but for the ; given by Equation (42), referred as the ‘most subradiant state’. We
observe that the field is largely evanescent transverse to the chain, while most of the energy is radiated out at the
ends of the chain.
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7. Conclusions

In conclusion, we have discussed analytically and numerically how subradiance can emerge from
the evolution of the dynamics of N two-level atoms in the single-excitation configuration along a
linear chain. In the first part, we have characterized the spectrum of the decay rates and frequency
shifts of the system, identifying the regions of the spectrum where spontaneous emission is enhanced
or inhibited, up to a complete suppression in the case of an infinite chain. Although these results
are already known in literature [11,13,14], few attentions have been dedicated to the study of the
subradiance generation. We proceeded first by obtaining a relation between the spectrum of emission
and the single-particle amplitudes, whose evolution can be determined by solving the coupled-dipole
equations. Then we have studied how different initial excitations evolve toward a subradiant state. A
single-excited atom leads to an almost uniform population of subradiant modes. This has suggested
the idea that the atomic configuration leading to this uniform population can be calculated directly,
obtaining what we named the ‘'most subradiant state’. Then, we investigated how subradiance may be
induced by a driving laser, which excite the atoms and successively is switched off, such that the long-
lived subradiant modes survive for long times. Finally, we found the relation between spontaneous
emitted intensity and subradiance. Subradiance is characterized by a suppression of the emission in
the direction transverse to the chain axis. This analysis may be useful to envisage strategies to detect
subradiance in ordered systems by measuring the radiation out of the lattice. The results obtained here
for a linear chain can be extended to 2D a 3D lattices.

Conflicts of Interest: The author declare no conflict of interest.

Appendix A. Equation for An(x, )

The equation for the temporal evolution of the probability amplitude A (x, ) (Where x = kd) can
be obtained from Equations (36) and (33):

dAN(xt) (., T _ . Qosin[(x —a)N/2] i gy n-1)/2
e <1A0 Z)Aw(x,t) "2 sin[(x—a)/2]

N . P : ) ) )
_ g Zl Z |:Slna|] m' _ iCOSﬂ‘] m|:|e—zx(]—m)e—zx(m—l)ﬁm(t)
j=

m=1 a|]_m| a|]—m|
m#j
(A1)
where x = kd and a = kod. The third term can be written, introducing the index ¢ = j — m, as
N-1 . N—|¢|
sinal]_ costt] s "H o
—1 e e t
(=—(N-1) { all| al/| ,,;1 Pnlt)
(40
N-1
_ 2 Y [sin(af) — i cos(al)] cos(x0) 4 (e b), (A2)
a /= 4
so that
IAN(x, ) (. r Qo sin[(x —a)N/2] i oyn-1)/2
o - (ZAO 2>AN(x’t) "2 sin[(x—a)/2] ¢
N-1
- g [sin(al) —icos(al)] coséxﬁ) An_r(x, t) (A3)
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Appendix B. Probability Amplitude for the Subradiant State
Assuming the subradiant state with
1-42 ifj =14
£ PRIV ey
sinfa(j— Y N
— RGNy HIF g
we can calculate the probability amplitude as
An(x) = iefix(jfl)ﬁ‘ — —ix(N/2-1) T4
N - = i = T
1 Nﬁ_l sin[a(j — N/2)] _ix(j-1)
T = j—N/2
1 % sin[a(j — N/2)] _ix(j-1)
T N7y ] N/2
—ix(N/2-1) N/2-1 , N/2 o ,
_ e {ﬂ ey sin(am) gy sin(am) e_”‘m} (A5)
T m=1 m m=1 m
In the limit N — oo, apart for the phase global phase factor
|Aw(x)| = R P i sin(am) (eixm_i_efixm)
* U = om
1
= ;|n—a+92791| (A6)
where
61, = arctan{sin(x £a)/[1 — cos(x £ a)]} = arctan[cot[(x £ a)/2]]. (A7)
Since arctan[cot(z)] = /2 — (z —mm) for mm < z < (m+1)7, then 6, — 61 = a for |x| > a and
6, — 61 = — (7t — a) for |x| < a. Finally
1 if |x[>a
Aw(x)] = A8
Ao () { 0 if |x|<a. (A8)

Hence, we obtain the “full subradiant state’ (41) only in the limit of an infinite chain.
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