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We study how two fully featured hydrogenlike atoms harvest entanglement from the electromagnetic field
vacuum, even when the atoms are spacelike separated. We compare the electromagnetic case—qualitatively
and quantitatively—with previous results that used scalar fields and featureless, idealized atomic models.
Our study reveals the new traits that emerge when we relax these idealizations, such as anisotropies in
entanglement harvesting and the effect of exchange of angular momentum. We show that, under certain
circumstances, relaxing previous idealizations makes vacuum entanglement harvesting more efficient.

DOI: 10.1103/PhysRevD.94.064074

I. INTRODUCTION

One of the most fundamental differences between
classical and quantum theories of fields is the completely
different nature of their respective ground states. While in
classical theories the ground state is just a zero energy
density state everywhere, the vacuum state of a quantum
field, even a noninteracting one, contains classical and
quantum correlations between field observables defined in
different regions of spacetime, even when those regions are
spacelike separated [1,2]. This nonclassical behavior of the
vacuum lies deep in the core of quantum theory, and is a
key ingredient in phenomena such as, e.g., “quantum
energy teleportation” [3,4] (with implications, among other
areas, in quantum thermodynamics [5]), “quantum collect
calling” [6] (with implications in cosmology [7-9]), or even
in the black hole information loss problem [10-14].

These correlations are, in principle, physically acces-
sible: both classical and quantum vacuum correlations can
be extracted from the field to quantum particle detectors
that couple to it locally [15,16]. This allows two parties—
Alice and Bob—to entangle the particle detectors that each
one operates, even if they remain spacelike separated
during their whole existence (see e.g. [16]). The extraction
of nonclassical correlations from the quantum vacuum to
particle detectors was first pointed out by Valentini [17], and
later on studied by Reznik et al. [15,16]. This phenomenon
has become known as “entanglement harvesting.”

Entanglement harvesting from scalar fields is now well
understood [18]. In fact, the ability to harvest entanglement
from quantum fields has motivated numerous works aiming
to harness this phenomenon in a variety of scenarios. These
range from the extraction of resources and “entanglement
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farming” [19] or metrology [20], to its study in cosmology,
where it has been shown that entanglement harvesting is
very sensitive to the geometry of the underlying spacetime
[21,22] or even its topology [23].

All the works mentioned above, and furthermore, all
works in entanglement harvesting known to the authors,
model the field-probe interaction by the simplified Unruh-
DeWitt particle detector model [24] (with two exceptions, the
original work by Valentini [17]—which we will address
below—and Braun's work on heath-bath mediated entangle-
ment creation [25,26]—which studied energy-degenerate
pointlike light-atom interactions in setups where, unlike in
[17], spacelike entanglement harvesting is not present—).
The Unruh-DeWitt model consists of a linear coupling of a
spherically symmetric (often pointlike) two-level quantum
system and a massless, scalar quantum field (sometimes with
slight variations such as a spatial smearing function that
endows the two-level system with a finite size [I8]).
Although in principle simple, this model was shown to
capture the fundamental features of the light-matter inter-
action in scenarios where exchange of angular momentum
does not play a role [27,28]. The fact that this simple toy
model of a particle detector can reproduce the light-matter
interaction to a great extent is one of the reasons behind the
strong interest that this model (in entanglement harvesting in
particular) has attracted in more applied scenarios. The
success of the Unruh-DeWitt model is such that there have
been works based on this model that study the feasibility of
experimental implementations of entanglement harvesting in
atomic systems and superconducting circuits [29-31], and
how clock synchronization may affect these experimental
realizations of vacuum entanglement harvesting [32].

Nevertheless, and despite its great success, this model
fails to capture the complete interaction between fully
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featured atoms and the electromagnetic field vacuum.
The electromagnetic field is not a scalar but a vector field,
which carries angular momentum. Moreover, realistic
atomic orbitals are, in general, nonisotropic. These two
features cannot be captured in the scalar Unruh-DeWitt
model or any of its variants. This means that any study
based on the Unruh-DeWitt model will not be able to see
the inherent anisotropies and orientation dependence that
entanglement harvesting has, and will not predict any
effects related with the fact that the atoms can exchange
angular momentum with the field (which, as we will see,
may help or hinder their ability to harvest entanglement).

Furthermore, previous work on heat-bath mediated
entanglement creation [25,26], and even the original
pioneering work by Valentini [17] (which is the only
previous work known to the authors that discusses space-
like entanglement harvesting with an electromagnetic
dipole coupling) consider neither the fine details of the
atoms’ exchange of angular momentum with the field nor
the full features of the atomic orbital structure. As we will
discuss, these aspects cannot be ignored and yield non-
trivial effects. In fact, the results in [17] are no different
from those that would be obtained with a pointlike detector
which is derivatively coupled to a scalar field [33,34]. Also,
Valentini [17] considered excited states of the detectors as
opposed to the, perhaps more interesting, ground state
entanglement harvesting. This fact makes it difficult to
compare with other later results.

In this paper we go beyond the Unruh-DeWitt model and
other alike scalar simplifications of the light-matter inter-
action. For that, we feature a dipole coupling between the
electromagnetic field and hydrogenoid atomic probes,
being very careful with the way in which atoms exchange
angular momentum with the field, and with the full atomic
orbital structure of the probes.

Through this analysis we will show that the harvesting of
timelike and spacelike entanglement from the electromag-
netic vacuum is possible using fully featured atomic qubits,
initially in their ground states. Furthermore, we will
compare entanglement harvesting predictions of previous
scalar models (both Unruh-DeWitt and derivative cou-
plings) with the electromagnetic case, and characterize
their fundamental differences in detail.

We will confirm that, indeed, the scalar Unruh-DeWitt
model, with either linear or derivative coupling, would
yield qualitatively the same features as the electromagnetic
dipole coupling if we could restrict the interactions to not
exchanging angular momentum. Nevertheless, we show
that in the full electromagnetic coupling both the anisotropy
of the interaction and the exchange of angular momentum
have a nontrivial influence on the ability to harvest
entanglement from the field.

We present a full study of how the harvesting power of
transitions of fully featured hydrogenoid atoms depends on
the anisotropic character of the atoms’ excited states
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(through the atoms’ relative orientation), and how the
exchange of angular momentum impacts the harvesting
of entanglement. We show that the electromagnetic field
allows for the harvesting of more entanglement but with a
more limited range than predicted by previous scalar or
simplified derivative-coupling models.

This paper is structured as follows. In Sec. Il we present
the different models of light-matter interaction that we will
use and compare throughout the paper. Namely, the
simplified Unruh-DeWitt and derivative scalar couplings,
and the electromagnetic dipole interaction. In Sec. III we
analyze in detail the time evolution of the atoms-field
system and the fine details of the hydrogenoid atom dipole
coupling model. In Sec. IV we give the core of our results.
In Secs. IV A-C we discuss the main features introduced by
the vector nature of the electromagnetic coupling and how
they impact entanglement harvesting. In Sec. IVD we
compare the entangling power of the dipole electromag-
netic coupling with the models previously studied in the
literature (Unruh-DeWitt and derivative). Finally we sum-
marize our conclusions in Sec. V, and give the complete
derivations of the relevant expressions used throughout the
paper in the appendixes.

II. MODELS OF LIGHT-MATTER INTERACTION

As discussed above, our goal is to study entanglement
harvesting, taking into account the electromagnetic inter-
action of hydrogenlike atoms with the electromagnetic
field. This will allow us to go beyond previous studies that
used approximated scalar-coupling models, which ignore
transfer of angular momentum and possible effects of field
polarization in entanglement harvesting.

The first step is to select a realistic model of light-matter
interaction. We will first review two scalar models that have
been used in the past to approximate the coupling of atomic
electrons with the electromagnetic field. Then we will
consider and thoroughly discuss the validity of an inter-
action model where the electron of a hydrogen atom
couples dipolarly to the full electromagnetic field. This
is the model that we will employ to derive our main results.

A. Scalar coupling: Unruh-DeWitt Hamiltonian

The interaction between a nonrelativistic electron of
momentum p and an electromagnetic field defined by a
vector potential A (x, 7) and a scalar potential V (x, ¢) is given
by the standard classical minimal coupling Hamiltonian

P e &2 ,
H="——-—p-Ax,t) + —[A(x,t Vix,1). (1
P LA+ AP+ V). (1)
This Hamiltonian is behind the so-called light-matter
interaction when the electron is bound to an atom. Instead
of using the full Hamiltonian (1), it is commonplace in the
literature on entanglement harvesting to simplify the
interaction and replace the electromagnetic coupling by a
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linear coupling between the monopole moment ji of a
pointlike two-level system (often referred to as the “detec-
tor”) and a quantum scalar field ¢. This coupling mimics
the p - A term in (1). When this model is used to capture the
features of the light-matter interaction, it is very common to
argue that the scalar potential term in (1) can be ignored
(typically working in the Coulomb gauge) and that the
quadratic term xA? can be neglected since it is of higher
order in e (for an exception to this see, e.g., [28]). The
monopole moment in the interaction picture is given by

Al) = 6+ e 4 5=emi, 2)

where Q is the gap between the two detector states. This
monopole moment of the detector is then coupled to a
scalar field (ﬁ at the position where the detector is, denoted
by x,. The specific form of the interaction Hamiltonian is

~

Hypw = ex(p(t)p(x 4 1), (3)

where e is the coupling constant and y(¢) is a switching
function that controls the time dependence of the interaction
strength. This model of interaction is known as the Unruh-
DeWitt particle detector model [24], which has been exten-
sively used in fundamental studies in quantum field theory [35].

It has been discussed that under the assumption of
interactions without exchange of angular momentum the
Unruh-DeWitt Hamiltonian captures the main features of
the light-matter interaction [27,28].

Oftentimes, the Unruh-DeWitt particle detector model
is upgraded with a detector spatial smearing. The
smearing of particle detectors may respond to the need
to regularize divergences of the pointlike model [33] or,
as for example in quantum optics, to improve on the
accuracy of the models of light-matter interaction con-
sidering that the atoms are not really pointlike objects,
and instead they are localized in the full extension of
their atomic wave functions [28,32]. Furthermore, as
discussed in [33] spatial smearings are sometimes intro-
duced implicitly in some form of soft UV regularization
(see, e.g., [36]).

To take into account corrections coming from the finite
size of atoms, we can introduce an ad hoc spatial profile or
“smearing function,” typically strongly supported on a finite
spatial region, that controls how much each point of the
detector in that region interacts with the field, leading to

Ho = ex(1) / ExFx —x)p(0e.r). (@)

One could argue that to include the atomic orbital wave
function geometry, it is natural to think that the spatial
support of the atom could be associated with the spatial
probability profile of the atomic wave functions [28]. In
previous works in entanglement harvesting, different spa-
tial smearings of strong support on a compact region have
been studied [18]. Nevertheless, this is a feature that has to

PHYSICAL REVIEW D 94, 064074 (2016)

be added ad hoc to the spatial smearing profile in (3), since
the atomic wave function association with the smearing
function does not naturally arise in this simplified model.

B. Derivative coupling

In the same fashion that the minimal coupling
Hamiltonian p - A is simplified into the Unruh-DeWitt
Hamiltonian in (3), the dipole coupling Hamiltonian
d - E could be again simplified to a scalar coupling when
the interactions involve no exchange of angular momen-
tum. Intuitively, given that the electric field is defined from
the electromagnetic vector potential as E = —0,A (in the
Coulomb gauge), an interaction Hamiltonian that couples
the atomic monopole moment to the time derivative of a
scalar field should capture some of the features of the
dipole coupling. Concretely, we can think of the following
Hamiltonian:

Hopw, = ex(1) / ExF(x —x )p(00,(x.0).  (5)

This model has also been employed in the analysis of
entanglement harvesting [37]. Additionally, it has been
particularly useful in (1 + 1)-dimensional analyses, where
the use of a derivative coupling alleviates IR divergences in
the behavior of the Unruh-DeWitt model [33,34,38]. We
see in (5) that, as in the case of Unruh-DeWitt detectors, a
spatial profile can also be introduced ad hoc in this case to
account for the finite size of the atomic probes [39].

C. Dipole coupling of an atom to the
electromagnetic field

Let us now consider a model for the complete interaction
of an atom with a vector electromagnetic field. We begin
with the local dipole coupling between an electric dipole
and an electric field,

d-E=ex E. (6)

e being the dipole’s charge, £ its position operator, and E
the electric field operator.

This coupling is extensively used in quantum optics to
describe the light-matter interaction [40]. It is well known
that the leading-order contribution to atomic transitions is
of a dipole nature and is governed by a term of the form (6).
The intensity of higher multipole transitions is strongly
suppressed and only becomes relevant for transitions
forbidden by the dipole selection rules (see for instance
Ref. [41]).

Indeed, the dipole coupling is only an approximation for
the full electromagnetic interaction of an atomic electron
with the electromagnetic field. However, it is discussed in
[40,42] that for realistically small atoms, an approximate
gauge transformation yields the dipole coupling out of the
full atomic-field coupling [atomic electron minimally
coupled to the electromagnetic field vector potential
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Eq. (1)]. This approximation may break when the initial
state of the field and the atoms is not excited and only for
interaction times that are comparable or smaller than the
length scale of the atoms [43]. However, for interaction
times much larger than the light crossing time of the atomic
radius the dipole coupling should yield a good approxi-
mation even for ground state dynamics. The coupling (6) is
extensively used in atomic physics and quantum optics to
successfully reproduce experiments [44,45] and in theo-
retical proposals [36,40,46,47].

The dipole coupling is also convenient since the atom
couples explicitly to a gauge-invariant field observable, and
because, when the approximation holds, the gauge choice
made for the field degrees of freedom corresponds to the
choice made in the conventional textbook solutions of the
Schrodinger equation for an electron trapped in a Coulomb
potential. That is, A = 0 in the absence of currents (for
further discussion see [40,42] and the multipolar gauge in
e.g. [48]). Moreover, the fact that the commutator of E
satisfies microcausality (vanishes for spacelike separated
events) means that the results of [49] for a scalar field can
be quickly reproduced here for the electromagnetic inter-
action and thus the interaction between two atoms through
the field as given in (6) is fully causal. This kind of coupling
has also been used in other contexts outside quantum optics,
as for instance to analyze the Unruh effect with an electro-
magnetic field [36], or in quantum friction [47].

Let us, for simplicity and for the sake of comparison with
the scalar models presented above, assume that only two
levels of the atomic structure are relevant in our setup. In
that case, the dipole operator enables transitions between
the atomic ground state and one single relevant excited
state. When we restrict it to only two levels, the operator

# - E in the interaction picture reads

%-E = (et Elg)e™|e){g] + (g% - Ele)e ™ |g) (el (7)
Inserting resolutions of the identity in the position eigen-

basis and noting that y,(x) = (x|g) and v, (x) = (x|e) are

the position representation of the ground and excited level
wave functions, respectively, the operator (6) can be recast as

% E(x, 1) = /d3x[F(x) E(x,1)e%|e)(g|
I (8)
where E(x,r) is an operator which acts on the field

Hilbert space, and the spatial “smearing vector” F(x) is
defined as

+F*(x) - E(x.1)e™%|g) (e

F(x) = e x)xy(x). ©)

Note thatin this case, the specific form of the spatial smearing
arises naturally from the coupling, and does not have to be
inserted ad hoc.

PHYSICAL REVIEW D 94, 064074 (2016)

By direct comparison with Eq. (6), the position-space
representation of the dipole moment in the interaction
picture can be written as

d(x,1) = e[F(x)e 6" + F*(x)e"67],  (10)

where we have adopted the usual notation for the SU(2)
ladder operators 67 = |e)(g| and 6~ = |g)(e|. With this
expression for the dipole moment, the Hamiltonian for the
dipole interaction reads

Hyy, :;((t)/d3x¢f(x—xd,t) B, (1)

We are going to use (11) as the model of light-matter
interaction with which we will analyze entanglement
harvesting. In doing so, we will be able to qualitatively
and quantitatively compare the results with previous
models that neglected the vector nature of the field.

II1. SETUP

A. Full system dynamics

Let us consider two hydrogenlike atoms (A and B) that
interact locally with the electromagnetic vacuum via the
dipole coupling Hamiltonian (11),

How =Y 0l0) [ Pxdx =30 Blwt) (12

v

in the interaction picture, where v = A, B labels each of
the two atoms. Each atom v is located in position x,. We
recall that the dipole moment operator is given by (10),
that is

A

d,(x,1) = ¢,[F,(x)e'6} + Fj(x)e"*'57], (13)
and

F,(x) = we, (x)xy,, (x). (14)

In addition to the study of the electromagnetic coupling,
we will compare the analysis with the other scalar approx-
imations used in past studies of entanglement harvesting,
and discussed in the previous section. This way we can
draw a fair comparison of the three interaction models
(Unruh-DeWitt, derivative scalar coupling and dipole
electromagnetic coupling). Again in the interaction picture,
the scalar-field interaction Hamiltonians for two detectors
coupled to the field are

Hun = et (t) [ @xF, e = )8, (0d(.0) (15

for the Unruh-DeWitt coupling and
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Huw, = e l0) [ @3F (x5 000, x.1) (16

v

for the derivative coupling.

In the three cases in Egs. (12), (15) and (16) we can
express the fields in terms of plane-wave mode expansions
in the standard way [35,40], i.e.,

n &’k ~ ikx
dx, 1) = /W[akek +H.cl], (17)

3
8,$(x, )= / \/?2167)3

k .
'2—|[—iakelk-x +Hel, (18)

. d’k k :
E(x,t) = Z/ %[—i&k,se(k, s)elt* + H.c.],

Vv (2r)?

where k- x =k -x — |k|t. Note that each & (respectively,
a") represents an annihilation (respectively, creation) oper-
ator for a field mode of momentum k and (in the
electromagnetic case) polarization s. These operators sat-
isfy the following canonical commutation relations:

ag. af)) = 6O (k — k'), (20)

gy o] = 83 (k= K')5, . (21)

In the case of the electromagnetic field, its vector nature
is encoded in the set {e(k,s)}>_, of orthonormal (in
general complex) polarization vectors. Maxwell’s equa-
tions force the electric field to satisfy V- E = 0, which
yields the transversality condition k-e(k,s) =0. This
constraint restricts the sum over polarizations in Eq. (19)
to s = 1, 2, representing the two physical polarizations of
the electromagnetic field, which are typically denoted as
{L1,,L,} and satisfy the completeness relation

D elk.s) @ elk.s) =1 ~E (22)

s=1,1,

For completeness, an explicit derivation of this (other-
wise well-known) expression can be seen in Appendix A.

The time evolution generated by each respective inter-
action Hamiltonian (12), (15) and (16) can be obtained
by a perturbative Dyson expansion of the time-evolution
operator

PHYSICAL REVIEW D 94, 064074 (2016)
[Se] [Se] t
U= 1 —i/ dtH(t)—/ dt/ dfH(t)H(') +...
—00 —00 —00
u Uu®

U

(23)

Therefore, the time evolution of an initial state p, given
by p = UpyU", can be written as a perturbative expansion

in the overall coupling strength et/ = e e},

P =po +ﬁ(1'0) +[5(0,1) +ﬁ<2’0) +ﬁ(0,2) +ﬁ(1’1) + 0(63).
(24)

Here the notation p("/) represents the correction to the
initial state j, obtained by acting on it with U from the
left and with UU)T from the right, namely

i) = g U, (25)

We are interested in the harvesting of entanglement from
the vacuum state of the field. Therefore, we consider that
the initial state of the atoms-field system is

Po = 0)(0] @ Pas,0- (26)

where |0) is the vacuum state of the field and p,; is
the joint initial state of the atoms. We will be interested in
the partial state of the atoms after their interaction with the
fields, which is given by

ﬁAB = Trf(ﬁ)’ (27)

where Tr; represents the partial trace over the field degrees
of freedom.

This means that the nondiagonal terms in the field
produced by the time evolution will not be relevant to
our study. In particular, any contribution p(/) for which the
parities of i and j are different (i.e., any correction with
overall coupling constant e¢’*/ with i + j odd) will not
contribute to the detectors’ final state (27), as long as the
initial state of the field is diagonal in the Fock basis (as it is
for the case of the vacuum, or any incoherent superposition
of Fock states such as a thermal state).

Furthermore, instead of choosing an odd-parity initial
state as in [17], we assume that the two detectors are
initially both on their respective ground states as in
previous studies of entanglement harvesting from scalar
fields [18]. In this fashion, the initial joint state has even
parity and reads

Paso = |9A><9A| ® |gB><gB|' (28)

Although they have a completely different spatial struc-
ture, the monopole moment operator (2) and the dipole
moment (10) have the same internal Hilbert space structure,
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namely, they are Hermitian linear combinations of the
SU(2) ladder operators. This is due to the fact that, for now,
we are focusing our study on a particular transition
involving only two atomic levels. This in turn means that
the time-evolved detectors’ density matrix in the three cases
discussed will have the same structure (although with
notably different coefficients) when written in the basis

{19) ®19s).len) @ 19s).|9a) ® les),lex) @ les)}. (29)
Namely, the time-evolved density matrix is
1-Lyy—Lgy 0 0 M
0 Lan Lyg 0
Pap = +0(e*). (30
Pas 0 Lo Loy O (e*) (30)
M 0 0 O

At first glance, one may think that this matrix fails to be
positive given the conditions in Ref. [23]. We show in
Appendix B that this matrix is indeed positive at leading
order, O(e?), in perturbation theory.

We take the following conventions: the matrix elements in
(30) will be notated as L)' and M™ for the dipole coupling
to the electromagnetic ﬁeld L)Y and M"PY for the scalar

Unruh-DeWitt coupling, and [,,w DY and MUPYe for the
derivative coupling, respectively. In particular, the functions
L,, and M in the electromagnetic case can be evaluated as

.CEM—e e / dtl/ dt2/d3xl/d3x2

el QIZ))(M(fl) V(1)

F*t( 2 =%, )W(x3, %y, 65, 1)F,(x —x,), (31)
EM:_eAeB/ dtl/ dt2/d3x1/d3x2
x [t )y (1) )y (1)
X F\"(x) —x, )W(x1, X5, 11, 1,)Fy (x, — x3)

+ ei(QBtl+QAt2))(B(II)IA(IZ)
X Fyt(x) —x5)W(x1, %0, 11, 1)F (x5 — x,)],
(32)

where F,! and F;' are respectively the transpose and
Hermitian conjugate of the vector F,, the spatial smearing
vectors are given by Eq. (9) and the matrix W is the
Wightman function 2-tensor of the field, whose components
are given by
(W], = Wi¥(x,x',1,1') = (O|E;(x, 1) E;(x', 1')]0). (33)
In the scalar cases (see, e.g., [18]), Egs. (31) and (32)
have a similar form, but the corresponding scalar analogues
of the vector quantities have to be used. L.e., the smearing
vectors F(x) are replaced by the scalar smearing functions
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F(x), and instead of the Wightman tensor one has to use the
scalar Wightman function of the corresponding field,

W (x,x' 1, 1) =

(Old (. 1)(x'. 1)|0), (34)

WY (x, x' 1,1) = (0]0,p(x. 1)Dyh(x’, 1)]0)
= 0,0, W™ (x.x'.1.7). (35)

B. Quantifying the harvested entanglement

As stated before, we are interested in analyzing the
entanglement acquired between the two atoms after the
interaction with the field vacuum. To quantify the entan-
glement between them we will use the negativity. The
negativity of a state represented by a density matrix p,; is
defined as the magnitude of the sum of negative eigenval-
ues of the partially transposed density matrix [)f{B [50]. It is
an entanglement monotone that for two-qubit settings only
vanishes for separable states. For a state of the form (30),
the negativity (computed in full detail, for instance, in [18])
is given by V' = max (0, N?)) + O(e*), where

1
N® = ) <£'AA + Lyp — \/(‘CAA — Lyp)* + 4|M|2)‘

(36)

Note that a naive inspection of the partial transpose of
Eq. (30) as it stands produces the seemingly always-
negative eigenvalue E, = —|L,;|?, potentially leading to
having the atoms always entangled, regardless of the
specific configuration. However, as discussed in [18], this
term is O(e*); thus the second-order expansion in (36) is
not enough to study this subdominant eigenvalue. It was
shown in [18] that (for the Unruh-DeWitt model) no
relevant changes to the second-order result were obtained
when subleading effects were considered.

We will consider the simple case in which both atoms are
identical, which translates into Q,=Q,=Q, ¢, = ¢y =¢
and F, = F. In this case, L, = Ly = and Eq. (36)
simplifies to

(%

@ = |M| - ’C;t/r (37)

This expression allows for a very intuitive interpretation.
When u = v, Eq. (31) is a local term: it only depends on the
properties of just one of the atoms. On the other hand,
Eq. (32) depends on the properties of both atoms and
therefore is a nonlocal term. This means that in Eq. (37)
there is a direct competition between nonlocal, entangling
excitations and local noise, leading to the intuitive notion
that in order to have entanglement between the atoms, the
nonlocal term must overcome the local, single-atom
“noisy” excitations [16,18,32]. It is worth noticing that,
as shown in [23], for this case of two identical atoms, the
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second-order correction to the negativity is related to
another conventional entanglement measure, the concur-
rence [51], by the simple relation C?) = 2N/ @)

C. Characterization of the atomic model

We will consider two identical, static, hydrogenlike
atoms located at positions x, and xp, which interact with
the field for a finite time scale 7" implemented through
strongly supported smooth Gaussian switching functions'

x(t)=e 17, (38)

where 1, is the center of the Gaussian of atom v. This choice
of switching function arises naturally when one thinks, for
instance, of atoms flying transversely through a long
optical cavity: the ground transversal mode has precisely
a Gaussian profile [52].

We will consider only two atomic levels, the ground state
being the hydrogenoid-1s state [53]

W' (x) = yi00(x) = Rio([x|) Y00 (0, ¢) = e “,

a

B

(39)

where a is the generalized Bohr radius.

In the electromagnetic case, under the realistic consid-
eration of hydrogenlike atoms, the smearing functions
(smearing vectors) are no longer rotationally invariant.
Indeed, the excited state has to be at least a 2p level—
which is no longer spherically symmetric—due to the
angular momentum selection rules of the dipole interaction.

This shows already one of the main differences between
previous scalar models and the electromagnetic interaction:
new features will appear as we consider transitions with
exchange of angular momentum that could not possibly be
captured by any scalar model. Furthermore, the lack of
rotational invariance of the smearing vectors F, translates
into a dependence of entanglement harvesting on the
relative orientation of the two atoms. For illustration, we
will cons1der that the excited level is the nonisotropic, 2p,
excited state”:

lAlthough these switching functions are not strictly compactly
supported, whenever we study harvesting in “spacelike” regimes
(at more than 7-8 sigma away from maximal light contact) we
also double-test the results by performing numerical studies
where we substitute the Gaussian switchings with a compactified
version for which we enforce that y(f) = 0 when ¢ > 8T//2
(i.e., 8-sigma away from the Gaussian peak) and we make sure
that the difference is below the numerical double-precision
threshold for zero. This was done to guarantee that the results
are, not an artifact of the switching function Gaussian tails.

“Identical results would be obtained for the 2 Py and 2p, levels.
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1

\/32na}
(40)

Equations (39) and (40) completely determine the spatial
smearing vector Eq. (9) for each atom:

Ll
we (x) = Ray (|x[)Y10(0, ¢) = e *olx|cos 0.

sin @ cos ¢
cos@ o f
F,(x) = e *|x|*| sin@sing |, (41)
4ﬂa0\/_ p
cos

cosfcosd —sinfsin I cos(y + ¢) ;{\;\
4ﬂa0f
sin @ cos ¢
x |x[*| sin@sing |, (42)

cos @

Fy(x) =

where the triplet (y, 9, @) denotes the three Euler angles
defining the relative orientation of the reference frame of
atom B with respect to atom A’s reference frame (see
Fig. 1). The different angular dependences of the smearing
vectors F', and F, are due to the fact that we have expressed
the reference frame of atom B in terms of the reference
frame of atom A. In so doing, the spherical harmonics of
atom B (which take a canonical form in its own reference
frame) transform to A’s frame linearly,

[
0.9)=">Y_ Y50

u==l

Dy, 9.0).  (43)

where the different D), ,, (w.9,¢) are the Wigner
D-functions that characterize the rotation of the angular
momentum operators under changes of reference frame.
For a more detailed description and the explicit definition
of the Wigner D-functions, see Appendix C.

FIG. 1. Euler angles characterizing the relative orientation of
atom B (blue) with respect to atom A’s reference frame (red).
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IV. RESULTS

A. Local noise and correlation term for the
electromagnetic field

Under these assumptions, the calculations are (very)
lengthy but straightforward. In Appendix C we show in
very great detail how to compute the local term (31) and the
correlation term (32) for general transitions between any two
arbitrary states of the two hydrogenoid atoms. In particular,
for a transition between the 15 and the 2 p, orbitals, as we also
show in the appendix, the two terms involved in Eq. (37) take
the following form:

49152 k|3 =T (Q+k|)?
Lo = sz/ dlke |||2ﬁ’ (44)
P (4a|k|* +9)
IM[M = ¢2 24576 cos 9| a%Tz /oo d|k||k|36—%T2(92+\k\2)
T 0
JoUlklley —x3]) + ja(lkllx, —x5])
(4ag|k]*> +9)°
x [E(|k|, t55) + E([k[, —15,)]|, (45)
where

. iT?|k| + 1t
E(|k|, t5,) = e'Kmerfc (l—BA> 46
(K], t54) JoT (46)

Ji(x) are the spherical Bessel functions of the first kind,
erfc(x) = 1 —erf(x) is the complementary error function,
tsa = Iy — t, represents the time delay between the switch-
ings, and we recall that the Euler angle J is the relative angle
between the axes of symmetry of the 2p_ orbitals of atoms A
and B.

We see explicitly in Eq. (44) that the local noise term £,
depends only on the properties of only one of the atoms. As
expected, the dependences on the relative distance |x, — x;|
and relative angle between the 2 p,, orbitals’ axes of symmetry
& appear only in the nonlocal correlations term (45).

B. Orientation dependence of
entanglement harvesting

Given that, as discussed above, the orbitals of the excited
states are not isotropic, the relative orientation of the atoms
is a new, unexplored degree of freedom that has a nontrivial
influence on the ability of the atomic probes to harvest
entanglement from the field. In Fig. 2 we show the amount
of entanglement that the two atoms harvest when placed in
light contact (d = t,) as the relative angle 9 between them
varies. As it can be seen from (36) and (45), the same would
apply for atoms in spacelike separation.

In particular, the specific dependence of the nonlocal
term (45) on 9 implies that atoms oriented along
perpendicular axes will not be able to harvest entanglement

PHYSICAL REVIEW D 94, 064074 (2016)
Q' =1, d=tg,

N(x107%¢?)

FIG. 2. Negativity (leading order) when the two atoms are in
full light-contact d = t, for two hydrogenoid atoms with energy
gap QT = 1, atomic radius a2 = 0.001 and spatial separations
d/T =1 (solid blue line), d/T = 1.15 (dashed red line) and
d/T = 1.25 (dashed-dotted green line), as a function of the
relative orientation between the atoms.

from the field. Nevertheless, this claim needs to be
qualified: what the 9 dependence of (45) actually shows
is that the atoms cannot harvest entanglement using the
transition ls — 2p, when the two 2p, orbitals are
perpendicular. Note however that, in principle, entangle-
ment harvesting would be possible through the partici-
pation of the two atoms’ 2p, and 2p, orbitals, which in
general will not be perpendicular even when the two
atoms’ 2p, orbitals are. Although, rigorously speaking, to
assess the entanglement harvested by all the possible
transitions to the 2p orbitals requires a higher dimen-
sional study, the symmetry of the problem and the
perturbative nature of the interaction (which makes
multipartite entanglement appear only at higher order
in perturbation theory, which is beyond the scope of this
paper) allows us to already conclude that there is an
optimal orientation of the two atoms that maximizes
entanglement harvesting: when the sum of the absolute
values of the projections of (the director vectors of) all
the axes of B’s frame on axes of A’s frame is maximal.
This optimal case is obtained when the 2p atomic
orbitals of B are oriented such that their axes of
symmetry maximize their angular separation with respect
to the 2p orbitals of A. Namely, the Euler angles for all
96 maximum harvesting configurations are

T T T T
a191 = » _’19a_ ~ |
v.9.9) (4+”2 I 4—|—m2>

T T T T
(w,9,9) = <4 2,ﬂ—81,1+m§),
i1 7
719 7971__ ’
(v, 9, ) (l//1+n2 213 w;)
T T
(v, 9, 9) (lllz‘f'nz 192»15—1112)5 (47)
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for n,m=0..3, [=1...8, 9, 12310, 9, =2.3005,
w1 ~0.4636 and y, ~ 1.1071. Conversely, entanglement
harvesting would be minimum when every axis of one
atom’s reference frame is parallel to an axis of the
other atom’s frame. In that configuration each axis of
B’s frame has zero projection onto two of the axes of
A’s frame.

In Fig. 3 we show examples of configurations which
minimize and maximize the entanglement harvested.

C. Quantitative analysis

We show in this section the most relevant features of
entanglement harvesting from an electromagnetic field to
two identical, hydrogenlike atoms.

We set realistic values for the parameters of the model.
For the hydrogen atom’s 1s — 2p transition (of wavelength
A~100 nm and for ag~0.1 nm), in natural units
ayQ = apA~! = 0.001. With these parameters we can
compute the negativity from Eqgs. (36), (44) and (45).

We are first going to analyze how often it is possible to
harvest entanglement from the field to the two atoms. For
comparison, we recall [ 18], where it was shown that, in the
scalar case, it is possible to harvest entanglement with
arbitrarily distant detectors using a smooth switching and
scaling up the energy gap consistently.

In Fig. 4 we show in dark red the values of energy gap
QT of each atom, and the spatial distance d/T between
them, for which entanglement can be harvested from the
electromagnetic vacuum. In the figure, the delay between
the switchings is set to #,, /7T = 10.

Figure 4 shows that harvesting of entanglement is
possible even from regions that are arbitrarily spacelike
separated, provided that the atoms have an energy gap that
is large enough: given an arbitrarily large distance between
the atoms, one can consider a transition energy large
enough so that the atoms can harvest entanglement. This
is similar to the case discussed in [18] for the scalar field
Unruh-DeWitt entanglement harvesting: higher energy
gaps reduce the impact of the local noise, making it
possible to harvest entanglement for arbitrarily separated

(a) 2 (d)

Ya

Xp
Z

FIG. 3. Examples of relative orientation of the atoms that
(a) minimize and (b) maximize the entanglement harvested from
the field when all the 1s — 2p transitions are considered. The
Euler angles for the configuration of maximal harvesting shown
are (r/4,1.231,7/4).

PHYSICAL REVIEW D 94, 064074 (2016)
tn/T =10

FIG. 4. Binary plot showing in (dark) red the values of d/T and
QT for which entanglement harvesting is possible, and in (light)
grey the values for which there is zero entanglement harvesting.
We consider aqQ = 0.001 (hydrogen proportions) and that the
atomic interactions with the field are delayed by a time delay
tza/T = 10. The dashed black lines represent the boundaries of
the regions of the plot where atom B is in the light cone of atom
A. We have located these boundaries at 8 standard deviations of
the switching function (38), that is d = 1, & 87T /+/2. Notice that
we can harvest entanglement from arbitrarily far away distances
by increasing the transition energy gap.

atoms. To increase the gap of realistic atomic species one
could consider higher energetic transitions 1s — np, for
which the product a¢€Q = 0.001 does not scale with n.

However, increasing the gap to compensate for an
increase of spatial separation has a downside: higher
energy gaps also suppress the nonlocal correlation term
M (albeit more slowly than L,,), thereby decreasing
the total amount of entanglement harvested, leading to
the same “damping-and-leakage” effect described for the
Unruh-DeWitt case [18].

In Fig. 5 we show the amount of entanglement that can
be harvested from the field for a relatively large value of
QT = 12 as a function of the distance between the atomic
centers of mass d/T and the time delay of their (recall local)
interactions with the field #,, /7.

As expected given the results on harvesting from scalar
fields [18], the entanglement is maximum inside the light
cone, where direct communication between the atoms can
be achieved via exchange of real photons. Moving away
from the light cone the entanglement decreases with
spatiotemporal distance, eventually leaking into the
region of spacelike separation [shown in Fig. 5(b)].
Entanglement harvesting also decays very quickly with
the spatial separation of the atoms, as it can be seen in
Figs. 2 and 5(a).

One may perhaps be tempted to ascribe the harvested
entanglement in the region deemed spacelike separated in
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(a) QT =12
14 »”

10

ton/T
N(x10-8¢2)

2 6 10 14
)T

FIG. 5.
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2.5
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(a) Negativity to leading order as a function of spatial distance d and time delay between the atoms’ interactions #;, of two

hydrogenoid atoms satisfying a(€2 = 0.001 for a fixed energy gap of QT = 12. The white, dashed lines represent the boundaries of the

light cone, located at d = t,, + 8T/+/2. (b) Zoom-in on the area marked with a white rectangle in (a), to demonstrate spacelike
entanglement harvesting. The white dashed lines represent the distance to the point of light contact d = ¢,; in the number of standard

deviations ¢ = T//+/2. Both for the Gaussian switching and the compactly supported cropped version of the Gaussian switching at 8¢

we observe spacelike entanglement harvesting.

Fig. 5(b) to the overlap of the atomic wave functions. After
all, atomic orbitals are not compactly supported, and as
such, the atoms are never completely spacelike separated.
In Fig. 5(b), we see that there is entanglement harvesting
when the atoms are separated by 9¢ [where we recall 6 =
T/\/2 where T is the interaction time scale as given in
(38)]. At these points, the spatial separation of the atoms is
d~10*a, (we recall that a, = 0.001Q"). With these
numbers, the atomic wave function of atom A in the

region of the center of mass of atom B is suppressed by an

exponential factor ¢~ and indeed the overlap of the two

wave functions yields [ d|x||x >y (|x|)yw®(|x|) &~ 1074343,
Although the entanglement harvested A at this distance is
very small, it is still several thousands of orders of
magnitude too large to be explained by the overlap of
the atomic wave functions. Note that these results were
obtained both for a Gaussian switching function and for a
compactly supported Gaussian-like switching function that
is made zero at r—1, = +80 = iST/\/E (that is, at 8
standard deviations of the center of the Gaussian), so there
is no appreciable lightlike contact due to the switching
either. Due to the absence of direct contact between the
atoms when they are spacelike separated, the entanglement
is really harvested from that existing previously in the
electromagnetic field. The reason why this entanglement is
small is because entanglement harvesting will only be
relevant in atomic physics when the atoms are separated by
several times the atomic sizes (as was already discussed
in [32]).

D. Comparison with the scalar models

Finally, let us compare the electromagnetic coupling
results with entanglement harvesting from scalar fields

using the Unruh-DeWitt and derivative coupling models.
Recall that in these scalar cases the smearing function needs
to be introduced ad hoc in the model. In order to compare
the electromagnetic coupling with the two scalar cases (15)
and (16) we need to be mindful of the scalar nature of the
coupling that prevents transfer of angular momentum
through the field. As a consequence, in the cases of
harvesting from scalar fields, the transitions 1s — 2p are
not allowed (in a similar way that a 1s — 2s transition is
not allowed in the dipole electromagnetic case). Thus, in
order to keep the comparison fair, we consider the most
similar transition allowed by the scalar selection rules,
which in this case would be between the two spherically
symmetric levels of the hydrogenoid atom with lowest
energy, namely the 1s and 2s states, whose position
representation wave functions are given by

1 _l
Vo) = — e, (48)
na}
we<x>=#e‘%(2—m). (49)
[}

4y/2ral

Although obvious, one way of seeing directly from
these expressions that a transition between these two
levels is forbidden in the electromagnetic dipole cou-
pling is to realize that these two levels have equal (even)
parity, so the spatial smearing vector Eq. (9) (which has
odd overall parity) vanishes when integrated over all
space.

As the smearing function in the scalar case we propose to
use the scalar analogue to the smearing vector (9), which
associates the smearing with the two-level wave functions.
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Such an appropriate definition for the scalar cases with
overall even parity is

F(x)

= Y (X)y,y(x)

1 3k |x|)
= e (2 ——|. 50
471618\/5 ( ap (50)

Considering this analysis, the two terms involved in
Eq. (37) take the following form:

172
Luow _ 32768 4T2/ ik k|32 (Q-+|kl)? ’
e 7 (4a3lk|* 4 9)°

(51)

|M|UDW — ¢ 16384 atT?
7lx, — Xy 0
sin(|k|lx, —xs)

(4ag|k]* +9)°

0

[E(|k‘, tBA) +E(|k|’_tBA)] ’

(52)

LUPWa

232768 o [k[Tem i@k
4T2/ d|k| —(4 2k 4976
ay

(53)

16384,

7w, — B|0

| M|UPVa = &2

|7 aelee-trwe
0

sin(|k||x, —x;|)

@k 10)° =

)+ E(

’_tBA)] .
(54)

We see that these two pairs of expressions are very similar.
Comparing on one hand Egs. (51) and (53); and on the other
hand Eqgs. (52) and (54), we see that the expressions in each
pair only differ in an extra factor of |k|* on the integrals in
momentum for the derivative coupling case. This was easy to
anticipate given the derivative nature of the coupling. Other
than that, the expressions of the matrix elements of p,; are
identical in the Unruh-DeWitt model and in the derivative
coupling model.

It is much more interesting to compare Eqs. (51), (53),
(52) and (54) with their electromagnetic counterparts (44)
and (45). There are not many significant differences in the
local terms £,,: the only changes stem from the different
dimensions of the couplings.

The case of the nonlocal term M is much more
interesting, since it is here where the anisotropy of the
excited levels and the vector nature of the electromagnetic
field become apparent. The anisotropy of the excited levels
can be seen through the factor cos 9 in Eq. (45), where, as
discussed above, 9 is the relative angle between the 2p,
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orbitals of the two atoms [see Fig. 1, Eq. (43) and
Appendix C].

In addition to the anisotropy of entanglement harvesting,
the vector nature of the interaction manifests itself in the
appearance of the spherical Bessel functions j,(|k|d) and
J2(|k|d) in (45), substituting the scalar cases’ factor
sin(|k|d)/(|k|d) (with d = |x, —x;]). Notice that M is
the |g,)(e,| ® |gs)(es| matrix element of the density
matrix p,s, so the subindices [ =0, 2 of the spherical
Bessel functions in the electromagnetic case correspond
exactly with the even values of possible total angular
momentum that one can obtain by combining the angular
momentum of the dipole coupling term d - E, [; = 1, with
the excited and ground atomic states’ angular momenta
ly,=0,1,=1.

Furthermore, another way to see that the appearance of
higher-order spherical Bessel functions is precisely the
difference introduced by the exchange of angular momen-
tum between the two atoms is the following: the j,
summand in the integral (45) yields the same qualitative
features of the scalar models [since jo(|k|d) =
sin(|k|d)/(|k|d)]. We can wave our hands and roughly
say that if we were to restrict the two atomic levels to be
spherically symmetric ([, =1, =0) and thus naively
replace the coupling term by the scalar case (with a zero
angular momentum /; = 0) the only possible value of total
angular momentum would be, of course, [, @ [, ® [, = 0.
Under this light, it is not surprising that we recover the
same behavior as in the scalar cases just by simply
neglecting the contribution of the higher-order Bessel
functions in the electromagnetic case.

Indeed, in a rough qualitative analysis, comparing the
results reported in [18] with Figs. 4 and 5 we can conclude
that the scalar models capture the essence of the phenome-
non of harvesting if we do not pay attention to the effects
introduced due to the exchange of angular momentum.
However, under closer scrutiny, both the amount of
entanglement harvested and the distance at which the
atoms can still harvest entanglement are significantly
different in the different models. As an illustration of this,
in Fig. 6 we show the values of the negativity in the three
models as a function of spatial separation between the
detectors, for the same values of the energy gap QT = 13
and time delay between the switchings #,, /7T = 10.

Figure 6 shows (1) that in the dipole model the amount of
entanglement harvested from the field when the atoms’
symmetry axes are parallel is much higher than in the scalar
models, and (2) in the scalar models it is possible to harvest
entanglement when the atoms are further away than in the
dipole, electromagnetic model. Regarding the two scalar
models, there exist no major differences between them,
which again points to the fact that the main differences
appear when we incorporate the exchange of angular
momentum into the model rather than when we change
from an amplitude coupling to a derivative coupling.
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QT = 13, tpa /T = 10

EM

/

FIG. 6. Negativity as a function of the spatial separation
between the detectors in the different models studied: hydrogen
atom dipolarly coupled to the electromagnetic field (blue, solid
line); monopole spherically symmetric detector coupled to a
scalar field (red, dashed line); and scalar derivative coupling
(purple, dotted line). In the electromagnetic coupling case, the
atomic 2p orbitals are parallel. For all models, the energy gap is
chosen to be QT = 13, the detectors’ size is given by ayQ =
0.001 and the time delay between the switchings is #;,/7 = 10.
The black dashed lines represent the boundaries of the light cone,
located at d = t,, + 8T/+/2. Electromagnetic harvesting is
stronger, but has a shorter reach, than the scalar cases. Note that
the sharp drop in all cases is due to the logarithmic scale.

V. CONCLUSIONS

We have analyzed the harvesting of entanglement from
the electromagnetic vacuum using two fully featured
hydrogenlike atoms. We have done so in regimes when
the two atoms are time-, light- and spacelike separated
during their interaction with the field.

In stark contrast to previous work—where the light-
matter interaction was modeled by spherically symmetric
Unruh-DeWitt-like detectors coupled to a scalar field—we
have analyzed the unique features emerging when we
consider the vector nature of the electromagnetic interac-
tion in the atom-field dynamics, also taking into account the
atomic orbital geometry.

In particular, there are two features that could not be
studied with previously employed idealized models which
relied on scalar simplifications of the interaction: (1) the
effect of the relative orientation of the atoms on their ability
to harvest entanglement, and (2) the effect of the exchange
of angular momentum between the atoms and the electro-
magnetic field.

Regarding the relative orientation between the atoms, we
showed that considering only the entanglement harvested
through the 1s — 2p, transition, the amount of entangle-
ment harvested depends on the mutual projection of the
axes of symmetry of the 2p, orbitals of both atoms. As a
consequence, atoms oriented along perpendicular axes are
not capable of harvesting any entanglement with that
transition at all. Extending the analysis to consider all
equally possible 1s — 2p transitions, we discussed the
relative spatial configurations of the two atoms that
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maximize and minimize the entanglement harvested
through these transitions, which correspond to ground-
to-first excited state transitions of hydrogenoid atoms.

As for the exchange of angular momentum, we showed
how it manifests itself through the appearance of higher-
order spherical Bessel functions in the two-atom correlation
terms. We discussed that it is precisely this exchange of
angular momentum that is responsible for the difference
between previous idealized scalar models and the full
electromagnetic model. This exchange of angular momen-
tum affects entanglement harvesting in two different ways:
(1) it permits the harvesting of more entanglement than the
analogue scalar models and (2) at the same time, it constrains
the spatial range in which entanglement can be harvested. In
any case, we show that harvesting of entanglement with
atoms placed in arbitrarily far away points is possible for
large enough values of the atomic energy gaps, paying the
price of a reduction in the total amount of harvested
entanglement as the distance increases. Note that, since this
is a fundamental study, in this manuscript we have focused on
large time delays and large energy gaps for the scenarios
analyzed in the figures, and thus we obtained low values
of harvested entanglement. It has been studied elsewhere
[29-32,54] that the value of harvested entanglement (even
with the less powerful scalar cases) can be made large enough
to be detectable under realistic parameters for shorter delays
and lower gaps.

Furthermore, we have compared the dipole coupling
model with previous scalar models consistently used in the
literature on entanglement harvesting. On the one hand, we
have shown that these models do describe the phenomenon
qualitatively when we discard the contributions coming
from the exchange of angular momentum in the full
electromagnetic coupling. On the other hand we have
shown quantitatively how those toy models fail to capture
some of the features of more realistic field-atom inter-
actions with anisotropic atomic transitions and nonzero
angular momentum exchange.

Finally, the formalism developed in this article and its
appendixes allows us to readily generalize the model to
include any arbitrary transition in the study of atomic
entanglement harvesting from the electromagnetic vacuum.
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APPENDIX A: COMPLETENESS RELATION OF
THE POLARIZATION VECTORS

In this appendix we derive explicitly the completeness
relation (22), following [55]. Recall that the polarization
basis {e(k, s)}>_, is an orthonormal basis of R®. We can
choose €(k,3) «k, the other two unit vectors being
mutually orthogonal and perpendicular to this, which we
denote €(k, L) and e(k, L,). With this choice the com-
pleteness relation Eq. (22), when written in components,
reads

> el s)eik.s) = ek, Ly)es(k, L)
s=1,,1,
+€j(k, Lz)é‘l(k, _L2) (Al)

Now, using an auxiliary orthonormal basis of R {e;}3_,,
the sum can be recast as

Y ek s) = (e;-elk. Ly))(e - e(k. L))

s=1,1,
+ (e - e(k, L,))(e; - €(k, 15))
+ (e; k) (e, k) - (e k) (e, k).

where in the last line we have added and subtracted the
same quantity. Written in this form, the first three terms of
(A2) represent the coefficients of the scalar product e; - ¢;

expressed in the {e(k, L), e(k, L,), I:t} basis, while the last
term represents the product of the components of k in the

directions of e; and e,;. Therefore we can write
|
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k'kl kkl
Z €j(k,s)€l(k,s) :ej 'el_Vi?:5jl_|li—2’

s=1,,1,

(A3)

which is just the expression in components of Eq. (22).

APPENDIX B: POSITIVITY OF THE
DENSITY MATRIX

In this appendix we explicitly show how the time-
evolved density matrix Eq. (30) satisfies the positivity
conditions for an X-state given in Ref. [23]. Following [23],
a generic density matrix for an X-state can be written as
follows:

ri 0 0 7'146‘_ic"t
n 0 15%) r23e_i§ 0
0 723€g 33 0
V]4€i§ 0 0 a4

where {rij},f,g e R.

A necessary condition for this matrix to represent a
quantum state is that it is positive semidefinite, which
amounts to its eigenvalues being non-negative. This
restriction (as noted in [23]) imposes the following con-
straints on the elements of py:

2
F11T44 2 Fy,
a3z > 13
20133 2 I3

In the following, we will show explicitly how the matrix
Eq. (30) is positive semidefinite (to leading order) by
analyzing its eigenvalues, and we will relate the results to
the above constraints Egs. (B2), (B3).

The eigenvalues of Eq. (30) are

1

E, = 3 <1 — (Laa + LBB)€2 + \/[1 - ez(LAA + LBB)2]2 + 464|M|2> + 0(64)’ (B4)
1 2 2 212 4 2 4

E, = 2 1= (Las + Lyp)e” = \/[1 — e (Lan + Lgp)]" +4€* M7 | + O(e), (B)
I, 2 2 4

Ey =3¢ (Las + Lun 4 /(L = Lun)? = 4Ll ) + O(), (B6)
1, 2 2 4

E, = Ee Ly + Lygg — \/(LAA - LBB) - 4|LAB| + O(e )’ (B7)

where £, = €*L,, and M = ¢*M, and we have assumed ¢, = ¢; = e for simplicity.

It is already clear that E| > 0 and E; > 0. Expanding E, and E, in powers of the coupling strength we obtain

Ey = —¢*|M|* + O(e°),

(B8)

1
By =5 € (Las + Ly = \/ (Lax = Lun)? = 4Ly ) + O(e?).

(B9)
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The eigenvalue E, seems to always be less than zero. Nevertheless, it must be noted that this contribution appears at
fourth order, and therefore, to second order we have E, = 0 + O(e*), which is compatible with the matrix being positive
semidefinite at this order. A very similar issue has been discussed when computing the eigenvalues of the partial transpose
of Eq. (30), as well as in previous works [18]. This result relates to the first condition (B2). Recalling Eq. (30), it is easy to
see that

rygy = O(l), ryg = 0(62) > 0, Fqq = 0(64). (BIO)

Therefore, to second order in the coupling strength, the inequality (B2) is satisfied trivially.

Notice that in order to take into account the O(e*) contribution to E, with a consistent perturbative analysis, the full
fourth-order correction to the state (30) should be computed. If we analyze E, consistently to fourth order in perturbation
theory including the contributions missing in (BS), it can be proved that FE, is strictly positive.

On the other hand, the requirement that £, > 0 implies

LAALBB Z |LAB

2, (B11)

which is actually the second condition ry,r33 > r35.

To check that this inequality is actually satisfied, recall the expression for L,,, obtained from Eq. (31),

I
Ly = /oo dr, /w dt2/d3x1 /d3xz€i(9”t‘_g”t2>)(ﬂ(tl) u(fz)Fit(xz—xu)W(xbxlalz,fl)Fu(xl —x,). (B12)

When we insert the expressions for the smearing vectors Eq. (9) and the Wightman 2-tensor of the electric field Eq. (33),
this expression reads

LE\/A = /oo dl‘l /oo dtZei(Q”tl_thZ)Zy(tl) I/(t2)
x / &, / Py, (03 — X, )0 (62 — 2, )05 (81 — 2, )y (1 — ,)

P K i s,k k®k
x/(2”)373 k| (12~1,) pik-x; p—ik-x, (xz—xﬂ)t<ﬂ _ P >(x] -x,). (B13)

Finally, we perform the change of variables x = x; —x,, X' = x, —x,, to get the final expression

LEY :/ dll/ dtzei(gﬂt'_QD’Z))(ﬂ(tl))(D(lz)/d3x/de/l//e(x/)l//Z(x/)l//:(x)V’g(x)

&k |k T kQk\ .
X/(Zﬂ_) |2| —ilk|(t, ])e]k'xe—lkx(x/)t(’l]_ ® )xelk(xﬂ—x,,)

ik-(x,—x,)

d3k k , 2
"' [ ey [ @iyt

d3k |k|
271)3

. k|? .
O[T et [ @y, e oxinon, (B14)

where we have already assumed that the two atoms are equal, and y; denote the components of the vector y.

The only difference in this case between L 5 and both L, and Ly is the last phase factor ¢ %) which is e (a=*2) for
L, and 1 for both L,, and Ly,. Now, given that for a nonnegative function f(¢) > 0Vt

/_: def(1) >

itis easy to see that L, > |L,s| and Ly > |L 5|, thereby satisfying Eq. (B11). Performing analogous calculations, the same

" dret f()

—00

(B15)

conclusion can be reached for the scalar cases and arbitrary smearing functions.
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APPENDIX C: EXPLICIT CALCULATION OF £;M AND MEM

In this appendix we perform a step-by-step derivation of Eqgs. (44) and (45) starting from Eqs. (31) and (32). For
generality, we will not fix the ground state or the excited state and we will perform the calculations as generally as possible,
beginning only with the assumption that both atoms have the same atomic structure (same ground and excited states), and
particularizing to the 1s — 2p, transition only at the very end of each section of this appendix.

1. Local term
Let us begin with the complete expression of the local term

Lo = ¢2 /oo d, /oo dtz/d3 /d3x’ ()2, () Fit(xh — x, )W (xy. x|, 12, 1))F, () — x,,)
=i [T an [T ane o)) / axy [ e wile ), )
B k) s e k®k
X/(2H)37€ Ikl (r2 tl)elkxze lkxlxg H—W X, (Cl)

where we have already written the smearing vector as F(x) =y (x)xy,(x), as per Eq. (9), and the Wightman 2-tensor of
the electric field Eq. (33) is

. . &’k k| k®k
W(xy.x1,12,1,) = (0|E(x,, ;) ® E(xy,1,)[0) = emilkl(n=) gik-(ra=x1) (1 — : C2
(2 1et0) = (OB 1) © By )l0) = [ S i ()
First of all, we perform the change of variables x; = x;" —x,, x, = x,’ — x,, to eliminate the explicit dependence of the
smearing vector on the atomic position x,,. After that, we choose spherical coordinates to perform the integrations and use
the following decompositions involving spherical harmonics:

Vo) = R ()Y 5. (©3)
© 1 0 l
3 =3 37 il (el Vin§)Y3,6) = D 3 4 el Vi, (0¥ ), ()
=0 m=-I =0 m=—
£y = T RIDIF @Y 00) = Y ©¥106) = Y1 (01 O) (c5)

where the arguments of the spherical harmonics £ = (6,, ¢,) are the azimuthal and polar coordinates of the unit vector £
and R,;(|x|) are the radial hydrogenoid wave functions [53].

To make calculations less cumbersome, we separate Eq. (C1) into two parts, one with the identity matrix 1 and the other
with the momentum dyadic k ® k, and compute each of them separately.

Let us begin with the term containing the identity. Substituting (C3), (C4) and (C5) we get

- [ S S S
=0 m=—I =0 m'=-1

X/ dtl/ d[2eigp([l_12)){#([l)Zy([z)e_i‘kl(tz_[l)
x A dbeal oo PRy, (2 DR, ()il ) /0 dlx, e, PR, (x

DRy, 1, (1 ) (el e ])

X/koY[m Yl/ /(k)/dg Y* Yl m, (xl) I'm /xl)/dQ2Yl m( )Y;< m( z)Y;(m(fz)

X [Y1o(X)Y19(®y) = Y1 ()Y 121 (%) = Y-y (%)) Y11 (%2)], (Co)

where the (—1)" factor comes from the identity ¥,,,(—#) = (=1)'Y,,,(?) and j,(x) are the spherical Bessel functions.
Written in this form, almost each line of Eq. (C6) can be computed separately. For instance, using the Gaussian switching
function (38) the time integrals in the second line yield
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/ dr, / Aty =12y (1)) (1) HI0) = T2=T@ I, ()

The first integral on the fourth line can be readily evaluated: [ d€,Y,, k)Y (k) = (=1)"'8; y 8, directly from the
orthogonality relations of spherical harmonics [the (—1)" factor comes from the fact that ¥ iy = (=1)"Y,_,]. The simple
form that this integral on a solid angle takes allows us to easily compute the sums in m’ and /. The two last lines can be
computed using the following identity involving the integral of four spherical harmonics over the unit sphere S2,

[ 401, 000710, 0007, 0.0V, 0.0)

-y i:zi—:l (211+1)(212+1)(213+1)(2l4+1)<l‘ l3 '1> (_;‘11 _l3 ’ )(lz . ﬂ><lz , /1>, (C8)

g S| 000 ms —u 000/ \my my p

where dQ = d(cos #)d¢ and ( 1 b ’i‘) represents the Wigner 3j-symbols.
Using (C8), the sums over l’ m and m' of all the integrals over solid angles—the last three lines of Eq. (C6)—yield

DD UETLE 0 [ AR 6 B [ AT Y, (607,51
X /dQZYle,me (%)Y, (B2) Y7, (%) [Y10(1)Y10(%2) = Y11 (R1)Y11(R2) = Y1 (£1)Y 11 (£2)]

:3(_1>m(”;:;21(_1)l(21+1)(2z€+1)(2zg+1)2(2,1+1)(2/1/+1)<l by ’1><le ! ’1><l Le ’V)(lg (1) g)

FWT 0 00 0 00/\0 0 O
I, 1 A ) ly, 4 b, 1 ¥ [ L, X
. m, 0 —m, mg—m, —mg, m, m, 0 —m, m,—m, —m, m,

<le 1 A >( l L A )(Zg 1 vy )( [ l, vy >
_|_
m, —1 1-—m, l+my—m, —m; m,—1 m, 1 —1-m, m,—my—1 —-m, 1+m,

[, 1 A l L A ly, 1 A l l, vy
+ . (C9)
m, 1 —1-m, myg—m,—1 —my; m,+1 m, —1 1-—m, l+m,—my, —m, my—1

After substituting all these in Eq. (C6) we obtain

o d|k| |k|3 = . 4z 172 2
,CEM _ i 47)232 (=1 -2 g T2 o317 (Qu+[K])
=6 "y 3 R T

)R,

x / dJxs |5 R, ( DR, 1 () (1)

x3(_(2:;g2_me(2z+1)(2ze+1)(2zg+1)%;(2“1)(2z'+1)<(l) lg g) <lo (1) é) (é z(; f)> (15 (1) é)

I, 1 2 ) ly, 4 I, 1% l L, X
X

m, 0 —m, ) \my—m, —my, m,)\my, 0 —m,)\m,—m, —m, m,

[, 1 A l L A ly 1 vy [ l, A
+

m, —1 1—m, l+my—m, —my; m,—1)\m, 1 =1=-m,)\m,—m,—1 —m, 1+m,

[, 1 A [ L, A ly 1 A l [, A
+ . (C10)
m, 1 —1—-m, my—m,—1 —my, m,+1 m, =1 1-m, l+m,—m, —m, m,—1

This expression is fully general, for any two arbitrary levels of the hydrogenoid atom coupled dipolarly to the field in the
vacuum. No more integrations can be performed unless we specify which particular atomic electron states are the ground
and excited states g, e

Before doing that, let us compute the contribution to the local term (C1) that is proportional to the momentum dyadic

k ® k. The strategy we will follow will be the same as in the previous case. After substituting in (C3), (C4) and (C5) the
contribution reads

LD / e e PR (x
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dik| [k & = e ,
s =i [ A= S a5 3 vy () o

=0 m=-1 =0m'=-1'

< [ el Ry ()R (i) / diei iRy,

x / ALY 1 (B)Y 1 () / 47, (81) ), (1) V5 (81) / AT, (£2)Y] ,, (52)¥i, (%)

< [Yio(®1) Y 10(k) = Y11 (&)Y 121 (k) = Y1y (&)Y 1 (R)][Y 10 (k) Y 10(R2) = Y1 ()Y 11 (R2) = Y1y (R)Y 1y (82)]
(1)

DR, 1, (ber )i (1Kl )

where we have already performed the integrals in time.
The novelty introduced by the dyadic is that the integral in the solid angle of k is now no longer trivial, although it can be
readily performed using Eq. (C8). Integrating over all solid angles we obtain

Z/koYZm (k)Y (K )/dQlY}Z,mE(f1)ng,nzg(f1)Y}5m/(f1)/dgzyzg,mf(fz)yf m, (£2) Y7, (%2)

m,n

X Vi)Y 1o(k) = Y11 (&)Y 121 (k) = Y1 (#) Y1 (R)][Y10(K) Y 10(%2) = Y1 ()Y 121 (%) = Yoy (K) Y11 (£,))]

(2/1’+1)(2/1”+1)<le I (lg 1 M)(l/ 1, M)(l 1, ,1’>
=921+ 1)(20' + 1)(21, + 1)(2, + 1
( ) )2y + 1) ); (47)3 0 0o 0o/\o o o0o/\o o o/\o o o

X (Ap + Bp). (C12)

where the two quantities A, and B, read

I 1 A\2/1 1 2 l Iy A I, 1 X l r A
Ap=> (24+1)
7 000 000/\my—m, —my; m, m, 0 —m, ) \m,—my, my—m, O
v L, A I, 1 114 11 2 11U 2
d Yy 0 2n) 200G 0 0) (o1 500 o)
m,—m, —m, my)\m, 0 —m, 000/\01-1/\0 0O
l ! A U L, A I, 1V [ L A
8 (me—mg—l mg—m, 1>(me—mg —m, mg> (mg 0 —mg> <mg—me+1 —m, me—l)
[, 1 A [ r A r l, A ly 1 A’
+
m, —1 1—-m, me—my, my—m,—1 1 m,—my+1 —m, my—1 m, =1 1-m,

|
< /

(a5 ) 2P (06 DG
|
<

l r A I L, A I, 12 l L v
m,—my+1 my—m, —1 m,—m, —m, mg, my, 0 —m, myg—m,—1 —m, m,+1
[, 1 A ) ( ) U /1)( v [, A’ ><lq 1 A >
4 .
m, 1 —1—-m, me—my, mg—m,+1 —1 m,—mg—1 —m, my+1 m, 1 —=1-m,
l [ s I, 1 X 114 1 2 10U 2
Ly m m) o o )00 00) (3 50) (00 0)
g—m, —my m, m, 0 —m, 00O 1 -1 0/\0 0O
l I A v [, A’ I, 1 A’ l l vy
me—my—1 my—m,+1 0)\m,—my—1 —m, m,+1 myg 1 —1-=my,)\my—m,+1 —m, m,—1
l, ) ( / r /1)( ! l, i )(lq 1 A >
X + ’
m, —1 1—m m,—my+1 my—m,—1 0/ \m,—my+1 —m, my—1 my, —1 1-m,

L, s I, 1 A
X ' , (C13)
my—m,—1 —my, m,+1/)\m, 1 —1-m,
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2711 1" 2 l v 2 v l, A
Bﬂ:ﬁ(o 0 0>(me—mg—1 my—m, — 1 2><1+me—mg —m, mg—1>
X(lg 1 A )(le 1 vy >< l l N )
m, —1 1-m, m, —1 1-m, l-m,+m, -m; m,—1
\/5 172 l v 2 v l, A
* 3(0 0 O)(me—mg—i—l my,—m, + 1 —2><me—mg—l —m, mg+1>

ly 1 i l L N [, 1 v
X . (C14)
m, 1 —1-m, my—m,—1 —-m, m,+1 m, 1 —-1-m,

Now we particularize the local term £, to the atomic transition studied in the main text. Namely, we consider the ground
state of both detectors to be the hydrogenoid-1s orbital, and the excited state a hydrogenoid-2 p, orbital. Therefore, we have
l,=1,1,=0,m, =0 and m, = 0. In this scenario, the identity term (C6) reads

o d|k| |k|% - 4 172 2
LEM| — 2/ Ll A7)2 2 g T2 3T (Qu+IK])
= el | G 2 ;( 7)t 5 al?e
X/O dllelxz|3Rz,1(Isz)RT,o(Ile)jz(lklIle)/O dley |1 PR3y (|1 )Ry o (e )i ([Fel 1 ])
3 [ 0 4 11 2 [ 1 X 01 X
2+ 1)2+1)(0+1 224+1)(24 +1
(4;:)2( )2+ DO+ ( I )<0 0 0)<o 0 0)(0 0 0)(0 0 0)

A
[(1 12)(10&)(01&’)(1 1/1’)+(1 1 i)(lO l)(Ol i’)(l 1/1’>
X
00 0/\0 0 O0/\O O O/\O OO 0 -1 1/\1 0 -1/\0 1 -1 -1 0 1
11 2 I 0 A\/0 1 X /A
n . (C15)
01 -1 -1 0 1/\0 -1 1 1 0 -1
Using the properties of the Wigner 3 j-symbols it is clear that the only nonzero contributions to the sumare A = 0, 1, 2 and

A = 1. Additionally, the first 3j-symbol enforces that the nonzero terms in the sum are only those satisfying [ = A.
Performing the sums, the expression is simplified to

X

e’ © 172 2 [ ®
£l = et [T et O [ R (R glbea) [ el RS (DR

x Lo [kl [)jo (ke |) + 22 (Kl ]) 72 (el ]x2 )] (C16)

The integrals over d|x;| and d|x,| can now be readily evaluated using the identity

o0 ~ (l+51+6 3 4
/ drr3R2,1(r)Rl,O(r)j,(|k|r) = 8V 2ﬂ3_1_%a6+1|k|11“(l+5)2F1 <%,%,l+§,—§aé|k|2>, (C17)
0

where ,F,(a, b;c;z) = ,F\(a, b;c;z)/T(z) is the regularized hypergeometric function.
After particularizing Eq. (C17) to the cases appearing in Eq. (C16), we arrive to the final expression for the identity
contribution to the local term

16a;|k|* — 8a2|k|*> + 9
(4aglk|* +9)°

Ll =e

(C18)

, 663552
H T

1 [ 7 dlelepetres b
0

Next, we apply the same procedure and techniques to the term with the dyadic contribution in momenta, which
yields
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d|k| |k / 4n 12 , 1
L egk = eA G 2 24 11,24”11 ( ) aT2e3 (@ tlk) W9(21+1)(21/+1)-1.3

XA d|x2||x2|3R2,1(|x2|)R’;,O(|x2|)jl(|k||x2|)Amd|x,||x]|3R;1(|x1|)R1.0(|x1|)jl/(|k||x1|)
{ernensen(y o 6) (oo o) Goo) (boo) (oo (oo)

esvern (g o) (453G e o) (e )6 o)

T [ [ (R [ [Py

aheeen( o) (1 200 0)

o )Goo)lor2)oo)Co)Goo)lor )

w3eeneene (o o o) (o1 500 2)(000)(000)(000)(000)

XK ¥ f) 1)(2 0 0><8 0 o><i - ><0 -1 >

LA [ [P [ 3 )0 00)]

e3eeneen@ (o o o) (o 5 1) 0 0)(000)(000)(000)(000)
A6 o )G ) o000 )on )

G Do )6 1 )60 oo

e3esvernen(o o o) 0)(o 0 0)(000)(000)(000)(o00)

I

=)

el

1
00

X[(—ll 11 3)(—11 : i)(o I —1)(1 0 —1)<0 -1 1>
+(i _1'1 é)(i ; _11>(o -1 1)(—1 0 1)((1> 1 _ll>]} (€19)

The properties of the Wigner 3 j-symbols can be used to cancel many of the summands. In particular, we can restrict the
sums to just A, 7,1’ =0, 1,2, leading to the expression
2

T ©o 1 © « . .
uﬁA d|k|k|3‘3_7T2(Q”+k|)2A d|x1||x1|3R2q1(|x1|)R1,0(|x1|)[10(|k||x1|)—2]2(|k||x1|)]

X Am dpea| s PRy i (2 )R7 o (ke ) Lo (Kl bea]) — 272 (Kl e )]

24576 172 (20a |k|2 )
_ dlk| kP et @iy (V901K = 2)7 C20
;4 [) | || | (4a2|k|2+9) ( )

‘CEM |k®k
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Finally, subtracting Eq. (C20) from Eq. (C18)—tecall Eq. (C1)—one arrives at the expression of the local term from
Eq. (44),

L

np

49152 w ke @tk
/ aji e (C21)

=2 71242 R
7 0 (4a3lk|* +9)°

2. Nonlocal term

The nonlocal term (45) contains two different summands, which differ on the order of the subindices A and B. For each of
them, as in the case of the local term, one can perform a separation into one part containing the identity and another one
containing the momentum dyadic. In this part of the appendix we will compute explicitly the first summand of the term,
which we will call M*®, and derive the other from this one using symmetry arguments. The explicit expression for M*? is

¢S] 13 .
M = _eAeB/ df1/1 dl‘z/d3x1/dsxzel(g"t‘+QBIZ))(A(f1))(B(fz)FZ(xl)W(xl + X5, %) + X5, 1, 1) Fy(x;)

¢S] 13 .
__eAeB/ dfl/1 dfz/d3x1/d3x2€'(QAt‘+g“lz))(A(tl))(B(tz)

&k k| . . ) ) k®k ,
X / (2”)3 % e—l‘k‘(ﬂ —1,) elk-xl e—lkJQ elk~(XA—XB)xtl <']] — |k—2> xZWZA (xl)ng (xl )W:B (xZ)l//gB (xz)’ (C22)

where we have already performed the translations x; = x;’ — x,, X, = x,’ — x; to eliminate the explicit dependence on x,
and x; from the smearing vectors.

Note that the correlation term (C22) depends on the relative spatial orientation of the two atoms. With the aim of defining
a common reference frame for the two atoms, we will refer the orientation of atom B to the reference frame of atom A. This
means that if the spherical harmonics used to describe atom A’s orbitals are Y7, (0, ¢,) = Y}, (04, ¢,), atom B’s angular
wave functions will be given by [56]

1
Yllgm (HB’ ¢B) = Z Yl/,t (eB’ ¢B)D/ltm (l//9 ’97 (p)’ (CZS)

H==1

where (y, 9, ) are the Euler angles characterizing the rotation between the reference frames of B and A (see Fig. 1), and
thm represents the Wigner D-matrix coefficients, which characterize the rotation of the angular momentum operators and
are given by

(I —m)!(I + p)! cos(9/2)*Fm=+]—sin(9/2) ™

D! 9 — p-iluy+me)
w7 9. 0) = ¢ T+ m)(=p)! (= m)!

9
F (ﬂ—l,—m—l;,u—m+ 1;tan22>.

(C24)

Taking this subtlety into account, and in the same way as we did with the local term £,,, we separate the term M*® into
two parts, one containing the identity matrix and the other one containing the momentum dyadic k ® k. The contribution to
M*® containing the identity matrix is
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3 o0 00 o "
el -0 9) STED 3 SPEUTID S DR LR UTSEPNIR

1=0 m=—1 0 m'==1 U'=0 m"=~1"

< [Tan [ e sy, g (e W)
-0 -0
x / b1 PR2 (1 R, 1, (1 )il ) / dbealleal*Re,, (al) Ry, (beal) e (el b))

[ QY )Y B i ), (B

X/d'Q‘l(Yﬁ.mg)*(fl)Yz,mg(fl)y}km(fl)/dQ2(Yi,m€)*(£2)Y113q,m_q(£2)Y?’ ’(A)

X [Yio(®1)Y10(%2) = Y11 (%) Y11 (%) = Y1y (&)Y (%2)], (C25)

where Ax is the unit vector pointing in the direction of x, — x;.

This term is actually very similar to its local counterpart (C6). Nevertheless, now we have an extra term e
which needs to be decomposed into spherical harmonics as well using (C4). Therefore there appear three spherical
harmonics in the integral over dQ; and five in each integral over dQ; and dQ,. These integrals can be readily
evaluated using the identities (although implicit in the expressions, all the spherical harmonics depend on the same
angles 6, ¢)

ik'(xA_xB>’

2+ 2L+ D2+ V) (L b L\(L L I
/dQYzllelzmzYl3m3—\/( 1+ 1N 24+ N2 + )<1 : 3)( bz 3) (C26)
T 0 0 0 my nmp mjy

- 2/1+1 QY + 2L+ 1)(2L + D)2+ 1)(21 + 1)(21s + 1
/dQYhmlleM2Y13WI3Yl4m4Ylsm5: Z< \/( L : >( : )( s )( : )

A =0 4n
(11 I /1)(11 I, A )(13 L /1><13 ¥ A )
X
0 0 0 my my —ny —mp 0 0 0 ms my -+ ms mi + my
Iy s X [ [ N
x ( v )( v ) (C27)
0 0 0 my  Mms —my — Nis

We can orient the z-axis in the integral over k along the vector x, —x,. In that way we can write

Y}?m”(ﬁ\x) = 8,00/ (2" + 1)/(4x), and thus easily perform the sum over m”.
The next step is to perform the integrals over the solid angles and the sums over m and m’:

Z/koYlm Yl’ '(IG)YI”O(I,&)/dQlYZ,me('xA:l)Ylg.m ( )Y;;n(A )

m,m

l,
x / 4, 3 (Dl )i (@ Z D, Vi, (&)

€=— le n=- lq

X [Y10(&1)Y10(R2) = Y11 (#1) Y111 (82) = V11 (81)Y 11 (£2)] Vg (Ax)
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3
RZeE (2L + 1)L+ D21+ D2+ 1)(21" + ZDnmq irmg-mem,)”

, Lo 2\ (1, 1 vt aN(l, 1 AN U I
22“%“)(000 0 0 00 0/lo o o)loo o

—
~

o

2,2

(my

ly 1 A [ l, A ly 1 vy

m, 1 —1-m, m,—my—1 —-m, my+1 n -1 1-pg

! l, N [ r "

x my—m,+1 m,—myg—n n—1 my—m,+1 m,—m;—1 0

I, 1 A [ l, A ly 1 vy

m, —1 1-m, l+m,—my, —-m, my—1 n 1 —=1-pg

! [, A [ v "
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As it was the case for the local term, this term cannot be further simplified without specifying the specific atomic levels of
the ground and excited states.

We address now the contribution of the dyadic k ® k, which reads
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(C28)
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(C29)
In this case, the sums over m and m’ and the integrals over solid angles in the two last lines yield
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where now the quantities A, and B, are
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We particularize now to the scenario described in the paper. Recall that the ground states are hydrogenoid-1s states and
the excited states are hydrogenoid-2 p, states. In this particular situation, the contribution of the nonlocal term proportional

to the identity reads
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0 -1 1 1 0 -1 I -1- -1 - n+1 -1 1 0
The Wigner D-matrix coefficients are nonzero only for n = 0, for which Dj, = 1 and DO o(w. 9, ¢) = cos 9. Using the

properties of the 3j-symbols we see that the sums have nonzero terms only for 4 = 1 and 2 =1. Additionally, we also
obtain the restrictions / =0, 1,2, I’ =0, 1, 2 and, as a consequence of these last two, I” = 0, 1, 2, 3, 4. Therefore, the

computation of the sums yields
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Analogously, the contribution containing the k ® k dyadic reads
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Finally, performing the integrals over d|x| and d|x,| yields
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and therefore, subtracting M*®|; o from M*®|;, the complete contribution M*®
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AB __
M*B = —e,e,

o5 t . .
x / d / b @)y (1, Yy (1) e TR,

One could think that computing the term M?®* just amounts to switching the labels A <> B in the expression above
Nevertheless, this is not quite the case, since when we performed the integrals over solid angles we wrote the angular wave
functions of atom B with respect the reference frame of atom A. We need to implement the following additional

substitutions of Euler angles to obtain My, from M,
Yesa = —@Par-ps 19B—>A = _&A—>B7 Pr>a = ~Yar-sn- (C38)

In the case under study here, this just amounts (apart from changing the labels A <> B) to changing 8 — —98 in Eq. (C37)

Therefore the complete nonlocal term M is
49152 cos 9 «© Jo(lk|xs —x5]) = 275 ([kl]xs —x5))
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Finally, let us perform the integrals in time for Gaussian switching functions, which admit closed-form expressions.

(1) = el W*/T Therefore the time integrals take the form
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where
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o . =+ b
I(a,b) = / dxe~ =Y erf(x — ia) = —i\/z_re‘“z‘%erf <a 2)

oo

is explicitly computed in [18].
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