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Abstract

In recent years, the study of entanglement properties of quantum field
theories has led to deep insights in fields as diverse as quantum gravity
and condensed matter physics. Originating as effective field theories for
certain quantum dimer models, the Quantum Lifshitz Model (QLM) and
its generalizations are bosonic quantum field theories with anisotropic
scaling symmetry between space and time. Being closely related to
conformal field theories, they provide a fruitful playground, where diverse
entanglement calculations can be performed analytically.

In this thesis, we concentrate on two entanglement measures, the
entanglement entropy and logarithmic negativity. Motivated to extract
sub-leading universal behavior, we perform analytic calculations in two
and higher even dimensions. In order to make the calculations tractable,
we put the QLM on compact manifolds, such as spheres and tori, where the
spectrum of a certain operator appearing in the ground state of the theory
is explicitly known. Mostly by means of the replica method, we then find
analytic expressions for the finite sub-leading terms of the entanglement
entropy and logarithmic negativity of the ground state, as well as the
entanglement entropy of the excited states of the QLM. In the case of the
ground state entanglement entropy, we provide analytic expressions for
the sub-leading terms as functions of the dimension and the dynamical
critical exponent. For the excited states we provide analytic formulae of
the sub-leading coefficients as functions of the excitation numbers.
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1 Introduction

Soon after quantum mechanics had found its modern mathematical foun-
dations in the 1930’s, [Einstein et al., 1935] and [Schrodinger, 1935]
discovered the phenomenon that lies at the heart of the differences be-
tween the quantum and the classical world: Entanglement.

In essence, entanglement implies the existence of systems that, even if
they consist of multiple parts, can only be treated as a whole. Let us be
more concrete. Say there is a system made up of several components such
as, for example, a collection of particles — though other systems exhibiting
entanglement are abundant — and separate these particles until they all
are very far apart from each other. Our intuition would tell us that, if
we perform experiments on one of those particles, the results should be
independent of the other. After all, how could all these distant particles
conspire to correlate? However, if the system is entangled this intuition
is not true, and the result of our experiment will be connected to the
results of the experiments by far-away labs on the other particles.

Perhaps the most famous example of an entangled system is that of
an EPR-pair (named after the authors of the seminal paper by Einstein,
Podolsky, Rosen [Einstein et al., 1935]). Such a pair consists of two
particles, each of which can be either in a spin up or in a spin down state.
The spins of an EPR-pair are entangled in such a way that they must
both either point up or both down and nothing else is allowed'. Imagine
creating such an EPR-pair and taking one of the particles to a hypothetical
laboratory on Mars, while the other remains in a laboratory on Earth.
Then, a measurement of the spin of the Earth particle immediately
determines the spin of the Mars particle: If we measure spin up, the Mars
particle must also have spin up.

This phenomenon seems to go against relativity, with information
travelling faster than light, and its discovery triggered a discussion on
the nature of physics, experiments, and reality that lasted for many
decades, and, to some degree, still continues. Some physicists, such as
Einstein, argued the incompleteness of quantum mechanics, stating that

! An analogous situation with opposite pointing spins not allowed to point in the
same direction is also possible.
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the strange behavior of entangled systems must be due to our ignorance
of some unknown quantities, dubbed hidden variables. Other physicists,
like Bohr, took a more pragmatic approach, accepting the new ideas
as a fundamental, yet counter-intuitive part of reality. After all, why
should reality cater to our intuition? It was not until some decades after
the discovery of entanglement that the seminal work by [Bell, 1964] and
its multiple experimental confirmations, see for example [Freedman and
Clauser, 1972] and [Aspect et al., 1982], ruled out local hidden-variables
and cemented entanglement as a real part of physics.

Interestingly, one of the first motivations to study entanglement out-
side of the realm of the foundations of quantum mechanics came from
black hole physics. The work of [Bekenstein, 1973] and [Hawking, 1976]
in the 1970’s showed that black holes behave as thermodynamical objects
with an entropy proportional to the area of their event horizon. Some
years later, looking for a source for the entropy of a black hole, [Bombelli
et al., 1986] and [Srednicki, 1993] independently showed the entanglement
entropy — an entanglement measure that we will later analyze in detail —
between two complementary regions of space to be proportional to the
area between the two regions for a scalar field in its ground state. Imag-
ining the two regions to be the inside and outside regions of a black hole,
this result suggested a tantalizing explanation for the area law behavior
of the black hole entropy. Later work by [Callan and Wilczek, 1994] and
[Holzhey et al., 1994] confirmed this type of area law behavior in the
context of conformal field theory, and introduced some of the modern
techniques to calculate entanglement entropy in quantum field theory.
Since then, a lot of work has been devoted to understand the entanglement
properties of quantum field theory and to find ways to calculate them, see
[Casini and Huerta, 2009] and [Calabrese and Cardy, 2009] for reviews.

The idea that information about a black hole is stored on its surface
also inspired the concept of holography, see ['t Hooft, 1993] and [Susskind,
1995]. This is the notion that quantum gravity is highly redundant,
only needing a surface of one dimension less than the dimension of the
spacetime to describe all of its contents. In the late 1990’s holography was
first concretely realized in string theory as the AdS/CFT correspondence
in the seminal papers [Maldacena, 1999], [Witten, 1998], and [Gubser
et al., 1998]. In its original form, the AdS/CFT correspondence states
that a string theory defined on AdSs x S°, that is five dimensional anti
de Sitter space times a five sphere, is dual to a conformal field theory
that lives on the boundary of the anti de Sitter space. The Bekenstein-
Hawking formula then seemed to suggest that in holography geometric



quantities, such as the area of the black hole horizon, should be related to
quantum mechanical quantities, such the entanglement entropy. It didn’t
take long for this notion to be realized in the context of the AdS/CFT
correspondence. The Ryu-Takayanagi formula [Ryu and Takayanagi,
2006a, Ryu and Takayanagi, 2006b] and its covariant generalization,
the Hubeny-Rangamani-Takayanagi formula [Hubeny et al., 2007], state
that the entanglement entropy of a region of a d-dimensional CFT is
determined by the area of an extremal surface with the same boundary
as the CFT region, but reaching into the d + 1-dimensional bulk on
whose boundary the CFT is considered to live. Taking these ideas even
further, it has been suggested that in the context of quantum gravity
spacetime itself should be considered an emergent quantity, determined
by the entanglement properties of the corresponding boundary theory
[Van Raamsdonk, 2009], see also [Rangamani and Takayanagi, 2017].

In another corner of physics the practical potential of entanglement
was also recognized in the 1990’s. Several famous results such as quantum
cryptography by [Ekert, 1991] and quantum teleportation by [Bennett
et al., 1993] paved the way for the vast and very active fields of quantum
information and computing, both of which have entanglement at their core.
The activity in these fields has pushed our understanding of entanglement
and how to quantize it and work with it, although it mostly deals with
discrete systems, see [Plenio and Virmani, 2007, Horodecki et al., 2009].
Not long after the first breakthroughs in quantum information, it was
also realized that entanglement served as a great tool for condensed
matter physics. In 2002, [Osterloh et al., 2002] and [Osborne and Nielsen,
2002] found that during a quantum phase transition of a certain spin-
chain model the entanglement remained short-ranged, as opposed to
the diverging classical correlation length, and that a specific measure
of entanglement was maximal at the critical point. This observation
revealed a deep connection between entanglement and critical phenomena.
The relevance of entanglement to condensed matter physics was further
underlined by the discovery that sub-leading corrections to the area
law divergence of the entanglement entropy encoded universal features
of critical theories [Vidal et al., 2003, Calabrese and Cardy, 2004], see
[Amico et al., 2008, Eisert et al., 2010, Laflorencie, 2016] for reviews.

As can be seen from the last few paragraphs, entanglement is a
rich and important subject, touching upon many branches of physics,
and leading to deep insights where it does. However, quantifying and
calculating entanglement is hard, especially in the context of quantum
field theory, and analytic results are not as plentiful as one would like, and
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are mostly concentrated to CFTs, where powerful machineries come to aid.
Another fruitful source of analytic results for entanglement has been that
of Lifshitz field theories, and in particular that of the quantum Lifshitz
model (QLM). Lifshitz field theories are non-relativistic and exhibit a
scale invariance that is anisotropic between space and time, and which is
characterized by the so-called dynamical critical exponent z. Concretely,
the space and times coordinates transform as

7 A £ Nt (1)

under a scaling A. The QLM is a 2 4+ 1-dimensional QFT that realizes
this symmetry for z = 2. It was first introduced in [Ardonne et al., 2004]
as the continuum limit of the quantum dimer model [Kivelson et al.,
1987], which was in turn originally used as a tool to understand certain
properties of high temperature superconductivity. One of the striking
features of the QLM is that its ground state wave function can be easily
found and, even more, it turns out to be invariant under 2-dimensional
(spatial) conformal transformations. It was quickly realized by [Fradkin
and Moore, 2006] that this could be exploited to perform an analytic
calculation of the ground state entanglement entropy of the theory. Since
then, the QLM has served as an excellent toy model for performing
analytic entanglement calculations, see for example [Hsu and Fradkin,
2010, Oshikawa, 2010, Zaletel et al., 2011, Zhou et al., 2016]. One can
generalize the QLM to higher dimensions and arbitrary critical exponents.
The d + 1-dimensional form of the QLM, which goes by the name of
generalized quantum Lifshitz model (GQLM), is deeply connected to
d-dimensional CFT. As we have now reached the setting for this thesis,
let us abandon our historical digressions and take a closer look at the
subject at hand.

1.1 Background

The thesis is based on the three papers listed on page xiii. In order to
emphasize these papers, we will cite them as [I], [II], and [III] instead
of [Angel-Ramelli et al., 2019], [Angel-Ramelli et al., 2020], and [Angel-
Ramelli, 2020]. The papers are attached and can be found in pages 78,
141, and 193 respectively. Let us inspect the core concepts on which we
base this thesis a little closer.

Our main motivation is to expand our exact knowledge on entangle-
ment in quantum field theory. We do this in the setting of the 2 + 1-
dimensional quantum Lifshitz model (QLM) [Ardonne et al., 2004] and



1.1 Background

its generalizations to higher dimensions [Kerédnen et al., 2017] and curved
higher dimensional manifolds [I]. We refer to the higher dimensional
models as generalized quantum Lifshitz models (GQLM). One of the most
important features of the QLM is that its ground state takes the following
simple form

_ 1 35l
v = 7= [ Do 55jg) 2

with S[¢] the conformally invariant? action of a 2 dimensional free scalar

Sl =g [ & (Vo). (3

We take the scalar ¢ to be compactified with compactification radius
R, that is ¢ ~ ¢ + 2rR. This very simple ground state, provides us
with a suitable playground on which many difficult calculations can be
performed explicitly, turning the QLM into an excellent toy model for
entanglement calculations.

We will consider bipartite entanglement of pure and mixed states, and
for this we need suitable measures of entanglement. There are many ways
to quantify entanglement, for reviews see for example [Plenio and Virmani,
2007, Amico et al., 2008, Horodecki et al., 2009]. An entanglement measure
takes the density matrix of a system as an argument, and returns a positive
real number that characterizes its entanglement. In order to do the latter,
a good entanglement measure should satisfy at least two properties. First
of all, unentangled states are described by separable density matrices,
and thus a good entanglement measure vanishes for separable density
matrices. Secondly, the entanglement measure should introduce an order
into the space of density matrices, reflecting the fact that some systems
are more entangled than others. In order to do this, the concept of “Local
Operations and Classical Communication” is useful. Let us consider
two particles in a maximally entangled EPR state. If we take each of
the particles to a different lab, LOCC transformations capture the type
of operations the labs can perform: They can inspect their respective
particle by performing local quantum operations (LO), and they can
communicate via classical means (CC) to compare results. The crucial
observation is that entanglement can never be created, only conserved
or destroyed, by these means. The two labs can by means of LOCC
determine that their particles were entangled, but in the process they
destroy the entangled state. Thus, if a state can be reached from another
by LOCC transformations, then the former was more entangled than the

2Under conformal transformations involving only the spatial part of the QLM.
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latter. A good entanglement measure must therefore never increase under
LOCC transformations. A measure that satisfies the properties above is
called an entanglement monotone.

Most good measures of entanglement come from the quantum infor-
mation community and are ill-suited for analytic calculations in quantum
field theory. We will concentrate on two entanglement measures that allow
us to achieve the desired analytic results: the entanglement entropy and
logarithmic negativity®. The entanglement entropy is a good measure for
bipartite entanglement of pure quantum states [Bennett et al., 1996a]. In
fact, many measures of entanglement, such as the distillable entanglement
[Bennett et al., 1996a] and the entanglement of formation [Bennett et al.,
1996b], reduce to the entanglement entropy for bipartite pure systems.
For mixed states, however, the entanglement entropy fails to account for
only quantum correlations between the subsystems and thus cannot iden-
tify entanglement reliably. In that case, we will consider the logarithmic
negativity [Vidal and Werner, 2002], which is an entanglement monotone
for mixed states. In contrast to most other entanglement measures, the
logarithmic negativity distinguishes itself by being relatively easy to cal-
culate, and can be used to provide upper bounds for other entanglement
measures [Vidal and Werner, 2002]. Let us take a closer look the the
entanglement entropy and logarithmic negativity.

Entanglement entropy

The entanglement entropy has is roots in statistical quantum mechanics
and is related to the Shannon entropy in information theory. Let H be
the Hilbert space of a quantum system defined on the manifold M, and
let us assume that upon dividing the manifold into the submanifolds A
and B, the Hilbert space can be expressed as the tensor product of the
Hilbert spaces corresponding to the subsystems: H = H4 ® Hp. For a
state described by a density matrix p, the entanglement entropy of the
subsystem A is then given as the von Neumann entropy of the reduced
density matrix on A

S[A] = —Tr(palog pa), (4)

where the reduced density matrix was obtained by tracing out the degrees
of freedom on B: p4 = Trpp. The entanglement entropy has been
studied in various contexts, as can be seen from our previous historical

3 As a byproduct of the logarithmic negativity, we also get results for a third, the
odd-entropy. As this goes beyond the scope of this thesis, we refer the interested reader
to [I1].



1.1 Background

introduction. In this thesis we view it as a theoretical probe that encodes
universal properties of critical field theories. This standpoint has been
widely studied and there are several reviews on the matter, such as
[Calabrese and Cardy, 2006, Amico et al., 2008, Eisert et al., 2010,
Laflorencie, 2016]. Most work on the universal properties of entanglement
entropy has been focused on CFTs, where powerful tools are available, and
in particular 2-dimensional CFTs, where these tools are the most powerful.
In general, one expects the ground state entanglement entropy of a D-
dimensional CFT (see [Nishioka et al., 2009, Nishioka, 2018, Rangamani
and Takayanagi, 2017] for reviews) to behave as

Cp—2 (LTA)D72+~--+colog (LTA) +---, D even
cD,Q(LA)D_2+-~+c0+-~, D odd

£

S[A] = (5)

where L4 is a characteristic length of A, such that Area(A) Lg_2,
and ¢ is a UV-cutoff. All coefficients apart from ¢y depend on the
regularization scheme and are not physically meaningful. On the other
hand, ¢y does not depend on the regularization scheme or the specific
realization of the theory within the same universality class, and is thus
said to be universal. In even dimensions ¢y is related to the conformal
anomaly of the stress-energy tensor of the corresponding CFT [Ryu and
Takayanagi, 2006a, Solodukhin, 2008, Fursaev et al., 2013]. We note
that expression (5) is in agreement with the famous leading logarithmic
divergence in 2-dimensional CFT [Callan and Wilczek, 1994, Holzhey
et al., 1994, Calabrese and Cardy, 2004], with ¢y = ¢/3 and ¢ the central
charge of the theory. While most work on the entanglement entropy
has focused on the ground state, there has also been some research on
excited states. A central observation here is that the area law scaling of
the ground state is quite special within the Hilbert space. In fact, the
entanglement entropy of a pure state picked at random from the Hilbert
space generically obeys a volume law [Page, 1993]. Notably, this implies
that highly excited states are expected to obey volume laws. On the other
hand, the low-lying excitations of various theories have been observed
to obey area laws. In [Masanes, 2009], for example, a lattice argument
valid for a wide range of theories limited the entanglement entropy of
low-lying excited states to obey at most an area law with a logarithmic
correction. Examples of this are low-energy excitations corresponding to
primary fields in a 1 + 1-dimensional CFT [Alcaraz et al., 2011, Berganza
et al., 2012], and finite quasi particle excitations in a certain limit of a
wide class of theories [Castro-Alvaredo et al., 2018]. In both these cases
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the entanglement entropy of the excited states still respects an area law
like (5), albeit with a universal correction with respect to the ground
state. From a different perspective, numerical studies of spin-chains have
shown that, depending on their local properties, one finds both excited
states that obey area laws, as well as those that obey volume laws, see
for example [Alba et al., 2009].

The entanglement entropy of the 2 4+ 1-dimensional quantum Lifshitz
model has also been widely studied, see for example [Fradkin and Moore,
2006, Hsu and Fradkin, 2010, Zaletel et al., 2011, Zhou et al., 2016]. Here,
it has been found that the ground state of the model obeys an area law
of the form

L c L
S[A]:Cl?A—FEAXlog?A-i-’YQCP—F..., (6)

where c is the central charge of CF'T whose action describes the ground
state of the QLM, Ay is the change in Euler characteristic after surgery,
and c; a non-universal constant. The scaling behavior and the logarithmic
correction follow from the celebrated result by [Cardy and Peschel, 1988]
on the free energies of 2-dimensional CFTs. The sub-leading constant term
was shown to be universal whenever Ax = 0 in [Hsu et al., 2009]. There
have, to our best knowledge, only been two works on the entanglement
entropy of excited states of the QLM. In [Zhou, 2016] an excited state
was constructed by acting with a vertex and time evolution operator on
the QLM ground state. The excess entanglement entropy after some
time was then analyzed and found to be expressed in terms of certain
correlation functions of the theory. Our work on excited states [III] is
largely based on [Parker et al., 2017]. Here, the entanglement entropy
of states obtained by exciting the eigenmodes of the Laplace-Beltrami
operator on the spatial manifold was analyzed by replica approach. While
the complexity of the problem only allowed the authors to conjecture
an expression for the entanglement entropy in some special cases, it was
found that it generally depends on quantities that the authors dubbed
“Entanglement propagator amplitudes”. We will take a closer look at the
results from [Parker et al., 2017] in section 2.1 and compare them to our
own.

We note here, that a holographic formulation of the entanglement
entropy for theories with Lifshitz scaling, see (1), a la Ryu-Takayanagi
is not yet well understood. Taking a gravitational solutions that realize
Lifshitz scaling, for example [Kachru et al., 2008, Taylor, 2008], one
would be tempted to construct the entanglement entropy by the stan-
dard Ryu-Takayanagi prescription [Ryu and Takayanagi, 2006b, Ryu and
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Takayanagi, 2006a]. However, it turns out that in static Lifshitz space-
times the resulting entanglement entropy is independent of the critical
exponent z, see [Kerdnen and Thorlacius, 2015]. This has prompted fur-
ther studies of the entanglement entropy of non-relativistic field theories
with general critical exponents such as [He et al., 2017, Mozaffar and
Mollabashi, 2017, Gentle and Vandoren, 2018] and our own work [I].

Logarithmic negativity

Let us consider a state described by a density matrix p4 on the bipartite
geometry A; U As, such that the Hilbert space of the total system factors
as H = Hi ® Ha. Then the logarithmic negativity is defined as [Peres,
1996, Vidal and Werner, 2002]

€ =log o, (7)

where ( )’ represents the partial transposition over the A, part of
the system, and [|O| = Trv OO is the trace norm. This definition
relies on the fact that for separable systems the partially transposed
density matrix pjf is, again, a density matrix. Thus, & must vanish
for non-entangled systems, and a non-vanishing £ detects entanglement.
While the literature on the logarithmic negativity is not as vast as that
concerning the entanglement entropy, there has been much recent interest.
For example, an equivalent definition of the logarithmic negativity that
is well-suited for replica calculations [Calabrese et al., 2012, Calabrese
et al., 2013a], has been used to analyze different systems in their ground
states and at finite temperature, see for example [Calabrese et al., 2013b,
Calabrese et al., 2014, Coser et al., 2016, Shapourian and Ryu, 2019].
Until our analytic work [II], the logarithmic negativity of Lifshitz models
had only been analyzed numerically [Mozaffar and Mollabashi, 2018].

1.2 Overview of the thesis

This thesis is structured as follows. In section 2 we review the quantum
Lifshitz model (QLM) and its generalization to higher dimensions, the
generalized quantum Lifshitz model (GQLM), as well as the construction
of the ground and excited states of the theory. The generalization of the
model is part of [I]. In section 3 we first review the calculation of the
ground state entanglement entropy of the QLM, and then show how to
generalize those calculations to two situations. First, we apply them to
the ground state of the higher dimensional GQLM, and then to the as
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the excited states of the QLM. These generalizations are the content of
[[Jand [IIIJrespectively. Finally, in section 4 we calculate the logarithmic
negativity of certain mixed states of the QLM by two different approaches,
summarizing the content of paper [II].

In the following we briefly describe of the main results of our papers.
These results will be discussed in more detail in the main body of the
thesis.

Paper |: Entanglement entropy in generalized quantum Lifshitz mod-
els

The QLM was originally defined in 2 + 1-dimensions and with dynamical
critical exponent z = 2, and while the generalization to flat d + 1-
dimensions and z = d is relatively straight-forward, one has to be careful
when putting the model on curved manifolds. In this paper we generalize
the definition of the d + 1-dimensional GQLM in flat space given in
[Kerdnen et al., 2017] to encompass curved geometries. Here, two issues
are important. First, for z > 2 the operator appearing in the action that
characterizes the ground state of the model is a higher derivative operator.
This means that further boundary conditions need to be specified in
order to make the corresponding variational principle well-defined, as
well as the operator self-adjoint. Second, one would like the generalized
model to retain the connection to CFT that was present in the 2 + 1-
dimensional QLM. However, on curved manifolds this cannot be achieved
if the operator in the ground state action is simply a power of the standard
Laplacian (as is the case for flat manifolds). It thus becomes necessary to
alter said operator in order to restore the spatial conformal invariance of
the ground state. For even spatial dimensions we take the GQLM with
critical exponent z to be defined by having the ground state (2) with a
ground state action given by

S[6) = Solo) + Soulé) = g | Ao VGOP.pid+Sontle).  (8)

where G is the determinant of the Euclidean metric on M, the operator
P. ar is the conformal generalization of an integer power of the Laplacian
A3 on M, and Sy is a boundary action that makes the variational problem
well-defined. We consider two types of geometry, flat tori and spheres.
On flat manifolds P, s reduces to A%, and for d = z = 2 the bulk action
agrees with that of the QLM, that is (3). On spheres and hemispheres
P..u is a so-called GJMS operator [Graham et al., 1992], which in essence
is a polynomial of degree z/2 in the Laplace-Beltrami operator on the

10
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manifold, constructed such that it transforms in a specific way under
Weyl transformations. In even d dimensions this operator is well-defined
for z = 2,4,...,d [Gover and Hirachi, 2004, Juhl, 2009, Juhl, 2011].
Performing a replica calculation on the spherical geometry we find that
the entanglement entropy at z = d of a d-hemisphere H? can be written

as
ZHg, ZHg, ) 1

S[Hd]:—log< i) 2, 9)

with Z the partition function corresponding to the action (8) on the
respective manifolds with appropriate boundary conditions. Repeating
the calculation on the flat torus Tillw-,Ld = RY/(L17Zx - - - x LyZ) cut into
the two cylinders Yp := [-Lp, 0] X T‘Li;.l“,Ld and Y4 := [0, L 4] x Tg;-l--,Ld
we find the entanglement entropy of the cylinder Y4 to be

ZYA,DZYB,D ) . }

e EERLAU (10)

S[Ya] = —log (

where TW'(1) is the contribution from the so-called winding sector. We
note that F[A] = —log Z4 = %log Pa4,a is the free energy of the ground
state CFT (8). In the paper we put considerable effort into evaluating the
resulting determinants and bringing them into relatively simple forms.

Paper Il: Logarithmic negativity of the quantum Lifshitz model

We analyze the logarithmic negativity of a certain type of bipartite mixed
states of the QLM. These mixed are constructed by putting the ground
state density matrix on a tripartite geometry and tracing over one of the
parts, resulting in a bipartite mixed state, whose two parts we denote by
A1 and AQ.

We first apply the correlator method to the non-compact QLM in
1 + 1-dimensions with spatial part given by a line with either open or
periodic boundary conditions, and find that the logarithmic negativity
depends on whether the submanifolds A; and A, are adjacent or not.
In both cases the result can be summarized by the following formula in
terms of the partition functions with Dirichlet boundary conditions of

the subsystems
YAWA

In the disjoint case the subsystems are not allowed to talk to each other
and the partition function factors as Z4,y4, = Za,Z4,. There, we find

11



1 Introduction

the surprising result that the logarithmic negativity vanishes exactly

EA1, 4, disjoint = 0. (12)

Then, we perform an analogous calculation by a replica approach
in the 2 4+ 1-dimensional QLM on either a sphere or a torus. In the
non-compact case we confirm the result (11), and in the compact case we
find the slight generalization

a2
£ =—log | 2242 ) 4 1og We(1). (13)
ZAlUAQ

In the disjoint case Wg(1) = 1, so we, again, observe an exact vanishing of
the logarithmic negativity. In the adjacent case the winding contribution
is non-trivial and, for the sphere, can be related to the winding sector of
the entanglement entropy of a tripartite system. As a by-product of our
calculations we also find analytic expressions for the odd entanglement
entropy of the system.

Paper lll: Excited state entanglement entropy of the quantum Lifshitz
model

In this third and final paper, we analyze the bipartite entanglement
entropy of a certain class of states constructed by exciting the eigenmodes
ALy(z) = —AL)(x) of the Laplace-Beltrami operator — which is just the
differential operator appearing in the ground state action of the QLM.
In order to be able to do this, we assume the spatial manifold M of the
model to be compact, such that the spectrum of the Laplacian on it is
discrete. The general finitely excited state is then labelled by the number
of excitations my, in the modes \,. We demand that the following integral
vanishes (and show that this is justified in the geometries considered)

/ Pz Ly ()6 (z) = 0, (14)
X

with X = M for the singly excited state. Here ¢ is a solution of the
equations of motion A¢®! = 0 on the submanifolds A and B of the
bipartite geometry with a specific set of boundary conditions dictated
by the replica approach in between. For general excitations, we make
the stronger demand that the integrals with X = A, B vanish separately.
Whenever this assumption is fulfilled, the replica calculation can be
performed analytically and, in particular, we find that the entanglement

12



1.2 Overview of the thesis

entropy of the excited state labelled by (my,,...,my,) can be expressed
as

Srnyiny [A] = Sas[AITH(M) + Tr(log(AB)M).  (15)

Here, Sgg[A] is the ground state entanglement entropy and A, B, and M
are rank 2v tensors with elements determined by the correlation functions
on A, B, and M respectively. For example, the tensor on A is defined as

v
KK ! (e mT)
ALk = om0 8
k1,....ky g QmT\J m"'! (kr) <k4‘

<ﬁHmr—kr(<ﬁﬁ’“)Hk;(¢2’“)> , (16)
Ap

r=1

with each index k, and k. running from 0 to my,, and where the fields
are all free in A and with Dirichlet boundary conditions at 0A. These
correlation functions can be resolved by Wicks theorem into polynomials of
certain integrals of the Green’s functions that were, in a slightly different
form, considered by [Parker et al., 2017], and under some numerical
evidence conjectured to be universal. Our calculations add evidence to the
universality of these quantities. Consequently, it seems that all quantities
appearing equation (15) are universal. In the paper we consider two
explicit geometries, the sphere and rectangle, and construct all quantities
explicitly. In the particular case where all the excitations are put into
a single mode, we observe a logarithmic behavior of the entanglement
entropy with respect to the excitation number.

13






2 The Quantum Lifshitz Model

The 2 + 1-dimensional quantum Lifshitz model with dynamical critical
exponent z = 2 on a spatial manifold M is defined by the Hamiltonian
[Ardonne et al., 2004]

H = ;/M a2z (7r2 1 g2 (A¢)2) , (17)

where A is the Laplace-Beltrami operator on M and g > 0 a real param-
eter. We take ¢ to be a compactified scalar field with compactification
radius R, that is ¢ ~ ¢+ 27 R, and m = —i% to be its canonical conjugate
momentum, with equal time commutator

[p(x), ()] = i6(x —y). (18)

We note that the compactification radius R and the parameter g are not
independent of each other, and that physical quantities that are invariant
under a rescaling of ¢ are expressed in terms of R,/g. For different choices
of g, the QLM describes the continuum limit of the quantum dimer model
[Rokhsar and Kivelson, 1988] and some of its generalizations, e.g [Henley,
1997, Moessner et al., 2001, Castelnovo et al., 2005, Freedman et al.,
2005, Fendley, 2008], at criticality. The critical point described by the
QLM is an example of a conformal critical point, which is reflected in
the fact that the ground state and equal time correlators of the QLM are
described by a 2-dimensional euclidean CFT. Note, that this CFT in turn
corresponds to a 2-dimensional classical statistical system at criticality.

In order to understand the connection between the QLM and 2-
dimensional CFT, let us construct the ground state of the QLM. We first
define the operators

Q) = g lim(2) + 9(—A)d ()] (19)
Qi(z) = \}Q [—in(z) + g(~A)d(x)] (20)

The Hamiltonian can then be recast in the form

H=3 [ a% Ql@)Q) + Fo (21)

15



2  The Quantum Lifshitz Model

where Ej is the constant (and UV-divergent) vacuum energy, and can
be subtracted from the Hamiltonian without loss of generality. On that
account we define H = H — Ey. The Hamiltonian H is positive semi-
definite, implying that if we can find a state |¥p) that is annihilated
by Q(z) for all z, it must be the ground state of the theory. Setting
Uo[¢] = (¢|¥o) we can write out the corresponding functional differential
equation as

1 )
Q(x)Volp] = 7 <5¢ - gAcb) Po[g] =0, (22)
which has the solution
ol oo »

with normalization given by the partition function Z = [ D¢ e—5l9 and
where the action S[¢] is the negative exponent in (23). After integration
by parts S[¢] can be written as

Sl = g [ (Vo). (24)

which is simply the conformally invariant action of a free scalar in two
dimensions.

2.1 Excited states

One can consider many different types of excited states for the quantum
Lifshitz model. In [Zhou, 2016], for example, coherent excitations of the
vacuum by vertex operators were considered, and the excess entanglement
entropy after a time ¢ was found. We will consider another situation that
was first studied by [Parker et al., 2017]. Let M be a compact manifold,
such that the spectrum of A is discrete on it and given by

— ALy(z) = ALy(z). (25)

By projecting Q(x) and Qf(x) onto Ly(x) we can define creation and
annihilation operators AJ; and A, for the eigenmode L) (z)*

Al = \/%/Md% Ln(2)Q1(2), Ay = \/ZT/M &z Ly(2)Q(z). (26)

4Note that there is an Ay for each eigenmode, regardless of the degeneracy of the
eigenvalue A. When ) is used as an index, it is meant as a unique label for the mode.
For example we mean A = £(£ + 1), but Ay = A, on the spherical geometry where
the eigenmodes are the spherical harmonics Ly (z) = Y, (z).
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2.2 Generalization to higher dimensions

From the commutation relation [Q(x)f, Q(y)] = g(—A)d(x — y) for the
position space operators, which in turn follows from the canonical com-
mutation relation between ¢(x) and 7(x), see (18), we find that

[Ax Af] =0y, (AL AJ] = [Ax A =0, (27)
[H, Al] = gr Al (28)
These correspond to the commutation relations of a harmonic oscillator

for each mode, with g\ the energy of a single excitation in the A-mode.
The Hamiltonian can then be recast as

H=>Y gralA,. (29)
A

It is now straight-forward to construct any such finitely excited state.
We pick a set of modes {A1,...,\,} and act on the ground state m,),
times with each of the corresponding creation operators Az\r. The general
excited state is then labeled by the numbers m), and given by

T\ T\ + \"™w
CE) T )T () o) (30)

(Mg, ..., my,)) = T ) \/W N

14

A 1
\F/ (H V2Mrmy 1 e (f@)) e 2%0l|g),

(31)

where H,,(¢) is a Hermite polynomial defined as

22)™ 2k
m'z k') (_)%) (32)

and where ¢ is in essence the projection of ¢(z) onto the eigenmode
L(x)

— /g / o Ly(2)é() (33)
M

with a factor \/2g\ chosen to simplify the coming entanglement calcula-
tions.

2.2 Generalization to higher dimensions

Our goal in this section is to find a generalization of the quantum Lifshitz
model to geometries with a spatial part determined by a curved higher

17



2  The Quantum Lifshitz Model

dimensional manifold M. Our guiding principle is that we would like the
resulting model to maintain the nice properties of the d = z = 2 QLM.
More concretely, we want the generalized model to have a ground state
that is defined through a CFT action, and thus still describes a classical
critical system. Our starting point is the generalization of the quantum
Lifshitz model to flat d 4+ 1-dimensional space by [Kerdnen et al., 2017]
and dubbed generalized quantum Lifshitz models. Let us briefly review
this models before continuing. It is defined by the Hamiltonian

H= ;/dd:c (H T (A§¢)2) , (34)

where A = —0%0, is the Laplace-Beltrami operator and g > 0 a real
parameter. As before, ¢ is a compact scalar field and 7 its conjugate
momentum. At d = z = 2 this definition reduces the standard QLM (see
equation (17)) as defined by [Ardonne et al., 2004]. The ground state of
the model can be calculated in an analogous way to before, by defining

Q) = — (in(@) + 9(~A) i o(a)) (35)

such that H = [ d%Qf(2)Q(z) + Eo, and then finding the state ¥o[¢)]
annihilated by Q(z) for all z. The ground state takes the same form as
before

1 1
ol¢] = —=e 20 36
with normalization given by the partition function Z = [ Depe @) and
where the action S[¢] is now

Slé) = —g [ d' ¢(a)(~A)F o). (37

It was observed in [Kerdnen et al., 2017] that for z = d the action
corresponds to that of the higher derivative CFT studied in [Brust and
Hinterbichler, 2017]. As we will see, other values of z can also lead do
higher derivative CFTs.

The naive ansatz of simply putting the action (38) on a curved
manifold does not necessarily work, as the operator (—A)% is not a
conformal differential operator in general. The first step in defining
the generalized action is thus replacing the operator by a conformal
counterpart. We denote the conformally invariant generalization of (—A)2
by P, a. It is an operator of degree z that depends on the geometry of
the manifold M. Furthermore, in order to have a well-defined variational
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2.2 Generalization to higher dimensions

principle when M has a boundary we need to include boundary terms for
the action, which we denote by Spps[¢]. This is of special importance to
us, as the entanglement calculations demand a surgery that introduces a
non-trivial boundary. With this considerations we can write down our
ansatz for the generalized action as

S[6] = Solé] + Soar = g /M /G $Porrd+ Sontld]. (38)

Both the generalized conformal Laplacian and the boundary terms depend
on the manifold, so let us take a look a two concrete geometries: the flat
torus and the sphere.

The flat torus

l
I
|
|
:
=
|
|
|
|
|
|

Figure 2.1. The flat torus as a rectangle with opposite sides periodically
identified.

Let the d-dimensional flat torus with circumferences L1,..., Ly be
defined by
T 0, =RY(LZ...LJZ). (39)

The situation in two dimensions is depicted in figure 2.1. The d-torus
defined above is flat and thus P, js is the same operator that appears in
(38), that is

Py, =(-1itiai (40)

with A = —9%0,. We want the variational principle associated to the
action defined by inserting this operator into (38) to be well-defined. As
the operator is a higher derivative operator, this forces us to impose a set
of boundary conditions on the variations of the field ¢. Such a consistent

choice of boundary conditions for the variations is given by
z

6dloar =0, AFSPloar =0, k=1,..., ohe 1. (41)
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2  The Quantum Lifshitz Model

Here, there is an implicit assumption about the surgery that we will per-
form on the torus. We will divide it into two cylinders, so the manifolds
that we finally consider have two boundaries. With z/2 boundary condi-
tions at each boundary we arrive at the z boundary conditions needed to
have a well-defined fluctuation associated to a linear differential equation
of degree z. The motivation for the choice (41) has two origins. On one
hand, we will perform a replica calculation, for which it is important to
demand that the fluctuations obey Dirichlet boundary conditions. On
the other hand, we want the boundary conditions to be consistent with
the self-adjointness of the operator (40). Both these requirements are
satisfied by (41). Finally, we define the boundary action to be

1

Soar == (=172 [ ale Y (9700) (077 60). (42)
oM =

With this choice and the boundary conditions for the fluctuations (41)
the variation of the action (38) vanishes at the boundary and gives the
equation of motion

A2 =0 (43)
inside the manifold. We will talk about the boundary conditions for
the fields when we perform the replica calculation of the entanglement
entropy. For now we note that again z boundary conditions are needed
and that they need to be chosen carefully in order to be consistent with
the previous discussion.

The sphere

On the sphere, the proper generalization of the (_Aﬁ is given by a so-
called GJMS-operator P, ga [Graham et al., 1992]. These operators are
generalizations of the conformal Laplacian to higher derivatives defined
to transform covariantly under Weyl transformations. Concretely, the
GJMS-operator transforms as

d+z d—k
P, 5(2G) = ¢ TP, 02(G)eT ¥, (44)
under the Weyl transformation of the metric Ggp — €?*Gap. Let z > 0
be even, that is z = 2k for a positive integer k. On the sphere the
GJMS-operator can then be explicitly written as

Asd+<j—j> <Z+j—1>], (45)

k

Porsi = ||

Jj=1
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2.2 Generalization to higher dimensions

where Ags = —%aa (\/@G“bﬁb> is the corresponding Laplace-Beltrami
operator. For even dimensions the GJMS-operator is well-defined for k =
1,...,d/2, while for odd dimensions the GJMS operator is well-defined
for any positive integer k [Gover and Hirachi, 2004, Juhl, 2009, Juhl,
2009]. The case z = d is called the critical case and will be our focus
of attention when we consider the entanglement entropy, as it is the
most direct generalization of the flat z = d quantum Lifshitz model from
[Kerédnen et al., 2017].

As for the torus, we need to introduce boundary conditions for the
fluctuations whenever the manifold has a boundary. This is, for example,
the case when we consider a hemisphere instead of the full sphere. A
consistent choice of boundary conditions in that case is

Splor =0, Abidployr =0, k=1,...,= -1 (46)

z
2

For z = d we can define the boundary action

Som (@] :=
d/2 dj2—¢
Z/Mddzaa vGee™ | 11 Asd+<§—j> <Z+j—1>]¢
=1 j=1

d/2

><8b H

j=d/2—0+2

soct (3-3) (gﬂ_l)]qb @

This choice of boundary action together with the boundary conditions for
the fluctuations (46) makes the variations of the action (38) with P, i
given by the GJMS-operator (45) well-defined. In particular the variation
leads to the desired equations of motion on the sphere

Pygad =0 (48)

and vanishes at the boundary.
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3 Entanglement entropy

Consider a bipartite geometry consisting of a manifold M that is cut into
two parts A and B such that the Hilbert space H on M decomposes into
the tensor product of the Hilbert spaces on the submanifolds®

H=Ha®Hp. (49)

Let there be a quantum state on M described by the density matrix p.
The entanglement entropy of the region A is then defined as the von
Neumann entropy of the reduced density matrix pg = Trgp on A

S[A] = —Trpalogpa. (50)

As mentioned in the introduction, the entanglement entropy has in general
leading power-law UV-divergences that are non-universal. Depending on
the dimension these are followed by a logarithmic divergence or a constant
subleading term that are universal. For the types of smooth surgeries
that we consider the logarithmic divergence will always vanish, and the
universality will be captured in the constant subleading coefficient. Our
goal is to calculate this universal subleading term. We thus not care
about the exact coefficients of the power-law divergences. We will perform
the entanglement entropy calculations by means of the replica method.
This approach was first formulated by [Callan and Wilczek, 1994] and
brought to the form most commonly used for entanglement entropy
calculations in QFT by the work of Cardy and Calabrese, see [Calabrese
and Cardy, 2004, Calabrese and Cardy, 2009]. In the context of the QLM,
[Fradkin and Moore, 2006] were the first to perform a replica calculation
of the entanglement entropy, although they missed the winding sector —
a topological contribution due to the compactification of the scalar. This
was later pointed out and corrected by [Oshikawa, 2010] and [Zaletel et al.,
2011]. In [Zhou et al., 2016] analytic results for the entanglement entropy

®Generically in quantum field theory this assumption fails, leading to the famous
UV-divergences in the entanglement entropy. However, some of the results calculated
under this assumption, and in particular those concerning universal terms, can be
made rigorous, see for example [Witten, 2018] for an introduction. As interesting as it
is, this discussion is outside the scope of this thesis.
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3 Entanglement entropy

of the z = d = 2 QLM were found for various “circular” geometries such
as spheres, cylinders, and annuli. Our approach to the replica calculation
in the QLM follows [Zhou et al., 2016].

The essence of the replica approach lies in the observation that the
entanglement entropy (50) can be rewritten as the limit

S[A] = — lim 8, Tx (1) (51)

where each of the n copies of the density matrix is called a replica. The
calculation of the entanglement entropy is then reduced to three steps.
First, find an analytic expression for Trp"j. For us, this is done using
path integral methods and it is much easier than calculating the matrix
logarithm of the reduced density matrix. Second, find an analytic contin-
uation in n. This step is the trickiest, as finding analytic continuations
is not straight-forward at all and highly dependent on the explicit situa-
tion. The third and easiest step is then to calculate the derivative of the
expression and find the limit.

Let us make few remarks on the analytic continuation before continu-
ing. In principle, the path integral calculations only lead to expressions for
positive integer n, and thus the analytic continuation to complex n need
not be unique. This apparent problem is solved by Carlson’s theorem
[Carlson, 1914] regarding analytic continuations from the integers and its
the extension by Rubel [Rubel, 1956] concerning analytic continuations
from the positive integers. In our context, the essence of the theorems is
that two analytic continuations from the positive integers can only differ,
if their difference grows more than exponentially as the argument goes to
complex infinity. In other words, if we find an analytic continuation in n
that grows less then exponentially in n as n — 100, then it is the only one
with that asymptotic behavior. A simple example of this is the following.
Let there be a function f(n) that vanishes for all positive integers. The
unique analytic continuation with sub-exponential asymptotics is simply
the constant zero-function. If we however allow exponential asymptotic
behavior, then f(n) = sin(mn) with f(in) ~ ™ for large n, is also an
analytic continuation. The uniqueness in the analytic continuation needed
to calculate the limit (51) should thus always be interpreted from the
perspective of Carlson’s theorem. Therefore whenever we say that an
analytic continuation is unique we mean it to be unique in its asymptotic
class. For most of our analytic continuations it will not be hard to see
that they fall into the sub-exponential category, as their dependence on
n is through a power ( )™ which oscillates as in — occ.
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3.1 Warming up: z=d =2

3.1 Warming up: z =d =2

Let us review the replica calculation of the ground state entanglement
entropy in the z = d = 2 QLM on the sphere and cylinder. The calculation
will only change in some minor key points for the generalizations, so it is
instructive to understand the simpler case first. In fact, one can say that
these calculations lie precisely at the heart of all our replica calculations.
The geometries are chosen to exhibit certain features: The sphere has a
0-mode which leads to some non-trivial effects, and the cylinder displays a
non-trivial winding sector. The following calculations were first performed
by [Zhou et al., 2016] building on the results by [Fradkin and Moore,
2006, Zaletel et al., 2011]. We follow the calculations by [Zhou et al.,
2016] and our own [I] closely in this section. Our starting point is the
density matrix corresponding to the ground state (23), which, using the
assumption that the Hilbert space splits as H = H 4 ® Hp, we rewrite as

p=|Wo)(Vo| (52)

1 1 1aras
_ E/ngADng’ADqSBqujg e 2597250916 4) @ o) (¢a] ® (51,
(53)

with the action, see equation (24),

Sl =g [ Pa (o), (54)

The fields indexed by A have support on A and live in H 4, while those
indexed by B have support on B and belong to Hp. It is clear that

S[¢] = Sloa] + Slés]- (55)

The reduced density matrix is found by tracing out H g, that is

pa = Trpp (56)
= /D¢B<¢B!p|¢3>- (57)

We assume that the path integrals are all taken over orthonormal bases of
the Hilbert spaces H 4 and Hp. After the partial tracing operation there
are thus three path integrals over Hp, namely over Dop, D'y, and Dyp,
and two d-functions, (pp|ér) = d(pp — ¢B) and (d|eB) = 0(d — ¥B).
Resolving the delta functions with two of the path integrals leaves us
with one integral and the gluing condition ¢p = ¢'5.
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3 Entanglement entropy

Next, we want to calculate Trp";. In order to keep track of the different
replicas it is helpful to introduce the replica index i = 1, ..., n and rewrite
it as Tr[[;_; pa, where pa; is given by

1 _1 q_lgla 1 )
pA; = Z/quA,iDéf)/A,iD(ﬁB,ie 35104i=5510) S[¢B’Z]|¢A,i><¢i4,i|' (58)

Continuing our calculation, it isn’t hard to see that each adjacent product
of density matrices leads to a delta function that can be resolved by
performing the path integral over the primed field

PAPAi+1 X /D<I5/A,,-D¢A,i+1<¢2,¢\¢A,¢+1> (59)
x / Doaipr with @y, = daii. (60)

Thus we get the gluing conditions that ¢/y ; = ¢a 41 fori=1,...,n — 1.
The final trace over A is

Tiph = [ DeatealTipiloa), (61)

and leads, similarly to the partial trace over B, to the gluing conditions
gﬁ;m = ¢4,1. Let us briefly look at the gluing conditions that we have.
They can all be summarized by ¢y ; = ¢a,i+1 and ¢ ,; = ¢p; for i =
1,...,nand n+ 1 ~ 1. They are depicted in figure 3.2 together with the
continuity condition at the entangling cut I" between A and B, which
is given by ¢4i|r = ¢pi|r for all ¢ as well as for the primed fields. As
can be seen in the image, the gluing and continuity conditions force all
fields to collapse into a single value at the entangling cut I'. We can thus
finally write the following expression for Trp'y

1 n n g n
Trpz e ﬁ / H DQ&A’iei Zi:l S[ch’z] / H ID¢B77:€7 Zi:l S[Q‘)B’i}? (62)
B Bz

where B represents the boundary conditions at the entangling cut

B: ¢ailr(r) =¢B;

and cut(x) is a function on the entangling cut I'. Because the field is
compactified, that is ¢ ~ ¢ + 2m R, this boundary conditions only have to
be satisfied modulo 27 R. The standard way of accounting for this, is by
dividing the field into a classical part and a fluctuation, see for example
[Di Francesco et al., 1997]. We therefore write each replicated field as

r(z) =:cut(z), 4,j=1,...,n, (63)

bx,i = %ﬂ-—l—cpx,i, for X=A Bandi=1,...,n. (64)
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3.1 Warming up: z=d =2
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(a) Gluing conditions (b) Resulting configuration

Figure 3.2. The gluing conditions arising from the calculation of Trp’y
and the geometry that results are depicted. The blue lines represent the
gluing conditions due to the partial tracing on the B-side of each replica.
The red lines represent the gluing conditions resulting from the
multiplication of the replicated reduced density matrices. The yellow lines
represent the gluing conditions from the final total trace. Figure taken
from [11]].

We demand that the classical fields satisfy the equations of motion
corresponding to S[¢], and that they take up the value of the total field
at the entangling cut I, that is

A¢%; =0 with ¢ ,|r(z) = cut(z), (65)

while we only demand from the fluctuations that they satisfy Dirichlet
boundary conditions at T’

ex.,ilr = 0. (66)

Note that unless stated otherwise, the equations are satisfied for the
complete index range X = A, B and i = 1,...,n. The above definitions
make sure that the action factors as

Sléx.i] = S[¢%.] + Slexl- (67)

Let us examine the classical field a little closer. From the equations of
motion, one can see that the classical field accounts for the compact be-
havior of the total field® and the fluctuation is allowed to be non-compact.

5Since A2rR = 0, it is part of the classical part of the field.
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3 Entanglement entropy

Concretely, this implies that the boundary condition for the classical field

stated in (65) only has to be satisfied modulo 2w R. Furthermore, the

classical fields on A and B obey the same boundary conditions at the cut

between the two submanifolds. They can thus be stitched together to
form a continuous classical field on A U B by

o (x €A

(25;:1(56) — (bﬁ,z( )7 €

Bi(z), w€B. (68)

In order to account for the compact nature of the classical field, we rewrite
its boundary conditions (65) as

o9 r(x) = cut(z) + 2rRw;, fori=1,...,n (69)

where w; are integers referred to as winding numbers. Using the fact that
cut(z) is an arbitrary function, we can can redefine it as cut(z) — cut(z)—
27 Rw,, while simultaneously redefining w; — w; +w, fort=1,...,n — 1.
This gets rid of the n-th winding number, and the boundary conditions
for the classical field are finally

dp(x) = cut(z) + 27Rw; i=1,...,n—1,
¢ (z) = cut(z).

We can now finally return to equation (62) and recast it as

1 n n
Trp} = Tn H/ DQOAﬂ'eiS[SOA’i] H/ D@B,iefs[@B”’]W(”)- (71)
i=17D i=17D

The D below the path integrals over the fluctuations emphasizes that
they obey Dirichlet boundary conditions, while W (n) represents the sum
over all classical fields obeying the boundary conditions (70)

W(n) =3 e 2im S0, (72)
¢!

We note that W (n) as written above is just a formal expression. At this
point it also includes a path integration over all possible functions at the
cut. In the following we will separate that contribution from the other,
and W (n) will turn into an actual classical sum over winding modes. From
this point on however, the discussion depends on the specific geometry.
Let us thus consider the simple cases of a halved sphere and bipartite
cylinder separately.

(70)

"This field should not be confused with the classical field on the complete manifold
obtained by solving the equations of motion on M with boundary conditions on OM.
In particular the stitched together field isn’t necessarily differentiable at the cut, while
the 0-mode on M is.
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3.1 Warming up: z=d =2

The cylinder

The calculation of the entanglement entropy of the quantum Lifshitz
model on a bipartite cylinder has been considered by many authors, see
for example [Chen et al., 2015, Stéphan et al., 2013, Hsu et al., 2009]
apart from those already mentioned.

The cylinder is defined as the rectangle (z,y) € [0, L,] X [0, L,] with
the second coordinate identified y ~ y + L,. We cut the cylinder at
x = {, into the two smaller cylinders A = [0,4,] X [0,L,] and B =
[0z, Ly] X [0,L,] with the same periodical identification along the y-
direction. We choose Dirichlet boundary conditions at the ends of the
cylinder ¢(0,y) = ¢(Lz,y) = 0 for all y.

Our starting point for the cylinder, is the observation that in the
boundary conditions for the classical fields (70) all fields depend on the
same cut(x) function, and since there is only one such function, there
is a sort of redundancy in how the boundary values are distributed. In
other words, apart from the winding numbers, there is only one degree
of freedom, cut(z), at the entangling cut I', but, how things are, it is
distributed among all replicas. In order to resolve this we follow [Zaletel
et al., 2011, Zhou et al., 2016] and define the unitary rotation U, as

1 _ 1 0
V2 V2
1 € _2
V6 V6 V6
U, = ' . (73)
1 1 . J1=-1
\/n(iq) \/n(iq) N
NG NG 7

as well as the minor matrix M, _; found by deleting the n-th row and
column of U,,. We then rotate the classical fields® as

éd = Un¢d- (74)
The rotated classical fields now obey the nicer set of boundary conditions
&f”r(:ﬂ) =27Rw;, 1=1,...,.n—1 (75)
" 2R "2
&5 = Vneut(z) + —= Y w, (76)
Vi 2

with @ = M,,_1w. The first n — 1 classical fields now only depend on the
rotated winding modes, and the dependence on the cut-function is shifted

8Note that the action is invariant under this transformation.
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to only the n-th field. This allows us to rewrite the winding sector

Z e 1 N d)Cl]

¢cl
=Y e ) sles / D cut oS8
wezn—1
rea( - cl
el 14 / Dglle= Sl (77)

In the second line the path integral is taken over all possible boundary
functions cut(z). To arrive at the last line we perform the following
change of path integral measure (due to [Zaletel et al., 2011])

1 (-, 2rrR"H
Deut = D \/ﬁ<¢%1_”¥wi) 0 Deel, (78)

. _ Area(l') .
where ¢ is a UV-cutoff and n~~ = only contributes an area law term to

the entanglement entropy and, as we are only interested in the sub-leading
terms, can thus be ignored in the following. Furthermore, we defined the
factor

W)= 3 e X sl (79)
wezZn—1
Now comes the final crucial observation. We can take the path integrals
of the fluctuations of the n-th field on A and B in (71), and stitch them
together with the path integral over the n-th rotated classical field” to
form a path integral over a full rotated field

/ DoanDonn / Dgcle—(Sleanl+Slon+5168) _ / Déne=S19n1. (80)
D ) ) n n

Noting that this is just the partition function Z on the complete cylinder
and that the remaining path integrals over the fluctuations in (71) are
simply Dirichlet partition functions on A and B, which we denote by Z4
and Zp, we can write our final expression for the trace of the n-th power
of the reduced density matrix

n—1
Trpy = (ZAZZB> W(n). (81)

“Note that by (78) the latter path integral is equivalent to a path integral over all
possible values of the total field at the cut.
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3.1 Warming up: z=d =2

The analytic continuation in n for the powers of the partition functions
is straight-forward. Since the partition functions are real, it is oscillating
as n — ioo and thus unique'’. Finding an analytic continuation for
the winding sector W (n) is far less trivial and was done by [Oshikawa,
2010, Zaletel et al., 2011, Zhou et al., 2016]. We refrain from writing
it here as it is a complicated expression and doesn’t contribute to the
discussion, but point out that it obeys the right asymptotics and is
thus also unique and in the same class as the rest. Taking the partial
derivative with respect to n of (81), followed by the limit n — 1, we find
the entanglement entropy

SA] = — lim Trp}y

= —log <ZAZZB> —-W'(1)

S (thAthB> W, (82)

2 det Ay

where det Ay is the functional determinant of the Laplacian on X =
A, B, M with Dirichlet boundary conditions. Note that the functional
determinants are related to the free energies of the underlying CFT by

1
F[A] = —logZ4 = §logdet Ay, (83)

and similarly on the other manifolds. In particular, one can use the
famous result by [Cardy and Peschel, 1988]

E1

FlAl = fiVa+ fsLa — G

og% + O(1), (84)
with f; and fs the bulk and surface free energies, V4 the volume and
L 4 the surface area of A, to infer the behavior (6) of the entanglement
entropy. In particular, the volume terms cancel of in the combination
F[A] + F[B] — F[AU B] appearing in the entanglement entropy, which
leads to an area law.

The functional determinants are divergent quantities and need to be
regularized. Since we are only interested in the sub-leading constant terms,
we don’t care about the exact form of the divergences, and can calculate
the determinants by means of (-regularization, which corresponds to
finding a proper analytic continuation that doesn’t diverge. We will talk

10Here we implicitly assume that the partition functions are regularized before taking
the analytic continuation. This ensures that there are no conflicts in the limits.
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3 Entanglement entropy

a little more about this when we generalize the calculation to higher
dimensions. As for the winding sector, we don’t state the explicit form of
the (-regularized determinants for the cylinder, which can be found in
[Zhou et al., 2016]. We point out, however, that the complete result for
the entanglement entropy consists of a scaling function, expressed in terms
of aspect ratios, and a topological contribution expressed in terms of the
scale invariant quantity \/gR. We expect this to be valid also in higher
dimensions, as it reflects the underlying criticality. For the following
we emphasize that the calculation of the ground state entanglement
entropy can be reduced to the calculation of two things: the functional
determinants of the operator appearing in the ground state action and
the winding sector. This will also be true in the higher dimensional case.

The sphere

Next, let us study the spherical case. We take the full manifold to be a
sphere M = S? and cut it at the equator into the northern and southern
hemispheres that we denote by A, B = H?. Contrary to the cylinder the
sphere doesn’t have a boundary and so the action (54) enjoys the shift
symmetry S[¢] = S[¢ + ¢°] with constant ¢°. Since such a constant shift
must be part of the classical field, we can use this symmetry to get rid of all
the winding contributions in equation (69) by shifting ¢$' — ¢$' — 27 Ruw;,
that is by choosing ¢) = —27Rw;. This leaves us with the boundary
conditions

o9 = cut(z), fori=1,...,n. (85)

In particular, this implies that all the classical fields are equal as they
are solutions to the same differential equation with the same boundary
conditions. After rotating the fields the boundary conditions become

o, (x) =0 i=1,...,n—1 (86)
dhlr, (x) = vV cuti (z), (87)
and we can write B et e
W(n) =3 eXier 5197 =1 (88)
5!

since the first n — 1 rotated classical fields are unique and vanishing.
The n-th rotated classical field can be stitched together with the n-th
fluctuations as before, see equations (78) and (80). As was observed in
[Zaletel et al., 2011, Zhou et al., 2016] the n-th rotated total field is
given by ¢, = ¢, + /n¢¢, and has an altered compactification radius:
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3.2 Higher dimensions

¢n ~ ¢n+2mRy/n. In the cylindrical geometry this didn’t affect the result.
However, since the sphere has a 0-mode, the change in compactification
radius now has an effect on the partition function corresponding to ¢y,
given by

/ Déne 51l = \/nZz. (89)

The remaining path integrals over fluctuations in (71) contribute, as
before, with Dirichlet partition functions on A and B, and in total we

obtain .
ZaZp\"
~ )

Trp = v/n ( (90)

The analytic continuation is straight-forward and we can write for the
entanglement entropy of a hemisphere

S[A] = — 11g11 OnTrp'y (91)
ZAZB 1
=1 S 92
0g ( 7 ) 5 (92)
—— 2 —
=3 log ( dot/ A + log< 47g Area(S )R> 5 (93)

In the last line the extra factor is due to the 0-mode of the Laplacian on
the sphere, which has to be treated carefully when rewriting the partition
function as a functional determinant, see [Di Francesco et al., 1997]. After
evaluating the determinants, one finds that the entanglement entropy is
given by [Zhou et al., 2016]

S[A] = log (V8mgR) -

Note that it again only depends on the scale invariant quantity /gR.
Futhermore, as was pointed out in [Weisberger, 1987] and [Zhou et al.,
2016], the ratio of partition functions appearing in the entanglement
entropy is conformally invariant. In particular, this implies that the
expression above is valid for spheres of any radius.

%. (94)

3.2 Higher dimensions

In section 2.2 we generalized the QLM and formulated the the GQLM
on higher dimensional spheres and tori. We will now apply the replica
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3 Entanglement entropy

techniques from the last section to these higher dimensional geometries.
The generalization of the replica calculation for z = d = 2 is, up to
some minor intricacies, very straight-forward. The main difference to
the previous calculations is that the operator appearing in the ground
state action of the higher dimensional quantum Lifshitz model is a higher
derivative operator, see 2.2 for the explicit expressions. This becomes an
issue when we divide the total field into a classical part and a fluctuation,
see equation (64), as giving the fluctuations Dirichlet boundary conditions
and demanding that the classical field obey the equations of motions
is not sufficient to ensure that the action splits as in (67). In higher
dimensions we have to supplement additional boundary conditions to the
fluctuations to ensure the splitting of the action. It is not hard to see
from our discussion in 2.2 that the boundary conditions (41) and (46) do
the trick in both spherical and toroidal symmetry.

Let us write this out explicitly. We divide each of the replicated fields
on A and B into a classical part and a fluctuation

Oxi =%+ ¢xi, for X=ABandi=1,...,n (95)

From the classical field we again demand that it take up the value of the
total field at the entangling cut and that it obey the equations of motion

Pomdks =0 with ¢%,|r(z) = éilr(2). (96)

Here, we note that the classical field is not sufficiently determined by
these boundary conditions. In the case of the sphere this is not a problem,
as it is reabsorbed into a full field. We will see, however, that the torus
exhibits a winding sector very similar to that of the cylinder, and in
order to calculate it we need an explicit expression for the classical field.
For this purpose we need to supplement additional boundary conditions.
Lets set the problem aside for the moment, and consider the fluctuations.
Demanding that they fulfill the boundary conditions

SOX,z“F:O; A%(pxﬂ‘h‘:o, k:L...,;—l (97)
with Ajs the Laplace-Beltrami operator on either the sphere or the torus,
ensures that

Sloxi] = S[é%i] + Slex,] for X =ABandi=1,....,n. (98)

Apart from these considerations, the replica calculation goes through in a
completely analogous way. Let us see what this implies for the generalized
geometries.
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3.2 Higher dimensions

The d-sphere

Figure 3.3. Sphere cut into two hemispheres by the entanglement cut I
Figure taken from [].

Let M = S% and cut it at the equator into the two hemispheres
A= Hj‘\l, and B = Hfgl, as depicted in figure 3.3, and let us set z = d.
The replica calculation for the ground state (36) with action (38) and
boundary terms (47) can be accomplished in the exact same form as
before. In terms of the partition functions, the entanglement entropy
takes the same form as for the 2-sphere, see (92). Thus, in terms of the
functional determinants, we arrive at the generalized expression for the
entanglement entropy

Al==1
Sl = 5 log det’ Py ga

) +log < e Area(Sd)R> - % (99)
with the GIMS-operator given in equation (45). We note that, as we
have seen before, this determinants can be interpreted as the free ener-
gies of the CFT describing the ground state on the different manifolds.
Calculating the functional determinants of GJMS-operators on spheres
and hemispheres is not an easy task. In a series of papers [Chang and
Dowker, 1993, Dowker, 1994a, Dowker, 1994b, Dowker, 2011, Dowker,
2013] these determinants were calculated by (-function regularization
techniques for any even dimension d and any even critical exponent
z =2k with k =1,...,d/2. In paper [I] we took these results, given in
terms of multiple I'-functions, and simplified them to be expressed as
sums of Riemann (-functions. While the calculation of these functional
determinants is quite interesting and elegant, it is does not contribute
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3 Entanglement entropy

much to the discussion of entanglement that is the focus of this thesis.
We refer the interested reader to our paper [I] for a review of Dowker’s
calculations as well as the tedious simplification of their result. Here, we
simply report the final result for the entanglement entropy

1 , p 1
= — — — | —_ =

S[A] = ; ;::o ha(d)C'(—n) + log <\/47r Area(S9)(d 1).R) 5 (100)
where the coefficients of the Riemann (-functions are defined as

(-1 [ d \[d—j+1
+Z(d—j)!<j—1>[ n+1

J=0

1
hn(d) = @

d
n+1

,  (101)

and [7'] are Stirling numbers of the first kind. For d = z = 2 the
entanglement entropy above reduces to the expression (94) and is thus in
agreement with the lower dimensional result. We further note that, while
our intention was to find the entanglement entropy only at d = z, the
framework for the calculation of the functional determinants of GJMS
operators also provides analytic results in the subcritical case. In fact,
the calculation of the entanglement entropy in the subcritical case turns
out to be easier than in the critical case, as no 0-modes are present. This
implies that in the subcritical case, that is for z even and z < d, the
entanglement entropy is simply given by

1 det P, ya det P, pa
S[A] = - log My M5 )
2 det Pz,Sd

(102)

We did not attempt the same type of simplification for the subcritical
determinants. In order to give the reader a concrete example, the follow-
ing are the entanglement entropies corresponding to all allowed GJMS
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3.2 Higher dimensions

operators in 4 and 6 dimensions:

¢(3)

- —9- 4= >~ .
d=4,z=2: S[H"| = $? 0.015 (103)
. 4 L ¢(3)
~ log(\/gR) + 2.347 (104)
6 —9: o _ CB) , ¢(5) _
d=6,z=2: S[H’|= 962 + 391 0.001 (105)
5¢(3) | ¢(5)
Ch 4. 6 _ _ ~
d=6,z=4: S[H’]|= 1872 + 16,74 0.012 (106)
1 15¢(3) | 3¢(5)
_a A 61 _ 3 _
d=2z2=6: S[H"] = log <\/2567r gR> 5~ 5.2 + 39
~ log(\/gR) + 3.934. (107)

As before, all expressions depend on the scale invariant quantity ,/gR.
The dependence on both z and d is however highly non-trivial. Just as in
the 2 + 1-dimensional case, one can check that for smooth surgeries the
ratio of determinants appearing in the entropy does not depend on the
radius, and so our results are valid for spheres of any radius.

3.2.1 The d-torus

2 Iz
: l
1 |
| |
I |
1 |
YB : YA /I( —
l I
1 I
1 I
: :
"
La

\

Ly

Figure 8.4. Torus cut into two cylinders by the entanglement cuts I'y and
Ty. Figure taken from [I].

Now let the total manifold be the d-dimensional flat torus defined

-----
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Ly =L+ Lp. As depicted in figure 3.4 this surgery introduces the two
cuts I'y at 1 = 0 and 'y at x1 = L4, which is identified with z1 = —Lp.
In order to perform the replica calculation for the ground state (36) on
the torus under this surgery, we need to apply the lessons we learned from
both the 2-sphere and the 2-cylinder, as the torus has both a 0-mode and
a non-trivial winding sector. Let us briefly point out how this is done.

After applying the gluing conditions that result from the calculation
of Trp’, we find that all replicated fields must agree at each of the cuts
I'y and I'y. We define two functions on the cuts cut;(x) and cuta(x),
such that all fields are equal to cut,(z) at 'y for a =,1,2. Next, we
separate the fields into a classical part and a fluctuation, enforcing the
boundary conditions (97) on the fluctuations, as well as demanding that
the classical fields obey the equations of motion and take up the total
value of the fields at the cuts. At this point we note that at each cut the
boundary conditions for the classical fields must only be satisfied up to a
winding number, so we write

¢§},z‘|a = cuty(x) + 27 Rwi, a=1,2. (108)

There are thus 2 winding numbers, one for each cut, instead of the single
one we found for the cylinder. As for the sphere, the action on the torus
has the shift symmetry S[¢;] = S[¢; + ¢?], which we are allowed to use
to shift each of the classical fields. We use this symmetry to get rid
of the winding numbers at the cut I';. Then we use the fact that the
cut functions are arbitrary and redefine cute to absorb the n-th winding
number at I's. In total we are left with n — 1 winding numbers at I's. We
emphasize here that these are the same manipulations we performed on
the 2-sphere and the 2-cylinder, only now they are applied simultaneously.
Next, we rotate the classical fields as ¢! = U, ¢! with U,, defined in (73).
In order to regain some clarity, let us write down the resulting boundary
conditions for the classical fields at this key step. At I'y, where we got
rid of all the winding numbers, the resulting situation is the same as for
the spherical case

¢, (x) =0 i=1,...,n—1 (109)
ol () = Vncut(x), (110)
while at 'y we have essentially the same situation we found for the cylinder
5y (z) = 27Rw;, i=1,....n—1 (111)
n omR 2
cl
= t —= 112
P, = Vncuta(z) + NG ;w (112)
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3.2 Higher dimensions

Finally, we can make a change of measure in the path integrals over the
cut functions like we did in (78), and glue the path integrals over the
n-th fluctuations together with the path integral of the n-th classical
field to form an integration over a full rotated field. As was the case for
sphere, this full rotated field has an altered compactification radius, and
the resulting partition function over the full torus is scaled by a factor
of /n. The path integrations over the first n — 1 fluctuations result in
Dirichlet partition functions over the submanifolds C4 and Cpg, and the
contribution of the first n — 1 classical fields is given by the winding
sector W (n). Thus, in terms of partition functions, we get the following
expression

. ZAZB n—1 -
Toply = v = W (n), (113)
where the winding sector is explicitly given by
3 e XL s (114)
weZ"*l

In order to evaluate this sum, we first have to calculate the value of the
classical fields, which is determined by the equations of motion on the
flat torus (43), that is

A7 =0, i=1,....,n—1 (115)
with the boundary conditions determined by the replica calculation
oS p, () = 0 and ¢'|p, () = 27Rw;, i=1,...,n—1. (116)

But these are only two boundary conditions for a field that is the solution
to a linear differential equation of degree z, thus for z > 2, the classical
fields are not yet uniquely determined and we need to add additional
boundary conditions to make the problem well-defined. We want to
choose these boundary conditions such that they are compatible with
the sort of generalized Dirichlet boundary conditions we chose for the
fluctuations, see (97). Such a consistent choice is given by assigning to
the classical fields the following set of generalized Neumann boundary
conditions
z

oAk =0, a=1,2and k=0,..., 52 (117)

with 0, the normal derivative at the boundary. With this boundary
conditions the classical field is unique and can be calculated. In paper [I]
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the calculation is performed and using a technique developed by [Zhou
et al., 2016] the following analytic continuation for the winding sector is
found

-1

_ _n—1 o0 dk T m "
W(n) = /nA, 2 — E( w2 —
(n) = vn. - LEZ exp( AZW i A kw)] ,

(118)
with
—1)22! L34 L5t
A(La,Lp, Lo, ..., Ly) := gnR? ( 4 B_ Iy---L
2(La,Lp, Ly 4) =g 0298 1505 2 d
(119)

and where B, are Bernoulli numbers. We note that for z = d the winding
sector is scale invariant.

We now have all the ingredients to write down a final expression
for the entanglement entropy of the cut torus. In terms of functional
determinants we have

1 det Py o, det Py
S C ——— 1 A B
[ A] 8 < det/ Pd,Td >

2
+ log <\/47r Area(Td)gR> - % —W'(1), (120)

with the operators given in section 2.2, which, since both the torus and
cylinder are flat, are simply integer powers of the Laplacian. As for the
sphere, considerable effort was put into evaluating and simplifying the
functional determinants by (-function regularization techniques such as
those applied to a similar problem in [Elizalde, 1998, Elizalde, 2012]. As
those calculations don’t contribute much to the entanglement discussion,
we refer the reader to paper [I] and report here only the final result

at z = d which, in terms of the cross-ratios u = %‘ and 7, = 1 Li-lkl’
k=1,...,d—1,is given by
d d.
S[Ca) = ~log(4u(l — u)) + log ( /47 Area(T?)gR | + = u-1 (0)
4 4 TL2 ,,,,, Ly
d _, d _,
— gG (O;ZLA,...,Ld)—gG (0;2Lp,...,Lg)
d _, 1 -,
+ZG (0;Ly,...,Lg) — 3 - W(1),
(121)

where (a-1 (s) is the spectral (-function on the d — 1-dimensional
L L

,,,,,

flat torus and the function G comes from the functional determinants.
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3.2 Higher dimensions

In [I] we provide explicit expressions for Cra (s) and G in terms of

,,,,,

Riemann (-functions and modified Bessel functions. The derivative at 0
of G can be evaluated in a simple manner and expressed as the following
fast converging multidimensional exponential sum

, 0o exp (—L nu/ﬁdT_l Ed,1 ﬁdl)
G'(0,L,Ly,....Ly)=2 > > ,

n
ﬁd—lezd_l ni=1 1

(122)
o . 2 2
with Z4_1 = diag ((27T/L2) voooy (2m/Ly) )

As the general result for the entanglement entropy is quite involved,
let us briefly take a look at the particularly simple result obtained in the
thin torus limit. In two dimensions the thin torus limit is characterized
by having |71| > 1 or alternatively L; > Lo, which is why it is also called
the long torus limit. There the entanglement entropy is given by

S[C4) = log(87rgR2) -1 (123)

which precisely double the entanglement entropy of the thin cylinder, an
observation first made by [Oshikawa, 2010]. An analogous limit in higher
dimensions can be defined by demanding

Li,Ly>Lo>...> L. (124)

In this limit most quantities in (121) are suppressed with respect to the
term coming from the spectral (-function of the d — 1-dimensional torus,
which gives the following approximation for the entanglement entropy

Y Lo L d—1
sica) mal SR B 0y, {2J S
: 2p+2

In paper [I] several other limits, such as the thin sliced and wide torus,
and configurations, such as the halved torus, are discussed. We refer the
reader to the paper for a more in-depth discussion. Although it is not
always easy to see, we note that all our results for the torus are scaling
invariant and can be written in terms of the aspect ratios u and 7 as
well as the combination \/gR.

With this we conclude our treatment of the higher dimensional ground
state entanglement entropy. Let us now return to the two dimensional

case and study the entanglement entropy of the excited states of the
QLM.
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3.3 Excited states

The calculation of the excited state entanglement entropy is, in principle,
a straight-forward generalization of the replica calculation from section
3.1 with one caveat: in the excited state density matrix the fields appear
not only in the exponential of the action. In practice, this breaks some
very useful factorizations that we were implicitly using for the ground
state calculation and creates a combinatoric mess. In order to deal with
this we will distinguish between two cases: the singly excited state and
the general case. For both cases we can make the combinatorics of the
problem tractable by introducing simple assumptions about the classical
fields. The assumptions introduced are, as could be expected, more
restricting in the general than in the singly excited case but still fulfilled
on interesting geometries for both cases.

From section 2.1 we know that the state obtained by exciting the
eigenmodes of the Laplacian is characterized by the set of integers
(my,,...,my,) describing the number of quanta of energy in each of
the modes Ay, ..., \,. The excited state is explicitly given in (30). We
talk about the singly excited state if for some mode m) = 1 and all other
occupation numbers are zero. The density matrix of the singly excited
state is

1 1 1arq
pri=lmy=1)(my =1 = / DDy ¢ ¢ 2501725100 |g) (¢,

(126)
while in the general case it is given by
Pl rmng) = [0 ym ) (Mg, yma )|
= [ DoDy’ 1S5 gy
Z (127)

v 1 ¢)\T ¢I/\T
< (o () (35))

We can perform the replica calculation for these density matrices pretty
much in the same fashion as in section 3.1. We put the system on a
manifold M and perform a surgery that divides it into the manifolds A
and B where we, for simplicity, assume there is a single cut I between
them. We take the Hilbert space to factor as H = Ha ® Hp and write the
fields ¢ and ¢’ as products of fields with support on A and B. Then, we
evaluate the reduced density matrices py 4 and Py yima, ) A by tracing
over the B part of the Hilbert space, write down the product of n such
matrices while introducing the replica index i to distinguish between
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3.3 Excited states

the copies, and finally take the trace of the result. Effectively, these
steps introduce the gluing conditions ¢z, = ¢p; and ¢/y ;, = ¢a41 for
i=1,...,nand n+ 1 ~ 1, which have the effect of making all the fields
agree at the entangling cut I, see (63),

B: ¢ailr(z) =o¢pjlr(r) =cut(z), 4,j=1,...,n (128)

These steps result in the following expression for the trace of the n-th
power of the reduced density matrix

T (nay ma1) =

(ﬁ - 1m ') % / ﬁ% 1 Db | e Dima (Salpa+S5l6m.)
r=1 4 "TTTA B izt
n 14 1 1
x [T I Hns, <ﬁ (&% + ¢*Bii)> Hy,, <ﬂ (6Xipa + ¢%;i)> :
1=1r=1

(129)

Now comes the tricky part. We would like to proceed as we did in section
3.1, separating each field into a classical component and a fluctuations,
and then factoring all the path integrals to arrive at an expression like
(71). However, while the action factors just as before, the product of fields,
or of Hermite polynomials of fields in the general case, does not. While it
should in principle be possible to perform a term by term evaluation after
writing out the Hermite polynomials and expanding all the products, the
combinatorics of the problem are quite daunting, and even if one could
to them, it is not clear that the result would be something that can be
straightforwardly analytically continued in n. In order to get around these
issues we introduce the following assumptions about the classical fields (as
defined in (68)). For the singly excited case it is enough to demand that
the projections of the classical field onto the excited eigenmode vanishes,
that is

(o) = v [ o La@esi(o) =0, (130)

For the general excited state, this is not enough. Here, we need the
integrals to vanish separately on the A and B subsystems for each excited
eigenmode. We thus demand

(650)" = Vag, [ o Ly, @6 (@) =0, (131)

with X = A B and r = 1,...,v. In other words, we demand that the
partial projections onto the excited eigenmodes of the classical field vanish
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separately on the subsystems. Two points deserve a special emphasis.
First, Ly(z) are the eigenfunctions of the Laplacian on M, but the
integral is only over a submanifold, thus for the general excited case the
condition is not merely testing orthogonality of the classical field against
the eigenfunctions of the Laplacian. Second, ¢! is stitched together from
separate solutions to the equations of motion on the A and B sides of
M, with a specific set of boundary conditions dictated by the replica
calculation in between. Hence, it generally doesn’t coincide with what
one would usually call the classical field on M, that is a solution to the
equations of motion on M. While this assumptions might seem rather
restrictive, we will later see that they are satisfied by all modes the a
rectangular geometry and by all modes for the singly excited case and
almost all modes in the general case on the spherical geometry. For now
let us just assume the conditions for the general excited state are satisfied
and continue our calculations. The calculation for the singly excited state
differs a little from the general one and can be found in [III]. We leave it
out here, as it doesn’t add much to the discussion, and only allows us to
consider a larger set of modes.

With (131) we can get rid of all the classical fields that appear outside
of the exponential of the action in (129). The path integrals over the
fluctuations can then be factored and rewritten as correlation functions,
which then in turn can be resolved by Wick’s theorem into sums of Green’s
functions. All this manipulations of the path integrals are reported in
detail in [III]. Here, we just state the following results for the trace of the
n-th power of the reduced density matrix. For the singly excited state we
can write

Tr(paa) = Tr(ph) (G Ghy +(GR)" G|, (132)

where p4 is the reduced density matrix corresponding to the ground
state, and the remaining terms are Green’s functions integrated against
eigenfunctions of the Laplacian

Gé‘(’M = )\/d2:1:/d2x’L,\($)L,\(x’)GM(z,x') (133)
MoX
Gx = )\/d2x d?2’ Ly(z)Lx(2))Gx (2, 2), (134)
X

for X = A, B. Here, G4(z,2’) and Gp(z,2’) are the Green’s functions
with Dirichlet boundary conditions on A and B respectively and come
from the path integrals over the fluctuations, while Gy (z,2') is the
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3.3 Excited states

Green’s function on M and comes from the path integral over the n-th
replica field which is defined over the complete manifold.

For general excitations the structure of the expression is much more
involved. As for the singly excited state, the ground state density matrix
factors from the expression, and it is multiplied by an object consisting of
correlation functions of the fluctuations and the n-th complete field (in the
case of a single excitation only two-point functions, the Green’s functions,
appeared). The complete expression can be conveniently written as

T (Pny oy ).a) = Tr(p3) TY[(AB)" ' M), (135)

where A, B, and M are rank 2v tensors defined as

k... K,

Ak =
A | 1 (m.\[m, z A A
H oAl T H Hmr—kr((PAr)Hk?(sOAT)>
roi 2 Tdm’"!<k’”><k;‘> <r=1 Ap
(136)
LN
K1,k
il 1 1 my my
2 ) ) i)
re1 T T T Bp
(137)
K. K
MR =

- 1 my\ [ m, il I
I (i) (i) | (L () et a680)

(138)

and the indices k, and k. run from 0 to m,. The tracing and product
operations on these tensors are defined in the standard way

(AB) 17 3 IZU _./4.7117’ 7’]V ]]lg’h 7.7;];” (139)
Trd = Ak (140)

where we use the Einstein summation convention.

For the singly excited state the analytic continuation is straight-
forward. As it turns out, the general case is also relatively simple, as
the tensors are sufficiently well-behaved for the matrix-logarithm to be
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3 Entanglement entropy

well-defined on them. We can thus use the matrix logarithm to define
the analytic continuation in n. The issue of the existence and uniqueness
of the matrix logarithm for this tensors is discussed more in detail in
paper [III]. We note here that these analytic continuations all fall into the
sub-exponential category that guarantees their uniqueness. Thus taking
the derivative and the limit, we can write for the entanglement entropy
of the singly excited state

SAlA] = SaslA] — log(GY) Gy —log(Gh )Gl (141)

where we used the fact that GXM + G%M = G4, and for the general
excitation

Sy rema, [Al = Sas[A]Tr(M) + Tr(log(AB)M). (142)

In both cases Sgs[A] denotes the ground state entanglement entropy.
Note that in particular this implies that the entanglement entropy corre-
sponding to this type of excited states continues to obey an area law. For
the singly excited case we used the fact that G% = 1, which gets rid of
the coefficient of the ground state entanglement entropy. If all excitations
are put onto the same mode, a subcase that is treated in detail in [III], it
turns out that Tr(M) = 1. Thus when all excitations are on the same
mode the entanglement entropy has the form

Sma[A] = Sgs + Tr(log(AB)M). (143)

This structure has been previously observed for the low-lying excited states
of several theories, see [Alcaraz et al., 2011, Berganza et al., 2012, Castro-
Alvaredo et al., 2018]. Furthermore, the transformed propagators (134)
and (133) were already investigated under the name of Entanglement
Propagator Amplitudes (EPAs) in [Parker et al., 2017]. There, a numerical
analysis provided strong evidence that the EPAs are universal. In [III],
we use spectral methods to calculate the transformed propagators and
find our result in agreement with [Parker et al., 2017], providing further
evidence for the universality of these objects. Thus, since all corrections
to the ground state entanglement entropy are expressed in terms of these
quantities, we can conclude that they are universal.

In order to make everything more transparent, let us consider an
explicit geometry.

The sphere

Let the spatial manifold be given by a two-sphere M = S? and cut it into
the two hemispheres A, B = H? at the equator. The eigenmodes of the
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3.3 Excited states

Laplacian on the sphere are the spherical harmonics
Lx(z) = Lem(z) =Y (2), (144)

where x = (6, ¢) is a point on S? and

Vp(s) = \/ s ieme Y cos(6) (145)

and P! (z) are associated Legendre Polynomials. With this we have
—Ag2Ly(x) = —AgeY/"(z) =L+ 1). (146)

We remind the reader that, when used as a label, A is meant as a short-
hand notation for (¢,m), but when it appears as a number the actual
eigenvalue A = ¢(¢ + 1) is meant. For the creation operator, for example,
we can write explicitly

Al =4], = m [ a0 o Y6, )@ (6, 9)sinb. (147)
Up to normalization, the eigenfunctions on the hemisphere with Dirichlet
boundary conditions at the equator are the spherical harmonics such that
¢+ m is odd. With proper normalization they are given by

LI (2) = V2Y"(z), €+m = odd. (148)

We use spectral methods to calculate the transformed propagators. For
example, we can calculate G% from equation (134) as follows. First, we
use the eigenmode expansion of the Green’s function on M

Curea’) =3 W (149)
I

where p labels all eigenmodes of the Laplacian on M. Then we can
proceed as follows

Gy =\ /M d*z 2’ Ly(z)La(2') > W (150)
== l 2:L' i :L', ’ = % =
_A%:M</Md La(2) L )> _/\Xu: Mo s

47



3 Entanglement entropy

which is one of the results that we mentioned towards the end of the last
section. Similar techniques can be used to simplify the calculations of all
transformed propagators, see [I11] for details. We find that

1

GQ\,M = G%M = 9 (152)
1

G =Gy = 35 (153)

where X, is given by

£y + my = even

Ze
Yy=4 N (154)
1, £y +my = odd,

and X is given by

(€x —my)!
(€x +my)!

o] 20 +1 {, —my)! 1 - s 2
epzm ﬁ(u(fiﬂ)) §€Z+mi§' (/0 dz P> (2) Py, (x)> . (155)

£y +my=odd

§ = E?)\’mA = (20 + 1)0x\(0x+ 1)

which is convergent and can be evaluated numerically by truncation at a
sufficiently large integer.

On can check that the assumption (¢¢')* = 0 is satisfied by all modes
on the sphere, and that the assumptions (qb%l-)/\ =0 with X = A, B are
satisfied by all modes except those with m = 0 and ¢ odd. Furthermore,
the ground state entanglement entropy for this geometry is [Zhou et al.,
2016]

ScslA] = log(V/BrgR) — 1. (156)

Using equations (141) and (152) we can thus write the following expression
for the entanglement entropy of the singly excited state

SA[A] = log(V2rgRS,) — . (157)

which is valid for all modes. In particular, we can see that the entan-
glement entropy distinguishes between two types of modes. The first
type are modes that are simultaneously eigenmodes on the sphere and
hemisphere, i.e. modes with m 4+ £ odd. The entanglement entropy is
constant within this class of modes, as here ¥y = 1. The second type
consists of the remaining modes. Here, the entanglement entropy has an
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Figure 3.5. The value of the entanglement entropy Sem[A] in units of the
ground state entanglement entropy at the RK-point, i.e. g = %, and for
R =1, plotted for a selection of modes with £ + m even. Figure taken

from [11]].

intricate dependence on the mode that is excited. The behavior of the
entanglement entropy for these modes is depicted in figure 3.5

The tensors of correlation functions appearing for the most general
form of excitation are quite hard to evaluate. We therefore consider the
interesting subcase when all excitations are put onto the same mode.
Furthermore, we concentrate on the modes of first kind, that is modes
with £ +m odd, as the transformed propagators are easier to evaluate
within this class. Finally, we exclude the modes with m = 0 and £ odd,
as they don’t satisfy the assumption needed for our calculation. In this
case the entanglement entropy takes the form

S [4] = o5(vEmgR) - L + 3 L ("}j) log (2; (”}Q)) - (158)
k=0

We refer the reader to [III] for details on the calculation above. In figure
3.6 the dependence on the excitation number of the entanglement entropy
is depicted. In particular, we observe that in this case the entanglement
entropy has a logarithmic dependence on the excitation number

Smx [A] ~ SGS[A] —ax IOg my — ag, (159)
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Figure 3.6. The first image shows Sy,, plotted as a function of the
number of excitations my for any mode satisfying £ +m =odd and m # 0,
evaluated at the RK-point g = % and for R =1. The second image
shows a log-linear plot of the same data. The dashed line is the linear fit
y = 1.008z +2.421 with an R? value above 0.999. Figure taken from [II].

with a1 =~ 0.504 and as = 0.711. This is quite interesting, as it allows us to
infer the highly excited behavior of these states, that is the limit m) > 1.
In particular, we see that the logarithmic dependence on the excitation
number does not affect the area law behavior of the entanglement entropy.
This is somewhat surprising, as highly excited states are generically
expected to obey volume laws [Page, 1993].

The rectangular geometry is also considered in [III]. There, we find
same type of distinction between classes of modes, and the same type
of logarithmic behavior on the excitation number. Finally, we note that
all our results for the entanglement entropy of excited states depend
on the scaling invariant quantity ,/gR only through the ground state
entanglement. The universal corrections due to the excitations contain
information on the excited modes, as well as on the correlation functions
on the different manifolds and submanifolds that constitute the system.

With this we close our treatment of the entanglement entropy in
the quantum Lifshitz model. Next, we will analyze the entanglement of
mixed states. For this purpose we will use an alternative measure: the
logarithmic negativity.
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4 Logarithmic negativity

We remind the reader that the entanglement entropy is not a good
entanglement measure for mixed states. There, it fails to distinguish
between quantum and classical correlations, and thus cannot characterize
the purely quantum entanglement of the mixed state. On the other hand,
the logarithmic negativity is an entanglement monotone for mixed states
and thus well-suited for our purpose.

In order to simulate a generic mixed state we start with the ground
state density matrix p of the QLM on a tripartite geometry. Concretely,
we cut M into Ay, As, and B, and assume, as for the entanglement
entropy, that the Hilbert space factors as H = H1 ® Ho ® Hp. We then
perform a partial trace over B, which leaves us with a prototype for a
mixed state on the bipartite geometry A = A; U Ao with Hilbert space

Ha=H1®Hs (160)

that still captures some of the generic behavior of a mixed state. In paper
[IT] we perform two separate calculations of the logarithmic negativity
in this setting. The first calculation is done by the correlator method
[Audenaert et al., 2002, Peschel, 2003] in the discretized 1+ 1-dimensional
QLM at z = 2 defined by replacing the Laplacian and integration measure
in (34) by 92 and dz respectively. Furthermore, in the 1 + 1-dimensional
case we don’t demand that the scalar be compact. We note that the
calculations we performed for the 2 + 1-dimensional QLM in section 2
can be applied straight-forwardly to the 1 4+ 1-dimensional case, and in
particular that the ground state also takes the form (23). The second
calculation is performed by the replica approach introduced in [Calabrese
et al., 2012, Calabrese et al., 2013a] for the logarithmic negativity. The
approach is similar to that for the entanglement entropy and convenient
for the calculations in the context of the 2 4+ 1-dimensional QLM, as it
allows us to apply the lessons we previously learned. In both calculations
we find that the logarithmic negativity is heavily dependent on whether
the two submanifolds A; and As are adjacent or disjoint, vanishing exactly
in the latter case.
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4 Logarithmic negativity

4.1 Correlator method

In order to perform the correlator method calculation, we first need the
discretized form of the Hamiltonian (17) with Laplacian A = 92 and one
dimensional integration, that is

1 2
H = 7/ & <7r2 + 9% (020) ) : (161)
2 M
with M chosen to be the line with open or periodic boundary conditions.

If we discretize the line and let it have L sites, the the corresponding
discrete Hamiltonian can be written as

H= % (777 + 6" Ko) (162)

with 7 = (71,...,7) and ¢ = (¢1,...,¢r), and where K is the dis-
cretized version of A? = 9%. The solutions to the equations of motion in
the discretized theory satisfy

K¢ =0. (163)

In addition, we need to specify a discretized version of the boundary
conditions to make the problem well-defined, and , as we are dealing with
a fourth degree differential operator, we have to make sure that enough
boundary conditions are given. For example, we can impose a discretized
version of the generalized Dirichlet boundary conditions ¢|gys = 0 and
A¢lopr = 0. In the end, the resulting matrix K is simply the square of
the discrete Laplacian matrix with Dirichlet boundary conditions or, if
periodic boundary conditions were implemented instead, with periodic
boundary conditions.

The correlator method is based on the observation by [Peschel, 2003]
that the reduced density matrix is related to the correlation matrices X
and P with elements given by the vacuum two-point functions

1 1 1 1
Xij = (¢i¢j) = 5(K72)ij and By = (mimj) = 5 (KZ); (164)

restricted to the subsystem A, which we denote by X 4 and P4, and in
particular to the eigenvalues of the matrix C4 = /X4 P4. Using a second
observation by [Audenaert et al., 2002] that relates the partial transpo-
sition to the time reversal of the momenta in the same subsystem, we
can apply Peschel’s result to the calculation of the logarithmic negativity.
Let A = A U Ay, where the subsystems A; and Ay have lengths of ¢
and £ respectively, and write the partial transposition over Ay of Py as

PXZ = (]Ifl @ (_Hfz)) Py (]Ifl S <_]I52)) : (165)
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4.1 Correlator method

Let us further denote the spectrum of C’fg? = \/XAPZQ by {Ai}i=1,..¢
with £ = {1 + 5 the total length of the subsystem A. Then the trace
norm of the partially transposed reduced density matrix can be expressed
in terms of the \; as

V4
1
o)l = T max (1,51 ). (166)
=1 g

and thus the logarithmic negativity as

& =log||p’2| = Zlog <max( 2; )) (167)

We can see that the logarithmic negativity is determined by the eigenvalues
of C’ZQ that satisfy A\; < %

When A; and As are disjoint, i.e. separated by some non-zero length,
it turns out that no eigenvalue satisfies the above condition in either
the open or periodic system and thus, in both cases, the logarithmic
negativity vanishes exactly

EAy. Ay disjoint = 0. (168)

While this is surprising and in stark contrast to CFT calculations [Cal-
abrese et al., 2012, Calabrese et al., 2013a] that show a non-trivial
logarithmic negativity in the disjoint case, the same observation for a
different 1 + 1-dimensional system with Lifshitz scaling was already made
n [Chen et al., 2017]. Indeed, relying on a theorem proven by [Lami
et al., 2018], one can show that the reduced density matrix in the disjoint
non-compact case is separable, see [II], which implies the vanishing of the
logarithmic negativity.

In the case of adjacent A; and As, one finds that, both for the open
and periodic systems, only a small number (independent of the lengths)
of eigenvalues contributes to the logarithmic negativity. In the continuum
regime, reached by replacing all lengths by ¢ — ¢/e, where ¢ is the lattice
spacing, and letting ¢ — 0, we find that for both the open and periodic
system the logarithmic negativity is given by

f145
0+l

1
gAl,Ag adjacent — 1 ( > + COTLSt, (169)

where const is a non-universal constant that depends on the regularization.
In particular, we note that the logarithmic negativity only depends on
the sizes of the subsystems, and not on the total size.
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4 Logarithmic negativity

The expressions for the logarithmic negativity in both the disjoint, see
(168), and adjacent case, see (169), can be summarized by the following
formula in terms of the Dirichlet partition functions on the subsystems

Ay and Ao
Z4.7
£— log <AA> | (170)
ZA1UA2

where we omit non-universal terms. In the disjoint case we note that
ZA,UAy = Z A, Z 4, since the Dirichlet boundary conditions imposed on A;
and A, don’t allow the submanifolds to communicate. This immediately
leads to the vanishing of the logarithmic negativity. In the adjacent
case we note that, again omitting non-universal terms, Z4, = %log(&)
for i = 1,2 and Za,u4, = %log(ﬁl + ¢3), which leads to the desired
result. Equation (170) is reminiscent of Fradkin and Moore’s formula for
the bipartite entanglement entropy of the non-compact QLM in 2 + 1
dimensions. The main difference to Fradkin and Moore’s formula being
that here A; U As is not the full system. It is quite interesting that the
logarithmic negativity doesn’t feel the part of the system that was traced
over to create a mixed state, and only cares about the two components
on which the mixed state is defined. Under the replica approach we will
see how this similarity originates, and that the formula (170), which here
is only an educated guess, is actually valid.

4.2 Replica method

Let us consider the tripartite geometry where the total manifold M is cut
into A1, As, B and let p the ground state density matrix. We construct
the bipartite mixed state p4 by tracing over the degrees of freedom in B

pPA = paua, = Trpp (171)

and denote by p? its partial transposition over A,. The replica approach
for the logarithmic negativity relies on the observation by [Calabrese
et al., 2012, Calabrese et al., 2013a] that the trace norm of pgz, whose
eigenvalues we denote by A, can be written as

T T
I | = Telpg] = 1A
A

= lim 7A™ = lm Tr (o)™ (172)

Ne—>1

where n, is an even integer. Thus, the trace norm of p% can be found

by analytically continuing the even sequence Tr (p%)ne and evaluating
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4.2 Replica method

it at ne = 1. Note that while the eigenvalues of p4 are non-negative,
this is not necessarily true for pZZ. In fact, it is the existence of negative
eigenvalues that distinguishes the odd and even sequences. In particular
if we take n, odd, the same limit leads to the normalization condition
lim,,, 1 Tr (p£2)"° = Trp’? = 1. With this observation, the logarithmic
negativity of the subsystem A; can be written as

€ =log %Il = lim logTr ()" (173)

where n, is an even integer. We note that up to the partial transposition,
the object at the center of the calculation is the same as the one we
needed to perform the replica calculation of the entanglement entropy:
Trp'y. It is therefore instructive to consider a simpler calculation that
illustrates the effect of the partial transposition before diving into the
calculation of the mixed state logarithmic negativity (173).

Warming up: The bipartite pure state

Let us consider a bipartite system where the complete manifold M is cut
into A; and A, with the entangling cut I' between them, and take the
QLM to be in its pure ground state described by the density matrix p.
Before starting, let us recall the definition of the Rényi entropy

1
SM[4,] = ——log Tupf,, (174)

-n
where p4, = Tra,p. It is known that for pure states the logarithmic
negativity
Ne
€ = lim logTr (pTZ) (175)

Nne—1

reduces to the Rényi entropy of order n = 1/2 [Calabrese et al., 2012,
Calabrese et al., 2013a], that is £ = S(%)[Al]. Let us perform the replica
calculation and see if we can reconstruct this result.

The starting point is the ground state density matrix for a bipartite
system given in equation (53), except with A; and Ay as the subsystems
instead of A and B. The partial transposition over As can be easily
performed in this notation, by exchanging the corresponding primed and
unprimed fields. This leaves us with

1 1g1—Lg7e
o = 5 [ Doa, Do, DD, ; 351
X 6410) @ |64, )0, © (4], (176)
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4 Logarithmic negativity

where we also introduced the replica index ¢ = 1,...,n. Calculating first
the product of transposed density matrices followed by the total trace as
we did in section 3.1, we find the altered gluing conditions

/ J— .
¢A17z ¢A1,Z+1 (177)

/
¢Az,z’ = ¢A2,i+1

with ¢ = 1,...,ne and ne + 1 ~ 1. This differs from the entanglement
entropy calculation in that there the primed and unprimed fields on the
Ay side agreed within the same copy of the density matrix. In figure

Ay r As Ay T A,
1 > ' 3
O .| ‘
2 X 2/ l
T T, 3 1
‘°’ X< B 1
(nnnnagunnnnii [ Rl
4 | 4 |

(a) Gluing conditions (b) Resulting independent sets of fields

Figure 4.7. For ne = 4, the gluing conditions result in two independent
sets of boundary conditions (represented in red and blue). Figure taken
from [1I].

4.7 the resulting situation is shown. Together with the continuity of the
fields across the cut I', these gluing conditions force the n, independent
fields two split into two groups that separately agree at the boundary.
Concretely, all fields with even indices satisfy

G a1 2k|0(2) = ¢4, 200 (2) =2 cut®(x) (178)
while all the fields with odd indices satisfy
ba, 2610 () = P4, 20-1]r(2) = cut®(x) (179)

for k, =1,...,% and where cut®(z) and cut®(z) are separate arbitrary
functions of the boundary coordinates. Since the cut functions are ar-
bitrary and all fields are integrated over, we can after some relabeling
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4.2 Replica method

write

Tr (pTQ)ne =
2

1 % e % e
T/ HDCbAl,i@fZiilS[ml’i}/ HpquNe*ZiilS[dmz,i} (180)
Z2 JBi4 B

where B represents the same type of boundary condition as in (63), but
with half the fields. Comparing this to the corresponding expression in
the calculation of the entanglement entropy, see (62), we learn that the
trace of the ne-th power of the partially transposed density matrix can
be expressed in terms of the reduced density matrix as

Ne ne 2
Tr (pT2> = <TrpA21> . (181)
For ne — 1 we find that
1
€ =2log Trp3, = SG)[A] (182)

as expected.

The main lesson we learn from this calculation is that the partial
transposition alters the boundary conditions satisfied by the replicated
fields at the entangling cut. We also note that the effect of splitting the
boundary conditions into two groups is only seen for the even sequence,
whereas for the odd sequence, that is for n, odd, we find

Tr (pT2)n0 = Trp's’. (183)

In other words, the odd sequence is invariant under partial transposition,
while the even sequence is not. This was already observed in [Calabrese
et al., 2012]. We are now ready to tackle the disjoint and adjacent mixed
states.

The disjoint case

Now let us return to the mixed state geometry described by the reduced
ground state density matrix p4,ua, = Trpp, and assume that A; and A,
are not adjacent. Two examples of this type configuration are depicted
in figure 4.8 As we saw in section 3.1, the partial trace over B results in
gluing the primed and unprimed fields of the same replica together

¢Bi = Op, (184)
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4 Logarithmic negativity

(a) Spherical geometry (b) Toroidal geometry

Figure 4.8. Two realizations of geometries where A1 and As are
separated by B are depicted. Tor the torus, B consists of two disjoint
components. Figure taken from [II].

fori =1,...,n. Once we have the reduced density matrix, we need to find
an expression for the trace of an even power of its partial transposition
over As. This calculation is analogous to our previous calculation for the
pure state, and in particular it results in the same gluing conditions as
before, see equation (177). The situation is depicted in figure 4.9. The

Ar r B Iy Az Aq Lo B
‘ | g |
, T . 1 !
O 1o |
Y AT ) ‘
T T . ;
IR ; |
L] ganiinl i :
4 T | 4 |
T 4 |
(a) Gluing conditions (b) Resulting independent sets of fields

Figure 4.9. For n, = 4 the gluing conditions force all fields to agree at
the boundaries between A; and B. Figure taken from [II].

resulting boundary conditions are independent of the partial transposition,
making all the fields agree at the boundaries between B and the A’s. We
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4.2 Replica method

can therefore write the identity

Tr (p%)ne = Trp'y, (185)

where the right hand side of the equation is precisely the quantity needed
to calculate the tripartite entanglement entropy and was found for certain
geometries in [Zhou et al., 2016]. It has the form

-1
ZaZa 25\ "
Trphe = (AZAB> W (ne), (186)
where only the normalization W (1) = 1 of the winding sector W (n.)
concerns us, not its functional form. With this, we can confirm the result
obtained by the correlator method for the logarithmic negativity

_ 1 T2\" _
&= nlelgll log Tr (pA ) = 0. (187)
We point out here, that the vanishing of the logarithmic negativity is
not a sufficient condition for the density matrix to be separable. When
we encountered this situation in the correlator method calculation, we
were able invoke a theorem that allowed us to determine that the system
was indeed separable. Said theorem, however, only applies to finite
dimensional systems and cannot be applied in the present situation.
It thus remains open to determine whether the density matrix above
is separable or not. Furthermore, we note that the key steps in the
calculation that determines whether the reduced density matrix is sensitive
to the partial transposition do not refer to the dimension or the specific
form of the action. Consequently this result is also valid for the higher
dimensional generalizations of the quantum Lifshitz model discussed in
section 2.2.

The adjacent non-compact case

Now let us assume that the submanifolds A; and Ay are adjacent. Two
examples of this configuration are shown in figure 4.10. The gluing condi-
tions are the same as in the disjoint case, but, as depicted in figure 4.11
the resulting boundary conditions are different and not invariant under
partial transposition. More concretely, without partial transposition, all
fields are forced to agree at all boundaries, while the partial transposition
induces a parity effect at the boundary between A; and A, like the one
we saw for the pure case. Thus, the fields are split into two groups that
agree separately at the boundary between A; and Ao, whereas all fields
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Iy
| T,
(a) Spherical geometry (b) Toroidal geometry

Figure 4.10. Two realizations of geometries where A1 and Ay are
adjacent are depicted. Figure taken from [II].

must agree at the boundaries between B and the A’s. Let us write out
these boundary conditions. We denote by I'4 the boundary between Ay
and As and by I'y, the boundary between B and A, for a = 1,2. Then
the boundary conditions for the path integrals are

¢Aa,i Ta — ¢B,j‘1“a = CUtaa 17] = 17"‘7”67
B: A klry = Gaslr, = cut?
Pavkla = Oaelry k=1, ne/2.

(188)
We note that the fields are relabeled such that the first ne/2 are the odd
and the second ne/2 the even fields. We will for the time being assume that
the fields are not compact, so that we can ignore the winding contributions
and return to this problem later. The path integral expression we obtain
from the replica calculation at this step is

e 1 n n
Tr (pT2 ! :—/ Do ’-6_21-:1 S[¢B,i]
(7%)" = 7= J 1T Pos.

X / H D¢A1,i€_ Z:L:I Slbay il / H D¢A27i@_ Z::l S[‘ZSAQJ], (189)
B By

Ay e /24T 4 = Pasne/24elr, = cut®

The trick to dealing with this expression, is to first apply two separate
U ne rotations on the even and odd fields, which moves the dependence

on cut® and cut® to only the n./2-th and ne-th fields respectively. The
ne/2-th and ne-th fields then respectively depend on /n./2 cut®(z) and
Vne/2cut(x) at 'y, and their path integrals can be glued together at

60



4.2 Replica method
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Figure 4.11. For ne = 4 the gluing conditions force all the fields to agree
at o, while two separate groups of boundary conditions are induced at
4. Figure taken from [I1].

that cut. At I'y and I'y the two fields still both depend on the functions
cuty and cuty respectively. Thus, after the Une ne rotation and the gluing
at I' 4 of these fields, it is necessary to perform yet another Us rotation
of the ne/2-th and ne-th fields, such that afterwards only the ne-th field
depends on cut; and cuty, while the n./2-th field gets Dirichlet boundary
conditions at I'y and I's. Finally the path integrals of the ne-th field can be
glued together to form a path integral over the complete manifold. During
all this gluing and rotations the boundary conditions of the remaining
fields are turned into Dirichlet boundary conditions. In summary, the
the ne-th field leads to a partition function over the complete manifold
Z, the ne/2-th field leads to the product of Dirichlet partition functions
on A= A;UAy and B, that is Z4,u4,Zp, and the remaining fields lead
to products of Dirichlet partition functions on each of the submanifolds
ZA,Za,Zp. For a more detailed version of the calculation we refer the
reader to [IT]. The complete result is finally

(Za,Za,ZB)" e~ 2ZAZB
Tr(pA) = ERED (190)

and taking the logarithm and the limit n, — 1 we find the same expression
for the logarithmic negativity as we did with the correlator method

£=—log <ZA1ZA2> . (191)

ZAlUAQ
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4 Logarithmic negativity

The adjacent compact case

In the case where the field ¢ is compact, that is ¢ ~ ¢ + 27 R, we take
the boundary conditions (188) and split the field into a classical field and
a fluctuation. The fluctuations obey Dirichlet boundary conditions, while
the classical fields obey the same boundary conditions as the total fields
up to a factor of 2w R times an integer. Afterwards, the calculation goes
through in a completely analogous way. The exact number of physical
winding modes depends, as we saw in sections 3.1 and 3.2, on the geometry
and surgery but, after carefully taking care of the redundancies, it is
just a matter of following the winding modes around through the various
manipulations. Let us take a brief look at two geometries.

Let M be a sphere and let us perform the surgery depicted on the
left in figure 4.10. In particular there are only two cuts 'y and I'o, a
fact that can be easily accounted for in the previous discussion by simply
ignoring the cut I';. Before taking care of redundancies, there is one
winding number for each field at each cut adding up to a total of 2n,
winding modes. However, each of the tree functions cut®, cut®, and cuts
that determine the boundary conditions can be redefined to absorb one
winding mode, and in addition, the action has a global shift symmetry
that allows us to shift each replica field by a constant. We use the cut
functions to remove the ne-th winding mode at both cuts and the ne/2-th
winding mode at I"4, and the shift symmetry to remove the remaining
winding modes at I's. Then, we can perform the same rotations of fields
and restitching of path integrals as before, resulting in the expression

Ne (ZA Z A ZB)”C*QZAZB
Tr (p£2) — /a2 QZne—l We (ne). (192)
Here We(ne) is the winding sector, and the factor of |/n. is a consequence
of the altered compactification radius of the field defined on the full

manifold analogous to the effect we encountered in section 3.1. For this
geometry it turns out that the winding sector factors as

o\ 2
We(ne) = W<2) : (193)
where W (n) is the winding sector encountered by [Zhou et al., 2016]
in the replica calculation of the entanglement entropy on the tripartite
sphere. The logarithmic negativity on the spherical geometry can then
finally be written as

& =—log (ZAIZAQ> + 2logW<;> . (194)

ZA1UA2
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A more explicit version of this equation, where the partition functions
and winding sector have been evaluated explicitly, as well as some limits
can be found in paper [II].

Now let us consider the toroidal geometry depicted on the right of
figure 4.10. As all the cuts are non-trivial, there are now a priori 3n,
winding modes. But now there are four cut functions, one at I'; and I’y
each, and two at I' 4. Each of these is arbitrary and can be redefined to
absorb a winding mode. Furthermore, as for the sphere, the action is
invariant under a shift of the fields. As for the sphere, we use the cut
functions to get rid of the ne-th winding number at all cuts as well as the
ne/2-th at I'4 and the global shift symmetry to get rid of the remaining
winding numbers at I's. Note that we could equivalently get rid of the
remaining winding numbers at I';. After performing the rotations and
restitching of path integrals we arrive at an expression that looks the
same as (192), but with a new winding sector that is substantially more
complex than the one for the sphere. An explicit expression can be found
in paper [II]. Unfortunately, due to the complexity of the winding sector,
we could not find its analytic continuation to ne = 1. Thus, while formally
the logarithmic negativity is given by

E=—log (ZAIZA2> +logWe (1), (195)

ZA1UA2

an explicit expression for Wg (1) remains to be found.
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5 Discussion

In this thesis we analyzed the entanglement properties of the quantum
Lifshitz model (QLM) under various circumstances. We saw that the
QLM provides an excellent setting to perform analytic calculations of
entanglement. The possibility to do this relied mostly on two facts. First,
the ground state of the d + 1-dimensional QLM is characterized by the
d-dimensional action of a conformal field theory (CFT). This allowed us
to interpret all the complicated path integrals resulting from the replica
approach as CFT partition functions and, for the excited states of the
model, CFT correlation functions. Second, we restricted ourselves to
simple manifolds and submanifolds where the spectrum of the operators
appearing in the CFT action that characterizes the ground state is well-
known. This let us use (-function regularization techniques to evaluate
the partition and correlation functions appearing in the entanglement
formulas explicitly.

There are many straight-forward directions, in which our calculations
can be continued. It would for example be interesting to analyze further
geometries and configurations. For example, it would be interesting to
consider geometries with more entangling cuts, or, especially in the higher
dimensional case, with non-smooth cuts. Furthermore, we restricted
ourselves to an even number of spatial dimensions as well as an even
critical exponent. Generalizing to odd d and z would be quite interesting,
taking into account there are d = 3 spatial dimensions in our universe'!
and the case of z = 1 is relativistic. However, both these generalizations
come with non-trivial difficulties. Trying to generalize our result to odd
z, for example, leads to complications in the construction of the ground
state. An extension of the analysis to encompass non-compact geometries
would also be desireable, although new methods would be needed for
several parts of the calculations. In particular, we would not expect the
spectrum of the differential operators to be discrete, meaning that the (-
regularization techniques that we used don’t straightforwardly generalize
to these geometries. A replica calculation of the logarithmic negativity of
mixed excited states should also be possible with the tools developed in

Hgnoring compact dimensions from String Theory.
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5 Discussion

our work.

A more detailed treatment of the excited states would also be desirable.
In our work, for example, we only managed to perform an analysis of one
type of highly excited state. In order to construct this state we excited a
single eigenmode of the Laplacian — that in addition had the property of
simultaneously being an eigenmode on the manifold and the submanifolds
— m times, and from this deduced the behavior for m > 1. In particular,
we observed that for this type of highly excited states the area law usually
attributed to the ground and low-lying excited states was still conserved.
It is however not clear from our analysis, whether this is a general feature
of the excited states of the QLM, or only a feature of the precise state we
analyzed.

Another interesting direction would be to apply the analytic insights
we gained about the entanglement entropy of the quantum Lifshitz model
to the agenda of holographic bulk reconstruction. In particular, it seems
that, interpreting the entanglement entropy results a la Ryu-Takayanagi
as information about the bulk minimal surfaces, it should be possible to
reconstruct the bulk metric explicitly using results such as [Gentle and
Keeler, 2016, Bao et al., 2019]. In particular, since we also have analytic
results for the entanglement entropy of excited states, one could check
the effect of excitations of the eigenmodes of the boundary theory to the
bulk metric explicitly.

In conclusion, the QLM provided a vast and fruitful playground to
better our understanding entanglement. It allowed us to perform elegant
analytic calculations and provided us with simple, yet still rich and
surprising results in a wide range of situations. The lessons to be learned
from the QLM are by no means exhausted, and we expect the future to
bring many more insights from this little corner of physics.
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1 Introduction

Quantum entanglement refers to a correlation of a purely quantum mechanical nature
between degrees of freedom in a physical system. Consider a quantum system that can
be divided into two subsystems A and B, such that the Hilbert space can be written as
a direct product of the Hilbert spaces of the subsystems, H = H4 ® Hp, and take the
full system to be in a state described by a density matrix p. The entanglement entropy of
subsystem A is then defined as the von Neumann entropy of the reduced density matrix,
obtained by taking a trace over the degrees of freedom in subsystem B, i.e.

S[A] = —Tr(palogpa) , (1.1)

with pa = Trp p. We will take p to be the ground state density matrix of the full system
but our results can be extended to more general states.

Entanglement entropy is a useful theoretical probe that encodes certain universal prop-
erties of field theories describing critical systems, see e.g. [1-5]. A well known example
in this respect is the entanglement entropy of a two-dimensional conformal field theory
(CFT) [6-8], which has a universal logarithmic term,

S[A] = glog (%) , (1.2)
where c is the central charge of the CFT in question, L 4 is the spatial size of the subsystem
A, and € is a UV-cutoff. Here we are assuming that A is connected and that its size is
small compared to the full system size Ly < L. The logarithmic UV behaviour of the
entanglement entropy tells us that the system has long-range entangled degrees of freedom
(in contrast to an area-law where short-range entanglement would mainly contribute).

In recent years considerable effort has been devoted to investigating such universal
terms in the entanglement entropy of CFTs in arbitrary dimensions (see [9, 10] for reviews).
What will be important for us is the following general UV behavior of entanglement entropy
in even D-dimensional CFTs,

Yp- L
S[A] = cp_2 EDD&Z + -+ colog <?A> +..., (1.3)

where X p_y is the area of the (D—2)-dimensional entangling surface 9A and Ly is a
characteristic length associated with A. Only ¢y is universal in this expression. The other
coefficients depend on the regularisation scheme used. One also finds a universal sub-
leading term in odd-dimensional CFTs but in this case it is finite rather than logarithmic,
see e.g. [10] and references therein. The coefficient of the universal term is a function
of topological and geometric invariants, such as the Euler density and Weyl invariants
constructed from the entangling (hyper)-surface [11, 12]. This reflects the fact that the
logarithmic term in S[A] is related to the conformal anomaly of the stress-energy tensor of
the corresponding CFT.

In the present work we will study entanglement entropy, including universal finite
terms (i.e. of order O(1) with respect to L), in a family of d+1-dimensional scale invariant
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quantum field theories introduced in [13]. The scale symmetry is a non-relativistic Lifshitz
symmetry that acts asymmetrically on the time and spatial coordinates,

T AT, T N7, (1.4)

with a dynamical critical exponent equal to the number of spatial dimensions z = d.
These theories are closely related to the well known quantum Lifshitz model (QLM), first
studied in the seminal work [14]. This is a scale invariant free field theory in 2 + 1-
dimensional spacetime with a z = 2 dynamical critical exponent. It is an effective field
theory for certain quantum dimer models (and their universality class) in square lattices
at a critical point and involves a compactified free massless scalar field [14]. Non-trivial
Lifshitz scaling is achieved via a kinetic term that is asymmetric between time and space
(with higher derivatives acting in the spatial directions). The higher-derivative construction
can easily be extended to free scalar field theories in any number of spatial dimensions d
with z = d Lifshitz scaling. In [13] such theories were dubbed generalised quantum Lifshitz
models (GQLMs) and several interesting symmetry properties were revealed in correlation
functions of scaling operators. The periodic identification of the scalar field did not figure
in that work but turns out be important when one considers entanglement entropy in a
GQLM defined on a topologically nontrivial geometry.

A key property of the QLM and GQLM theories is that the ground state wave func-
tional is invariant under conformal transformations involving only the spatial dimen-
sions [13, 14]. The spatial conformal symmetry is a rather special feature (the corre-
sponding critical points are called conformal quantum critical points [14]) and it manifests
in the scaling properties of entanglement entropy. In essence, the symmetry allows us to
map a (d+1)-dimensional Lifshitz field theory with z = d to a d-dimensional Euclidean
CFT. In the d = 2 QLM the CFT is the standard free boson CFT but for d > 2 GQLM'’s
the spatial CF'T is a higher-derivative generalised free field theory. Such higher-derivative
CFTs have been discussed in a number of contexts, for instance in relation to higher spin
theories, e.g. [15, 16], as models in elastic theory e.g. [17], in a high-energy physics setting
in connection with the naturalness problem e.g. [18, 19], and in the context of dS/CFT du-
ality e.g. [20, 21]. These theories are not unitary but their n-point correlation functions are
well defined in Euclidean spacetime and being free field theories they have no interactions
that trigger instability.

Entanglement entropy and its scaling properties have been extensively studied in the
QLM [1, 22-27).} The replica method in the QLM was first developed in [22], where it was
found that for a smooth entanglement boundary, the scaling behaviour of the entanglement
entropy in the QLM (and more generally for conformal quantum critical points in (2+41)-
dimensions) is of the form

L L
SA =12 + SAylog 24 4L, (1.5)
e 6 €

where ¢; depends on the regulator and Ay is the change in the Euler characteristic (upon
dividing the the system in two), which in turns depends on the topology of the system and

!See also [28] for related study of Rényi entropies in quantum dimer models.
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on the entangling surface. The above behavior follows from general expectations for the free
energy of a two-dimensional CFT with boundary [29]. This result is for the entanglement
entropy of a non-relativistic (2+1)-dimensional theory, however its computation starts from
a ground state which is a “time-independent” conformal invariant. As the time coordinate
only appears as a spectator, the final result displays features of a two-dimensional CFT.
This is in line with the results of [13, 14], where it was shown that equal-time correlation
functions of local scaling operators in the QLM and GQLM can be expressed in terms of
correlation functions of a d-dimensional Euclidean CFT.

Furthermore, by choosing a smooth partition, such that we have no contribution from
the logarithm (i.e. Ax = 0), a further sub-leading (of order one in L4) universal term
appears in the entanglement entropy for the QLM [1], that is

La
SEE:C1?+’YQCP+A.. . (1.6)

The universal term yqcp, where QCP stands for quantum critical point, depends both on
the geometry and topology of the manifolds [23, 25-27]. It depends on the geometry in
the sense that it includes a scaling function written in terms of aspect ratios typical of
the given subsystem, and on the topology through a contribution from zero modes and
non-trivial winding modes. In this sense, the entanglement entropy of the QLM is able to
capture long-range (non-local) properties of the system. In particular, yqcp was computed
by various methods for a spatial manifold in the form of a cylinder in [24-27, 30], for a
sphere in [27], and the toroidal case was treated in [25] by means of a boundary field theory
approach. The toroidal case was further investigated in [31], where analytic results were
obtained for Rényi entropies.?

Our aim is to extend the study of these finite universal terms in the entanglement
entropy to generalised quantum Lifshitz models. In particular, we analyse their scaling
properties in full generality, in any number of spatial dimensions d with Lifshitz exponent
z = d. For technical reasons (which we explain below) we restrict attention to the case of
even integer d. More concretely, we obtain universal terms in the entanglement entropy in
GQLM on two classes of manifolds. On the one hand, we divide a d-dimensional sphere into
two d-dimensional hemispheres, on the other hand we consider a d-dimensional flat torus,

sliced into two d-dimensional cylinders.?

Our computations are purely field theoretical.
The theories we consider represent rare examples of non-relativistic critical theories, for
which entanglement entropy can be obtained analytically. We view them as toy-models
where we can explore quantum entanglement for different values of the dynamical critical
exponent z. Further motivation comes from a puzzling aspect of Lifshitz holography, where
one considers gravitational solutions that realise the Lifshitz scaling (1.4), see e.g. [34, 35].
In AdS/CFT the entanglement entropy is computed by means of the Ryu-Takayanagi
formula [36, 37]. The usual working assumption is to apply the RT prescription also in
Lifshitz holography, but in a static Lifshitz spacetime the holographic entanglement entropy
does not depend on the critical exponent at all (see e.g. [38]). From a field theory point of

2For related studies of the scaling properties of entanglement entropy for a toroidal manifold in scale
invariant (2+1)-dimensional systems, see also [32, 33].
3Here a d-dimensional cylinder refers to the product of an interval and a (d—1)-dimensional flat torus.
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view, however, one expects the higher-derivative terms to dominate at short distances, and
thus the UV behaviour of entanglement should reflect the value of the dynamical critical
exponent. The absence of z from the holographic entanglement entropy is puzzling if
Lifshitz spacetime is the gravitational dual of a strongly coupled field theory with Lifshitz
symmetry. Similar considerations motivated the work in [39-41]. While we clearly see a
dependence on z, it is difficult to compare our results directly to those of these authors
as we are not working within the same class of field theories and we focus on universal
sub-leading terms rather than the leading area terms.

The paper is arranged as follows. In section 2 we briefly review the construction of
generalised quantum Lifshitz models and extend their definition to two specific compact
manifolds. These are higher-derivative field theories so we must ensure that the variational
problem is well posed. This amounts to imposing 2z conditions on the variations (2.8), (2.15)
and including a boundary action (2.10) for the d-torus or (2.16) for the d-sphere. In
section 3 we discuss the replica method, which we use to compute the entanglement entropy.
In essence, this approach maps the problem of computing the nth-power of the reduced
density matrix to a density matrix of an n times replicated field theory. The goal is
to produce a result that can be analytically continued in n, in order to calculate the
entanglement entropy according to (3.1). As we explain in section 3, the replica method
forces all the replicated fields to be equal at the cut, since the cut is not physical and our
original field theory only has one field. There is an additional subtlety in implementing this
condition due to the periodic identification of the scalar field in the GQLM and in order
to ensure the correct counting of degrees of freedom we separate the replicated fields into
classical and fluctuating parts. The fluctuating fields obey Dirichlet boundary conditions
as well as the vanishing of the conformal Laplacian and its integer powers at the cut.
Their contribution is encoded in partition functions computed via functional determinants
defined on the sphere and torus respectively. The classical fields give rise to winding sectors
that are encoded in the function W(n) described in section 3. For the spherical case this
contribution is simple and only amounts to a multiplicative factor \/n. For the toroidal
case, the contribution from the classical fields is less trivial, and requires summing over
classical vacua of the action. For higher-derivative theories some further conditions have
to be implemented in the classical sector, and we argue that a compatible prescription is
to use Neumann boundary conditions for these fields. At this point no freedom and/or
redundancy is left, and it is straightforward to compute the sum over winding modes. We
collect the contributions from the classical and fluctuating fields to the universal finite term
of the entanglement entropy for a d-sphere and a d-torus in sections 4 and 5 respectively.
We conclude with some open questions in section 6.

Most of the technical details are relegated to appendices. In appendix A we review the
computation of the functional determinant contribution for the spherical case, which was
originally worked out in [42]. In appendix B we develop an alternative expression for the
formulae presented in appendix A, which we find more transparent and better suitable for
numerical evaluation. In appendix C we compute the functional determinant contribution
for the toroidal case. Finally we compute the winding sector contribution for the d-torus
in appendix D.
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2 Generalised quantum Lifshitz models in (d+1)-dimensions

The 2+1-dimensional quantum Lifshitz model [14] can be generalised to d+1-
dimensions [13]. Whenever the dynamical critical exponent z is equal to the number
of spatial dimensions, the ground state wave-functional is invariant under d-dimensional
conformal transformations acting in the spatial directions, extending the connection be-
tween the quantum Lifshitz model and a free conformal field theory in one less dimension
to any d. We recall that in the 2+1-dimensional case the scalar field is compactified [14],
and below we will also compactify the scalar field in the GQLM at general d on a circle of
radius R, that is identify ¢ ~ ¢ + 27 R,.
The ground state wave functional of the GQLM is [13]

-1 o151
) = 7= / [Dele=#59|g) (2.1)

where {|¢)} is an orthonormal basis of states in the Hilbert space made up of eigenstates
of the field operator, and the partition function Z is given by

Z:/m@fwk (2.2)

We are interested in computing the sub-leading universal finite term of the entanglement
entropy (1.1) in the ground state, i.e. with p = [¢o)(¢o|, when the manifold M is a
d-sphere or a d-torus. The subsystem A will consist of field degrees of freedom on a
submanifold of M. For technical reasons we restrict attention to the case where d is an
even (positive) integer.

We follow the normalisation convention of [27] and write the action as

K
S16) = 5l + Somlo] = 1= [ A0VGGP- w6 + Somle). (23)
where G = det Gy (a,b=1,...,d) is the determinant of the Euclidean metric on the man-

ifold M, and P, a4 is a proper conformal differential operator of degree z in d dimensions.
The specific form of P, r¢ depends on M, as we will discuss at the end of this section.
In order to have a well-defined variational problem, the action has to include a suitable
boundary term Sypq whose specific form is also given below. Note that the scalar field ¢
has dimension zero under Lifshitz scaling in the GQLM at general d. We find it convenient
to use the shorthand g = ﬁ.‘* We note that for a flat manifold, the compactification of
the field implies a global shift symmetry compatible with conformal symmetry [43, 44].
This is also true for the z = d theory on the d-sphere (and more generally on any Ein-
stein manifold) provided the action includes appropriate terms that generalise the notion
of conformal coupling to a higher-derivative setting.

Let us consider how the action in (2.3) is constructed concretely for the two cases,

mentioned above. To keep the discussion somewhat general, we assume that both z and d

“The normalisation of the action in (2.3) and the compactification radius R. are not independent. A
rescaling of the scalar field will affect both g and R., while physical quantities that are independent of
rescaling are expressed in terms of 27 R.\/g [43, 44].
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are even positive integers and do not insist on z = d for the time being. The case when d
is an odd integer is also interesting but raises a number of technical issues that we do not
address in this work. The boundary terms in the action will be important once we divide
the system into subsystems and apply the replica method (cf. section 3).

d-torus. In section 5, we consider a torus obtained as the quotient space of R? and a
d-dimensional lattice. The manifold is flat, and in this case the operator appearing in the
action Sp[¢] in (2.3) is simply the z/2 power of the Laplace-Beltrami operator,

Poga = (—1)FFIN2 = (C1)/241 (g, p0)*/2 (2.4)
that is
Sol] = (—1)7/2+g / iGN (2.5)
M

For d = z = 2 this reduces to S =g [ (V¢)? as in [14] (after integrating by parts). Varying
So[¢] we obtain

550l¢] =2(—1)2+1 g /M dl (A*24)56

+ (_1)2/2+1g/

oM

z—1
Atz Y (—1)Rhe) (057 Fae) (2.6)
k=0

where the partial derivatives should be understood as follows

= (0.0, R =n 030", (2.7)
with n, an oriented unit vector normal to the boundary. We need to choose appropriate
boundary conditions for the variations. One possibility is to demand that

9260|,,, =0, 2:0,...,371. (2.8)

The reason behind this choice is that we will be interested in the eigenvalue problem of
A#/2 for which we require the operator to be self-adjoint and to have a complete set of
consistent boundary conditions. The replica method forces us to choose Dirichlet conditions
on the field at the boundary (cf. section 3) and the remaining conditions are chosen to be
consistent with the self-adjointness of the operator. Equipped with (2.8), the variation of
the Lagrangian reduces to

3Sol6] =2(-1)** g [ d'x (A*2¢)s
M
-1

FEDTg [ a0 07 ¥e0), (29)
oM =0

(S}

Hence, defining the following boundary action

—

Sol] = (~1)7/2+1g / a1y 3 (02kg) (032 1g), (2.10)

oM s

S0y
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with variation given by

—_

555[6] = (~1)/2+1g / =13 3 (82+4) (92 % 169), (2.11)
Jom =0

ol

clearly gives a well-defined variation for the total action S[¢] = Sp[@] + Ss[¢] and leads to
the following equations of motion

Ay =0, and 026, =0, fork:O,‘..,gfl‘ (2.12)

d-sphere. When the manifold M is a unit d-sphere, the operator in (2.3) is the so-called
GJMS operator on a d-sphere [45]. In essence, GJMS operators generalise the conformal
Laplacian to higher derivatives and d-dimensional curved manifolds [45] (see [46-54] for
more references on the subject). This means that a GJMS operator of degree 2k in d-
dimensions (where k£ is a positive integer) is constructed so that it transforms in a simple
way under a Weyl transformation of the metric, Ggp — €2Gap,

ng(GQwG) _ 67<d/2+k)w732k(c) e(d/?—k)w . (2'13)

In general, the operator Py is well defined for k = 1,... d/2 for even d, in the sense that
it reduces to the standard Laplacian of degree k in flat space [47]. For odd d-dimensional
manifolds operators satisfying (2.13) exist for all k£ > 1 [47, 52, 53].

On a unit d-sphere the GIMS operator of degree 2k explicitly reads as

k

Parse = [ [ [Asd + <g fj> <g - 1)} , (2.14)

=1

where Aga = —%&1 (\/écaba,,), with a,b = 1,...d, is the Laplace-Beltrami operator.
The case of most interest to us is to consider a GJMS operator of degree 2k = d. This is
known in the literature as the critical case, while k < d/2 is referred to as the subcritical
case. It is straightforward to check, using (2.13), that the final action Sp (2.3) is invariant
under Weyl transformations. The factorisation in (2.14) is a general characteristic of Ein-
stein manifolds. Since the eigenfunctions of the Laplace-Beltrami operator on a compact
Riemannian manifold form an orthonormal basis, one can easily obtain the spectrum of the
GJMS operator on the sphere from the factorisation above. This will play an important
role later in the computation of partition functions in section 4.

When S? is divided into hemispheres, the action Sp[¢] has to be complemented by
boundary terms. As before, in order to have a well-defined variational problem, we compute
the variation of the action .Sy, impose z boundary conditions on d¢ and its derivatives,
and then cancel any remaining terms against appropriate boundary terms. We impose the
following boundary conditions

§¢|8M:07 A’%Sqﬁ}aM:O k=1,...——1, (2.15)
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that is Dirichlet boundary conditions on the variation d¢ and vanishing of its Laplacian
and its powers at the boundary. This is analogous to (2.8) for a curved manifold. The
explicit expression for Sy[¢] is

Sol] = gjf; /M d aa{@c;ab def (A 4 (g —j) (g +i- 1)) </>] (2.16)
o 11,0+ G- Gren) )

where the products in the above expression are taken to be empty when the upper extreme
is less than the lower extreme. Finally, the classical equation of motion is

/2

Pd75d¢:H{Asd+<gfj> <g+jfl)} $=0. (2.17)

=1

3 Replica method
The entanglement entropy of subsystem A can be defined as
S[4) = — lim 9, T(p1) (3.1)

where an analytic continuation of the index n is assumed. This definition is equivalent to
the von Neumann entropy of p4 (1.1). Following [8, 55], we will use the replica approach
to evaluate (3.1). At the heart of this method is to view each appearance of the density
matrix p in Tr(p’j) as coming from an independent copy of the original theory, so that
one ends up working with n replicated scalar fields. The process of taking partial traces
and multiplying the replicas of p then induces a specific set of boundary conditions at the
entanglement cuts on the replica fields.

In this section we adapt the replica trick to generalised quantum Lifshitz theories. For
the QLM the replica method was reviewed in [26, 27]. Our starting point is the ground
state density matrix p = |1)o)(¢o|, with |p) as in (2.1). Now divide the manifold into two
regions A and B and assume that the Hilbert space splits as H = Ha ® Hp. This allows
us to write the density matrix as

1
p=7 [ DD D D]
_1G16A1_1G[6B]_1§[6/A]_L§[4'B
x e 2SS S 0) @ 167) (0 @ (7], (3.2)
where the field eigenstates {|¢)} and {|¢®)} provide orthonormal bases in H 4 and Hp, re-
spectively, and we have used that ¢ and ¢P are free fields with support on non-overlapping

subsets of M to write S[¢] = S[¢"]+S[¢P]. We then construct p by the gluing procedure
represented in figure 1. Each copy of p is represented by a path integral as in (3.2) with
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Figure 1. The gluing procedure due to the replica trick. Gluing due to the partial trace over B
is represented in red, due to multiplication of the reduced density matrices p4 in blue, and due to
the final total trace in yellow.

fields labelled by a replica index i = 1, ..., n. The partial trace over field degrees of freedom
with support in B gives the following reduced density matrix for the i-th replica,

pa="Trp(p
A1_1giyA B (3.3)
-5/ [D¢A (Do) [DPle 511 bSI 1=t (g1
Multiplying together two adjacent copies of the reduced density matrix gives
— 72 [ PoDUA D6t ID6P DO |
X e — 3816 -3 S[9411-Sb7 11— S[6P]-S[¢E, ‘¢A><¢Z+1 . (3.4)

The d-function coming from (¢’A\¢l 1) forces the identification qS;A = qi)gﬂ_l, effectively
gluing together the primed field from replica i and the unprimed field from replica i + 1,
as indicated in figure 1. It follows that multiplying n copies of the reduced density matrix
gives rise to pairwise gluing conditions qb;A = (;5{:_1 fori=1,...,n— 1, and when we take
the trace of the complete expression we get a gluing condition between the first and last
replicas, ¢f! = ¢!, Combining this with the gluing condition ¢ = ¢Z for i = 1,.

from the partial trace in (3.3), and the boundary condition ¢A|F ¢> |I" where I' denotes
the entangling surface separating A and B, we see that all the replica fields are forced to
agree on I'. The final result for p’ is then

n A L 5 B
i) = 5o | HDM kaset] [ T[pe)e Sasell )
AUB bc bci:l

with
be ¢§4|r(:v) = qbﬂr(x) =cut(z), i,j=1,...,n, (3.6)

where cut(z) is some function of the boundary coordinates. We write the denominator
in (3.5) as Z} 5 to emphasise that it contains n copies of the partition function of the

- 10 -



Paper |

original system before any subdivision into fields on A and B. In the numerator, however,
the field configurations of the different replicas are integrated over independently, except
that the replicated fields are subject to the boundary conditions (3.6) (up to the periodic
identification ¢ ~ ¢ + 27 R,).

In order to take the periodic identification into account when applying boundary con-
ditions, we separate each replicated field into a classical mode and a fluctuation, following
a long tradition, see e.g. [43, 44],

¢ P =P+ P =1, . (3.7)

The modes ¢; | satisfy the following classical equations of motion and boundary conditions,

A(B) A(B)

P20 (x)=0, & (ac)|F = cut(z) + 27rRCwA(B)

7 )

i=1,...,n, (38)

where wZA(B) are integers indicating the winding sector. The classical field determines the
total field value at the entanglement cut, while the fluctuating field ¢ satisfies Dirichlet

boundary conditions,
A(B .
Lpi< )(x)‘r:O i=1,...,n. (3.9)

In two dimensions this condition, along with the equation of motion of the classical fields,
ensures that the action factorises [27],

S P = 516D+ 516D, i=1,.n. (3.10)
The decomposition of the action is less trivial in higher dimensions but it can be achieved
if the Dirichlet boundary condition on the fluctuating field at the entanglement cut is
augmented by further conditions. It is straightforward to check that imposing (3.9) along
with (2.8)—(2.15) on the fluctuating fields at the cut leads to a well-posed variational
problem as well as self-adjointness of the operator P, r¢ on M. As was discussed earlier,
this combination of conditions amounts to the vanishing of the Laplace operator and its
integer powers acting on the fluctuating fields at the boundary. This turns out to be
enough to ensure that the total action splits according to (3.10) (once again the equations
of motion for the classical fields have to be used to achieve factorization). We note, that
with this prescription and using the classical equations of motion, the boundary terms in
the action can be written in a form that only depends on the classical part of the field,

Salet ) = Sl (3.11)

i,cl

In the presence of winding modes, there remains some redundancy in the classical part of
the action, as further discussed in appendix D where we compute the contribution from
the classical winding sector for the d-torus.

As a consequence of (3.10), the fluctuating modes ¢; simply contribute as n indepen-
dent fields obeying Dirichlet boundary conditions (3.9) at the entanglement cut. For the

SDerivatives of the classical fields are in general discontinuous at the cut, but the left- and right-
derivatives remain bounded.

,11,
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classical modes, on the other hand, we can solve for the A and B sectors simultaneously, as
the boundary value problem (3.8) has a unique solution in AU B\ T, up to winding num-
bers. At the entanglement cut only relative winding numbers matter and we can choose to
write the boundary conditions for the classical fields as [26]

(@) = cut(x) + 2r Rew; i=1,...,n—1, bncl|p(x) = cut(z). (3.12)

Thus, the trace of the n-th power of the reduced density matrix reads

A]efs [ H/ ID‘PB] 6*3[% ( ) (3.13)

Tra(p%

where W (n) is the contribution coming from summing over all classical field configura-
tions satisfying the boundary conditions (3.12). The subscript D on the integral sign is a
reminder that the the fluctuating fields obey Dirichlet boundary conditions.

At this point we need to distinguish the spherical case from the toroidal one. We start
by analysing the problem on the d-sphere, which turns out to be particularly simple.

d-sphere. We closely follow the treatment of the two-dimensional case in [27]. The
crucial observation here is that the winding mode can be reabsorbed by the global shift
symmetry of the action, S[¢;] = S[¢; + #9] with constant ¢?, as mentioned in section 2.
Indeed, since the fields satisfying the classical equation of motion include any constant part
of the total field, we can use the symmetry to rewrite their boundary conditions as

,C‘lr(x) = cut(z) + 2w Rew; + @0 . (3.14)
We then choose ¢7? = —27 R.w; to cancel out all winding numbers. The boundary condi-
tions then become

dr(@) =cut(z), i=1,...,n, (3.15)

and the sum over classical configurations can be written as
Ze 32 Sl Z e SMbn.al — Z e~ SWnonal (3.16)
Picl Pncl Pn,cl
Consequently, we have for the d-sphere
Tea (7)) = Z" H / [DyAle=Slet] H / [DpB) 5P 3 =Svasnal - (3.17)
Pn el

We can now combine the n-th fluctuating fields with support on A and B and the n-th
classical field to define

®, = ¥n + \/ﬁﬁbn,cl s (318)

with ¢, = @;?(B) in A(B). Notice that the effective compactification radius of ®,, is now
VR [26, 27]. The path integral over o} and 2 along with the contribution W (n) from

,12,



Paper |

the rescaled classical field amounts to the partition function on the whole d-sphere for the
combined field ®,,, which is equal to the partition function of the original field up to a
factor of y/n due to the different compactification radius, and it therefore almost exactly
cancels one power of the original partition function in the denominator in (3.17),

n—1 n—1
1 ,
Tea () = ] /D DS ] /D DBl Vi Zass  (3.19)
i=1 =1

ZXUB i=
ZpaZpp\"!
= \/ﬁ ( = - )
ZAuB

A(B) .. e .
where Zp 4(p) = fD[Dapf(B)]e*S[% I denotes the Dirichlet partition function on A(B).
Hence, the entanglement entropy is given by
2 b

Zp Al 1
Sge = — lim 0, Tra (p’) = —log <M) _
n—1

— 3.20
ZAuB (3.20)

and the original problem has been reduced to the computation of partition functions with
appropriate boundary conditions on the regions A and B and AU B.

We will consider the case where the d-sphere is divided into two hemispheres. Then
we only have to compute the partition function on the full sphere and a Dirichlet partition
function on a hemisphere. These are in turn given by determinants of the appropriate
GJMS operators. The detailed computation is described in section 4 and appendices A
and B.

d-torus. We now apply the replica method in the case of a d-torus. We cut the torus into
two parts, thus introducing two boundaries which are given by two disjoint periodically
identified (d — 1)-intervals (in d = 2 this is simply an S1). As explained before, all the
fields have to agree at the cuts I';, (where now the index a = 1,2 labels each cut). For the
quantum fields this simply implies that they need to satisfy Dirichlet boundary conditions,
that is

A(B
99;'()

bo=0, i=l..n  a=12. (3.21)

As explained earlier, further conditions are necessary in dimensions d > 2, and we demand
that the conditions (2.8) hold at the cut for the fluctuating fields.

Now consider the classical fields on the torus. We can use the global shift symmetry
discussed in section 2 to write the boundary conditions for the classical fields as

dillp, (@) = cuty(e) + 27 Re wf' + o (3.22)

with d),? constant on the whole torus. As in the spherical case, we can choose the qﬁ? S0
that they absorb the winding numbers from one of the cuts,

¢i><fl‘r, (z) = cuty(z), i=1,...,n, (3.23)
¢i,cl 1"2(I) = Cutg(l‘) + 2R wi, i=1,...,n, (324)

,13,
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where w; := (%2 - wll) We are effectively left to deal with winding sectors at a single

entanglement cut and since only the relative winding number between adjacent replicas
matters we can eliminate one more winding number to obtain

Piallp, (2) = cuty (@), i=1,...,n (3.25)
¢ia°1|1“2 (z) = cute(z) + 27Rcw;, i=1,...,n—1, ¢n,c1|1«2 (z) = cuta(x). (3.26)

At this point, we can use the same unitary rotation U, as in [26, 27], to bring the classical
fields ¢; 1 7 = 1,...,n into a canonical form constructed to separate the contribution from
the winding modes from the contribution from modes subject to boundary conditions given
by the functions cut; 2(z). Concretely, we define the matrices

1 _ L 0
V2 V2
T _1 _2 g
NG NG NG
U, = : , (3.27)
S N B _fi_1
Vnn—=1)  y/n(n-1) 77 o n
1 1 1
and
. 1
M, 1 = diag (1, o1 E) Un-1, (3.28)
so that we have
A, (x) = 0 i=1,...,n—1,
&9, (x) = vncuty(z), (3.29)
&y (x) = 27 Re (My1)ywj,  i=1,...,n—1,

n—1
%, (x) = vncuty(z) + 27:/? ;w (3.30)

Hence, the sum over all the classical configurations reduces to a sum over the vector
w = (w1,...,wy_1) € Z" ! and an integral over the n-th classical mode. Notice that, as
for the spherical case, the n-th classical mode ¢¢' has a compactification radius amplified
by v/n, due to the rotation (3.27). We want to use this mode to reconstruct a full partition
function on the torus, that is define

D, = o+, (3.31)
so that
et [ fapie et [laghe < = vz, (3:32)
D D B
_ 14 —
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where the v/n factor on the right-hand-side of (3.32) accounts for the different compactifi-
cation radius. Thus, the replica method finally gives

ZpaZps\" ' —

Tea 05 = i (22222 ) ), (3.33)
Zfree,AuB

where W (n) contains the contributions from the first n—1 classical configurations satisfying

the boundary conditions in (3.29) at T'y(y).

In two dimensions the classical fields are uniquely determined by the equations of
motion and the boundary conditions (3.29), and thus the classical action has only one
vacuum. The contribution from the winding sector is then simply given by the sum over
the corresponding winding modes [26, 27],

Wn)= Y e T s, (3.34)

wezn—1

However, in higher dimensions (d > 2) the conditions (3.29) do not uniquely specify the
vacua of the classical action. In other words, our construction is consistent for more than
one set of boundary conditions applied on derivatives of the classical fields and the value
of the boundary action depends on the boundary conditions. This is the redundancy
mentioned in section 2.

The classical field satisfies a higher-derivative equation of motion, whose general solu-
tion is parametrised by z/2 constants. The boundary condition imposed on ®,, will fix one
of these constants but we need to add z/2 — 1 further boundary conditions for the classical
field to fix the rest. The value of the boundary terms in the action will in general depend
on the choice of boundary conditions.

In the present work we impose a generalised form of Neumann boundary conditions
on derivatives of the classical fields,

anA%glbr =0 k=0,...,5-2 (3.35)
This prescription is compatible with the conditions imposed on the fluctuations,
z

ARyl = ARG+ i) | g0y = A S0 fork=1,...,5 -1, (3.36)

and, at the same time, it gives a non-vanishing classical boundary action, which is important
in order for the sum over winding modes to converge. The contribution from winding modes
is then accounted for in any number dimentions by computing

W(n) = Z e~ 21211 S[@Cl] , (337)
wezn—1

where the classical fields ¢¢' satisfy the boundary conditions (3.29) and the Neumann
conditions in (3.35). The details of the computation are reported in appendix D.
Finally, the entanglement entropy for the d-torus is given by

ZpaZ R
Spp = — log ( D;;U;"’B) 5 w(1), (3.38)
- 15 —
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since the winding sector is normalised such that W (1) = 1. The computation of the
partition functions for the d-torus is presented in section 5 below.

We close this section by noting that even though winding numbers come into play
across entanglement cuts in our computation, we are restricting our attention to a single
topological sector of the original theory on the d-torus. Indeed, since we periodically
identify the field, we could consider winding sectors on the d-torus itself,

Sy + L, ..., g+ Lg) = p(x1,...,xq) +20Lim;, I=1,...,d, mreZ. (3.39)

We have set m; = 0 in our calculations in the present paper but a more general study
can be carried out, evaluating the contribution from winding sectors W(n, mr) associated
with an entanglement cut for each topological configuration, and then summing over the
my. The corresponding topological contributions to entanglement entropy in a scalar field
theory on a two-dimensional cylinder, are obtained in [26].

4 Entanglement entropy on a hemisphere

In this section we calculate the universal finite terms of entanglement entropy in GQLM
resulting from the division of a d-sphere into two d-hemispheres A and B by an entan-
glement cut at the equator as shown in figure 2. According to the replica calculation in
section 3, we have to compute (3.20), where now A and B are the two d-hemispheres, and
the bulk action contains the GJMS operator (2.14) with 2k = d. The partition function
on the whole manifold (Zaup in (3.20)) contains a zero mode, which should be treated

separately [43, 44],
_1
_ g (9 2
ZAuB = 27TRC ;.Ad det %Pd’sd (41)

where A, is the area of the d-sphere and the 1/%.;4(1 factor comes from the normalisation
of the eigenfunction corresponding to the zero eigenvalue. The functional determinant det’
is the (regularised) product of the non-zero eigenvalues. The operator (2.14) on the unit
d-hemisphere with Dirichlet boundary conditions does not have a zero eigenvalue, so the
partition functions on the subsystems A and B can be directly computed via regularised
functional determinants. Hence we can write (3.20) as

> + log (\/47rgAdRc) - %7 (4.2)

1

det P, ya det P, pa
S[A] = 3 log (d’HD &M

dOtI'Pd?Sd

where the D subscript on Hf) indicates Dirichlet boundary conditions on the fields at the
boundary of the d-hemisphere H?. At the end of the day, the entanglement entropy can
only depend on the combination gA4. All factors of g/m inside functional determinants
must therefore cancel out in the final result and going forward we simply leave them out
of our formulas.

We now turn to the explicit computation of the functional determinants appearing
in (4.2). In a series of papers [42, 56-58], Dowker calculates determinants of GJMS op-
erators on spheres in any even dimension d and for any degree k£ < d/2 via ¢-function

,16,
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Figure 2. The sphere is cut into hemispheres A and B by an entangling cut at the equator.

methods. We give a self-contained review of these calculations in appendix A, partly to
adapt them to our notation and partly to have all the results we want to use in one place.
Determinants of critical GJMS operators (where the degree 2k of the operator matches
d) on spheres and hemispheres are expressed in terms of multiple I'-functions in [42]. A
simplified version of these results, expressing them in terms of the more familiar Riemann
(-function, is presented in appendix B.

The starting point of Dowker’s computation is the observation that the determinant
of the GJMS operator on a d-sphere, given in terms of the spectral (-function, can be
obtained as a sum of the corresponding determinant on a d-hemisphere with Dirichlet and
Neumann boundary conditions [42, 59] (again expressed in terms of spectral ¢-functions).
On the hemisphere with Dirichlet boundary conditions the log-determinant of the GJMS
operator is given by

logdet Py g = —Z4(0,ap, d/2) = ZhD — fP(d), (4.3)

where Z;(s,ap,d/2) is the spectral (-function corresponding to the GJMS operator of
degree 2k = d, cf. (A.1) and (A.2). Here ( is the Riemann (-function, and 22, fP are
given by

-l AR e

FP() = — 5 S 0g()(1 ~ dhass + M(d). (4.5)

The [;ﬂ are Stirling numbers of the first kind, (z); is a Pochhammer symbol, and M (d) is
a sum of harmonic numbers and generalised Bernoulli polynomials whose explicit form is
not important to us, as it cancels in the final expression for the entanglement entropy. The
derivations of h? and fP can be found in appendix B.2, while the derivation of M(d) can
be found in A.3, its explicit form is given in equation (A.58). These functions may seem

- 17 -
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quite complicated at first sight, but they all consist of well understood algebraic functions
that can easily be evaluated using a computer. For the determinant of a critical GJMS
operator on a hemisphere with Neumann boundary conditions we find a similar result

d
logdet Py g = —Z4(0,an,d/2) = = Y hy (d)¢'(=n) — [N (d), (4.6)
n=0
with A and fV given by
N L[d+1] &2 (<1 (d\[d—j+1
h"(d)ia{n-i-l}_J_X:(:)(d—j)!<j>[ n+1 }’ (4.7)
N (d) = log(d — 1)! + fP(d). (4.8)

We note that our result in (4.6) differs from [42] by a sign in the term log(d — 1)!. This is
because we treat the zero mode separately as is apparent in (4.1) and (4.2).

As mentioned above, the log-determinant on the whole sphere is the sum of the log-
determinants on the hemisphere with Dirichlet and Neumann boundary conditions [42],

log det'P, ga = log det Pag +logdet Py ya . (4.9)
With an eye towards the entropy formula (4.2), we express the ratio of determinants as
d
2log det P g — log det'Py g = — > (R (d) = b)Y (d) ¢'(—n) — £P(d) + £V (d)
n=0
d

= " ha(d)¢'(=n) + log(d — 1)!, (4.10)

n=0

where, using the properties of the binomial coefficients, one can write h,, in the the follow-

nld) = (dj 1) {n i 1} + di (Elil)jj)! (j ! 1) {d ;ﬂr 1}' (4.11)

Jj=0

ing form

Putting everything together, we obtain a surprisingly simple expression for the entangle-
ment entropy of a hemisphere,

d
S[HY) = % S () (=) + log (v/AmgAu(d — DIR.) - % (4.12)
n=0

with h,(d) given above in (4.11). For dimensions d = 2,4,6, and 8, in the critical case
z = d, the entropy is given explicitly by

d=:=2: Spn=log(\ErgR.) - % (4.13)
d=z2=4: Sgg=log (4\/@ch> - % - i%) (4.14)
d=:=6: Sgp=log(16V/mgR,) - % - 1;’2(753) + ég;‘f (4.15)
d=z=8: Spg=log (32\/@#&) - % - 4335752’) ;ifi) - % (4.16)

,18,
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20

d=z

Figure 3. The universal finite term (4.12) in the entanglement entropy of GQLM on a hemisphere
plotted against the number of spatial dimension d (which is equal to the critical exponent z). We
normalise S[Hy] with respect to the two-dimensional case, and set g = R, = 1.

and more values are plotted in figure 3. The two-dimensional case agrees with the result
presented in [27]. Notice that the logarithmic term depends on the product R../g, which
is independent of rescaling of the fields. Hence, in the case of a d-sphere cut into two
d-hemispheres, the finite universal terms of the entanglement entropy (4.12) are constant,
they only depend on the physical compactification radius R.,/g of the target space, which
appears in the above expression through the zero modes.

Explicit results can also be obtained for the subcritical case, i.e. when z < d. In this
case, the entanglement entropy on a hemisphere is simply given by the difference of log-
determinants on the hemisphere with Dirichlet and Neumann boundary conditions. In [60]
this difference was shown to be equal to a “boundary free energy”, initially defined for
hemispheres in 4-dimensional CFTs in [61]. Its value for d = 4 and z = 2 was calculated
in [60-62], while the value for d = 6 and z = 2 appeared in [60].°

Here we list a few examples of the entanglement entropy on a hemisphere in the
subcritical case with z and d both even integers,

¢3)
di4,2222 SEE:?S?’ (417)
Ca o, _ @) <B)
d=06z=2: Sep =5ty
a4 __5¢(3) , ¢(5)
d=6,z=4: SpE = 1872 + 1671’

B <) <)
72072 19274 12876 °

d=8,z2=2: SgE =

The relevant functional determinants (for z and d even integers) were computed originally
in [42] and are included in appendix A.

SWe thank Stuart Dowker for bringing these results and references to our attention.
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The result in (4.12) only depends on “topological data” represented by the scale in-
variant compactification radius of the target space and not on other geometric features.
One might object that this is because we initially set the radius of the d-sphere to one, and
thus our computations are insensitive to the geometry. Indeed, as mentioned in the Intro-
duction, for smooth entangling cuts in even-dimensional CFTs, the entanglement entropy
is expected to have a universal term proportional to the logarithm of a characteristic scale
of the system with a constant of proportionality which depends on the central charge and
on the Euler characteristic. It can be checked that introducing a radius R of the d-sphere
in our problem modifies the above results by adding a term proportional to

AxlogR, (4.18)

where Ay is the change in the Euler characteristic due to dividing the d-sphere along the
entanglement cut. For the two-dimensional case this was understood in [1]. Just as for
a two-dimensional sphere, the change in the Euler characteristic vanishes for the chosen
entanglement cut (while having a non-smooth entangling surface can introduce further
universal logarithmic terms). Indeed, on a non-unit sphere all eigenvalues entering our
determinants are rescaled, and upon regularising this contributes,

log det Py, ra = —d Z4(0,ap, k)log R — Z;(0,ap, k), (4.19)
log det ’P%ysd =—d (Zd(O, ap, ]C) + Zd(O, ay, k)) log R — ZQ(O, ap, k) — Z{i(O, ay, k‘) s

instead of equations (A.2), (A.3). Including the contribution coming from the normalisation
of the zero-mode this would leave us with

g (14 Za(0, an, k) — Za(0,ap, k) log R, (4.20)

but it is straightforward to check, using (A.45) and (A.54), that this combination vanishes.
In fact, Dowker’s construction of the determinant for the sphere as sum of determinants
on hemispheres with Dirichlet and Neumann boundary conditions makes this quite trans-
parent, since the spectral ¢-function in the Neumann case is nothing but the Dirichlet one
after subtracting the zero mode.” Finally, we should stress that the sub-leading univer-
sal terms as (4.18) (which vanish here due to the chosen entanglement surface) are those
expected in a d-dimensional CFT. The quantum field theory we are considering lives on
a (d+1)-dimensional manifold, and yet due to the enhanced d-dimensional symmetries in
the critical d = z case, it has entanglement properties typical of d-dimensional CFTs.

5 Entanglement entropy on cut d-torus

We now turn our attention to the sub-leading universal terms in the entanglement entropy

on a flat d-dimensional torus with circumferences L1, ..., Lg,
T p, =RYIZ X ... X LyZ), (5.1)
that is cut into two d-cylinders: Yp := [-Lp, 0] X Tg;_l__‘Ld and Yy := [0, La] X Tg;l Ly

where our conventions are Lg > 0 and Ly = L4 + L. The two-dimensional case is shown

"See [42, 63, 64] for related studies of conformal anomalies for GJMS operators on spherical manifolds.
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Yp

Figure 4. The torus is cut into cylinders Y4 and Y by the two entangling cuts I'; and T's.

in figure 4. The replica method for the entanglement entropy on the torus was discussed
in section 3, and it requires us to compute (3.38), where the winding sector contribution is
given by (3.37), with the classical fields satisfying the equations of motion and boundary
conditions expressed in (3.29) and (3.35). For the d-torus, the bulk and boundary terms in
the action are given by (2.5) and (2.10), respectively. The operator Py ra in (2.4) is simply
an integer power of the Laplacian. We first compute the quantum contribution to the
entanglement entropy arising from the partition functions in (3.38), and after that we tackle
the winding sector contribution. All the detailed calculations of functional determinants
are relegated to appendix C, and those regarding the winding sector to appendix D. In this
section we collect the results and discuss some interesting limits.

The operator P;ra has a zero mode and as result the torus partition function is

Zaop = 2ch\/% (det’(%Pd,Td))_% , (5.2)

where Aq is the area of the d-torus. As was the case for the sphere, the £ factor in the

given by

determinant only amounts to a rescaling of the torus to which the entanglement entropy
is not sensitive, and we can ignore it in our calculations. On the d-cylinder with Dirichlet
boundary conditions, on the other hand, there is no zero mode and we can write the
(sub-leading terms of) entanglement entropy as

det Piyan det Pays o
det,Pd’Td

1 1 —
S[A] = ; log < ) +log <\/47rgA,1Rc> —5-TW. 63)
The required functional determinants are evaluated in appendix C.
By means of equations (C.30a) and (C.6), we find that the determinant on the full
torus is given by

I AD/2 _ _il /
log det ATfl ..... Ldi QCTgl..“,Ld(O)

. J (5.4)
:dlog(Ll) + =L <Td—1 (*1/2) — 7G,(0;L1,‘..,Ld),
2 Loy.nLg 2
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where CTd 1 (s) is the spectral ¢-function on the (d — 1)-torus. The auxiliary function
,,,,, Ly

G is deﬁned in appendix C.1, as

s—1/2
23/2,_5Li+1/2 , oo s—1/

XY | =
[(s)vm g sezd-tm=1 \ /751 Zd-1 a1
X K 172 <L1n1 /7 Bamt ﬁd—l) , (5.5)

where the primed sum indicates the omission of the zero mode, K,(z) is a modified Bessel

G(s;L1,La,...,Ly) :

function of the second kind and Z4_; = diag ((27r/L2)2 e (27r/Ld)2> is a diagonal ma-
trix. We have explicit expressions both for the spectral ¢-function on the torus in (C.13)
and its derivative evaluated at s = 0 in (C.18), but at this stage we find it more conve-
nient to use the above expression, and only insert explicit formulae at the end, after some
cancellations.

For d-cylinders with Dirichlet boundary conditions, using (C.30b) and (C.24),
we obtain

d
log det A‘[io/i]de N log(QL) + CTd i, (0)
..... d 2. Lg
d d_,
+ iLch;{.Ld (71/2) - ZG (07 2L,... 7Ld)7 (56)

where L = L for Y4 and L = L1 — L4 for Yg. We can rewrite the difference between the
log-determinants as

d/2 d/2 d/2
log detA[0 L-LaxTi + log detA[ LaXTE ), — log det Apg .
_d d
10g(4u(1—u))+ ch - (0) — ZG’(o; 2L4,...,Lq)
d
- ZGI((J; 2(L1 — La),-.., La) + §G,(0§L17 ooy La), (5.7)

where the parameter u = L4/Ly characterises the relative size of the two d-cylinders.
The explicit expression for ( a1 (0) is given by (C.18) with the replacement d —

d—1 and a relabelling of the sides L A% discussed in appendix C, despite its appearance
the above expression is rather convenient to handle, thanks to the fast convergence of the
modified Bessel functions contained in the auxiliary function G. The derivative of the
function G with respect to s, evaluated at s = 0, is given by

8L X (7 Eg T /4
(0. L. Ly...... Ly) \F 3 ZM

fig_1€ZI~1 n1=1

XK,I/Q (L n14/ ﬁ571 Ed—l ﬁd—l)
o exp (—Lni\ /it | Eg1fg_1
Z/ Z ( d—1 ) (5.8)

)
ni

fg_1€Z4-1n1=1

where we have used the explicit expression (E.4) for the modified Bessel function K_1.

2
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As an explicit example of the above result, the determinant ratio for z = d = 2 is
explicitly given by

logdet Ap ~Lalx S}, +logdet Ay 1, xs3, ~ log det ATZI,LQ
= log (2u|7’1|7/2(2u7'1)) + log (2(1 — u)\7'1|'r]2(2(1 — u)n)) —log (L%Ifl(n))

n(2(1 - u)ﬁ)ﬁ@”ﬁ))
URGY ’

= —2log Ly + log (4u(1 — u)|ri|?) + 2log ( (5.9)

where we used (C.20) and (C.28) and introduced the notation 7, = i#j’l7 for k =
1,...,d—1, for the aspect ratios of the general d-torus.

For the winding sector, the computations are detailed in appendix D. The end result,
given in (D.13), is

W) g VA — L [T Ak e T2 [T 5
W (1) =log /A, 5 /706\/7?6 log(Zexp( Azw 2i Azkw>>, (5.10)

WEZL

with A, given by

—1)%/221 1
A= grrz DT W) T 5.11
= 9m R gy A=) T (511
where B, are the Bernoulli numbers. For instance, in d = 2 we have
A2:4wg327i (5.12)
Cu(l —u)|n|” ’

Finally, putting together the contributions from the functional determinants and the
winding sector, (5.7) and (5.10) respectively, we get the following (rather long) expression
for the entanglement entropy (5.3),

d d d d
S[A] = 1 log(4u(1 — u)) + ZC/T;“ (0) — gG/(o; 2LA, ..., Lq) — gG/(o;zLB, ooy La)
e

Lq

d 1

+ ZG/(O; Li,...,Lq) +log (4mg R2) +log /Aq — 1 — 51082\71 o Ta|
1 (=1)*2a 1-d 1-d
“log | ———2 1—

e (4(1 —2d)B, (“ +1-w >

Y T [
/_OC \/7?(3 log<Zcxp< Adw 24 Adkw)). (5.13)

WEZL

It can be verified that the entanglement entropy is symmetric under the transformation
u — 1 —u [33] as required for a pure state of the full system.
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v
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N
°

d=1z

Figure 5. We plot the final expression for the universal finite term in the entanglement entropy on
a half torus (5.17) against the number of spatial dimension d (which is equal to the critical exponent
z). We normalise S[Ty/2] with respect to the two-dimensional case, and set g = R. = Ly = --- =
Ly =2L4 =1 in the plot.

For the special case of d = z = 2 we obtain (using (5.9) and (D.16))

S[As] = log 7|+ = log (4u(1 - w)| |2 ) + log <77(2(1 —wn) 77(21”1))
— 1+ log(4m g R?) — %log(u(l —u)) — %log |71]

/O;f 1og<§Zexp< z\/ATka>>

o (MU W e
=t (T ) -ty

*© dk e ( T o5 LT >
— —e " lo exp| ——w* —2i, | —kw s 5.14
/—oo ﬁ s (u;Z P A2 A2 ( )

where Ay = 47 g R? u(] ) \n\
lations between the classical and quantum contributions. To our knowledge, this is the first

The final result looks relatively simple due to some cancel-
time that universal finite terms in the entanglement entropy on a torus have been obtained
in closed form using path integral methods, even for the two-dimensional case. They have
been computed numerically in [30] and by means of a boundary field method in [25].

We will now check some interesting limits of our general expressions.

Halved d-torus. The first simplifying special case that that we consider is when the
torus is divided into two equal parts:

LA:LB7 L1:2LA, U= —=. (515)

— 24 —
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The contribution from the functional determinants (5.7) simplifies tremendously, leaving
only a single term,

. d/2 /2 _ /A d/2 _d,
log det A[OaLA]XTZ;“,Ld + log det A[O7L_4]XT22 AAAAA . log det ATzdLA IIIII L, b, (0),
(5.16)
and we obtain for the universal terms in the entanglement entropy
d, o L d
SAl==Ca41  (0)+1log (47rg RC) +-logLy —1—log|rm...74-1]
4°Tp, Ly, 2
1 (=1)42 d! © dk 2 P
—log| —F——+ | — log ——w®—=2i, | —k
+20g<4(1_2d)3d /700 776 og %exp Adw 7 A, w s
(5.17)
where now
—1)4/2244) 1
Aglu = 1/2) = g 2L . 5.18
d( / ) g L(l*Qd)Bd |7—1|~--|Td—1‘ ( )

In d = 2 this reduces to

" dk e T ™
_ 2y _ —k _ 2 _ o |
S[Az] = —1+log(8m g R?) /7 ﬁe 10g< EEZ eXp( A2w 2i A2kw>> , (5.19)

since the contributions from the Dedekind-eta functions in (5.14) cancel against each other
when u = 1/2. Moreover, As is given here by

Ao(u=1/2) = lﬁgﬂ’Rzﬁ. (5.20)
Thin d-torus. In d = 2, the infinitely thin torus limit (sometimes called also the long
torus limit) amounts to |71| > 1 and w fixed. It can be helpful to think of this limit as
Ly — 0 while all the other lengths (L1, L4) are kept fixed. In this case, the contribution
from the integral in the expression (5.14) is exponentially suppressed, and moreover, we
have the asymptotic behaviour (E.7) for the Dedekind 7 function. It is then clear that all
the contributions from the Dedekind 7-functions vanish in this limit, and we are left with
the simple result

S[Ag] =log(8mg R%) — 1, (5.21)

which agrees with [25]. In this limit the entanglement entropy for the thin torus is twice the
entanglement entropy for the thin cylinder [25], since the entropy still carries information
about the two boundaries of the torus.

We can take a look at the same limit for the d-torus. In the d-dimensional case we
assume that L, L4 are fixed and of order one, while all the other sides are approaching
zero, that is Lo, ..., Ly — 0. There is an ambiguity in how to take this limit, so as a first
step we consider the case

Li,La>Ly> > Lg, (5.22)
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which can also be written as
l<|n] < < gl (5.23)

Let us examine how the different terms in (5.13) behave when the inequalities in (5.22)
hold. First, all the functions G'(0, L, La, ..., Lg) (5.8) with L = 2L 4,2(Ly — La), Ly are
exponentially suppressed, since all the elements of the matrix =41 diverge, while L is kept
fixed. Now consider the term C’ i (0) in (5.13). This term is defined in (C.18) with a

shift d — d—1 and subsequent Ielabelhng of the torus sides. With the choice (5.22) all the
Bessel functions contained in (C.17), and thus in C' o (0), are exponentially suppressed.
L,

It then follows that the leading piece of C’ . (()) in (C.18) is given by the highest term
Lg

in the sums, that is

(*”)p Ly. L2p+1 / Lo L2p (*277)10
Chan  (0) =4 SR AL (I (—2p) + 2= B S (< 2p + 1)
T L, ! Lz, L -1l
—m)P L. .. L
SIS eI ) (5.21)
P L2p+2

el

where p = [451] — 1 = |95L] for even d. We can rewrite the term more eclegantly as a

function of the aspect ratios,®

s, = O (1) el

Ly . [71] .- - |72

Finally, the integral over k in (5.13) is also exponentially suppressed and will not contribute
to the final expression. Then, keeping only the most divergent term according to (5.22),
we obtain

1
SiAd ~ %C (v+3) gl =y (5.25)

Ptz ‘Tl‘...‘T2p|7 2

Similar limits were discussed in [33] for the Renyi entropies of 3+1-dimensional relativistic
fields theories with various twisted boundary conditions. Except for having the same
power-law divergence, our results appear not to agree with their findings. The comparison
is tricky though, as there are effectively three length scales in the d = 4, and since we are
looking at the regularised entanglement entropy we do not have an explicit cut-off as in [33].
We should stress that when d = 2 all the sums in ( o (0) in (C.18) are empty and

Ly

the only contribution from this term is the logarithm —2 log L2 Then the only divergent
contributions are coming from the log terms (see e.g. (5.14)) and they cancel, leaving the
finite term shown in (5.21).

The thin sliced d-torus. In d = 2 this limit corresponds to L4 — 0 while all the
other length scales involved remain fixed, that is u — 0 while |7y| is kept fixed. The

8Where we have used the ¢-function identity ¢'(—2n) = (— 1)"2((22:)2'71 ((2n+1), neN.
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integral in (5.14) can then be evaluated, for instance by means of the Poisson summation
formula (E.2), and at leading order it gives %log u. Considering only the leading term in
the expansion of the Dedekind function (E.6), we obtain, for u — 0,

S[Ag) = g+ (5.26)

which agrees with the entanglement entropy for the infinite long and thin sliced cylinder
computed in [27]. Indeed, in this limit the torus and the cylinder are indistinguishable at
leading order.

We can proceed with similar arguments in higher dimensions, assuming v — 0 while
all the aspect ratios |7;|, with ¢ = 1,...,d — 1 are kept fixed. In order to simplify the
computation we assume all the aspect ratios to be equal, |7;| = o for all i = 1,...,d — 1.
Then, the leading divergent terms are contained in G’(0,2L 4, Lo, ..., Lg) in (5.13), and by
estimating the d—1-dimensional sum in G’(0,2L 4, Lo, ..., Lg) (cf. (5.8)) with an integral
we obtain the following leading behaviour for the entanglement entropy,

Kd
S[Ad] ~ wd—1gd—1" (527)
where 14 is a numerical coefficient that depends on the number of dimensions d. Similar
behaviour was obtained for the three-dimensional torus in conformal field theories in [65]

(see also [66]), and also in [67] from a holographic approach.

The wide d-torus. As our final example, we consider the so-called wide torus limit, that
is when the directions transverse to the cut are very large while L 4, L1 are kept fixed. Let
us start by considering this limit for d = 2. This means that |7;| — 0 while u is kept fixed.
Using the expansion of the Dedekind-eta function (E.6), we see that the term containing the
logarithm of the ratio of Dedekind-eta functions in (5.14) produces the leading divergence.
Hence, from the general expression for the entanglement entropy in d = 2 (5.14), we obtain

™ ™

S~ — ol Tl

(5.28)
This asymptotic behaviour is also expected for the universal function of the Renyi entropies
of the two-dimensional torus, cf. [33] and references therein, and was found in holographic
CFTs in [32].

In higher dimensions we can consider the limit when w is kept fixed, and all the
transverse directions are very large compared to Lj, L 4, but all the aspect ratios approach
zero at the same rate, that is |7;| = e, with i = 1,...,d — 1 and € — 0. In this case, the
expressions in (5.13) simplify, and, as in the two-dimensional case, the leading divergent
contribution is contained in the functions G'(0, L, Lo, ..., Lg) (cf. (5.8)), where L can be
L1,2L4 or 2(L1 — L4). Using a similar expansion as performed in the thin sliced torus
limit, we obtain

fa(w)

S[Ad] zgfla

(5.29)

where fg(u) is a function symmetric under the exchange v — 1 — w.
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In the above discussion, the case u = % is special for any dimension d, since the

function fg(u = 1/2) = 0, so that the sub-leading but still diverging terms become im-
portant. Looking directly at (5.17) and (5.19), there is no contribution now coming from
G'(0,L,Ls,...,Ly), and the next divergent term is logarithmic in the aspect ratios 7,
which in the two-dimensional torus is entirely coming from the integral in (5.19), while in
higher dimensions it receives contributions also from the area term log /Ay and ('Td,l(O).
In our simplified limit where all the ratios |7;| approach zero at the same rate, we see that

1 1
S[Ad]zgloge, u=g, d>2. (5.30)

This is consistent with the findings of [33], where for the z = 2 free boson field the-
ory in 3+1 dimensions the universal function of Renyi entropies J, satisfies the relation
limy 0 Ju(u = 1/2,|7])|7| = 0.% This clearly holds in our case since the universal term of
the entanglement entropy has a logarithmic divergence. Rather different behaviour was ob-
served in free two-dimensional CFTs for Renyi entropies [33] and also in holographic CFTs
in two and three space dimensions for entanglement entropy [67], where also for v = 1/2
the universal part continues to have a power-law divergence similar to (5.28) and (5.29).
The disagreement was already observed in [33].

6 Discussion

In this work we have analytically computed the universal finite corrections to the entan-
glement entropy for GQLMs in arbitrary d+1 dimensions, for even integer d, and on either
a d-sphere cut into two d-dimensional hemispheres or a d-torus cut into two d-dimensional
cylinders. GQLMs are free field theories where the Lifshitz exponent is equal to the num-
ber of spatial dimensions, and they are described in terms of compactified massless scalars.
When d = z = 2 the GQLM reduces to the quantum Lifshitz model [14], and our findings
confirm the known results of [25-27]. The calculations are performed by means of the
replica method. Caution is required when performing the cut as the massless scalar field in
the GQLM is compactified. It is useful to discern between the role of the fluctuating fields
and the classical modes. In essence, the periodical identification mixes with the boundary
conditions imposed at the cut on the replicated fields [23, 25-27, 30], and disentangling
the winding modes from the rest leads to an additional universal sub-leading contribution
to the entanglement entropy. The fluctuating fields satisfy Dirichlet conditions at the cut
(as well as further conditions imposed on their even-power derivatives), while the classical
fields take care of the periodic identification. The contribution from the fluctuating fields
comes from the ratio of functional determinants of the relevant operators, which we com-
pute via spectral (-function methods. The classical fields contribute via the zero-mode and
via the winding sector summarised in the function W(n).

For the spherical case, the full analytic expression of the universal finite terms turned
out to be a constant, depending only on the scale invariant compactification radius,
cf. (4.12). This is a consequence of the presence of zero modes, and their normalisation.

9Note that the bosons are not compactified in [33].
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For the toroidal case, the story is rather rich. The general expression is (5.13),
while (5.17) is valid when we cut the torus by half. In both cases, the universal term
is comprised of a scaling function, which depends on the relevant aspect ratios of the
subsystems, and a constant term, which contains the “physical” compactification radius.
The last one comes from the zero mode of the partition function of the d-torus as well as
from the winding sector. We considered various limits, such as the thin torus limit, which
results in the simple expressions (5.21) and (5.25) in two and d dimensions respectively,
the thin sliced d-torus, cf. (5.26) and (5.27), and finally we examined the wide torus limit,
cf. (5.28), (5.29), and (5.30) where the last expression is valid for v = 1/2. Notice that
in the toroidal case, where the winding sector is non trivial, it also contributes to the
scaling function. For example, in the thin torus limit its contribution is decisive in order
to cancel divergences and leave a finite result, cf. (5.21) and (5.25). Our findings confirm
expectations from the study of the (2+1)-dimensional QLM [24-27], that also for critical
non-relativistic theories entanglement entropy can encode both local and non-local infor-
mation of the whole system. Moreover, our results give substance to the field theoretic
intuition that entanglement entropy should depend on the dynamical critical exponent,
see also [39-41] for analogous results in this direction. The specific dependence is rather
non-trivial already in the simplest spherical case.

The next step would be to extend our analysis to even-dimensional spacetime, that
is when d is an odd integer. Progress has been recently made in e.g. [68] (and references
therein), in computing determinants of GJMS operators on odd-dimensional spheres, see
also [69] for a different approach based on heat kernel techniques. It would also be interest-
ing to broaden our study of GQLMs by examining entanglement entropy for non-smooth
entangling surfaces. In the QLM for non-smooth boundaries, sharp corners source a uni-
versal logarithmic contribution (i.e. log L4), with a coefficient that depends on the central
charge and the geometry of the surgery [22, 29]. For d-dimensional CFTs and in presence
of non-smooth entangling surfaces further UV divergences also appear whose coefficients
are controlled by the opening angle. In particular, for a conical singularity, the nearly
smooth expansion of the universal corner term (seen as a function of the opening angle )
is simply proportional to the central charge of the given CFT [70-77].'° Another relevant
direction to pursue is the study of post-quench time evolution of entanglement in these
systems, see e.g. [80] for recent results in QLM and [81] for Lifshitz-type scalar theories.!!
In this respect, GQLMs can provide an interesting and rich playground where one can
answer many questions in a full analytic manner.
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A The determinant of GIJMS operators on spheres and hemispheres

In this appendix we review the calculation of the determinants of GJMS operators on
spherical domains, originally performed by Dowker in [42], and rewrite his results in a
way we find more transparent. Building on his previous work, in particular [56] and [57],
Dowker writes the following expression for the spectral (-function of a GJMS operator of
degree 2k, which we denote by P, on the hemisphere,

k—1
Zd(s,aD/N,k) = Z H ((m -d+ CLD/N)2 - a?)is, (A1)

meN? j=0

withd = (1,...,1) € R%, a; = j +1/2, ap = (d + 1)/2 for Dirichlet boundary conditions,
and ay = (d — 1)/2 for Neumann boundary conditions. The GJMS operators are well
defined for k =1,...,d/2 and we distinguish between the subcritical case k < d/2 and the
critical case k = d/2. Using the above form of the spectral ¢-function the log determinant
of Py, on the d-hemisphere H? with either Neumann or Dirichlet boundary conditions can
be found as

logdetPZktH%/N =—Z(0,apN, k). (A.2)

The expression Z}(0,ap/n,k) should be interpreted as limso0sZa(s,apn,k).
Given (A.2), one can then add the Neumann and the Dirichlet cases to find the log deter-
minant of Py, on the whole sphere

log det sz,sd = —ZC’I(O,aD7 k) — Z;!(O,a]v,k). (A.3)

Our task therefore is to evaluate Z/(0, aD/N,k). In order to do so, we first review the
definition and key properties of the Barnes (-function. We then turn to the evaluation of
the spectral ¢-function of one of the factors in (A.1) and finally put everything together to
get the desired log determinants.

A.1 Definition and properties of the Barnes {-function

The Barnes ¢ function is defined for s > d as

o0
((s,ald) := Z (a+m-d)~° = Z (a+midy + ... mgdg) " . (A4)
meNd mi,.,mqg=0
For the special case of d =1 = (1,...,1) we use the simplified notation,
Ca(s,a) :=((s,all). (A.5)

Analytic continuation of (4(s,a) is facilitated by the relation (see [83], page 149),
Ca(s,a) =T(1 — 8)I4(s,a), (A.6)

with I4(s,a) given by the integral

0t —z sflefaz
Id(s,a)zfi/ e, (A7)

o (1 76_2)”
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14(s,a) is an entire function in s. The new definition of (4(s,a) is analytic for all s except
for simple poles at s = 1,...,d where it has residues

1 . dd*k Zd€7az
lim
(d — ]C)'(k — 1)! 20 dzd—k (1 — e—z)d
_ d
(—)**B (a)

Res Ga(s,a) =

ICEICE (A8)
(d—k)!(k—1)!
_1\k

:%[d(kha% k=1,....d

where Bl(d)(a) are generalised Bernoulli polynomials. For future convenience we define

(-1)**B (a)

Ry(k,a) := A—Rik—1) (A.9)
such that for £k = 1,...,d we can simply write Ress—j (4(s,a) = Rq(k,a). In particular this
means that we have the following expansion around s =0 for k =1,...,d,

Calk + 5,0) = %Rd(/@ a) + Ca(k, a) + O(s). (A.10)
Calculating 0ssCq(k + s, a)|s=0 using the analytic continuation (A.6) one finds that
Ca(k, a) = Ry(k,a) — ¥ (k)Ra(k, a), (A.11)

where the derivative of R should be read as Rjj(k,a) = lim,_00sR4(k + s,a), and ¢ is
the digamma function. For non-negative k, (4(—k, a) can be evaluated using its analytic
continuation (A.6). On page 151 of [83] the following expression is given

Gal—hva) = (D s B ), (A12)

where again Bl(d>(a) are generalised Bernoulli polynomials.

A.2 A first step towards Z4

In order to calculate Z}(0,ap/y, k) with Z; as in (A.1), we need to evaluate the derivative
at s = 0 of ¢-functions of the form

(p(s):= > ((ap+m-d)*—a?) ", (A.13)

meNd

with o = (d — 1)/2 and ap = Y. d; — (d — 1)/2, with d € N? for Dirichlet boundary
conditions, as such functions roughly correspond to the factors of Z;. From now on we set
d =(1,...,1) as this is the only case relevant to our discussion. In particular, this implies
that ap = (d + 1)/2. For Neumann boundary conditions we have to set ay = (d — 1)/2
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instead of ap, which makes the term coming from the origin 0 € N? ill-defined. For the
Neumann case we thus have to omit the origin from the summation,

v(s) i=Cn(s) = (a}y —a?)™°

_ Z ((aN +m- d)Q _ 0[2)75. (A14)
meN4\{0}

Below, we derive the following two identities

/2 4.
¢p(0) = C4(0,ap + ) + C4(0,ap — @) + 3 “—Hy(r) Ra(2r,ap) (A.15)
r=1
/2 a27
(n(0) = (0, an + @) — log pg — log(an +a) + Y —H(r) Ra(2r, an). (A.16)
r=1

Here the R, are residues of the Barnes (-function given in (A.8), logpg is a I'-modular
form as described in equations (A.34) and (A.33) below, and Hy(r) is a harmonic function
defined in terms of harmonic numbers H, via

H,_
Hy(r) := g—nl — Hy . (A.17)

A.2.1 Dirichlet boundary conditions

We now proceed with the derivation of (A.15). Since we will only be dealing with Dirichlet
boundary conditions throughout this section, we will omit the D-index in ap and only
reintroduce it when we reach the final result. The first step in the evaluation is to perform
a binomial expansion of (p(s). The expansion converges because (a + m - d)? > o? for
d = 1 in both the Dirichlet and Neumann cases, with equality only arising for the zero
mode of the Neumann case, which is omitted anyway. We thus get

Co(s)= > Z%a'h (a+m-d) st

meNd r=0
— (5)
S)r —(2s42r
=y o 3" (a+m-d) ) (A.18)
r=0 meNd

o0
= s+ 3 T 000 1 0ra),

r=1
where we used the definition of the Barnes (-function for d = 1 given in (A.5) and rewrote
the Pochhammer symbol for > 0 as (s), = s(s+1)---(s+r —1) =: sf(s) to make the
behaviour around s = 0 more transparent. We also note that f(0) = (r — 1)!. Consid-
ering that (4(2r) has simple poles at » = 1,...,d/2 and converges for higher r, we can
immediately write down the following expression at s = 0

/2 2r
0(0) = G0 ) + 5 3 Ra2r,a) (A.19)
r=1

with Rg(k,a) defined in equation (A.8).
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The next step is to evaluate ¢1,(0). In order to do this, we first take a partial derivative
with respect to s at general values of s and then let s — 0,

0sCp(s) = 05Ca(25,a +Z ( $)sCa(2s + 2r,a) + f(s)Cq(2s + 27, a)

(A.20)
+ 5f(5)0sCa(2s + 2r, a)).

We note that f/(0) = (r — 1)!H,_1, where H,_1 is a harmonic number, and remind the
reader that for r =1,...,d/2 and small s

Ry(2r,a)

Ci(2s 4 2r,a) = 5

+ Cq(2r,a) + O(s),

and similarly

, _ Ry(2r,a)
(254 2r,a) = o + O(s).
Thus at s = 0 we can write
[f(s)sCa(2s + 2r,a)] _y = (r — 1)!%1@(27«, a) (A.21)
[£(s)Ca(2s + 27, a) + 5£(5)0sCa(25 + 21, a)] ;g = (r — 1)ICq(2r, a) (A22)
Putting these expressions together we find
d/2 o2 H d/2 o2 0o
cb()—ch0a+Z ”Rd2ra+z Ca(2r,a)+ > (2r,a).
r=1 r=d/2+1
(A.23)

There is no contribution to ¢} after r = d/2, since all such terms in the sum get set to 0
by the s factor.

The next task is to compute the remaining infinite series in (A.23). In order to do this
we first note that (4(s,a) admits the following integral representation for s > d

0o efat s—1
(d(s,a):ﬁ /O dt m (A.24)

Using this we can rewrite

el e—at el (at)ZT
(2 =2
> St / o § —e*t)‘i > @
r=u+l r=d/2+1
1 - d/2
o] t 1 e at
= ./0 dtm 2 cosh(at) Z
—eatfe—at
. —(a+a)t 00 ta‘—l 6—(a—a)t
e (/ S, e

d/2

( )Z'r e§] t2r+¢771 efat
22 (27“)!/0 T )
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~ lim (rm (Caloya+a) + Cul,a — a) — 2a(0,))

o—0
a2 o (A.25)
-2 ; wF(QT +0)Ca(2r + o, a)) ,

where we introduced a convergence parameter o in order for the integral representation to
make sense. For the o — 0 limit we will need to use the analytic continuation of (5. We
now take a closer look at the different parts of the expression above around ¢ = 0. The
¢q functions on the first line of (A.25) are convergent at ¢ = 0 while the Gamma function
has a simple pole. Expanding order by order in o gives

[(0) (Caloya + @) + Ca(o,a — @) — 2¢a(0,a))
= L (Cal0.a+ @) + Guf0,0 — 0) ~ 24(0, )
+(0,a + @) + ¢(0,a — a) — 2¢}(0,a)
—7(6a(0,a+ a) + ¢a(0,a — @) — 2¢4(0, a)) + O(0).
Carrying out the corresponding expansion on the second line of (A.25) gives

/2 27‘

_ Z L(2r) +T(2r)y(2r)o + O(c?)) (%Rd(Qr, a) + Cq(2r,a) + O(a))

(A.26)

d/2 2r /2 2r 4/2 2r

=—— Z Ry(2r,a) Z aT ¥(2r)Ra(2r,a) — Z aT Ca(2r,a) + O(o).

r=1 r=1

(A.27)

To get a finite end result we need the pole to vanish when we add (A.26) and (A.27).12
This is equivalent to the condition
/2 2T
Ca(0,a + @) + ¢a(0,a — ) = 2¢4(0,a +Z

r=1

Ry(2r, a). (A.28)

We can then take the limit and write
(A.25) = = (Ca(0,a + ) + ¢4(0,a — a) — 2(4(0,a))

+ C(Ii(07 a+ Oé) + C{li(ov a— Oé) - 2((’1(07 a)

d/2 a?r d/2 a2r
- Z »(2r)Rq(2r,a) — Z . Ca(2r,a)
r=1

= (0,a+ ) + ¢5(0,a — a) — 2¢5(0,a)
a2 o /2 4. a2 o

— 'yz Ry(2r,a) Z ar Y(2r)Ry(2r,a) — Z ar

r=1 r=1
2More rigorously one would first prove the convergence of the infinite sum (A.25), which after rewriting
implies the vanishing of the pole and in turn (A.28).

Cy(2r,a)
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= ¢(0,a+ ) + 4(0,a — o) — 2¢4(0,a)

a2 o 42 or

72 Hyr—1Ra(2r,a) =Y ©Ca(2r,a), (A.29)
r=1 r
where Ha,—1 := 9(2r) + 7 is a harmonic number. For clarity and later convenience we

write down the following identity resulting from the above discussion in the case of Dirichlet
boundary conditions explicitly

852 S)Toz%(i 25 + 2r, a) B

7l

= (0,a+a) +¢'(0,a — @) — 2¢3(0,a)

r=1

(A.30)

d/2 27'
+ Z (

Putting everything back together into (A.23) we can write for the complete ¢(-function in
the Dirichlet case

— Hapo 1) Rd(Qrv (l) .

42 o
G_)(O) = <( ) Cd(o ap +a) +Cd 0 ap — +Z < — Hy, o 1) Rd(QT‘,CLD)

d/2 2r
«
= Gi0,ap +a) + (4(0,ap —a) + Y _ ——Hi(r)Ra(2r,ap),
r=1
(A.31)
where Hy(r) is a special case of
H,_
1= A.
H,(r) o (A.32)

defined for any integer n > 1. Higher values of n will be relevant when carrying out the
corresponding analysis for a zeta function of the form (q(2ns+2r, a) instead of (4(2s+2r, a).
A.2.2 Neumann boundary conditions
Calculating the Neumann case is equivalent to setting ay —a = ¢ and letting € go to 0. In
this limit Barnes [84] calculated that

¢3(0,e) = —loge — log pg + O(e), (A.33)

where pg = p4(1) is called a I'-modular form and obeys the following identity involving the

multiple Gamma function
La(a) _ Tati(a)

= . A34
pa Tapi(a+1) (A.34)

The multiple Gamma function I'y(a|d) is defined,
La(ald) ¢ 0aia) (A.35)

pa(d)
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and we write Iy(a) : = T'4(a|l). Equipped with these tools we can compute the derivative
of the ¢-function in the Neumann case (A.14),

(v (0) : = Cx(0) = Dslaly — ®)°]

d/2 2r
= (4(0,an + @) —log pg — log(an — @) + log(a )+ Z r)Rq(2r, an)
d/Q (¥2r
=G0, an +a) —log pa +log(an +a) + > ——Hi(r)Ra(2r, an), (A.36)
r=1

where (p is just (p but with ap replaced by ay. We can also write the following Neumann
version of the identity (A.30)

0s <Z (j#a?r(d@s +2ray) — (a3 — a2)_5)

r=1

s=0
= (0, an + @) — log pg +log(an + &) — 2¢4(0,an) (A.37)

d/2 2r

LT

A.3 Determinant of GIJMS operators

Ry(2r,an).

We are now prepared to tackle the calculation of the log-determinants.
In section A.3.1, for the case of Dirichlet boundary conditions on the hemisphere,
we obtain

log det PZ,C’H% = —()1(0,d/2 =k + 1) + (41 (0,d/2+ k+ 1) — M(d, k), (A.38)
where the function M(d, k) is defined via equations (A.46), (A.47), and (A.49). Equa-
tion (A.38) is valid for k =1,...,d/2.

In section A.3.2, we discuss the Neumann case, which is a little more involved, as

the zero mode makes the log-determinant ill-defined in the critical case k = d/2. For the
subcritical case k =1,...,d/2 — 1 we get

log det Py e = —Ci41(0,d/2 — k) + (341(0,d/2 + k) — M(d, k), (A.39)
while for the critical case we get the slightly more complicated result
logdet Py ¢ = — log(d — 1)! +10g pas1 + C441(0,d) — M(d), (A.40)
where M (d) = M(d,d/2) and pg4+1 is a I-modular form as defined in (A.34).

In section A.3.3 we assemble these results to construct the determinant of GJMS
operators on a sphere, summarised in (A.60).
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A.3.1 Determinant on the hemisphere with Dirichlet boundary conditions

We will now generalise the results of the last section. Our starting point is the spectral
¢-function defined in (A.1). As before, we start by doing a binomial expansion for every

term in the product,

k—1 oo Q_Tj
Zd(S: a, k) = ]7
SO S atae
k—
o ks ! (S)?‘J 2r; 1
= [ 2yl
cave \jZo rj e (m .d+ a)2k5+2z]:0 rj
00 k—1 (S) )
=Y . a7 | Ca(2ks +2r - d,a)
reNk \j=0 7’ (A41)
k—1 oo
(5)7‘ 2r;
= (4(2ks,a) + Z Z =t Ca(2ks + 214, )
j/o_/ =0 =1 Ti+

r=(0,...,0,7:,0,...,0)
N k—1i-1 oo (s)n (S)Tj 2r; 27 2ks + 2r; + 2r; ) +R
Y S ey Ca(2ks + 2r; + 2rj, a) +R(s).

i=1 j=07r;,r;=1

r=(0,..,0,75,0,..1,0,75,0,...,0)

We remind the reader that a; = j + %, d =1, and ap = (d + 1)/2 for Dirichlet boundary
conditions. For simplicity we write a instead of ap throughout this section.

The remaining sums, denoted by R(s) above, will vanish for Z; and Z/, around s = 0.
This is easy to see, as (s), = O(s) while the (4 functions will contribute with simple poles
and ¢’ with double poles. When more than two Pochhammer symbols are present, they
overcome the poles and give zero in the limit. We can make further simplifications in some
of the sums above by noting that the r; are dummy indices and rewrite (A.41) as

o0 —
s
Za(s, a, k) = Ca(ds,a +z:1 7} . a?r Ca(2ks + 27, a)
r= =l
" (A.42)
> (s) ( k—1i—1 b s
-
+ Z rl 1200‘1T%T Ca(2ks + 2r + 21", a) + R(s).
rr/=1 i=1j

The double sum vanishes at s = 0 as (4 only contributes a pole proportional to 1/s while
the Pochhammer symbols each contribute a factor of s. The rest of the expression looks
just like the (-functions in the previous section, so the result follows directly from (A.19)
and (A.18),

d/2 —1

11 .
Za(0,0,k) = Ca(0,0) + o 2 ; ;oa R4(2r,a). (A.43)
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Using equation (A.28) we can rewrite this as

k-
2(0,a,k) ikgo €a(0,a + aj) + €a(0,a — a ). (A.44)

By virtue of (A.12) evaluated at k& = 0, this can in turn be written in terms of generalised
Bernoulli polynomials [42],

k—1

% (B(d) d/2+j+1)+BY (d/Q—j)). (A.45)
j=0

Z4(0,a,k) =

Evaluating the derivative at s = 0 is also relatively painless now. For the first two terms
the result follows directly from the discussion in the previous sections, in particular from
equation (A.30) in the Dirichlet and (A.37) in the Neumann case. In the Dirichlet case we
thus have

oo k-1
Os <Cd(2ks a) + s)|r a; ) Ca(2ks + 2r, a)>
r=1 " J=0 5=0
k-1 d/2 k—1
:Z(Cd(o a+ o) + ¢(0, JFZ; a’ (r)Rq(2r, a)
§=0 =0
k-1
= (Cd(O a+ a;) + (0, a—aj)) + Mi(d,a, k), (A.46)
j=0

where we defined M) in the last line to simplify the notation. To calculate the contribution
from the double sum in (A.42) we remind the reader that (4(s+n,a) = 1Ry(n,a) + O(s°)
and ¢4(s + n,a) = ZFRy(n,a) + O(s) for n = 1,...,d. Since (s), =: sf(s) = O(s) with
F(0) = (r — 1)!, this means that the only terms in the sum that will survive are those for
which 2r + 2r' < d. Also noting that 9;(s)y|

sg = (r = 1)! we get the following result

k—1i-1

3 S)r —~x r 21
05 Z (r)' ) ZZ&? %2 Ca(2ks +2r +2r',a)
=1 =0 j=0 5=0
=A(r,r")
d/2 d/2—r
,ZZ A(r,r") s&(d(2k8+27“+27‘ a)] 0
r=1 r'=1
d/2 d/2—r (A.47)
+2) Z —7A (r,") [sCa(2ks +2r + 20" a)] _,
r=1 r'=1
d/2 d/2—r 1 9
— 1 , 2 ,
; Zl ( Qde(27’+27’7(l)+Qde(2r+2r,a)>
| Y2dpo
= / / .\
B ﬁ; Z_Zl - Al ) Ra(2r + 20, @) =: My(d,a, ).
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Putting (A.46) and (A.47) together we get the result
k-1
Zj(0,a,k) = (C4(0,a+ az) + (40,0 — o)) + M(d, a, k)

=0 (A.48)

k-1
1
=log <2k H Ty(a + o)Tq(a — aj)> + M(d,a, k),
Pd 320

where in the last line we used the definition of the multiple Gamma function (A.34) to
rewrite the result, and where we defined

M(d, k) : = My(d,a, k) + My(d, a, k). (A.49)

We omitted a in M (d, k), because the property Bﬁ,@(z) = (71)”B£,/u)(a — x) [83] of gen-
eralised Bernoulli polynomials implies, according to (A.9), that Rq(2r,an) = Rq(2r,ap)
for even dimension, which in turn implies that M (d, k) does not depend on whether we
chose ap or ay. It is possible to further simplify the result by using (A.34) and noting
that oj +n = aj1y,. This induces a telescope-like cancellation in the product,

k-1

1
log| —5 H T4(a+ aj)Tq(a —aj) | =log
Pa 520

a+ O‘J ) Lala — ay)
Pd

N:I

k-7
¢ Tapi(a+a;) Tana—ay)

io Lavi(a+ ajin) Tapa(a—aj) | (A50)
:log<r Ea+o¢g) Fd+1(a704k71)>
(

= log

Tyt a+ak) F(H_l(afa,l)

_ log<rd+1 d/2 —k+ 1))
Tai1(d/2 +k+1)
Putting everything together we get the following expression for the log-determinant
log det Py, ja = ~Z4(0,ap, k)
Pga(d/2—k+1
=— log(%) — M(d, k) (A.51)
=—Ci1(0,d/2 =k +1) + (31 (0,d/2+ k + 1) — M(d, k),

which is valid for k =1,...,d/2, i.e. in the critical as well as subcritical case.
A.3.2 Determinant on the hemisphere with Neumann boundary conditions

In the subcritical case there is no zero mode and we can continue from (A.50), inserting the
appropriate a for Neumann boundary conditions, i.e. ay = (d —1)/2. Then the expression
for the spectral (-function is as in (A.45), thanks to the above mentioned property of the
generalised Bernoulli polynomials [42], and the subcritical expression for the determinant is

log det Py o = —Z4(0,an, k)

_ Lay1(d/2 = k)
= 1og<m> — M(d, k) (A.52)

= —C141(0,d/2 = k) + (441 (0,d/2 + k) — M(d, k).
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In the critical case k = d/2 the calculation is more subtle. In order to get a well-defined
expression, we must subtract the zero mode contribution from the sum,

k-1
Za(s,an, k) = Z H ((m~d+a1v)2 - O‘.?)is

meN9\{0} j=0

) (A.53)
= Zy(s,an, k H a% — a
At s = 0 we have for the critical case k = d/2 [42]
k—
1 .
Zaf0,an,k) = 3 Z (B"(a/2-j=1)+ B{(d/2+ ) - 1. (A.54)
j=0
We can now use (A.48) as well as (A.33), to write down the following expression,
B k2
Z'0,an, k) = ;igéz (¢4(0,an + o) + (0, an — ) + 40, an + ag—1) — log(e)
j=0
—log(pa) + M(d,k) + log(a} —af_,) Zlog ) +0(e),
—_———
=log(an+ak_1)+log(e) =0
(A.55)
where we denote € = ay — ag—1. The logarithmic divergence cancels and we obtain
k—2
Z'(0,ay, k) = Z (€10, an + o) + ¢4(0,an — a) +log(aZy — aF))
j=0
+¢a(0, an + ag—1) — log(pa) +log(d — 1) + M(d, k)
k=2

(¢4(0,an + o) + ¢4(0,an — o)) + ¢3(0,d — 1)

—log(pq) +log((d — 1)!) + M(d, k)

<.
Il
o

(d—1)! k2
=log s Tu(d—1) [[ Talan + a;)T(an — oj) | + M(d, k)
j=0

(A.56)

where we used the fact that ay + ax—1 = d —1 and Z log<aN —of ) log((d —2)")
for Neumann boundary conditions. As before, we can use identities involving the multiple

Gamma function to induce cancellations. This leads us to the final result in the critical case,

logdet Py ya = —Z4(0,an,d/2)

(d—1NTaa ()N
_10g< pd Fd+1(d)> M(d)

A AN
a 1g<rd+1(d)> M)

= —log((d — 1)!) +log pa+1 + Cz41(0,d) — M(d),

(A.57)
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where we used pg = ['411(1), and the abbreviated notation M (d,d/2) =: M(d). Since the
critical case is the most relevant to this paper, we give the explicit form of M(d),

/2

-8 iy () (- o (5

rl=1

/2 dj2—r | 2 2t
1 1 1 1 (d) d+1
= s OB Gan
DI B e v e T (*2) <m+2> Hrf%( 2

rl=1 t=1 m=1
(A.58)

As mentioned in the main body, our result differs by Dowker’s result due to the different
sign in front of the log(d — 1)! term because we are considering the functional determinant
of the GJMS operators on the sphere with the zero mode removed.

A.3.3 Determinant on the sphere

The log-determinant on the sphere is obtained by adding the log-determinants on the
hemisphere for Dirichlet and Neumann boundary conditions. In the critical case, the
spectral ¢-function for the sphere at s = 0 is given by (A.45) and (A.54), [42], so that

e

-1
1

Za0.K) = (Bfi“(d/z +i+1)+BY(d/2 +j)) —1, (A.59)

J

Il
=}

and the log-determinant on the sphere is thus given by

log det Py ga = log det P{LH% + log det Pd,H;{,

N Laa(1) _
= (Dt ) 2O

= —Cp1(0,1) + ¢y (0,d + 1) + ¢y (0,d)
—log((d — 1)!) + log pay1 — 2M(d).

(A.60)

In the subcritical case we instead have
LS (0 (@
Za08) = ; (B@r2+j+n+B{@2+5), (A.61)

and the functional determinant reads

log det Py, ga = log det Py, yra + log det Py, ya
_ (Fd+1(d/2 —k)Pay1(d/2 —k+1)
Tar1(d/2 + k) Dapa(d/2 + k+ 1)
= —Ca1(0,d/2 = k) + (311(0, d/2 + k)
—Ch1(0,d/2 — k4 1) + (3,1 (0,d/2 4+ k + 1) — 2M (d, k).

) —2M(d, k) (A62)
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B An alternative form for determinants of GJMS operators on spheres
and hemispheres

In this appendix we will show how to rewrite Dowker’s expressions (A.51) and (A.57) for
the log-determinants of GJMS operators on hemispheres as

d
log det Py g = — »_ Iy (d. k)¢ (—n) — fP(d. k),
n=0
d
log det Py, g = =3 hN(d k) (=n) = £N(d, k), (B.1)
n=0

where ( is the Riemann (-function, and h, and f are functions that we derive and that
depend on the boundary conditions, the dimension, and the degree of the GJMS-operator.
The spherical case then follows directly as the sum of Dirichlet and Neumann hemispheri-
cal results,

d
logdet Py ga = — Y (hf(d,k) + b)Y (d,k)) {'(=n) — £P(d, k) — £V (d, k). (B.2)

n=0
B.1 Rewriting ¢4 in terms of the Riemann ¢-function

In [85], Adamchik gives a closed form of the Barnes (-function in terms of a series of
Riemann (-functions. His calculation is summarized by equations (14), (17), and (23) in

the reference, which in our slightly different notation and after a bit of rearranging read

d—1
¢4(0,2) = (—1)* og Ga(2) + 3 (~1)* (k) R, (B.3)
k=0

where we note that the G4(z) are multiple Gamma functions with a different normalization
compared to the one used by Dowker. We have the following explicit closed forms for all
the parts of the above expression,
(_l)d S ! !
log Ga(2) = == > Pra(2) (¢'(—k) = {'(=k,2)),  Re(z) >0
(d—1) =

d—k—1 (B-4)

1 d—K ,
Rt =y 2 {H—I]C(_l)'

For our purposes, it is not necessary to know how the polynomials Py 4(z) are defined, it
suffices to know that they satisfy [85]

d-1 d—1
kZPk,d(z)nk =(n—z4+1)y= Ip(n+k—z). (B.5)
=0 =1

We are only interested in the special case of the above formula, for which z is a positive
integer. For z = 1 it is clear that log G4(1) = 0. For z > 1 we can use the fact that
=1
((s,2) =C(s) = ) — (B.6)

ns
n=1
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to simplify
z—1
('(=k) = ¢'(=k,2) = =) _n*logn. (B.7)
n=1
We can now define the following quantity

A(d, z) :=(-1 )(’H'1 lorer( )
z—1

=1 'Z %,d (% Zn logn (B3)

_(d;l)lZIOg(n)("*Z+1)da z> 1.
" n=1

It is further clear from ((s) = ((s,1) that A(d,1) = 0. Another very useful simplification
comes from rewriting the Rq_j sum in (B.3) as

2}”*’@ . 0(2) d— k;1 dlz:l [z+1] b
d—1 fd—I1-1
> (E am@)an wo
dZIDz(d 2)¢' (=),
1=0
where we define Di(d, z) in the last line as
Dy(d, z) : = dfl % (j) [Z _7_ JJ . (B.10)

Jj=0

With these definitions it possible to write down the (}(0, z) in the following very simple way

d—1
€i(0,2) = A(d,2) + > _ Dy(d, 2)¢'(—k), ze€NF. (B.11)
k=0

B.2 Determinants in terms of Riemann (-functions

Dirichlet boundary conditions on the hemisphere. We can now use the above
technology to rewrite the log-determinant (A.51) on the hemisphere for Dirichlet bound-
ary conditions,

logdet Py g = — Ca11(0,d/2 =k +1) + C311(0,d/2 + k + 1) — M(d)

—A(d+1,d/2—k+1)+ A(d+1,d/2 + k + 1) — M(d)

*Z n(d+1,d/2—k+1) — Dn(d+1,d/2+ k+ 1)) {'(—n) (B.12)

n=0

d
= = > hP(d k) (=n) — fP(d, k).
n=0
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Here we have defined two functions
RP(d, k) : = Dp(d+1,d/2 =k +1) = Dp(d+1,d/2 + k + 1), (B.13)
fP(d, k) = A(d+1,d/2 — k+1) — A(d+1,d/2 + k + 1) + M(d). (B.14)

Since the critical case k = d/2 is of particular interest to us, we give the explicit form of
hP and fP in that case,

RP(d) :=hP(d,d/2)

= O RE TR ive I O [ LT

j:O
FP(d) = fP(d,d/2)

d-1
1 N
= ;bg(ﬂ(a — d)as1 + M(d). (B.16)
=
Neumann boundary conditions on the hemisphere. Writing the subcritical, i.e.
k=1,...,d/2—1, determinant (A.52) for Neumann boundary conditions is straightforward,

logdet Py g = — Cy1(0,d/2 = K) + Chy (0,d/2 + ) — M(d)

—A(d+1,d/2 - k) + A(d+1,d/2 + k) — M(d)

—Z d+1,d/2—k) = D,(d+1,d/2+k)) {'(—n)
= — ZhN (d, k)¢ (—n) — fN(d, k), (B.17)
with the functions 2% (d, k) and fN(d,k) defined in the last line as
WN(d, k) := Dp(d+1,d/2 — k) — Dp(d+1,d/2 + k), (B.18)
(k) = A(d+1,d/2 — k) — A(d +1,d/2 + k) + M(d). (B.19)

The critical case (A.57) is slightly harder, as we also need to rewrite log pg+1. In order to
do this, we use the following formula from [85],

1 Elr oy )
log pa = —W; {n + J ¢'(=n). (B-20)

Reminding the reader that [ d +1] = 0 we can thus write

logdet Py yg = — log(d — 1! +10g pat1 + ¢1(0,d) — M(d)

- Z (d' [Z_t ﬂ — Do(d+ Ld)) ¢'(=n)

—log(d — 1)l + A(d+ 1,d) — M(d)

= —ZhN - ()

(B.21)
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where we define h)Y(d) and f¥(d) in the last line. In analogy to the Dirichlet case we
can define hY(d,d/2) := AN (d) and fN(d,d/2) := fN(d), as with this definition equa-
tion (B.17) becomes valid for for all k. Again we write these functions explicitly for the
critical case,

WY () = L [iiﬂ dij ﬂ(.)[tﬁ? (B.22)

J:0

d—
FN(d) = log(d Z: d)g1 + M(d). (B.23)

C Functional determinants on the flat d-torus

In this appendix we calculate functional determinants of the Laplacian on the flat torus
(appendix C.1) and on a cylinder obtained by cutting the torus along a cycle and imposing
Dirichlet boundary conditions along the cut (appendix C.2). After that, in appendix C.3,
we derive the functional determinant of k-powers of the Laplacian both on the flat torus
as well as on the cylinder.

C.1 Determinant of the Laplacian on the flat torus

The d-dimensional flat torus can be defined as the hyperinterval with side lengths given by
L; and opposing sides identified,
Tf L, =RYLZ X ... X L4Z). (C.1)
Since the manifold is flat, the Laplace-Beltrami operator is just the standard Laplacian on
Euclidean space.
We compute the functional determinant for the Laplacian on the d-torus via a spectral
(-function method. The eigenvalues of the Laplace operator —9,0%, are given by

2mny 2 21ng 2
Aty = I + I, , ni,...,nqg €%. (C.2)
As usual, the zero mode, with n; =ny = -+ = ng = 0, needs to be removed in the compu-

tation of the spectral (-function. In order to calculate the determinant of the Laplacian,

—s
27’!’17,1 2 27T7’Ld 2
<L1 ) +“‘+(Ld

we need to evaluate

ez (C.3)
4 —s
= (i =ity
nezd
where fig : = (n1,...,n4) is a d-vector, = : = diag( (27r/L1)2 R (27r/Ld)2) a d X d matrix,

and the prime on the sum denotes the omission of the zero mode.
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In section 2.2 of [86] the analytic continuation of the sum (C.3) is evaluated recursively.
In our notation the result is given by

2s _
L,=2 (%) ¢(2s) + Ll%%;_m(s -1/2) + G(s; L1, ..., La),
(C4)

where we define the function

—-1/2
23/275Li+1/2 , 0 s—1/

n1
A 2 X | =
flg_1€Z4—1 n1=1 g1 =d—1Td—1 (C.5)
X Kg 1/2 <L1n1\/ﬁ§,1 Eda-1 ﬁd—1> ,
with K, (z) being the modified Bessel function of the second kind, 7ig_1 = (na,...,nq), and

21 = ding ((2n/L2)% .., (27/La)?).
We can directly evaluate the log-determinant on the flat torus, as the analytic contin-

G(s; L1, La, ..., Lq) 1=

uation (C.4) has only a pole at s = % in the whole complex plane,

logdet Py pa = logdet Ay = —Ca (0)
Ly, lg Ly,..Lg (CG)
=2log(L1) + Ly CTS;}..,Ld (-1/2) — GI(O; Ly,...,Lg).
This expression is recursive, and thus not in a closed form yet, however, it turns out to
be useful in the evaluation of the functional determinant contribution to the entanglement
entropy in section 5.

We now solve the recursion directly and provide a closed form for the {-function. Our
calculation of the closed form is slightly more direct than the one carried out in section 4.2.3
of [87] but the end result is the same. In order to make the calculation more transparent,
let us for a while rewrite (C.4) as

G(s) = ha(s) + 9 (5 5 ) + ) (©n)

where the functions above summarize the information in the recursion:

4(1719(8) L= Cl}i;j:l iiiii Ly (S) s (C'Ba)
2s
hi(s) =2 (%) ¢(2s), (C.8b)
Fuls) = Lk% 7 (C.8¢)
9d—k(8) := G(8; Lg41,...,La) - (C.8d)
_ 46 —
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In this notation it is not difficult to see, that after k steps we get
—1\ i—1
Ca(s) =ha(s +Zhj( 5 )Hfi(s—T)-&-gd(s)
-1 i—1
+ ng—j+1 (S > Hfz < ) (C.9)
j=2
k .
k -1
+ Ca—k <5— 5) Hfj (5—]7) -

=1

The anchor for the recursion is
—2s 2s
1 2mn Ly
neZ
We note that the products of fj functions in (C.9) simplify to

1) =ILiLy L, (i)jil ﬂ (C.11)

2/ I'(s)

-1
H fi <5’ _
=1

hence, performing the recursion for £ = d — 1 steps and reinserting the definitions then
gives us the following expression

2 2M1<ﬁﬂ) _—
Gy (s) = ( ) T =L ((2s —j 4+ 1)Ly Ly LT
Ly,Lg . ) J
=
d—1

1 1\ j—1 j—1
P 6 B e L s

(C.12)

with the understanding that for j = 1 the product Ly ... L;_1 is simply 1. If we in addition
insert the definition of G we can rewrite the complete expression as

j—1
2 (1 \P& T -
Cra , (9)=—%= (—) Zfr%(i,)g@s—jﬂ)h c Ly LT
1
j=1

»»»»» Lg \/7? 27 F(é)
_i=2 s—j/2
22,5 d—1 LS 2 ;> .
Ly Lj 21— /
+ I(s) &" J 1(270]/2&2’ Z
j=1 fezd—in;=1

X Ks—j/? (Ljn,“ /ﬁg_j Ed,]' ﬁd,j) , (C.13)

where in this notation Z4_; is (d — j) X (d — j)-matrix obtained from Z by removing the
first j columns and j rows. From this expression we can now directly calculate C/Td (0),
LisLlg

— 47 —
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as needed for the determinant. Calculating the derivative of the second sum at s = 0 is
simple, since

1 d 1
o —et.. il =14..., 1, 14
e et..., +o, ek (C.14)

so the only term that survives is the one where the derivative hits the I'-function, and we

effectively set s = 0 everywhere and the I'-function to 1. For the first sum the situation
is a bit trickier, as there are two I'-functions involved, whose poles cancel only for even j,
meaning that we have to separate even and odd j for the calculation. Let us first take a
look at the even j part of the first sum, that is j = 2¢, we have

s Ld/2] 201
d 2 [1\2 I(s— 2L e
T o B D R R s I
/=1 -
d/2]
=2

e 1L1 < Lop—q <1
=1

L2 5~ Z) ¢(1—20). (C.15)

When j is odd, that is j = 20 — 1, we get

2s [d/2]
d 2 (L) 3 ﬂzf1/2r(5 £+1)C(23—2€+2) Lo g L3242

ds/m \ 27 — L(s) s=0
[d/2]-1 ¢
Ly Lo (—
= —2log(L1) +4 > ILT%( é"“) ¢'(—20). (C.16)
=1 20+1 :

Before putting everything together, we note that the sums over the modified Bessel func-
tions converge exponentially at s = 0 [86]. We can thus introduce the following notation
for their limits

[7L gy 5
d—j—a—y "*a—]
Sd_]'(Lj,...,Ld = J/2 Z Z —_—

n:
Aezd—in;=1 J

< K_j2 (%‘";\/W) : (C.17)

where S;_; is convergent for d > j > 0. Finally, we obtain

[d/2]-1

L1 LQ'(*TI’)]' .
4 0) = —2log(Ly) +4 2 (-2
g, g(L1) ]E:l oz, ¢(=2j)
[d/2] ]
Ly---Loj—q (—2m) .
+2 le e oD@ =)
Ll ] 1
+4 E ——S4_ ]( ]+1....,Ld). (018)

J
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The expression above gives us the functional determinant for a d-dimensional torus, and de-
spite its intimidating appearance, it is rather straightforward to handle, since the modified
Bessel functions hidden in S converge rapidly to zero as the integers n; increase.

It is instructive to evaluate the d = 2 case. First of all, we note that the sum on the
first line of (C.18) is empty for d = 2. The remaining two sums in (C.18) consist only of
the j = 1 term, giving us

CTZ (0) = —210g Ly + —— + 44/ L Sl L2

Ly,Lo
—2log Ly +——+2Z Z

no€Z n1=1

727r77,1\n2\L

Using more standard conventions, see e.g. [43], introducing the modular parameter 7 =

iL1/La, as well as defining q := 2™, and then performing the sum over n1, we obtain

721Tn1|n2\,
Cpa . (0)=—2log Ly + —= +22 Z
12 ngEan 1
= —2log L — %7’ —4 Z log (1 —¢™) =— log(Lfn‘L(T))7 (C.19)
m=1

where 7 is the Dedekind n-function, defined as in (E.5). If we denote the area of the 2-
torus by A, where A = L Ly in our convention,'3 then taking into account the contribution
from the zero-mode, the log-determinant and the partition function on the torus can be
written as

log det Aqe = —C’T«Lzl . (0) = log(Lin*(r)),

Z(r) = (C.20)

1, - 1
Aexp(gCTgl’Lz (0)) = 7@772(7)’

which is a well known result, see e.g. [43].

C.2 Determinant of the Laplacian on the cut d-torus

We now consider cutting the torus Tglde at 1 = 0 and 1 = L < Ly, as shown in
figure 4. As discussed in the main body, this gives rise to two subsystems, each of which
is a cylinder represented by an interval times a d—1-dimensional torus. Imposing Dirichlet
boundary conditions (3.21) the eigenvalues of the Laplacian —9,0" are

2
mm
Hmmng,...ng = <7> + >\n2,...,ndv m e N+7 n,...,Nq € Z7 (CQI)

13We set here the coupling g = 1 as well as 2rR. = 1, since we are only interested here in checking that
our calculations reproduce well known results in literature.
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with Ap,...n, the eigenvalue on Tg;l Lo Notice that there is no zero mode now. The
spectral (-function on this geometry thus takes the form

SoLixris! ZZ( (nm) )73

:<§> ¢(2s) + Z 7; </\+<m7r) ) 37

where we schematically write A for the (d—1)-dimensional toroidal part of the eigenvalue,
and we explicitly separate the (d—1)-dimensional toroidal zero mode from the rest in the
last passage. We can now evaluate the primed sum by means of the identities (E.1), (E.2),
and (E.3) collected in appendix E, and we obtain

TE(E))
%Z Z/ ar -1t O CE))

A m=1

Fiz/ dt 1! fﬂzp o)

1 //OO —1_—tA 1 L ,i L 1 > _ (mL)?
==y dt t* ‘e T el R o
F(S); 0 2" 2y N >
L T(s—1/2)
_ s S
Lo,...Lg Qﬁ F(s) Lo,...Lg

+ I‘Q(ISJ:/%; Z/ i <%>57é K, 12 (2Lm\f)\> . (C.22)

A m=1

Notice that A is nothing but 741 241 7i4—1 as defined in appendix C.1. Hence, adopting
the same notation here, the above term containing the modified Bessel function can be
written in terms of the function G as defined in (C.5), and we can finally write the expression
for the (-function on the cut torus as follows,

2s
Coupwrst , (9) = (%) @)= 36, )+ Q\Lf = r<:)/2)<Tz;,+___Ld<5 -1/2)
+ %G(s; 2L, Lo, ..., Lg). (C.23)
Finally, the log-determinant is given by
log det A[o UxTit
= 7<[l0 LIxTd wad(O) (C.24)

1 1
= log(2L) + 5(’ o (0)+ LG (-1/2) - 5G’([);QL, ooy La).
” Lo,..,Lg

20 Lg

Our expression (C.24) agrees with the results of [88] obtained by contour integration.
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Let us check that for d = 2 we obtain the well-known result for the log determinant
of the Laplacian on a cylinder. In this case TLl2 is nothing but a circle of length Lo, and
according to (C.10), we have

2s
i, =2(52) o). (C.25)

Hence, we obtain
—4m %2”‘ no

L T L oo o0 e
o ’
logdet Ao 1jxsy, = ~Co.nixsy, () = log( L2> ET PP DD B

no=1n1=1

= log (2%) Tz + 2 Z log ( i 2) ‘ (C.26)

no=1
Introducing modular parameters,

L L
T= zL—; , and o= e (C.27)
as well as the Dedekind function as in (E.5), we see that we can rewrite the functional

determinant on the cylinder as
log det A[O,L]XSEQ = log (2a|7|n*(2a7)) . (C.28)

This is a well-known result in literature, see e.g. [43, 44]. It is convenient to leave «
general, so that we can easily use the above results for the functional determinants for
arbitrary cuts.

C.3 Determinant of powers of the Laplacian on the torus

When calculating the entanglement entropy of the GQLM on a d-torus with d even, the
determinants that arise are those of even powers of the Laplacian. On the flat d-torus
geometry the higher-derivative conformal operator P, is indeed just the z/2-th power of
the standard Laplacian, cf. equation (2.4) in section 2. In order to generalise our previous
result, we first make the observation that, since the flat torus as well as the cut torus
are compact manifolds, the spectrum of A¥ is just given by the set of A¥, where X is an
eigenvalue of A as in (C.2) or (C.21) in the case of the d-torus or the cut d-torus respectively.
In particular, the spectral (-function corresponding to A* is given by

! —S
Crls k) s= > (W) 7 = Grlhs), (C.29)
A
where we write schematically T for either Tg“_’ r, or [0,L] x Tg;‘l_’Ld, and A\ for the
corresponding eigenvalues (C.2) or (C.21) respectively. This leads to the simple result for
the determinants [89]

log det A@E _____ = klogdet Ay L (C.30a)
log det A[O,L]XT‘i’f”)Ld = klogdet A[o UxTE o (C.30Db)

where the critical case is found by setting k = d/2.
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D The winding sector for the d-torus

The goal of this appendix is to compute the winding sector contribution (3.37) that orig-
inates from cutting the d-torus, as discussed in section 3. In order to do so, we first need
to solve the classical equations of motions for the n — 1 classical fields, (2.12), obeying the
boundary conditions (3.29) as well as (3.35). As discussed in section 3, the n-th classical
field is reabsorbed into the constrained partition functions to create a free one, cf (3.32),
thus here we are only concerned with n — 1 classical fields.

To facilitate reading, we list here again equations of motion and explicit conditions
which the n — 1 classical fields have to fulfill. The equations of motion are given by

A =0 i=1,...,n—1 (D.1)

We solve these equations on the flat torus given by [—Lp, La] X [0, La] X ... X [0, Lg] with
the ends of each of the intervals identified and place the cuts I'y at x1 = 0and 'y at 21 = Ly
(and thus z; = —Lpg). With this, the boundary conditions along the z; direction (3.29)

fori=1,...,n— 1 can be rewritten as
&gl‘rl (l‘) = i)gl(O,y) =0, (D-2a)
&Iry (2) = 27 Re@; = 6§ (La,y) = ¢ (~Lp,y) = 27 Rew;, (D.2b)
where we denote z = (x1,y) = (z1,22,...24) and @; := (M,_1);jw; throughout this

section. Notice that the above conditions (D.2a)—(D.2b) have to hold for all the coordinates
y in the d—1-dimensional torus, i.e. y € [0,La] X ... X [0, Ly4]. Along the d—1-toroidal
directions we have the periodicity conditions

& (w1,y) = ¢ (x1,y+B),  Bi=(La,..., La). (D-3)

The standard way of solving such a partial differential equation is by separation of variables,
and here it suffices to separate only the first variable z; from the remaining orthogonal
d — 1 directions y, as e.g.

& (x1,y) = file1) giy) i=1...,n-1. (D-4)

The boundary condition (D.2b) shows that g¢;(y) can only be a constant for all
i=1,...,n— 1, and from now on we set g;(y) = 1 and work only with the functions f;(z1).
Hence, the equations of motion and boundary conditions expressed on f; (i =1,...,n—1)
are simply

A2eM z,y) =0 = 9 filz1) =0, (D.5a)
55(0,y) =0 = fi(0)=0, (D.5b)
¢ (La,y) = ¢{'(~Lp,y) = 2w R.@; = fi(La) = fi(~Lp) = 2xR.@;. (D.5c)

Notice that the last condition above has to be imposed either at z1 = Ly or at z; =
—Lp, or, in other words, we solve for classical fields in the region A and in the region B
separately and then we glue the solutions at the boundary. As we discussed in section 3,
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these conditions (D.5b)—(D.5¢) are not sufficient to specify a solution of the equation of
motion (D.5a), which is in general a polynomial of degree z — 1, expressed in terms of z
coefficients. A choice of supplementary boundary conditions are given by (3.35), which

now imply
k 7cl Z
OnA @; |1"1 =0 k:O,...,i—Q,
= 2 f0) =0, z:1,...,§71, (D.6a)
P Ak¢°1|F2 k:(),...éfQ,
_ z
O i La) = O3 fi(-Lp) =0, =1, 51, (D.6b)

We then solve the equations respectively in A and B, and glue the solutions at the two
cuts, that is the whole solution is given by

fi,a(z), x1 € [0,L4],
filw1) = (e1) [0, L4} (D.7)
fi.B(x1), x € [-Lg,0],
where
1] =1 z/2-1 o 2k
i r1) =2nR.w0;| a,— + a R D.8
fi.ae) (1) < 1 (LA(B)> ; 2% (LA(B)> > (D.8)

While the explicit value of the coefficients is quite complicated, their ¢ dependence is simple.
For instance, for the first few values of z, the functions f; 4 read

27 R, wll “ z=2,
o —o (1) 3 (2 _
oanRewi( -2 (120 43 (2)7), 2=,
5 5 (= 4 5 (x 2
st (5 121 (')
T N6 .. 2
wRea -4 () + 4 (&) —f—;(f;) +2(8)) ==s8

and the same for the functions f; p after the replacement L4 — Lp. Notice that the

fia(zr) =

functions f; are continuous everywhere on AU B, but they are not differentiable at the cuts
T'1, Ty, even though the left and right derivatives exist and are finite. This is not unusual,
and it is true already in d = 2, see for example the cylindric case in [26, 27].

Now we are ready to evaluate the winding sector contribution (3.37), that is the

Ze ’:Lllsqul

z

function

The action is given by the bulk term Sy (2.5) and the boundary part Sy (2.10), and it is
clear that only the latter will contribute to W(n). As it turns out, evaluating Sp[¢$'] results
in the following rather simple closed expression (notice that only the highest derivative term
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134

contributes to the action (2.10)),'
- ; (1)) La\""\ Ly Ly
SIF) = g Ry - ot D2 14 (== =, D.9
3 = gmRa - & s (14 (22 = (D.9)

where the B, are Bernoulli numbers. Notice that only the case z = d gives a scale invariant
winding sector contribution as expected from a critical theory. With this result, we can
use the analytic continuation found in appendix F of [27] to write

W(n)= > exp(-m A(La, Lp, Lo, ..., Lg) w" - T, _1w) (D.10)

wezZn—1

n—1
—nol [0 dk e T [m
3 —k 2 .
=/nA. /_OC —ﬁe ngzexp <7—Zw —2i ka)} , (D.11)

where T),_1 : = ]MT_an_l and

n

(=120 L7+ 15!

A(La,Lp, Lo, ..., Ly) :=gm R?
z( A, LB, L2 d) gm C(1*22)Bz L271L2371

Ly Ly. (D.12)

The derivative with respect to n at 1 is finally given by

— o 1 < dk k2 T 5 LT
7W(1)710g\/Az7§7/700 ﬁe log(Zexp(AZw 211/1\2kw)>. (D.13)

wEZ
In order to make comparison in a more transparent way it is useful to rewrite A, in
terms of the aspect ratios of the d-torus. Introducing the dimensionless parameters 7, as
well as v the parameter controlling the cut, as follows

Tk:iLil, k=1,...,d—1, u:%, (D.14)
and noticing that Lp = L; — L4, we can write
—1)%/2,1
A= gﬂRz((l_l)T;'z (' 4 (1 —w)'?) m (D.15)
In particular, for d = 2 and z = 2, we obtain
Ay = 47 g R? _ (D.16)
u(l—u) |7

In the semi-infinite limit, that is when |71| > 1, the integral in W’(l) (D.13) is exponentially
suppressed, hence at the leading order in Ay we have

— 1 1 1 1
-W(@) = 3 log (4mg RY) — Slog(u(l —w)) — Slog|n| — 5 + ... . (D.17)
and for v = % this reduces to
— 1 o 1 1
-W(1) = ilog(IGWch)fglog\ﬁ\fiJru‘ . (D.18)

1 As we discussed the classical fields are not differentiable at the cuts, however left and right derivatives
exist and they are finite, so here the integrals are evaluated using left and right limits, exactly as in d = 2
dimensions.
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E Useful formulae

Here we collect some useful formulae and definitions of special functions used in the paper.
The integral representation of the Gamma function immediately leads to

1 o0
= —/ dt 571 e, E1l
I'(s) Jo (E1)

The Poisson summation formula is given by

> 2 1 1 /x T = _n%a?
Ze—an :7§+§\/;+\/;Ze_ o, (EZ)
n=1
S

n=1
o

n? 1 2 T2 2irms
§ e~ A42mnAs _ AewAs § e~ AM 227rm5.

n=-—o0 m=—0o0

The integral representation of a modified Bessel function is

1 [ 2 (gl
K,(z)= 5/ du =3 () u’ Tt (E.3)
0
and the explicit expression for the special case v = 7% is
—x
K y(@)=y/55~. (E4)

The Dedekind function is defined as follows
oo .
nr) =g [[0-q), q=e"". (E.5)
n=1

Its expansion for small imaginary argument is given by

) e T2
Wil =S a0 (E6)
T
while for large imaginary argument we have
n(ir]) ~e =M, as 7] = oo (E.7)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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1 Introduction

Over the past decade, quantum information theory has led to important insights and ad-
vances in several areas of physics including quantum field theory, condensed matter physics,
and quantum gravity. Central to these developments is the concept of quantum entangle-
ment, which constitutes a fundamental characteristic distinguishing quantum systems from
classical ones. Quantum entanglement can be characterised in different ways and there is
no single measure that captures all aspects of entanglement for all quantum systems. One
particular measure, that has been the focus of numerous studies, is the entanglement en-
tropy associated with a state described by a density matrix p, and a subsystem A of the full
system AU B. It is defined as S4 = —Tr(palogpa), where the reduced density matrix is
pa = Trp p and the Hilbert space of the full system is assumed to factorise, H = H4 @ Hp.
This last assumption fails in practice for systems described by local quantum field theories,
and this is manifested by short distance divergences appearing in the entanglement entropy.
The leading divergence is usually a power law in the UV cutoff with a coefficient propor-
tional to the area of the entangling surface that separates the subsystems. In the case of
quantum critical theories, the entanglement entropy typically has a sub-leading logarithmic
divergence with a scheme independent universal coefficient that encodes information about
long-range entanglement in the system. In the present paper we will consider a class of
quantum critical theories and focus our attention exclusively on the universal terms.

The entanglement entropy is particularly useful when the full system is in a pure
quantum state, but this is rather restrictive. In practice, one often has limited information
about the system in question and needs to work with mixed quantum states. Thermal states
are archetypal examples of such states, and, in this case, the entanglement entropy is no
longer a good measure of quantum entanglement in the sense that it includes contributions
from both quantum and classical correlations. Other ways of quantifying entanglement
besides entanglement entropy should then be introduced — and they are legion [1-3]. A
few important representatives are the entanglement cost and distillable entanglement [4],
the entanglement of formation [5], and the logarithmic negativity [6, 7]. In the crowded
field of measures of bipartite entanglement for mixed states, the logarithmic negativity
stands out as being actually computable. Indeed, most of the other entanglement measures,
including the aforementioned, involve a minimisation over infinitely many quantum states,
thus rendering them extremely difficult (if not impossible) to evaluate analytically in a
quantum field theory setting.

In the present work we consider the quantum entanglement of mixed states in a class
of critical quantum field theories. For technical reasons we focus on mixed states that are
simple to construct starting from a pure state but still reflect the essential issues arising for
generic mixed states. Beginning with a system in a pure state, we take two non-overlapping
subsystems, A; and Aj, that are not complements of one another (i.e. their complement
defines a third subsystem B) and consider the reduced density matrix on A = A; U Ag,
which is in general that of a mixed state. In a finite-dimensional Hilbert space, any mixed
state can be purified by viewing it as a reduction of a pure state in a larger Hilbert space.
In a quantum field theory the corresponding question is more subtle, but the states we
consider are purified by construction.
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The logarithmic negativity introduced in [7] is defined as follows. Let p4 be the density
matrix of a bipartite system A = A1 U A5 in a pure or mixed state. We further suppose that
the Hilbert space corresponding to our system factorises as H = Ha, ® Ha,, and define

|e§1) ) and ‘652)> to be orthonormal basis states of Ha, and H4,, respectively, such that
©)
i

of the density matrix, with respect to #Ha,, is an operator pzz acting on Ha, ® Ha, with

matrix elements in the \egl)e§2)>

their tensor products |e;”’) ® |e§-2)> = ‘61(1)6;2)> form a basis of H. The partial transposition

basis given by
1 @) T (1) (2 1) (2 1) (2
((’Z( )e; >|p£2 |€2)el( )) = (ef )el( )\pA |(’§€ >€§ )>. (1.1)

In other words, the matrix elements of pgz are obtained from those of p4 by simply swapping

basis elements |e§-2)> “ |el(2)) in Ha,. Then the logarithmic negativity is obtained as

& =logllpIl. (1.2)

where the trace norm ||O|| = TrvVO!O is the sum of the absolute values of the eigenval-
ues of the operator O. Its relevance relies on a crucial observation [8, 9]: A necessary
condition for the separability of the density matrix p4 (that is for the system to be in
a non-entangled state) is that its partial transpose (as e.g. pgz) is also a density matrix,
which means that its spectrum is non-negative. Partial transposition is not a unitary op-
eration, and a non-vanishing € in (1.2) detects when the system fails to be separable. The
logarithmic negativity, despite not being convex, is an entanglement monotone [10], both
under local quantum operations and classical communication (LOCC) and under positive
partial transpose preserving operations (PPT). It is also additive and provides bounds on
certain other measures [7]. For pure states, the logarithmic negativity does not reduce to
the entanglement entropy but instead coincides with the Rényi entropy of order 1/2.

A replica method was developed in [11, 12] for calculating the logarithmic negativity
in many-body systems. In essence, the replica method relates the negativity to the traces
of integer powers of p?. Since the eigenvalues of pﬁz are not guaranteed to be positive,
the traces Tr (p?)n are sensitive to the parity of n. Denoting by ne (n,) the even (odd)
integers, we obtain the trace norm by analytic continuation of the even sequence at n, — 1,
so that the logarithmic negativity reads

-5 Ty ) e
&= 7Llelgl log Tr (p2)"™ . (1.3)

This approach has been extensively applied to ground states in conformal field theory
(CFT) [11-16], but also at finite temperature [17, 18] and in out-of-equilibrium situa-
tions [19-21], as well as to topological systems [22, 23].

In this paper, we are interested in a certain class of non-relativistic quantum field
theories — those admitting Lifshitz symmetry. Lifshitz field theories exhibit anisotropic
scaling between space and time,

t— Nt X = AX, (1.4)

with characteristic dynamical exponent z > 1. Non-relativistic theories are especially
relevant in the context of condensed matter physics. In particular, the Lifshitz theory in
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2 + 1 dimensions with dynamical exponent z = 2, referred to as the quantum Lifshitz
model (QLM) [24], is known to describe a quantum phase transition in systems, such as
quantum dimer models [24, 25], between a uniform phase and a phase with spontaneously
broken translation invariance in two spatial dimensions. The (2+ 1)-dimensional QLM was
generalised to d + 1 dimensions with a critical exponent z = d in [26] where this special
class of Lifshitz theories was named generalised quantum Lifshitz models (GQLMs). A key
feature of these (d + 1)-dimensional Lifshitz field theories with (even) positive integer z
is that the ground state wave-functional takes a local form, given in terms of the action
of a d-dimensional Euclidean CFT. The local nature of the ground state makes these
theories rare examples of non-relativistic theories which admit analytic treatment. The
entanglement properties of ground states of quantum Lifshitz theories have been extensively
studied [27-35] using analytic and numerical methods.

In the present paper, we extend the work on entanglement in Lifshitz field theories by
evaluating analytically the logarithmic negativity for a class of bipartite mixed states in
the quantum Lifshitz model. The mixed states are obtained by tracing out the degrees of
freedom of one of the subsystems in a tripartite pure state, which for us will be the ground
state of the QLM. We adopt two different approaches to the calculation of logarithmic
negativity. First, we employ the so-called correlator method [36, 37], which in essence
discretises the theory on a lattice. For this part we consider the (1+ 1)-dimensional version
of the theory with Lifshitz exponent z = 2. We then compute the logarithmic negativity by
means of the replica method [11, 12], with focus on the (2 + 1)-dimensional QLM defined
on two different spatial manifolds, a 2-sphere and a 2-torus.

In both approaches, we start the discussion by considering a bipartite system in its
ground state and confirm that in this case the logarithmic negativity reduces to the n = 1/2
Rényi entropy, as it should for a system in a pure state [11, 12]. After that, we investigate
a system in a more general mixed state, obtained by partially tracing over the ground state
of a bipartite system, resulting in a reduced density matrix p4. We then further divide
the subsystem A into A; and Ay and partially transpose over As in order to compute the
logarithmic negativity. At this point, we analyse two different cases, depending on whether
the subsystems A; and As are disjoint or adjacent when viewed as part of the original
tripartite system.

Interestingly, the logarithmic negativity turns out to vanish for disjoint subsystems
in the QLM, both in one and two spatial dimensions. This is unexpected in a gapless
system and is in sharp contrast with 2d CFT [11, 12]. The physical origin of this effect
is not clear to us but it is a robust result that we obtain using two different approaches:
a correlator method for a discrete theory in one spatial dimension and a replica method
for a continuum theory in two spatial dimensions. In the discrete non-compact theory, the
reduced density matrix on disjoint intervals for the open chain is separable,! which is in
general a stronger result than the vanishing of the logarithmic negativity. It remains an
open question whether the corresponding reduced density matrix for disjoint submanifolds,
obtained via the replica method is also separable. Similar results were found previously

"Perhaps this has its origin in the local nature of the ground state.
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for the topological logarithmic negativity in Chern-Simons theory [22, 23], as well as in a
(1 + 1)-dimensional system with z = 2 Lifshitz scaling [38], that is closely related to our
discrete theory. The resemblance between QLM and topological theories was first noted
in [27, 29, 33|, where the entanglement entropy for the QLM was found to exhibit a finite
sub-leading universal term analogous to the topological entanglement entropy. For adjacent
subsystems we obtain a non-trivial logarithmic negativity, which is somewhat closer to 2d
CFT results [11, 12].

A numerical study of logarithmic negativity in Lifshitz theories in one and two spatial
dimensions for arbitrary z was carried out in [39]. Our findings partially confirm their
results, but we emphasise that our approach is entirely analytical. By concentrating on
the QLM with z = 2, we are able to obtain closed form expressions for the logarithmic
negativity, both in the correlator approach and the replica method. As far as we know,
this is the first time the replica method is used to compute the logarithmic negativity in
Lifshitz theories, and, for the discrete theory in one spatial dimension, we have obtained
moments of the z = 2 QLM reduced density matrix and its partial transpose in analytic
form — something that is still beyond reach for the relativistic boson (z = 1). In the
present work, we have chosen to focus on the special case of z = 2 and d = 1 or 2, but
several of our results generalise to other values of z and d and we comment on this along
the way.

As a by-product of our study we also obtain the so-called odd entanglement entropy,
or odd entropy for short, in the (2 4+ 1)-dimensional QLM. The main motivation for
considering the odd entropy is to have an entanglement measure that directly computes
the entanglement wedge cross section in holographic two-dimensional CFTs [40].

The paper is organised as follows. In section 2.1 we briefly review key definitions
for the QLM. In section 2 we obtain the logarithmic negativity in a (1 + 1)-dimensional
model by means of the correlator method. We then proceed in section 3 to calculate
the logarithmic negativity via a replica method using path integrals. Our results on odd
entropy are presented in section 4 and in section 5 we conclude with a discussion and
some open questions. Some technical details related to the correlator method appear in
appendix B, and details related to the replica approach are found in appendices C and D.
Appendix E completes section 4 on odd entropy, and this work.

2 Logarithmic negativity from correlation functions

2.1 The quantum Lifshitz model

The (24 1)-dimensional quantum Lifshitz model, with critical exponent z = 2 on the spatial
manifold M, is a quantum field theory involving a compact scalar field ¢ ~ ¢+27 R, defined

by the Hamiltonian [24]

H= %/«4 L <7r2 n gZ(AqS)Z) , (2.1)

where m = —id/d¢ is the momentum conjugate to the field, A is the Laplacian on M, and
g is a free parameter of the model. The ground state can be expressed in terms of a path
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A As

B B

Figure 1. Entanglement between two intervals A; and A; embedded in the ground state of a
(larger) system formed by the union of A;, Ao and the complement B. Left: open system with
Dirichlet boundary conditions at both ends. Right: Periodic system.

integral of a two-dimensional Euclidean theory [24],
1 1
) = —— [ Do 15, St =g | (Vo (2.2
o) = ) =g [ )

with the partition function given by Zu := [ D¢ eS¢l We denote the corresponding
density matrix by

p = Po){Po| = %/Dw(p 2 (SISO gy (4. (2.3)

A 1+ 1-dimensional quantum Lifshitz model with z = 2 can be defined in analogous
fashion, with the Laplacian replaced by 02 and the integration measure by dz. We will
take the scalar field to be non-compact in the 1 + 1-dimensional case.

Generalisations to higher spatial dimensions d and even integer critical exponents z
are possible, with some restrictions [26, 34]. For instance, when the spatial manifold is a
d-sphere the even critical exponent z is required to satisfy z < d in order to guarantee a
well-defined GIMS-operator [34, 41]. Generalizations to higher odd integer values of z are
less understood and will not be considered here. Since the physically relevant systems are
in one and two spatial dimensions, we will restrict our calculations to d = 1 and d = 2, but
point out whenever our results are valid beyond those cases.

2.2 Logarithmic negativity from correlator method

The correlator method for computing the entanglement entropy or logarithmic negativity
of Gaussian states has a long tradition [12, 36, 37, 39, 42-48]. This method has been almost
exclusively employed as a numerical one, often as a check of field theory predictions. Here,
we focus on the (1 + 1)-dimensional free Lifshitz scalar field with dynamical exponent
z = 2 in its ground state. We obtain simple closed form results for the Rényi entropies and
logarithmic negativity for the discrete theory on a one-dimensional lattice, which are then
easily translated to the continuum.
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Discrete theory and boundary conditions. The Hamiltonian of a non-compact free
massless scalar field ¢ with dynamical exponent z = 2 in 1 + 1 dimensions is given by

H= %/M d <7r2 + o ¢> , (2.4)

where M is the one-dimensional line with open or periodic boundary condition. Without
loss of generality, we have set to unity the constant g appearing in front of the spatial
derivatives. Discretising the theory on a lattice with L sites, the above Hamiltonian is
replaced by

H= % (ﬂTﬂ + ¢TK¢>) , (2.5)

where ¢7 = (¢1, ¢2,- -+ ,b1), ©° = (71,7, -+ ,7L), and the matrix K is a discrete version
of the spatial biharmonic operator A2 = 92. Static solutions of the Hamiltonians (2.4)
and (2.5) satisfy

N2p=0, and K¢=0, (2.6)

respectively, with some specified boundary conditions at the boundary OM of the
space/lattice. The biharmonic equation requires additional boundary conditions compared
to the standard Laplace equation. In the continuum theory a natural “Dirichlet” boundary
condition is given by

Glop =0, and A¢l,,, =0. (2.7)

A lattice version of this Dirichlet condition can be implemented as follows. First, introduce
degrees of freedom on fictitious lattice sites at the boundaries, ¢_1, ¢o, ¢r+1, ¢r+2 and
impose the lattice biharmonic equation of motion,

Gi—2 — 4di—1 + 6¢; — dir1 + div2 =0, (2.8)

fori=1,...L, where we have set the lattice spacing € to unity for simplicity. The fictitious
fields appear in the equations for ¢1, ¢2, ¢r—1 and ¢y but they can be eliminated by
imposing a discrete version of the Dirichlet conditions ¢|,,, = 0 and A¢|,,, = 0, given by

¢0=0, and —¢_1+2¢9—¢1 =0, (2.9)

at ¢ = 0, and similarly at ¢ = L + 1. With these boundary conditions, the matrix K is
indeed simply the square of the discrete Laplacian matrix with standard Dirichlet boundary
conditions. Alternatively, one can impose periodic boundary conditions on the lattice. The
resulting K is the square of the usual discrete Laplacian matrix with periodic boundary
conditions. Note, however, that the matrix K has a vanishing eigenvalue for a periodic
chain and is non-invertible unless a mass term is added to the Hamiltonian (2.5).

Correlation functions, reduced density matrix and partial transpose. Vacuum
two-point functions are given by

1
5(

1,
Xij = (¢id5) = 5 (K Y2);, and Py = (mm) = 5 K'?),. (2.10)
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The reduced density matrix p4 can easily be related [37] to the correlation matrices X and
P restricted to the subsystem A (denoted hereafter X4 and P4). In particular, from the
eigenvalues {v;}i=1,... ¢ of Ca = /X 4Py for a region A of size £, the trace of the n™® power
of the reduced density matrix p4 reads
L -1
1\ 1\n
Trpg:Hl {(Wri) - (uifi) } , (2.11)
i=

from which one easily obtains the Rényi entropies

1

—-n

SXL) =7 log Trp} . (2.12)

Now consider a tripartite system with A = A; U Ay. The partial transposition with
respect to, e.g., Ag, for a bosonic Gaussian state, corresponds to time reversal applied only
on the momenta corresponding to the subsystem As [36]. The partially transposed reduced
density matrix p?;z thus remains a Gaussian matrix. We introduce the matrices

PZ;Q =Ty Py T, (213)
T =1, @ (7]1@2), (2.14)

where (1, {5 are the lengths of the intervals A;, As, respectively, such that £ = ¢ + (5.
The trace of the n'" power of p£2 can then be computed from the eigenvalues {A;}i—1,... ¢

of C? = W/XAP? as

Tr (o) = f{l {(Al + %)L - (/\i - %)"] 71, (2.15)

from which the trace norm follows straightforwardly

T ‘ 1"t 4 1
””AQIIZH{ Ai_i” = [ max <127/\1) (2.16)
i=1

i=1
Finally, the logarithmic negativity is given by

£— élog {max <1, 21)} . (2.17)

Notice that only the eigenvalues that satisfy \; < 1/2 contribute to the logarithmic nega-

1
Nt 5]

tivity.
2.3 Rényi entropies

We start by computing Rényi entropies for a single interval in a bipartite pure state. This
allows us to carry out a simple consistency check of our calculations in the discrete model by
evaluating the logarithmic negativity for the same interval and confirming that it reduces
to the Rényi entropy of order n = 1/2, as it should for a pure state.
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Open system. For a finite chain of L lattice sites with Dirichlet boundary conditions at
both ends, the vacuum two-point functions (2.10) take a simple form,
1 i(L—j+1), i<y

Xo = (2.18)
YUALY VL —it1), i>j

1
})ij = 67;]' — 5(6724’71 + 61',1’]') . (219)

Taking an interval A; = [1,£] adjacent to one of the boundaries (Ay = A, see figure 1
top-left panel), one finds that the matrix C4, is triangular with spectrum

1 jl+1)(L—-¢+1) 1 1
Spectrum(Cy, ) = {2 %, DR 2}~ (2:20)

Quite remarkably, only one eigenvalue, v = v;, contributes to the entropy. Plugging v
in (2.12) yields exact expressions for the Rényi entropies.

We can access the continuum regime of the theory by reintroducing the lattice spacing
€ into the notation via L — L/e and £ — {/e, and taking the limit ¢ — 0. The continuum
Rényi entropies read

(n) _ 1 oL—10) 1 l—n
Sy = ZIOg(ieL o log (2'7"'n) . (2.21)
The leading term in (2.21) is independent of the Rényi index n as expected [27], and agrees
with the results of [38, 49] where the Renyi entropies were obtained by mapping the ground
state of the z = 2 boson to that of a path integral for a quantum mechanical particle. The
finite part is non universal and depends on how one regulates the theory in the UV.

Periodic system. For periodic boundary conditions, the K matrix of a finite biharmonic
chain is a circulant matrix. It is non-invertible due to a zero eigenvalue but the zero mode
can be lifted by adding a mass term, %m4¢2, to the Hamiltonian (2.4) resulting in

K = cire(6 + m*, —4,1,0, --- ,0,1,—4). (2.22)

The mass m has dimensions of inverse length and is measured in units of the inverse lattice
spacing €', which has been set to one as before.

We are interested in the critical regime, that is m — 0 and mL < 1, for which the
eigenvalues of C4, constructed from the circulant matrix K on a single interval A; of size

1 1 [+ DT —t+1) 1}, (2.23)

£ reduce to

1
Vom2L 2 2L R

If we reinstate the lattice spacing e and take the continuum limit as before, we obtain the

Spectrum(Cy,) = {

following expression for the single interval Rényi entropies,

oL - 0) 2

("):11 . _11 2L
S, 20g<7€L ) 20g(em )+n71

log (2'7"n) + -+, (2.24)

where the ellipsis denotes terms vanishing in the limits mL < 1, € — 0.
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2.4 Logarithmic negativity

Let us now turn to the logarithmic negativity. We have to compute the eigenvalues of the
matrix CZZ, defined above (2.15), for a bipartite (sub)system A = A; U Ag of the z = 2
chain. We first consider the pure state case, for which A is the whole system, then we move
on to the configuration of two disjoint intervals A; and As, and finally we let Ay and A,
be adjacent.

2.4.1 Pure states

When p4 is pure, As is the complement of Ay, and ¢; = L — {3, see figure 1 top-left panel.
In that case, for the open chain, there is only one eigenvalue of C? that satisfies \; < 1/2,

that is
,\2:2y(u7\/y271/4) —1/4, (2.25)

where v is the single eigenvalue of C4, in (2.20), with ¢ = {1, that is distinct from 1/2.
After some algebra, one obtains that the logarithmic negativity of this bipartite pure state
is, as expected, the Rényi entropy of order 1/2, i.e. £(pa,ua,) = 1(411/2).

Similarly, for the periodic chain in the critical regime, only two eigenvalues of C}

contribute to the logarithmic negativity, i.e.

5 m2L 5 >
=T )\2:21/(fo/1/71/4)71/47 (2.26)

where v is the second eigenvalue of C4, in (2.23), with £ = ¢;. One can then check that
for the periodic case as well, the logarithmic negativity reduces to the (1/2)-Rényi entropy
of Al.

2.4.2 Two disjoint intervals

Now let A be a subsystem of the z = 2 open chain of length L and further divide A into
two subsystems, A = A; U Ay with A; and Aj disjoint, as for example depicted in figure 1
middle-left panel. First, take A; and As to be of the same size £ = ¢, = £ and each
adjacent to one of the boundaries of the total system. The distance between A; and Az is
then d = L — 2¢ > 0. We find in that case,

Spectrum(C?) _ { \/52+ 17 % (Z + 1)2L+,12f + 1)7 %7 . ;} ) (2.27)

A quick inspection of the spectrum (2.27) of C’? reveals that not a single eigenvalue is
smaller than 1/2. We thus conclude that the logarithmic negativity vanishes, & = 0, for this
configuration of two disjoint intervals. This result may seem surprising. It is, however, a
consequence of the separability of the reduced density matrix. To arrive at that conclusion,
we rely on the following statement proven in [50]: A bipartite non-compact Gaussian state
that is invariant under partial transposition of one of the two subsystems is separable. It
is easy to see that for two disjoint regions in the z = 2 chain, the corresponding reduced
density matrix is indeed invariant under partial transposition, cf. appendix A, and thus
separable. It follows that the logarithmic negativity is zero.
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A vanishing logarithmic negativity on disjoint intervals was observed previously in a
closely related (14 1)-dimensional system with Lifshitz scaling in [38]. These authors study
the ground state of the Motzkin Hamiltonian subject to the constraint ¢ > 0, which renders
the density matrix non-Gaussian. However, for two intervals far away from the boundaries
of the system, the constraint becomes unimportant and the model reduces to the z = 2
free boson studied in the present paper. In contrast to [38], our result applies regardless
of whether the two disjoint regions are located near or far away from the boundaries of
the system, and also on a circle of finite length. We will see below that the same result is
found in the (2+1)-dimensional quantum Lifshitz model and extends to higher-dimensional
models with Lifshitz scaling as well.

In a slightly more general case, where A; and Ay are symmetric with respect to the
center of the chain, but not necessarily adjacent to the boundaries and separated by a
distance d > 0, the eigenvalues of C’Z;Q distinct from 1/2 are the (positive) solutions of the
following two equations:

32X —8(L—(—d+ 2N+ ({+1)(L—-20—d+2)=0, (2.28)
32(L+ DM = 8(L+2 — d> + (L + d) (L — 20 + 1))\?
+(+1)(d+1)(L—20—d+2)=0. (2.29)

As before, the UV cutoff can be restored by making the changes L — L/e, { — {/e and
d — d/e. For both L and ¢ arbitrary, the two solutions of the first equation above are always
larger or equal to 1/2, while for the second equation one finds that its solutions may be
smaller than 1/2, but only provided d < e. However, since the UV cutoff € is arbitrarily
small in the continuum regime, neither of the eigenvalues can actually be smaller than 1/2,
thus implying, again that & = 0. More generally, we find that the logarithmic negativity
vanishes for arbitrary configurations of two disjoint intervals. This may also easily be
verified numerically. The same conclusion carries through to the periodic chain.

In [39], it was observed based on numerical computations that for high values of the
dynamical exponent z, there exist a critical distance between two disjoint intervals below
which the logarithmic negativity is non-vanishing. We believe this to be a lattice effect. In
our analytic calculation above, we found that in the continuum regime and upon restoring
the UV cutoff €, the critical distance is actually proportional to e. We saw this explicitly
for z = 2, but it is also true for z > 2 where the critical distance can be shown to be
d. = (z/2)e. Later on we will see, using path integrals and the replica method, that the
logarithmic negativity vanishes for two disjoint systems for any even positive integer z.

2.4.3 Two adjacent intervals

Open system. Now consider two intervals of same length ¢ joined at the center of the
full system (assuming L even), as shown in the bottom-left panel of figure 1. In this case,
the only eigenvalue of C[? satisfying A < 1/2 reads

oo U DE-2042) 42 1%(( S(L+1)(L —20+2) (2.30)

16(L + 1) 2+ 1)(L—20+2) +2)2

- 10 -
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In the continuum regime, with all lengths measured in units of the UV cutoff ¢ from now
on, we have A~! = /8¢, from which follows the logarithmic negativity

€= %log(%). (2.31)

Notice that for ¢ = L/2, the negativity (2.31) reduces to the (1/2)-Rényi entropy (2.21).
Indeed, in that case p4 is pure.

In the most general case, that is for two adjacent intervals of arbitrary lengths and
relative position in the total system, there are at most four eigenvalues of C? distinct
from 1/2. These four eigenvalues are the roots of a certain quartic equation presented in
appendix B. What is important here is that only one eigenvalue, call it A, among these
four roots is smaller than 1/2, and we find in the continuum regime that

R
A=y e (2.32)

The logarithmic negativity of two adjacent intervals in a finite system with Dirichlet bound-

ary conditions is thus given in general by

1 %
E=-1 t 2.33
20g<€1_"_Z2 + const , (2.33)
where const = log 2 in our setup here, but is not a universal quantity and depends on the
regularisation scheme. For {1 = {5 = ¢ we recover (2.31).

Periodic system. Let us now consider a finite system of length L with periodic boundary
conditions, and two adjacent intervals of lengths ¢; and f9 such that ¢1 + o < L, as in the
right-hand panel of figure 1. As discussed above, the discrete theory has a divergence due
to a zero mode that we circumvent by introducing a non-zero mass. Working in the limit of
very small mass, one might expect a term logarithmic in the mass parameter to appear in
the negativity, as is indeed the case for pure states with ¢; 4+ ¢ = L where the logarithmic
negativity equals the (1/2)-Rényi entropy given by (2.24). It turns out, however, for a
mixed state such that ¢; + {2 < L, no divergent term appears in the logarithmic negativity.
In the simplest case where ¢4 = o = ¢ < L/2, the spectrum of CZ;Z in the continuum limit
is found to be

, 1 l L(L—2¢ 3 1 1
Spoctrum(C?) = {\/ 30 \/g, \/ %1 Vo2 2 72} . (2.34)

In the critical regime, where mL < 1, the only eigenvalue that contributes to the log-
arithmic negativity is A\; = 1/1/(8¢) and we get & = (1/2)log(2¢), the same as for the
open chain with Dirichlet boundary conditions. Note that this result is only reliable for
a mixed state where the strict inequality ¢ < L/2 holds. Indeed, for ¢ = L/2, the third
eigenvalue in the expression (2.34) for the spectrum vanishes, indicating that the regulator

mass needs to be retained and in this case the logarithmic mass dependence of the pure
state result (2.24) is recovered.

,11,
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In the general case, with arbitrary ¢; + {2 < L, the spectrum of C? in the critical limit
is given in appendix B. The spectrum contains only one eigenvalue smaller than 1/2, which
in the continuum regime reads A2 = ({1 + £3)/(16¢1¢2), and we find the same logarithmic
negativity as for the open system.

2.4.4 A hint at a general formula

Let us first emphasise that, for the z = 2 free boson, we find the expression

1 2%
£ = 3 log<€1 T £2> + const (2.35)

for the continuum logarithmic negativity of two adjacent intervals in a finite or infinite
system, with or without (Dirichlet) boundaries. This is in contrast to the z = 1 relativistic
free scalar field for which the logarithmic negativity of two adjacent intervals depends in
general on the size of the total system as, e.g. for periodic boundary conditions

_ 1 Lsin (T4 sin (72)
(z=1) — = Z>X AL )AL
£ 1 log ( - Sin(ﬂ(&;eﬂ) + const, (2.36)

and only for an infinite system L — oo one obtains

g==1) _ ilog(ZfI_f;Q) + const . (2.37)
Since a picture is worth a thousand words, we plot in figure 2 the logarithmic negativities
of two adjacent intervals of same length ¢ in a periodic chain of length L for a z = 2 and
a z = 1 scalar. One can appreciate the difference in behaviour between the two theories,
particularly close to £ ~ L/2 where £=2) o log L while £¢=1) o log (L?/(L — 20)).
Fradkin and Moore [27] taught us that the bipartite Rényi entropies for ground states
of non-compact scalar fields with critical dynamical exponent z = 2 can be simply expressed
in terms of partition functions of a free Euclidean CFT in one dimension lower, namely

n ZaZ
ST = —log <ﬁ> , (2.38)
ZauB

and is actually independent of the Rényi index n. Z4 and Zp are the CFT partition
functions on regions A and B, respectively, with Dirichlet boundary conditions on the en-
tangling cut. Z4yp is the partition function on the entire space, with specified boundary
conditions, for example Dirichlet, at the boundary dM. Returning to the logarithmic neg-
ativity for mixed states of two adjacent intervals, we have found that the negativity (2.35)
does not depend on the size of the total system. Furthermore, we know that for a pure
state it reduces to the Rényi entropy of order n = 1/2, which for the z = 2 scalar is given
by (2.38) independently of n. We are thus led to conjecture the following general formula
for the logarithmic negativity of the z = 2 non-compact free scalar field:

Za, Za,
£ = —log( 21242 ) (2.39)
Z A UAs

,12,
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Figure 2. Logarithmic negativities of two adjacent intervals of same length ¢ in the periodic chain
of length L = 200 and mass m = 10~° for the relativistic (¢ = 1) and Lifshitz (2 = 2) bosons. To
allow an easy comparison between the two theories, the logarithmic negativities are normalised in
such a way that for ¢ < L they behave as & ~ log¢. The data are perfectly consistent with the
(normalised) continuum expressions (2.35) and (2.36), shown as solid lines.

where Z4, is the partition function of the Euclidean CFT in one dimension lower on A;
with Dirichlet boundary conditions on the entangling cut(s), and Z4,ua4, is the partition
function on A; U Ay with similar boundary conditions. Clearly, when As is the complement
of Ay, formula (2.39) reduces to the entropy (2.38). When A; and Aj are disjoint, these
regions do not talk to each other because of the Dirichlet boundary conditions, thus one
has Za,u4, = Za,Za,, hence £ = 0. Finally, if A; and Ay are adjacent, using heat kernel
techniques one can easily compute in 1d (omitting non-universal parts): —logZ,, =
(1/2)log l12 and —log Z4,ua, = (1/2)1og(¢y + ¢2), such that we recover (2.35).

In the following section, we show that (2.39) is indeed correct in the (24 1)-dimensional
quantum Lifshitz model. It also holds for non-compact (d+1)-dimensional Lifshitz theories
with even exponent z on flat space and up to some subtleties on curved manifolds as well.
We derive (2.39) and its generalisation to compact fields using path integrals and the
replica trick.

3 Logarithmic negativity from a replica approach

In this section, we apply replica techniques to evaluate the logarithmic negativity in the
(2+1)-dimensional QLM. The calculation is closely patterned on [27, 32, 33], where a
replica method was developed to calculate the entanglement entropy in the QLM. As its
name suggests, this method introduces independent copies of the original theory — the
replicas — and a surgery procedure to join them together. The crucial step is to identify
the correct set of boundary conditions to be imposed at the entangling cuts on the replica
fields. We will adapt the technique to evaluate the logarithmic negativity in quantum

,13,

157



Paper Il

Lifshitz theories on different spatial manifolds by means of an expression of the form (1.3),
for mixed state density matrices constructed from the ground state by partially tracing
over a subsystem.

3.1 Pure states

We begin, as in section 2.4, by considering the logarithmic negativity of pure states, which
should reduce to the Rényi entropy of order 1/2. In this case, the spatial manifold M is
divided into two submanifolds A; and Ay, with boundary I" between them, and we assume
the Hilbert space on the full manifold factorises as H = Ha, ® Ha,. We then introduce

a replica index i = 1,...,n, for the density matrices and rewrite (2.3) on the bipartite
manifold as
pi = / Do DM Do D2 e~ 310 #5168 Sl 21 51672)
ZAlqu
A Aoy g 1A A
X 167) ® 672 ) (¢ ® (o 3.1)

Note that since the replicated fields are all dummy fields we have p; = p. We stress that
in the replica method we always work with the action of a free conformal compactified
bosonic field for z = 2, that is the action S appearing in the above density matrix is given
by the expression (2.2). This means that for z = 2 it is enough to impose Dirichlet boundary
conditions on the fields to have a self-adjoint Laplacian operator. The partial transposition
over, e.g., Ag, then amounts to exchanging the primed and unprimed As-fields in (3.1):

ol — / D DA DA DAz ¢~ (ST 110! 1416214516 2))
ZAluAg

x o) ® [o712) (67 | @ (972 (3.2)

We can now compute the trace of the n.-th power of the partial transpose density matrix,
Tr (pT2)"e =Tr (p1T2 - pfi) For i =1,. A — 1, each jd aient matrix product plzp;fj]
leads to two §-functions coming from (¢/ 1‘¢1+1> and (¢;2|¢;2). The final total trace of
the product of density matrices adds another two d-functions (gb’nAl\gﬁfh) and <¢>A2\¢’A2

Resolving all the §-functions leads to the gluing conditions

A _ A
o = ¢ )
¢ 1 i=1,...

) Y (N (3.3)
o =3

with ¢y, +1 = ¢1. Furthermore, the continuity conditions among the fields at the entangling
cut read

o e =6, =, (3.4)
as can be seen in figure 3. A closer look at these conditions reveals that all even and all
odd fields must agree separately at the entangling cut I', leaving us with n. independent
fields with boundary conditions

Ay —
il = darlr - k=1, 0.2, (3.5)

2k 1‘1“ ¢2171‘F =X

—14 —
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(a) Gluing conditions (b) Resulting independent sets of fields

Figure 3. Gluing conditions for n. = 4. Gluing results in two independent sets of boundary
conditions represented in red and blue.

where x¢ and x° are two independent functions of the boundary coordinates. The partial
transposition thus has the effect of creating two independent sets of n./2 fields. Since the
boundary functions x*° and the fields are all dummy integration variables; we can relabel
them as qﬁ?,;, ‘/5;13—1 — gb,?’ and x¢, x° — x to get

1 Ne/2 R ne/2 " 2
Tr(p™)" = | / [ Dot eslo"] / [[ poizesi) . (3.6)
Z 404, 7B k=1 B2
where the boundary conditions B are now given by
B: ¢?1|F:¢1A2|I‘:X7 k1l:17"~7n6/2' (37)

Upon closer inspection, one can recognise in (3.6) the expression for Tr pﬁe/ 2 derived in [32-
1

34], where pa, = Try, p is the reduced density matrix obtained by tracing out the degrees

of freedom in As,> meaning that the following equation holds

Tr(p")" = (mﬁ“/ 2)2- (38)

In particular this gives lim,, _,o Tr (pT2)n“‘ =1, as it should [12]. For a compact field on a
circle of radius R, the fields are subject to the boundary conditions (3.7) up to the periodic
identification ¢ ~ ¢ + 27 R.. In [32-34] it was found that

ne/2—1
T = (222 ) W), (39)
! ZAUA:

where Z 4, is the partition function on A; with Dirichlet boundary conditions at the entan-
gling cut I' and W(n) is a sum over different classical configurations of the compactified

2Note that we could have written the expression in terms of pa, = Tra, p, since the system is in a
pure state.

— 15—
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(a) Spherical geometry (b) Toroidal geometry

Figure 4. Examples of geometries where A; and A, are separated by B. Note that for the torus,
B consists of two disjoint components.

fields. Applying the replica formula (1.3), we obtain for the logarithmic negativity of a
pure state
ZInZ
£=— log(M> +2log W (1/2) (3.10)
A1UA2

which, as expected [12], is indeed the (1/2)-Rényi entropy 521/2).

It is also worth looking at the odd n, sequence Tr (pTZ)"O. In that case, all the fields
have to be equal at the entangling cut I, that is

oM =¢Pr=x, Qj=1...,n. (3.11)
We thus have
(pT2\ _ Ty o
Te (p)" = Teply | (3.12)
which yields the normalization
. Th\ o _ _ .
nlolgllTl‘(p ) =w@)=1. (3.13)

3.2 Disjoint submanifolds

We now turn to the more interesting case of entanglement between two regions of a system
in a mixed state. In this section, we illustrate the replica approach for the case of a mixed
state when A; and Ay are disjoint and separated by B, as illustrated in figure 4.

The mixed state we consider is obtained by tracing over the degrees of freedom on
B, with the full system in its ground state, and is thus described by the reduced density
matrix p4 = pa,ua,. In order to calculate the logarithmic negativity, we then transpose
the density matrix over A, resulting in pzz. The trace on B leads to conditions of the form

B /B
¢ = ¢

; (3.14)

that is the primed and unprimed copies of the fields are sewed within the same replica of
the density matrix. The gluing conditions that result for the fields on A; and As are the
same as before, that is (3.3), so they connect the density matrices cyclically. The continuity
conditions at the entangling cut between A, and B (indicated as I',) require that

A, B
¢, = oPIr., ¢ I =4 I,

,16,
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Ay N B Iy As Aa T, B

T ’ ) |

ik S |
T 2 :

i i :
TIIIDK : ’ |

Nk S 1 |
TIITX y ;
(a)I Gluing conditi(lms (b) Resulting indepelndent sets of fields

Figure 5. Gluing conditions around the boundaries between B and the two components of A for
ne = 4. The resulting boundary conditions, depicted on the right, are the same for A; and As.

foralli=1,...,n. and a = 1,2. Putting everything together, all replica fields must agree
at the boundary between B and any of the A,’s, as depicted in figure 5. In particular,
this means that the geometry is not sensitive to the partial transposition, and we obtain
the identity

Tr (p2)" = Trple . (3.15)

The latter quantity appears in the calculation of the tripartite entanglement entropy [33]
and is given by

ZaZa, 25\
I&(,@”e;(%) W(ne). (3.16)

For disjoint subsystems the partial transposition is not sensitive to the parity of n, i.e.
equations (3.15) and (3.16) are also valid for odd n,. It then immediately follows from the
unit normalization of the density matrix in the odd sequence at n, = 1 that the winding
sector contribution is trivial, W (1) = 1. We thus find the striking result,

_ N To\ne __
&= nlﬁlgl log Tr (py2)" = 0. (3.17)

While this result differs from the expectation for a conformal field theory [12], it agrees
with the correlator method calculations in section 2.4.2. We stress that the vanishing of
the logarithmic negativity is a necessary but not sufficient condition for the separability of
the density matrix [8]. The theorem of [50] only applies to finite dimensional systems, so it
remains an open question whether the reduced density matrix constructed via the replica
method is separable for disjoint subsystems.

The expression (3.16) also holds in higher dimensions for generalised quantum Lifshitz
models with even z as discussed in [26, 34], as long as the cuts are smooth and a direct
generalisation of figure 4. The relation (3.15) is therefore still valid for smooth partitions of
the ground state of such theories, which implies that the main conclusion in (3.17) remains
correct. In the case of d = z = 2 it suffices to impose Dirichlet boundary conditions on

17 -
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Iy
Ta T,
(a) Spherical geometry (b) Toroidal geometry

Figure 6. Realisations of the situation when A; and As are adjacent on the sphere and torus.

the fluctuations to ensure that the variational problem is well-posed and the Laplacian
self-adjoint after surgery, leading to a consistent replica calculation. For curved higher-
dimensional manifolds and higher z, further restrictions apply in order to have a well-
defined higher-derivative operator in the action S in (2.2). On a d-sphere, for instance, the
operator in question is only well-defined for even z < d. For the construction of consistent
operators on tori and spheres, and details on the corresponding replica calculation see [34]
and references therein.

The fact that in Lifshitz theories with even dynamical exponent the entanglement
negativity vanishes for disjoint subsystems is surprising but it is not unheard of. Similar
behaviour was already noted in a closely related z = 2 system in [38] and in Chern-
Simons field theories in 2 4+ 1 dimensions the topological logarithmic negativity vanishes
for disjoint subsystems [22, 23]. In this respect, Lifshitz theories exhibit similarities to
topological theories.

3.3 Adjacent submanifolds without winding

Next, we consider the case where the submanifolds A; and Ay are adjacent, as in figure 6.
To keep the discussion as general as possible, we assume the maximal number of non-
trivial entangling cuts I'y, 'y, and I' 4. The spherical case, which requires only two cuts, is
recovered by trivially identifying fields across the third cut. We take ¢ to be non-compact
throughout this section and postpone addressing the additional complications that arise
from the winding structure of a compact ¢ until section 3.4.

As in section 3.2, we perform a trace over the degrees of freedom on B at the beginning
and then compute Tr (p£2)77"" with a transposition on As. The partial trace on B leads to
the gluing conditions (3.14), while the product and final trace over A, Ay leads to the
conditions (3.3). At the entangling cut between A; and A, denoted by I'4, the continuity
conditions are

A A A A .
¢il|FA:¢i2‘FA7 ¢/i2|FA:¢lil‘FAv i=1,...,n, (3'18)
and at the cut between A, and B, denoted Ty, they are

Aq B .
¢?Q‘Fa :¢ZB|F(17 (z)/i ‘Fa :¢/i ‘FaV a=1,2, i=1,...,nc. (3'19)

,18,
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Ay Ty Ay Iy B Ay Ta Ay Ty B
>< SO, 1|
>§<I||||\>§<|||||||; 3 |
>f<|||||'>f<|||||||§, 2 |

JulIR | |
>:<\ )>j<|||||||j, 4 ! !
(a)l Gluing condition; (b) Resultinlg independent selts of fields

Figure 7. Realisations (n. = 4) of the situation when A; and A, are adjacent on the sphere
and torus.

When we combine the gluing and continuity conditions, we see that the fields must satisfy

A B ..
¢ia|ra:¢j|ra:Xa7 a=1,2, 4j=1,...,n,

Bi 6= 6, =i (3.20
A A kl=1,...,n/2,

1 — 2 — €
¢ne/2+k|FA = ¢nc/2+Z|FA = XA

as depicted in figure 7. Notice that we have relabelled the n. independent fields in order
to have the odd fields ranging from 1 to n./2 and the even fields from n./2 +1 to n.. The
functions x4, X%, X% are arbitrary and only defined at the corresponding entangling cuts,
essentially by the above conditions.

The main difference compared to the case of disjoint submanifolds now becomes ap-
parent: We have two independent sets of n./2 boundary conditions at the entangling cut
between A; and As, while at the other cuts I'; and I's we still have a single set of n, con-
ditions. This means that, contrary to the disjoint case, the adjacent geometry is sensitive
to the partial transposition.

Using the boundary conditions B given in (3.20), we can now directly write

Tr (p%)"e = L/BHD@AI Efs[d”Al]/BH'ngfb 6*5[¢ZA2]/BHD¢ZB eS| (3.21)
i=1 i=1 i=1

Me
ZyB

For a pure state, the path integrals factorise in a straightforward way at this point. The
situation here is a little more complicated since the entangling cuts carry different numbers
of degrees of freedom — one at I'y 5 and two at I'y. However, this difficulty may be
circumvented by rotating the fields as described originally in [27, 32, 33]. Let us first define
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a unitary rotation matrix U, [33] as follows

1 _ 1 0
V2 V2
1 1 -2 9
V6 NG V6
U, = : ) (3.22)
- 1 —J1-1
«/n(lnfl) \/71(1"71) ) n

It is chosen such that the first n — 1 rotated fields vanish on the entanglement cuts. Two
rotations are then performed independently on the first and on the last n./2 fields with
the help of the block diagonal matrix Unﬁ = Up,./2® Uy, 2. In vector notation this rotation
reads ¢ = Uy, ¢ and results in the boundary conditions

- ~ In .

¢?Q‘Fa:¢flra: EEXG: a=1,2, 17]:77/5/27”6

B lea = 62210, = 1/ 22XG (3.23)
¢7LE/2|FA - ¢ng/2|FA - 2 XA > .

TA TA:; [Te e
d)nﬂl |FA = ?bnj'l";. = ?Xi'/

with the remaining fields vanishing at all cuts. We then perform an additional Us rotation
on the fields ¢,,_ /2, ¢n, as to obtain

oM

P lr, = L v, = v/l Xa s a=1,2,

— - n

7?: ‘FA = ¢£§|FA =/ 7€X+ ’ (3.24)
TA TA [n
¢n€1/2|FA = ?bn:/z‘l‘A = ;Xf 5

1
X+ = ﬁ(x% +x4%)

oM

where

are again arbitrary and independent functions, and the n.—2 remaining fields have Dirichlet
boundary conditions at all entangling cuts.

Each of these n, — 2 fields thus produces three Dirichlet partition functions in (3.21):
on Aj, A2 and B. Further inspection of the boundary conditions (3.24) reveals that the
ne-th field is free on the whole manifold AU B. It is not constrained to vanish at any cut,
and the cut functions x are arbitrary, which allows us to write®

Zaop = (3.25)
/B DG ¢ Slond] /B D c~S12] /B DGE ¢~ SIFL] / D I, / (D, |r.]e=Slne]

3There are additional non-universal factors oc n;L(FZ)/QE, where L(T';) is the length of I'; and € a UV-
cutoff, to the partition functions (3.25) and (3.26), arising from the Jacobian that results of the successive
rotations applied to the fields, see [32, 33]. They only contribute to the area law and can thus be ignored.
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where the last integrals indicate the sum over all possible values of the field at the entangling
cuts [33, 34]. The ne/2-th field is only free on A = A; U Az (it is not subject to Dirichlet
boundary condition only at I'4) once we sum over the degrees of freedom along the cut
T"4, such that

ZAUAZB = (3.26)

_ TA _ TA; " _ - _ —
/D¢:3/2 675[¢nj/2]/p¢ﬁ:/2 e S /,Dﬁf’iﬂ C_Sw’i”]/[D¢nc/2|m]€75[¢“/2]'
B B B

Here the partition function over B is calculated with Dirichlet boundary conditions and
the one over A with boundary conditions dictated by the geometry in question, as we will
discuss in detail below. Hence, we can finally rewrite (3.21) as

e (Za,Z4,2p)" 2 ZaupZ. z
Tr (p72)™ — (Za,Za,ZB) - auBZaua B (3.27)
AUB
where the partition functions over A; and As separately are also computed assuming Dirich-
let boundary conditions. The resulting logarithmic negativity (1.3) is given by

a7
£=—log( 2242 ) (3.28)
ZA1UA2

As before, we expect this formal expression to be valid for (d 4+ 1)-dimensional Lifshitz
theories with even exponent z on flat space and with some caveats on curved manifolds,
such as z < d for the sphere.

Notice that in analogy to the entanglement entropy [27, 32-34], the logarithmic neg-
ativity turns out to be a difference of free energies between the two subsystems involved
and their union, confirming our expectation from section 2.4.4.

3.4 Adjacent submanifolds with winding

The basic procedure that we used in the previous section carries through to compact fields,
that is fields with ¢ ~ ¢+ 27 R.. However, as a consequence of the compact nature of ¢, the
boundary conditions (3.20) need only be satisfied modulo 2w R,.. The periodic identification
is taken into account in the standard way [51, 52|, by writing each replicated field as a sum
of a classical field and a fluctuation, ¢ = ¢! 4 ¢. The classical field obeys the equations of
motion and takes the value of the total field at the entangling cuts, including any winding
contribution, while the fluctuation satisfies Dirichlet boundary conditions at all the cuts.
This definition ensures that the action factorises as S[¢] = S[¢°]+S[¢], and we can rewrite
our path integrals as

/ Dg; e 0] = / Dip; eS¢l Ze‘swl] (3.29)

'
for each field i = 1,--- ,n.. The classical fields satisfy the boundary conditions
r, = Xa +27RcWE, Wl EZ, (3.30)

,21,

165



Paper Il

166

instead of (3.20), where a = 1,2, A labels the cut T,. The field ¢§' is defined on the
complete manifold. It is found by solving the equations of motion on each submanifold
and stitching the resulting fields together across the cuts, subject to the above boundary
conditions. Furthermore, depending on the global symmetries of the geometry, some of the
winding modes w{ may be redundant. This means that one needs to specify a geometry
from the start, carefully identify the non-redundant winding modes, and only sum over
these when performing the path integral manipulations of the last section. In the end, this

procedure leads to a logarithmic negativity of the form

Za, Za,
£ =—log( 2224 ) 4 log Wi (1), (3.31)
ZA10A,

where We(n) is the contribution from the winding sector encoding the topological infor-

mation that resides in the classical fields. We note that Wg is heavily dependent on the
geometry as is illustrated below via explicit examples.

3.4.1 Spherical geometry

Let us consider the spherical configuration on the left in figure 6. There are only two cuts,
T'4 and I'y, but the previous formulae carry over if we simply ignore the trivial cut I'y. A
priori, we have 2n, winding numbers w$: one for each replica (labeled by i = 1,...,n.)
at each cut (labeled by a = {2, A}). We also have three arbitrary functions, x2 defined
along I'y and xe, X, along I'4, which can be redefined so as to absorb one winding mode
each. In what follows, we choose to eliminate the ne-th mode at the cut I's, and the
ne/2-th and ne-th modes at I'4. In addition, the sphere admits a global shift symmetry,
S[¢] = S[¢ + const.], which we can use to get rid of all the remaining winding modes at
T'5. Since the global shift affects all cuts uniformly, the winding numbers at I' 4 get shifted
to wt — w?, but we can, without loss of generality, relabel them as wf* to avoid cluttering
the notation. We thus end up with only n. — 2 of the original 2n, winding modes. The
boundary conditions for the classical fields turn into

¢fl‘F2:X27 i=1,...,nc,
cl o A
ra = + 21 R wj,
Bilra = X2 Wi =1, me/2—1,

B: ¢7C11€/2+1c‘1“/x =Xx4+ 2”Rcw?8/2+k ) (3.32)

1 —
¢$ze/2‘FA - X?47
1
¢;:7,E|FA = X,ﬁ4 s

while the fluctuations have Dirichlet boundary conditions at all cuts,
Gilr. =0,  i=1,-,n,.
We proceed exactly as in section 3.3 and perform first a rotation Une of all the fields,

followed by an additional U; rotation of the n./2-th and ne-th fields. We obtain boundary
conditions analogous to (3.24), except that now there is also a winding sector contribution

,22,
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at Iy,
ng(':],lg‘l‘z = VMNeX2,
Zcl A
: = 2w R.(U, kW
¢ |FA ( n5/2)1k k " j,kil,...,ne/Qfl,
nL/2+]|FA =21 Re(Un, j2)ik W, j21 »
B: ne 2rR"ES (3.33)

e A

¢’511JFA = X+ + e Z (Wfq+wi+ne/2)v
i=1

ne/2—1

- n R.
¢%10/2‘FA = \/gX* 2 Ve Zl ( z+nt/2)7

where x+ = %(X% + x4) and with the first n, — 1 classical modes vanishing at T's.

Just as in the non-compact case (see equations (3.25) and (3.26)) we can then use the
ne-th mode to reconstruct a full partition function on the sphere, while the n./2-th serves
to reconstruct a partition function on A = A; U Ap with Dirichlet boundary conditions
at the boundary I';. The remaining n. — 2 fluctuating fields lead to Dirichlet partition
functions on each submanifold, Ay, A2 and B, and the classical modes yield pure winding
sums. We thus arrive at the expression

(Z4,2Z4,2ZB)" 2 ZaupZaua, 28

Tr (p72)™ = /e e We(ne), (3.34)
AUB
with the winding sector given by
We(n)= > e Citneszne SO (3.35)

wAgZne—2
We is constructed in terms of the n. — 2 classical fields satisfying the conditions (3.33),
which can be summarised as follows:

&, =0, i=1,....,ne—1 with @%#ng/2,

$§1|FA = QWRC(]\/InE/Q—l)jkw/?V

- , Gok=1,... /2 -1, (3.36)
B j2ajlta = 20Re(My, o 1) jkp o ‘

where we have introduced a matrix M, obtained by deleting the m-th row and column
of Uy, in (3.22), as was done in [33]. The factor \/ne in (3.34) is essentially due to the global
shift symmetry forcing all the classical fields at the entangling cut I's to be the same [33, 34].
Consequently, the ne-th classical field gets its compactification radius amplified by /e,
which in turn needs to be compensated for in the partition function. The factor of \/n¢
does not contribute to the logarithmic negativity but is crucial for getting the correct
entanglement entropy on hemispheres and tori [33, 34].
Thanks to the factorisation of the boundary conditions (3.36), the winding sector
contribution (3.35) can be expressed as
2
Weme) = [ S e TETSET) —win, /22, (3.37)

MAEZ"G/Q’l
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where each set of n./2-fields produces the winding sector W (n./2) appearing in the entan-
glement entropy calculated in [33].

Classical solutions satisfying the boundary conditions (3.36) can be obtained via a con-
formal transformation which projects spherical caps to annuli [33]. With the annulus radial
coordinate 1 given by n = tan(6/2), where 0 is the polar angle in spherical coordinates,
the classical solution reads

cl

[0}
cl ITa n

- log L, 3.38
¢ (n) log 14 L. (3.38)

where 1)4(2) = tan (0 4(2)/2) correspond to the positions of the entangling cuts I' 47y on the
sphere.? The analytic continuation of W (n) obtained in [33] is given by

n—1

n— > dk
W(n) = Ve "7 / e S exp |~ Cw? - 20y [Tk , (3.39)
oo VT c c
wEZ
where the constant ¢ takes the value
. 812 R2%g
log (112/114)
Hence, from (3.34) and (3.37) we obtain for the logarithmic negativity
ZA, ZA.
&= —log<M> +2logW(1/2). (3.40)
AjUA,

The partition functions in (3.40) can be computed via functional determinants and regu-
larised by means of zeta-function techniques. For the regularised functional determinants
we use the results of [33, 53, 54], reported in appendix C.1 below, where A; and A; U Ag
are spherical caps with Dirichlet conditions at the boundary, and Ay is the “belt” re-
gion between two spherical caps (A; and B) with Dirichlet conditions at both boundaries.
This yields

Za ZAA) 1 o1 1 ( na 2m>2
—log| =222 ) = Zloglog —= — = o, T+ - log(1—(— ’ 3.41
g<ZAluA2 5 loglog = — 5 log 2m2>0 g (T,2> (3.41)

while for the winding sector we have

2logW(1/2) = (3.42)
—1/2
o0
log \/272gR, — 1 log log 2 + 210g/ ﬁe’k2 Z exp T2 Qi\/fk’w
2 nA oo VT = c c

4Only classical fields with support in the region A (see figure 6) are non-zero, and thus contribute to
the winding sector [33].
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Putting everything together, our explicit analytic expression for the logarithmic negativity
is given by

£ = log \/2mgR. + Zlog<1 - (LA) )

m>0
—1/2

+ 21og/ Z exp (u} — 21\/fkw> . (3.43)

WEZ

Let us consider the pure state regime, where B — ). This corresponds to the limit 7y > 14,
that is ¢ < 1, and we obtain

e 2
& =log \/27gRe — 2 (%) e ("—A> o, (3.44)

2
since .
mgR2
21og W (1/2) = log v/212g R, — 710g10g— ) <77A> e L (3.45)
2
We expect to recover the 1/2-th Rényi entropy in that case, as discussed in section 3.1.
Indeed, from [33, 34] one has for pure states

821/2) =log+/2mgR,,

which is in agreement with (3.44). We note, however, a curious difference in the dependence
on the compactification radius between the Rényi entropy and the logarithmic negativity.
On the one hand, in the pure state, the dependence of the Rényi entropy and entanglement
entropy on the compactification radius R, is due to a zero mode of the partition function
on the sphere [33, 34]. On the other hand, the partition functions in (3.40) and (3.41) have
no zero modes and therefore the same dependence in the logarithmic negativity £ must
arise from the winding sector.

3.4.2 Toroidal geometry

The toroidal geometry is shown in the right image of figure 6. We consider the torus to
have area L; X Lo and to be cut along the L; direction. We denote the lengths of Aj,
Ag, and B by {y, {2, and {p respectively. As before we partially trace over B first, and
then we partially transpose over As. The first step is to understand how the boundary
conditions (3.20) are modified by the presence of the winding modes. Each replicated field is
split in classical and fluctuating fields, where the latter obey Dirichlet boundary conditions
at the cuts. Hence, the only remaining task is understanding the boundary conditions
obeyed by the classical fields ¢°. In a torus the minimal choice we can do requires three
cuts and thus a priori 3n, winding numbers. From the discussion in section 3.3 we know
that there are four cut functions: x1 (x2) for the cut I'y (I'z) between A; (A2) and B, and
X¢/° defined at the entangling cut T'y between A; and As. As in the spherical case, we
redefine the x functions at I'1, I'y and I'4 to absorb the n.-th winding mode of each of the
cuts, as well as the n./2-th winding mode in I'4. The torus admits a global shift symmetry
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¢i — ¢; + const., which we use it to get rid of all the n, — 1 winding modes at the cut

T’y (the choice between I'; and I'y is completely equivalent). Relabelling the difference of

winding modes, we end up with the following boundary conditions

¢fl|rz = X2
a X1+ 27chw1} ,
i |F1 =
X1,
Xo + 2T Rewy
1 X
¢1C |FA = ’

Xe + 2T R Wy,
Xe »

t=1,...,nc,
i=1,....,n.—1,
=N,

i=1,...,n/2—1,

i=mc/2,
i=1,...,me/2 -1
i=mne/2,

(3.46a)

(3.46b)

(3.46¢)

with wf € Z. From the above conditions, it is clear that we have 2n. — 3 independent

modes, which are not symmetrically distributed among the cuts: the two cuts I'1,I'4 carry

a different number of degrees of freedom, and thus of winding modes, which ultimately

gives rise to a rather involved expression for the winding sector. As done previously, we

rotate the classical fields with a Une rotation that acts separately on the first and second

sets of ne/2 fields, see equation (3.23), and obtain

Ve

i=ne/2,ne,

&gl‘rz = . . .
0, i=1,...,n.—1, with i#n./2,
e — 20R(My, j2-1)ijw] =27 Rey[1= 28, 0 2 1), Gj=1,...
LR < R, e/2 J—
l ViEx \2/7; /2 Sheliet, i=ne/2,
d”)%r /2‘1" _ 27TR‘(]\/fn€/2 1/lij‘1'-’]1+n6/27 i,j=1,...,ne/2—1,
i+ne 1 e .
/TMe X +ETL wk+nf/2 Z:na,
e 21 Re(Mp, j2-1)ijwy§ i,j=1,...,ne/2—-1,
i ITa= o/2-1 .
L "LXO+ 2/%?/02 Z:/l wlgv Z:ne/27
Zl QWRC(]\/IM/Q 1)1']'0.}& i,jzl,...,nc/Qfl,
¢i+ne/2|FA = \/TT o+ 27rR/c ng/2 1‘“27 i=ne/2.
AVALL

(3.47a)

iMe/2-1,

(3.47D)

(3.47¢)

The “unusual” first line in (3.47b) is simply due to the explicit form of the matrix Uy, /5.

The winding mode w}le /2 is responsible for the coupling between the various frequencies, as
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will become clear later. In order to simplify the notation, we define the following vectors

pho= (Wi, vw:zg/2—1)7 ol = (W315/2+11 B 7‘*’71“,,71)7
A 0 A . e e

W= (wi:“wwzepfﬂv vi= (W;e/2+17~-~7wze—l)a (3.48)
7::“}7116/2: I:= (1,...,1)62”6/2_1.

Performing the last Us rotation on the fields labelled by n. and n./2, we obtain

0, i=1,...,nc—1,
VTeX2, 1 ="e,

&I, (3-49a)

27 Re(My, jo—1)ijit} —27 Ry / 1*%51',%/271% hj=1,...,n¢/2—1,

2\7;% (I-pr=I-v'47), i=ne/2,

ngc'l ‘Fl

(3.49b)
27TI%C(AInC/271)Z'J"UJI'7 7,',]':1,...,716/2*1,

“cl _
¢¢+n, 2‘1“1 = .
o/ \/nexﬁ?”—\/n%l-vl, i=ne,

20 Re(Mp, j2-1)ij' s i,j=1,...,nc/2—1,
\/%X_JrL\/% (I-,u,/‘fva) , i=mne/2,

27 Re( My, j2-1)ijv3', i,j=1,...,nc/2—1,
VB AZE (L4 Lot i=n,,

where [ -z := Z?;{‘Z*l x; is the scalar product of 2 € Z™/21 and I. Thus, the ne-th field
can be used to reconstruct the partition function over the whole manifold, while the n/2-

Q_S;':l‘FA

—_—— —

(3.49¢)

ol _
¢§+ne/2‘r,4 =

th contributes to the partition function over the cylinder A = A; U Az. Hence, including
the contributions from the fluctuating fields, our final expression is

T . ZA ZA ne—ZZA A Znefl
Tr(p, )" = Ve (Z412) an—llu 278 We(ne), (3.50)
AUB
where

We(ne) = Z e~ Xisy' sl , we=(phpt), vi=(0hot), (3.51)
peZne—2
veLne—2

YEZL

and the classical fields satisfy the boundary conditions (3.49). Notice that in (3.51) the
classical field ¢7le€ /2 only sees two torus cuts, along I'y and I'y. As for the spherical geometry,
the factor /n. appears in (3.50) due to the different compactification radius for the n.-th
field. The logarithmic negativity (1.3) is then formally given by

&= —1og<%) +log We(1). (3.52)
A1UA,
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The contribution from the fluctuating fields is straightforward to compute using the
results reported in appendix C.2° and amounts to

Za, 7 1 A A
7log< Ay A2> :7log<det Aldet ,42>7

Z A UA, 2 det Ay
1 2uqus ) <\7}(2u17—)n(2ug7—)\>
=_—log | ——=|7| ) +log | ———————+ |, 3.53
2 ® ( U1y i & [1(2u127)| (3:59)
where we used the aspect ratios
l l
uy = 711 s Ug = fi, U2 = U1 + u2, (3.54)

for the submanifolds A; and Aj, respectively. Notice that uj + ug # 1, since there is still
the contribution from the B sector to the total lenght. This is even more pronounced in
the winding function We. Following appendix D, the expressions for We reads

We(ne) (3.55)
g(27R)? | 1 T 2 1—us 1\ 2
= Zexp — ' Tp+v To+(1—— 7<771-u>
e 7] n ) ui(1 — uia)

1 2 4 1—us
S S GURERY S R GVRI SRR A Y (Sl J S B SR
+ nuia(l —ui2) (7 U) nuy (7 ® ) <u1(1—u12) H "

where T is defined in (D.6). Collecting all the modes in a (2n, — 3)-vector, Q = (u,v,7),
we can rewrite the above expression (3.55) as follows
21R.)% o r
We(n) = > exp (‘MQI Tﬂ) , (3.56)
Qez2nre—3 7l

where T is reported in appendix D, equation (D.10). The matrix 7 is symmetric and
positive definite, hence the sum (3.56) is convergent. Unfortunately, we were not able to
find an analytic continuation of the winding sector (3.56), which means that we are not
able to compute log We(1) in (3.52).

4 0Odd entropy

The odd entropy S, introduced in [40] for a mixed state described by a density matrix p4
is defined as

1 No . n,
S5 (0a) = 7o (TrR)™ 1) 0 Solpa) = lim S0(00), (A1)

where n, is an odd positive integer, and where, as before, we denote the union of A; and
Ay by A and indicate the partial transposition over Ay by “2. For pure states, the odd
entropy reduces to the entanglement entropy [40], as per (3.12).

5Again, the functional determinants in the above expressions are regularised and calculated by means
of zeta-function techniques.
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In this section we compute S, by means of the replica approach. We stress that,
as for the logarithmic negativity, our calculation only gives us the universal terms. The
computations are similar to those illustrated before, and mainly differ from them in the
boundary conditions at the entangling cut between A; and Ao, as we explain below. First,
we consider a spherical manifold in section 4.1, and then we analyse the case of a toroidal
manifold, see section 4.2. On both geometries, we find the following formal expression for
the odd entropy

5, = —tog (L2020 ) _ 2 i), (42)
ZauB 2

where Wog is the contribution from the corresponding winding sector.

4.1 Spherical geometry

Let us consider a spherical geometry. In the next section we discuss a geometrical configu-
ration where the submanifolds A; and A are disjoint, see figure 4, and in section 4.1.2 we
treat the case of adjacent submanifolds as in figure 6.

4.1.1 Disjoint submanifolds

In the case of disjoints submanifolds and for an odd number of replicas, it is not difficult to
realise that the gluing conditions force all the fields to agree at both entangling cuts. The
situation is similar to the one depicted in figure 5. Using the same notation as in figure 5,
we now have the following boundary conditions

Iy ¢f’1|1"1 :¢JB‘F1 =X1, hi=1,...,n0, (4.3)
Iyt o, =P, =xe,  6j=1...,n.

Separating the classical contributions from the fluctuating fields, and using the global shift
symmetry to eliminate the frequency modes from the entangling cut I's, we can write

Pi: o, =x1+2rRew;,  i=1,...,mp—1,
e, =1, (4.4)
Iy ¢§1|F2:X27 i=1,...,n4.

At this point we can perform the usual rotation U, and obtain

Fl : (7;;"1‘1“1 = 27TRC(ALLO_1)1']‘UJ]‘, 7,] = 1,...,7L07 1,

5 Iey = v/iioxa + 2R nfjlw (4.5)

eIl = o X1 iy .
Ve 3

Ty: ¢, =0, i=1,...,n0—1,

QBSJFz = VMNoX2-

The cassical field d;f;}o together with the fluctuating field ¢,, can be used to reconstruct
the whole partition function over the sphere. Notice that we do not need to perform any
further rotation. The n, — 1 classical fields ¢>§"1 contribute to the winding sector Wog(n,)
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as before. The fluctuating fields obey Dirichlet conditions at the entangling cuts and give
rise to the corresponding partition functions over the submanifolds. Hence, we can write

Tr (pzz)n" = /n, (

In particular, the expression for the winding sector Wog(n,) is nothing but the function

ne—1
M) Wor(no) . (4.6)
ZAuB

W (n,) given by (3.39), where ¢ now reads
- 8r2gR2
log (m2/m)

As in section 3.4.1, 1 is the radial coordinate defined as n = tan /2, and the radii 7
correspond to the polar angles 6 (5) where we place the cuts I'y(3). The odd entropy (4.1)
is then given by

ZaZa, 2, 1
So = —log <M> - - —Ww'(Q)

ZauB 2
1
:7logdetAAldetAA2detAB+logWB 777W, (1), @7
2 det Asphere

which is nothing but the von Neumann entropy for two spherical caps Aj, A2 computed
in [33]. The term log v/47g AR, is the contribution from the zero mode in the partition func-
tion on the sphere with area A [33, 34]. The contribution from the regularised functional
determinants (cf. appendix C.1) is

1 det Ay, det Ay, det A
~log oA, O824, €€ B 1 log \/Arg AR,

2 det Asphere
= Lo (et Bnemisphere)® | Ly (1) 72 (1~ <@>Qm 2 +log \/4mg AR
2 det Asphere 2 T m m>0 2 C

2
=log \/8mgR. + = log 110g 2 H (1— (ﬂ) > , (4.8)
2

m>0

where we used that A = 4r for the unit sphere and the result (C.2). The contribution
from the winding sector is [33]

P | 0 dk e T s
7W(1)7f§+§logcf 7Doﬁe log Zexp v —2i zkw . (4.9)

WEZL

Finally, combining the two contributions, the odd entropy is given by

2m 2
S, =2 (log \/8mgR. — %) + log H (1 — (n—l) )

m>0 2
© dk 42 T oo .7
— / — ¢ " log Z exp (w - 21\/7kw> . (4.10)
v ﬁ WEZ ¢ ¢
=30 -
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Summarising, for disjoint submanifolds, here represented by two spherical caps Aj, As, the
odd entropy is identical to the entanglement entropy of A; U Ay. For mixed states, one of
the features of odd entropy is that it reduces to the corresponding von Neumann entropy
if pa is a product state [40]. We remind the reader that for disjoint submanifolds the
logarithmic negativity vanishes, see sections 3.2 and 2.4.2. However, this is not a sufficient
condition for a system to be unentangled. Hence, the results for the odd entropy and the
logarithmic negativity are consistent.

4.1.2 Adjacent submanifolds

Let us now consider the case in which A; and As are adjacent as in figure 6. Using figure 7
as a guiding example, but taking an odd number of replicas, we can easily convince ourselves
that all the fields have to agree at the entangling cuts, indicated here as I'4,I's. We can
then repeat the discussion of the previous section almost identically, with the replacement
Ty — T'4. It is thus clear that the odd entropy is given by (4.7), where now the parameter
c in the function W is given by
_ 8w’RYyg
‘T log(m/na)”

where 74 = tanf,4/2 is the radial coordinate corresponding to the cut I'4.5 Hence, the
explicit expression of the odd entropy reads

2m 2
S, =2 (log \/8mgR, — %) + log H <1 — (@) )

m>0 2

©dk e T \/?
/700\/7?6 log Zexp( v 2i ckw . (4.11)

WEZ

In the case of adjacent submanifolds, we can examine the pure state limit, as we have
done for the logarithmic negativity. There are, however, some caveats. Looking at the
expression (4.2), the divergences which we can expect are given by the interfaces between A4;
and A, and between Ay and B [55], see also discussion in [33]. In the pure state limit, the
odd entropy is expected to reduce to the von Neumann entropy of the corresponding pure
state, which has a divergence controlled by the characteristic size of the entangling surface
T4 between A; and Ay. Since we are only computing the universal terms, expression (4.2)
also develops a divergent contribution related to the entangling surface I'y between Ag
and B in the pure state limit. This means that in our approach only a “regulated” odd
entropy, given by the difference of the odd entropy and an entanglement measure carrying
a divergence at the entangling surface I'o, will correctly reduce to the entanglement entropy
in the pure state limit. We choose the entanglement entropy Sgr(pa) of the region A as
regulator, since it carries the divergence that we want to subtract. In this case, Sgr(pa) is
the entanglement entropy of a spherical cap given by the union of A;, Ay, that is [33, 34]

1 det Ay det A 1 1
Ser(pa) = 5 log <w> +log (\/47rgARc> 5 =log (x/Sngc) -5 (412)

det aup

SNotice that now the odd entropy is formally identical to the von Neumann entropy for the two spherical
caps A; and B.
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Hence, in the pure state limit, when 75 > 14, that is when ¢ < 1, we have

‘12 2
AS, = S, — Sgr(pa) ~ log /3mgR. — % —2 <%‘) e <Z—:) Fo (413
which correctly reproduces the pure state entanglement entropy result [33]. We have
checked that using Sgr(pa) as a regulator also provides a correct pure state limit in the
case of cylindrical manifolds (in the non-compact case). There, the term removed by the
entanglement entropy is actually divergent and A.S, correctly reduces to the finite universal
term of the entanglement entropy for a pure state, cf. appendix E.

4.2 Toroidal geometry

Next, we consider the toroidal geometry depicted in figure 6. Let us proceed as in sec-
tion 3.4.2 in order to understand the boundary conditions at each entangling cuts. When
the replica index n = n, is odd, the boundary conditions at the cut I' 4 between A; and As
require all fields to be equal,” while the conditions at the cuts I'; and I'; remain unchanged.
After separating each of the fields into a fluctuation ¢; satisfying Dirichlet boundary con-
ditions at the cuts and a classical part d)fl, the boundary conditions for the classical fields
at the entangling cuts read

e, = Xa +2m Rowf 4+ 60 =60, i=1,...m—1, (4.14)
G Ire = Xa»

for a = 1,2, A, where gb? — ¢2 are the zero modes. Note that we used our freedom to
redefine the arbitrary cut functions x, to get rid of the n,-th winding numbers and zero
mode at all cuts, and relabelled wf — wy; to w{ without loss of generality. We can choose
d)? — qb?lo such that it removes the winding modes at the entangling cut I's, the choice of
T'y here is completely equivalent to any other, since all the entangling cuts carry the same
number of degrees of freedom. With this choice we obtain

fl\ra:xa+27ch(wf—wi2)7 a=1,A, i=1,...,n,—1,
% Ity = Xa a=1A, (4.15)

1 .
o5, = x2, i=1,...,n,.

We can then perform a U, rotation, cf. (3.22), which gives us

&r, = 27 Re (M, 1),; w0}, a=1,A, i=1,...,n,—1,
. o1 R, "
cl c a

= 3w =1,4 4.16
d)’ﬂa‘ra NoXa + \/n—o o Wi a s 41, ( )
&r, =0, i=1,...,n0—1,

ngiloh‘z =1V"Mo X2

"We remind the reader that for an even integer n. the boundary conditions at I'4 split the fields into

two independent sets, cf. section 3.4.2.
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where we, again, relabelled wf — wf into w{ without loss of generality. Notice that we have
in total 2n, — 2 independent winding modes wj', which we can collect in a 72" =2 yector as
1 A)

w = (w',w?). As usual, the n,-th field can be used to reconstruct the partition function

on the entire torus Z4up, and we obtain

ZAZA 2B

ne—1
7 > Wor(no) , (4.17)
AUB

s -

where Wog(n,) is again the contribution from the 2n, — 2 classical modes, now satisfying
the boundary conditions (4.16), that is

Wor(no) = 3 e~ %1911 (1.18)
!
Hence, the formal expression for the odd entropy (4.1) which follows from (4.17) is
ZaZaZ 1
S, =—log [ZALZARTB ) _ — _wi(1). (4.19)
ZAuB 2

The contribution from the fluctuating fields can be read straightforwardly from the
results reported in appendix C.2, and we obtain

“log <ZA1 Za, ZB) 1 det Acyl,Al det AC)’LAQ det Acy],B

=_lo
ZAUB 2 ¢ det AtOrus

1
+ 5 log 4mgR2A

2uiT)n(2uam)n(2(1 — u12)7)
n?(7)
+ % log dmgR? , (4.20)

1
=3 log (8u1u2(1 — u12)\‘r|2) + log n

since A = L Lo, and where the Dedekind n-function is defined in (C.4). The aspect ratios
where defined in (3.54).

The explicit expression for the winding sector is calculated in appendix D.2, see equa-
tions (D.16) and (D.22), and reads

I7|
drgR2

(no—1)
o=1)/2 o /7
Wor(no) = o (g ) (a1 =) 7001, (a2)
where ©(0|U) is a multi-dimensional theta function and U a positive definite matrix.
Unfortunately, we have not found an analytic continuation to real n, for the winding
sector (4.21), hence we cannot compute the derivative of Wog at n, = 1.

5 Discussion

In this paper, we computed the logarithmic negativity for the quantum Lifshitz model — a
prototype of non-relativistic field theories described by a free massless compact scalar with
Lifshitz exponent z = 2 — in one and two spatial dimensions. To this end, we employed
two different techniques: the correlator method for the (1 + 1)-dimensional QLM, where
we assumed the scalar to be non-compact, and a replica method in 2 + 1 dimensions.
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In both cases, we first examined the QLM in its ground state and confirmed that the
logarithmic negativity of a pure state reduces to the Rényi entropy with index 1/2, as
generically expected in QFT [12]. We then investigated the QLM in a bipartite mixed
state (A1, A2) obtained by tracing out the degrees of freedom of some subsystem (referred
to as B throughout the paper) of the tripartite ground state. In particular, we studied
the two cases where the subsystems A; and As are either disjoint or adjacent. Both
methods lead to the same general result: the logarithmic negativity vanishes for disjoint
partitions regardless of the manifold, while it is given by a difference of free energies for
adjacent subsystems.

A common feature we observed is the feasibility of analytic computations. As already
mentioned, in one spatial dimension, the moments of the reduced density matrix and its
partial transpose are obtained analytically, something that is not yet possible in (1 + 1)-
dimensional CFT. Moreover, in the (2 + 1)-dimensional case, the computation of the
logarithmic negativity simply reduces to a computation of partition functions for a free
scalar relativistic theory, albeit on a non-trivial geometry. This is very different from
what happens in CFTs, see e.g. [11, 12], and the feasibility of calculations in the QLM, in
comparison with the conformal paradigm, is somehow surprising.

Another unexpected result is the fact that for disjoint submanifolds the QLM has
a vanishing logarithmic negativity, similar to a topological theory, while for contiguous
submanifolds the “CFT character” of the QLM dominates. We should stress here that the
expression for the logarithmic negativity (2.35) in the (141)-dimensional QLM is suggestive
of a relativistic field theory but on an infinite system (see discussion in section 2.4.4) and
with an effective central charge given by cegr = zccpr = 2, as proposed in [39)].

To be more specific, the calculations in the real time formalism are carried out for a
non-compact scalar on open and periodic chains. In the Euclidean formalism, the scalar
is periodically identified (with the exception of section 3.3 which we use as a “warm-
up exercise”) and we take the spatial manifold to be either a 2-sphere or a 2-torus. For
adjacent submanifolds on the sphere, we are able to analytically continue the winding sector
contribution Wg, but regrettably, we have not found a corresponding analytic continuation
for We on the torus. The crucial difference between the two geometries, rendering one
case completely solvable and the other not, is that only one entangling cut is “visible”
to the winding sector on the sphere, while there are two °
sections 3.4.1 and 3.4.2.

We also computed the odd entropy for the QLM on a 2-sphere and a 2-torus by means

‘visible” cuts on the torus, see

of the replica method. For the spherical case, regardless of whether the submanifolds are
adjacent or disjoint, we always find a non-trivial result. Furthermore, the expressions for
the odd entropy coincide with that of the entanglement entropy for two spherical caps,
originally computed in [33]. This confirms the expectation that the odd entropy encodes
both classical and quantum fluctuations [40]. For a toroidal manifold, we were not able to
analytically continue the expression for the winding sector contribution to the odd entropy.
Interestingly, we notice that for non-compact fields the following relation holds:

So(pa) — Ser(pa) = E(pa), (5.1)
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where the odd entropy is given by keeping only the first term in (4.2), the entanglement
entropy is formally given by (2.38) with A = A; U Ay, and the logarithmic negativity can
be found in (3.28). For holographic CFTs, the quantity S, — Sgg is conjectured [40] to be
equal to the entanglement wedge cross-section (EWCS) in AdS spacetime, while it has been
proposed® in [59, 60] that the logarithmic negativity £ should to be dual to a backreacted
EWCS. In particular, for simple subsystem configurations in 2d holographic CFTs, the
backreacted EWCS picks up a factor of 3/2 compared to that computed in pure AdSs. We
thus observe through (5.1) a clear difference between Lifshitz and conformal field theories.
Let us also point out that (5.1) breaks down for compact fields — the relation being spoiled
by the winding sector.

To our knowledge, our findings represent the first analytical results for the logarithmic
negativity and the odd entropy in 2 4+ 1 dimensions. Numerical studies for the logarithmic
negativity in 3d CFTs were conducted in [44, 45]. This is one of the main remarkable
properties of the QLM (and its higher-dimensional generalisations): it is a solvable theory
for which one can perform controlled calculations in closed form, thus allowing us to extend
analytical techniques beyond the 2d conformal framework, and also providing a benchmark
for numerical investigations.

A substantial part of this work was focused on spherical and toroidal manifolds in
2 + 1 dimensions. It would be interesting to consider other geometries, such as disks, and
more general partitions. However, increasing the number of entangling cuts considerably
increases the difficulty in performing analytic continuations. Indeed, the analytic contin-
uation n, — 1 of the winding mode contributions remains an open problem (the same
difficulties are present in 2d CFTs, see [11, 12]). The calculation of other entanglement
measures for mixed states of relativistic and non-relativistic systems remains a relevant
and challenging open problem.
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A Invariance of the reduced density matrix under partial transposition
for two disjoint intervals

In this appendix, we show that the reduced density matrix for two disjoint intervals in the
z = 2 open chain is invariant under partial transposition. In the position representation,
the ground state wave function reads

Wo(¢) o exp (7 %¢TW¢) , (A1)

and the associated density matrix is
/ 1 T /T /
p(6.9') x exp (= S (6TWo +¢T W), (A-2)

where ¢ = (41, ¢, -+ ), and W = K1/2 with the matrix K being a discrete version of the
spatial biharmonic operator A2 = 94, see section 2.1.

For simplicity, we consider A = A; U Ay to be a subsystem of the z = 2 open chain
with A; and Ay disjoint (of lengths ¢; and (s, respectively) and each adjacent to one
of the boundaries of the total system, although our reasoning carries through to general
disjoint configurations. The reduced density matrix corresponding to A is obtained by
integrating over the degrees of freedom in B. To perform the integration explicitly, we
express ¢ = (qﬁl, L, EZ)T
break W down into submatrices

in terms of oscillators belonging to each subsystems, and

Wa, VlT Va
W = Vi W Vs . (A.3)
V} V2T Wa,

It is then straightforward to obtain the reduced density matrix for the subsystem A as
, 1-17——
pa(a; ) o exp (— 54 W¢A> . (A4)

where ¢4 = (¢£17 ¢£27 ¢;{17 ¢;¥;)T and

Wa, Va Vi Vig Wa, = Wa, + Vaa,
i A
— Vi Wa, Vip Vao = 1 -
V=% W v | Vap == Vi W5V, ab={12}, (A3)
1
Viy Voo Vi W, Va=VatVie.

Invariance under partial transposition of the reduced density matrix, that is pg“ = p4a, is
equivalent to the condition V4 = 0y, x¢,. We have checked? that this condition always holds
for two disjoint intervals in the critical z = 2 open chain, thus implying the invariance of
pa under partial transposition.

9The matrix W is nothing else than (twice) the two-point function given explicitly in (2.19), where one
can readily check that V4 is a zero matrix.
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B Spectrum of Cz;z for two adjacent intervals

Open system. For two adjacent intervals of arbitrary lengths and relative position in
the total system (say, A; is at a distance d; from the left boundary), there are at most four
eigenvalues of C? distinct from 1/2. They are the (positive) roots of the quartic equation
ar® + DA + At + dA? + e = 0 where
a=256(L+1), (B.1)
b= —64((L — 2dy)(51 + € + 6d; + 4) — (1 + £2)* — 4(€F — 1) + 2d;(3d; +4)), (B.2)
c=16(6— 762 — 201 (1 + 201) o — (3 +401)03 — 5dF (1 + £y + L),
+ L(6 + 74y + 30y + 40169) — dy(9€1 + €o + 5(01 + £2)% — SL(1 + €, + 6))), (B3)
d=4(36 — 4+201(1 + 201)03 + (3 + 401)63 + 2dF (2 + €1 + 0o + 20,0)

— QdI(L — 0 — EQ)(Q +0 4+l + 261[2) — L(4 + 301 + 302 + 4(142)) s (B.4)
8:(d1+1)(51 +52+1)(L—Z1—f2—dl+1). (B.5)
These roots are real and positive. Among them, only one is smaller than 1/2. It is given by
b 1 /p
2 _ 2 9§, L 9,492
A i S 5\ g 2q — 452, (B.6)
where
b® — 4abc + 8a’d 8ac — 3b?
= TR =T 5= (Aocos(9/3) — ap)/(6a), (B.T)
Ay
Ag = v/ 2 — 3bd + 12ae, ¢ = arccos (ZTA%) , (B.8)
Ay = 2¢% — 9bed + 27b%e + 27ad® — T2ace . (B.9)

This eigenvalue A may also be expressed with radicals, but its form is far too cumbersome
to be displayed here. Now, considering the continuum regime, we find that A does not
actually depend on L nor dy, i.e.

cont, U+ Lo
164145

(B.10)
This may indeed be checked numerically.

Periodic system. For the general case, with arbitrary ¢ + 2 < L, the eigenvalues of
C’? in the critical limit (m — 0, mL < 1) are

3 1 1
Spectrum(C’?) = {)\1)\2,)\& VoL 2 72} ; (B.11)

where A1 23 are the roots of the cubic equation aX® — bA* + A2 — d = 0 with

a=384L, (B.12)
b=16(5(L — 1 — la +1)(¢1 + Lo + 1) + 81l + 4) (B.13)
c=8((L— b — lo+1)(01 + la +201ls +2) + & + Lo + 1), (B.14)
d=(L—b—l+ 1)l +l+1). (B.15)
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Only one eigenvalue in the spectrum of CZ;Q, among Aj 23, is smaller than 1/2 and in the
continuum limit it reads A2 = (¢1 + £2)/(16¢1£3). Thus, similarly to the open chain, A does
not depend on the size of the total system.

C Functional determinants and reciprocal formulae

C.1 Spherical manifolds

Here we list the results for the various regularised functional determinants computed by
means of zeta-function regularisation techniques in [53, 54, 61], and relevant for the spher-
ical case discussed in section 3.4. In the following, whenever the manifold has a boundary,
Dirichlet boundary conditions are assumed.

1 1 1 1 0
5 log det Asphcrical cap — 5 log det Ahcmisphcrc — 5 cosf — 8 log tan 5 ’

3
1 1 1
5 log det Abetween spherical caps = 5 IOg det Aarmulus + g (COS O, — cos ehn) ) (Cl)
1 1 m i
det Aanuulus == :U'I/S log - H (1 _ #2 L)2 , o= M )
i m>0 Nout

The angles 6y, O, are the smaller and larger angles respectively, starting from the North
pole, which delimit the spherical surface between two spherical caps. The radii 7int, Tout
are the internal and external radii respectively of the annulus. The radial coordinate n and
the polar angle 6 are related by a stereographic projection, that is

¢ 0

=tan—.

K 2

Finally, the functional determinants for the Laplacian on the sphere and hemisphere are

e1=2(F5og(4))

V2 ’

det Ahemisphere =

det Asphere = 8é74($7log([l)) s (CQ)
1 log (det Ahcmisphcrc)2 _ 1 log i ,
2 det Asphere 2 2m

where A is the Glaisher constant.

C.2 Toroidal manifolds

Here we report the results for the regularised functional determinants of the Laplacian
operator on a cylinder and a torus [51, 52|, see also [34] and references therein for higher-
dimensional generalisations. Consider a two-dimensional torus with area Ly x Lo. The
functional determinant of the Laplacian on the torus is

log det Agorus = log (L% 7]4(7')) , T=4—, (C.3)
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where the Dedekind n-function is defined as follows
0 .
n(r) =g [[a-q", q=e"". (C4)
n=1

Notice that the partition function on the torus is given by

[gA | 1
Ztorus = 27 R %dCt 2 Atorus 5 (05)

due to the presence of a zero mode, with A = L1 Ly the area of the torus.
The functional determinant of the Laplacian operator on a cylinder of length L, that
is [0, L] x 5%2? with Dirichlet boundary conditions, is

log det Acylinder = log (2(1\T|7]2(2a7')) , a=—, T=10i—. (C.6)

C.3 Reciprocal formulae

The reciprocal formula for the theta function is

Z exp <—7rw2 - 2i\/?kw> = e ¥ Z exp (—7rcw2 + 2y/mckw
c c

WEZL WEZ

(C.7)

~—

The reciprocal formula for the multi-dimensional theta function [62] is

Z exp (—meAv?z, + 20T - 5) —det A2 Z exp (—T(ﬁ-‘r HTA Y F+ 5’)) . (C8)

meLn pezn

D Winding sector for the 2-torus

In this section we illustrate in some detail the computation of the winding sectors We
and Wog for the torus, see equations (3.51) and (4.18). In order to construct the factor

Z";l S [(Z)fl} appearing in Wz and Wog, we need to find the classical solutions éfl which
satisfy the corresponding boundary conditions, that is (3.49) and (4.16), respectively. Due
to our surgery procedure, the classical fields do not depend on the direction along the
cuts [33, 34], and we only have to solve the equations of motion on an interval. We remind
the reader that a generic solution to the Laplace boundary value problem on the interval

[a,b], that is
%0 f(x)=0,  fl@)=fa, fO)=f, =€](ab],

is given by

— fa ab_

In the winding sectors Wg and Wog, the only non-trivial term entering is 0, f0. f, and it
brings down the factor (%)2

,39,
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D.1 Winding sector Wg

In this section, we illustrate the computation of the winding sector We which appears
in the logarithmic negativity for a toroidal manifold (3.51). The classical fields ifl for
i=1,...,n.—1 and i # n./2 have support on the torus of area L1 x Ly divided into three
parts Ay, Ao, and B along L; of lengths ¢1,¢s, and ¢p, respectively, as seen in the right
picture of figure 6. The classical field q@i}t 2 has support on the same torus but cut into two
cylinders A1 U As and B. Hence, we have

Ne—1 Nne—1

Soslal=-gY. [Eeadiodi-g [Ee0.dl 068 .
k=1 k=1
k#ne/2
Sy 1 ~cl Zcl 2 1 Zcl Zcl 2 1 Zcl “cl 2
=—gLy Y (7 <¢k Ipa— ok \Fl) t (% Ira— ok \Fz) T (¢k Iry — &% |F2> >
i \h 2 B
k#ne/2
1 1 - _ 2
—9L2 <m+g> (¢Zle/2|rz—¢ﬁle/2|n> . (D.1)
Using the boundary conditions (3.49) it is easy to compute the above expression. We only
need to notice that for 4,7 =1,...,n./2 — 1

2
2 4 2
((Mncﬂl)ijxj\/ 1%6i,nc/217) :ITMi./Qfanc/%lI*nfe’ﬂ'z* <1777:> 72,

4 2
:xTTna/?flx_;’yl"I_(1_T> 727 (DQ)
e

le

since A[£/271A17l5/2_1 =T, o-1 33, and I = (1...,1) € Z"e/2=1  The matrix Tp_1
appeared already in [33, 34], and it is given by

1 1 1
=% —m “m
, R
Tt o= My My = | . (D.3)
1 1 1
“m m o o

The specific coefficients in the expression (D.2) are simply due to the explicit form of the
matrix M, /5_1, which is obtained by deleting the ne/2-th row and column from Un. /2
given in (3.22). Hence, a straightforward computation gives the expression (D.5), where
we have collected the modes as

pi= (e, vi=(het),
and used the aspect ratios
L 14 l
’ulifll, 2:fi7 uB:L—szl—ul—uzzl—ulg. (D4)
—40 -
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Thus, we obtain the following expression for Wg

Wg(ne) (D5)
2 2 2 1— 2
= Z exp _9@2mR.)° pITTp+oT To+(1-2 e (A/_]‘;f)
72ne—3 |T‘ n Ul(l—ulg)

2 — U
+;(7—I-1)1> —i(’y—f‘u]) <17MI-/L1—I~MA) ,
nulz(lfulz) nuy ul(lfuu)

where the 2n, — 2 x 2n. — 2 matrix T is given by

1—
T = i 1717122 Thj2—1 —Tno2—1 (D.6)
u1 7T7le/2*1 % ne/2—1

and 7, /1 has been defined above, see (D.3). The second term in the first line of Wg (D.5)
sources a coupling between the two sets of frequencies u' and v! (corresponding to the odd
and even labelled fields originally), and it is responsible for the non-factorisation of the
winding sector in the toroidal case. Indeed, the cut I'; carries only one degree of freedom,
represented by the cut function x1, and thus n. — 1 winding modes, and it does not see
the factorisation into two sets of n./2 — 1 modes which is present at the cut I'4 due to the
partial transposition. We can shift the mode ~ as

vy —I-pt, (D.7)

since we are summing over all integers, and we obtain

We(ne) (D.8)
2 _ 2
— Z exp ,M /l/TTlu,+UTT1}+(1*g>i(7*1'/11>
s |7 n /) ui(l —uge)

1 2 4 1—n
+7(771-vl) 7—<771-u1)< “21'/}71.#/1)
nuia(l —u2) nuy 1— w9

It is useful to rewrite We as a multi-dimensional theta function. Defining 2 € Z?%<~3 as
Q = (u,v,7), (D.8) can be written as

We(ne) = Z exp <g(27ch)2 QTTQ> , (D.9)

e 7]

— 41 —
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where the matrix 7 is given by

_ 1—uo
u1(17u12)1"<‘/2*1
Ane—2><ne—2 0716—2><ne—2 ************
27
nuy Tne/2-1
T= -1
'n,(l—ulz)qu"ﬂ/?—l
0n€72><n672 Bn€72><n572 7777777777777
One/Zfl
__l-uy T 2 T -1 7 of n—1 (n—=2)us
ur(1—u12) "ne/2—1  nuy ne/2—1|n(l—ui2)uiz ne/2—1 ne/2—1| n(l—ui2)ui2 nuiu2

(D.10)

and the matrices A and B are defined as

'111(117—12212)1—7”5/2_1 + (1 + %)ul (117—uu212)Ina/2—1 - iTne/Z—l - niulzne/Z—l
Ane—ane—Z = 1 T 2 T 1 1 T ’
“urine/2—1 T puydne/2—1 (171 + @) ne/2—1
1—u: 1 1
Bn572><ne—2 — ﬂl(l—ilz)Tnf/2711+ "(1—u12)u12',[n9/2*1 1_ 1711T"e/2*1 , (D.ll)
— a7 ln. 21 (o * 25) 021
with Z,,, an m X m matrix with all entries equal to 1, that is
11 ... 1
11 ... 1
In=1|. . . - (D.12)
1 1. 1

D.2 Winding sector Wog

Here, we report the calculation of the winding sector Wog (4.18) which appears in the
study of the odd entropy for a toroidal manifold. The classical fields ¢! are defined on
the whole torus L; X Lo, with entangling cuts I'1, 'y, and I'4 specified by the boundary
conditions (4.16). Hence, we can write

ne—1 ne—1
> Sl =g [@a0.do.d (D.13)
k=1 k
ne—1
_ N l Tcl _jcl 2 l Tcl _ Jcl 2 i Tcl _ Jcl 2
= gL2;<él <¢k |FA P ‘Fl) +Z2 (¢k IFA P ‘F2> +£B (¢k Ir, — &% |F2>

1 1 1 1 2
zfgL2(27rRC)2 —t— V%Tno,lz/AJr —4— V{Tno,lulf—ufﬂlo,lz/,q ,
by Ly ty Ip %

where in the last line we used the boundary conditions (4.16). Defining the vector v =
(vi,va) € 72" =2 and the 2n, — 2 X 2n, — 2 matrix Tog, as

(11—_711122) Tnafl “Ane—1
—Th,—1 <1 + %) Tro—1

Top = (D.14)

— 492 —
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where the aspect ratios were defined in (D.4), we can rewrite (D.13) as

ne—1

. o 27 R.)?

> slei = *9%# Topv. (D.15)
k=1

Thus, the explicit expression for the winding sector reads

c 4 g R?
Wor(n,) = Ze‘ POy - Z exp {71' 9 R 7T Tog 17} . (D.16)

! veZ2no—2 Il

The matrix Tog is positive definite in the physical region where the aspect ratios uy, u2, up
are positive and constrained to satisfy u1 +u2 +up = 1, ui 2 g < 1. This guarantees the
convergence of the series, indeed the sum in (D.16) is nothing but a multi-dimensional
theta function. We can use the reciprocal formula for the multi-dimensional 6 function,
cf. (C.8), and write Wog(n,) as

4mgR? —(no=1) (na—
( [7]ut ) / Up > (no—1)/2 Z {_ﬂ- ‘T|(1711,12)71,2 ﬁTT—l q}7

Wor(ne) = ex
() det T, —1 \uz(l—ulg) aeae— P 4mg R? H
(D.17)
where the inverse matrix is
. L), T
-1 _ ( u2 ne—1 ne—1
T = 1 ( 1y ) 1 . (D.18)
no—1 1—u12 no—1

The determinant of T,,,— is simply 1/n, [33], hence we can write

(no—1) _ R
WOE(nD):nO< al > (ulug(lfulg))(n"_l)ﬂz exp{fWMﬁTTflﬂ}.

4dmgR2 et dmg R?
(D.19)
The eigenvalues of T~ are straightforward to compute, and we find
{Tlo/\+,no)\7,/\+,...,)\+,)\7,...,)\7}, (DQ())
—_——— — —
Nno—2 Nno—2
with
up 1 —uy u% 1 1\2
Ar=14+— 414+ — -— .
+ +2’LL21—’U,12 \/+4<1—U12 U
Using the multi-dimensional theta function we can write the winding sector as
|\ ey (ne=1)/2 g 5
Wok(ne) = ne <47rgR§) (u1u2(1 - U12)) ’ e(0|u), (D.21)

— 43 —
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where © and U are given by

ol|uy= Y AV (D.22)

ﬁ622n0—2

o Ay
Mo /\+
u = Tl —uz)us o AL R,
drg RZ .

and where R is a unitary matrix.

E Pure state limit for the odd entropy

In this section we illustrate another example for the pure state limit of the odd entropy.
Since we do not have an analytical continuation for the winding sector Wog of the torus,
we can only consider the pure state limit for non-compact fields. This is equivalent to
considering only the contribution from the partition functions. The partition function
for non-compact fields on the complete torus is divergent due to the zero mode, for this
reason we will place the theory on a cylinder with Dirichlet boundary conditions at its
endpoints. The contribution to the odd entropy from the fluctuations is essentially given
by the expression (4.20), which now reads

“log <M> Loy et B, det Ay, det Ay
Zaup det Agyl

; (E1)

n(2urT)n(2uaT)N(2(1 — u12)T)
n(27)
where in the last step we used the results (C.6) collected in appendix C.2. In the limit
up =1 —wuj9 = ¢ — 0, the above expression becomes
] (ZAlezzB n(2u1)n(2(1—u1)7)
—log ( 2424225
ZAUB n(27)

)

1
=3 log (4u1u2(1 - ulg)\T|2> + log

— +
24e|r| T
(E.2)

1
) ~ ilog (2\T|u1(17u1))+log

As explained in the main body, see discussions around (4.13), we need to consider a “regu-
lated” odd entropy, where the contributions from the entangling surface at I'y are correctly
subtracted. Our choice is to use the entanglement entropy for the corresponding density
matrix p4. Concretely, it means that we subtract the universal term of the entanglement
entropy of a bipartite cylinder, whose expression was initially obtained in [32, 33] (here we
only need the non-compact contribution):

n2ur)n(2(1 — u)7)
n(27) ’

where here v = u; + ug. When up — 0 (i.e. u1 + ug — 1), the above expression becomes

Son(pa) = 3 log(2u(1 ~ u)lr]) + log (E3)

SgE(pa) ~ (E.4)

T
24e|r|”
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Hence, in the limit up — 0, the “regulated” odd entropy is

(2urm)n(2(1 — wy)7)
n(27)

This is the universal part of the entanglement entropy for a system on a bipartite cylinder,

(E.5)

1
AS, =~ 5 log (2|7|ut(1 — u1)) + log U

as expected [40].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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Abstract

In this work we calculate the entanglement entropy of certain excited states of the
quantum Lifshitz model. The quantum Lifshitz model is a 2 + 1-dimensional bosonic
quantum field theory with an anisotropic scaling symmetry between space and time that
belongs to the universality class of the quantum dimer model and its generalizations. The
states we consider are constructed by exciting the eigenmodes of the Laplace-Beltrami
operator on the spatial manifold of the model. We perform a replica calculation and find
that, whenever a simple assumption is satisfied, the bipartite entanglement entropy of
any such excited state can be evaluated analytically. We show that the assumption is
satisfied for all excited states on the rectangle and for almost all excited states on the
sphere and provide explicit examples in both geometries. We find that the excited state
entanglement entropy obeys an area law and is related to the entanglement entropy of
the ground state by two universal constants. We observe a logarithmic dependence on the
excitation number when all excitations are put onto the same eigenmode.
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1 Introduction

In recent years the study of entanglement has brought deep insights across numerous areas
of physics such as quantum information, condensed matter physics, holography, quantum
gravity, and quantum field theory (QFT). Amongst the many measures of entanglement the
entanglement entropy is one of the oldest and most well-studied. For bipartite systems it is
defined as follows. Let there be a quantum system on the manifold M with Hilbert space H,
and let us prepare a pure state of this system, for example the ground state, described by the
density matrix p. Next, cut M into the two subsystems A and B and assume that the Hilbert
space splits accordingly, that is H = H 4 ® Hp. The reduced density matrix on A is obtained
by tracing out the degrees of freedom on B, that is p4 = Trpp, and the entanglement entropy
of the subsystem A in the state p is given by the von Neumann entropy of p4

S[A] = —Tr(palog pa). 1)

The entanglement entropy is particularly well-suited for the study of entanglement in bipar-
tite pure systems, where it effectively quantifies the amount of entanglement between the
subsystems [1,2].

In the context of condensed matter physics and quantum field theory the entanglement
entropy has been shown to capture universal properties of critical systems, see for example
[3-6]. The perhaps most famous example is that of 1 + 1-dimensional conformal field theory
(CFT), where the entanglement entropy has a leading logarithmic divergence

S[A] = glog (LE—A) : (2)

with L4 the size of the subsystem A, ¢ the central charge of the CFT [7-9], and € a UV-cutoff.
Here, the coefficient of the logarithmic divergence is universal, meaning it is independent of
the regularization scheme used and constant within the universality class of the theory. One
can thus adopt the point of view that the entanglement entropy is a machinery that extracts
universal features from critical theories. However, this machinery is arduous to operate, as
entanglement entropy calculations are generally hard, and thus analytic results are scarce. It
is not surprising that most results for the entanglement entropy have arisen in the context of
CFT (and in particular in 2-dimensional CFT), where powerful methods are available, and
for simple states such as the ground state, see [3,10,11]. For ground state one expects the
entanglement entropy to obey an area law [12,13]. Concretely, for a d-dimensional CFT in
its ground state one expects the entanglement entropy to have a leading UV-divergence

Area(0A)

S[A] = Cq—2 Ed72

L
+~--+cllog7A+co+O(e), (3)

where 0A is the d — 2-dimensional boundary of A and c¢4_o is a non-universal coefficient,
and L4 a characteristic length associated to A. In even dimensions universal information is
found in the coefficient of the logarithmic divergence term, whereas in odd dimensions, where

the logarithmic divergence is absent, it is found in the constant sub-leading correction. In the
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ground-state, the entanglement between A and its complement is thus dominated by short-
range correlations across the boundary 90A, as opposed to (2) where the logarithm indicates
that long-range correlations dominate.

While not as widely studied, the entanglement entropy of excited states has also received
some attention over the years. A particularly interesting result is that the entanglement
entropy of a pure state picked at random from the Hilbert space will generically obey a volume
and not an area law [5,14-16]. The area law behavior of the ground state is consequently
quite special within the Hilbert space. Notably, the dominance of extensive states implies
that highly excited states are expected to obey volume laws. Another early study of excited
states was performed in [17,18], where it was found that for free scalars on a lattice the first
excited states of the theory as well as a certain form of coherent state both still obeyed area
laws. It was, in fact, argued by [19] that low lying excitations in a wide class of theories
including many gapped Hamiltonian obey area laws with at most logarithmic corrections. It
was further argued by [20,21] that excitations of CFTs obtained by acting with a primary
field on the vacuum continued to obey an area law, albeit with a universal correction with
respect to the ground state entanglement determined by the conformal weights of the primary
field. As this universal correction was derived from correlation functions of primary fields,
one may say that the entanglement entropy of (at least certain) low-lying excitations of a
CFT encodes information on the correlation functions of primary fields. A similar study
was performed for finite quasiparticle excitations in a certain limit of a wide class of free
theories, where it was again found that these excited states obey area laws with corrections
to the ground state entanglement related to the correlation functions of the quasiparticle
states [22,23]. This analysis was extended by the same authors in [24,25] to include the
treatment of another measure of entanglement, the logarithmic negativity, and they further
provided a fairly general proof in the case of a massive free boson showing that the previous
results are valid in any dimension and for any entanglement surgery. Thus for a wide range
of theories and low excited states, the excited state entanglement entropy has been observed
to take the form

Sgs = Scs + BEs, (4)
with Sgg[A] and Sgg[A] the entanglement entropies of the excited and ground states respec-
tively, and Bgg a constant depending on the excited state and derived from certain corre-
lation functions in the underlying theory. Apart from QFTs, some powerful calculations of
the excited state entanglement entropy properties of spin chains have been performed, see for
example [21,26-28]. In particular, it has been observed that generally two types of excited
states can be found in the Hilbert space. Excited states showing the same logarithmic be-
havior typical of the ground states of critical models, see (2), and excited states that exhibit
extensive behavior.

In this paper we will perform analytic entanglement calculations for excited states of the
quantum Lifshitz model (QLM). The QLM is a 2+1-dimensional QFT with a scaling symmetry
that is anisotropic between time and space and characterized by a so-called dynamical critical
exponent z. It was introduced in [29] at z = 2, where it describes the continuum limit
of the quantum dimer model [30] and some of its interacting generalizations [31-35]. More
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importantly for our purposes, the QLM has proven to offer a very fruitful playground for
entanglement calculations, partly due to its close connections to CFT. In fact, the ground state
of the QLM can be expressed in terms of the action of a free 2-dimensional CFT and is thus
invariant under spatial conformal transformations [29]. Similarly, its equal-time correlation
functions can be expressed in terms of correlation functions in that same CFT [36]. The ground
state entanglement entropy of the QLM and its higher dimensional generalizations [36,37] have
been extensively studied [38-44]. For the standard 2 + 1-dimensional QLM at z = 2, it has
been found to be [38,39)

L c L
S[A]:01?A+6Axlog?A+'chp+~- (5)

with L4 the length of the boundary 0A and ¢; a non-universal constant. The coefficient
of the logarithm is universal and consists of the central charge ¢ of the CFT whose action
describes the ground state of the QLM and of the change in Euler characteristic Ay due to
the surgery. Furthermore, when Ax = 0 the sub-leading constant term yqcp, where QCP
stands for quantum critical point, is also universal [39] and depends on the geometry and
topology of the manifolds involved [37,40,42-44]. The entanglement of certain mixed states
of the QLM has also been studied analytically [45].

There have been, to our best knowledge, only two works that deal with the excited state
entanglement of the QLM. In [46] the entanglement entropy of a local excitation constructed
by acting with a vertex and a time evolution operator on the ground state of the QLM
is analyzed. The excess entanglement entropy after some time ¢ is found to be related to
correlation functions of certain operators on the full and sub-systems with Dirichlet boundary
conditions. Finally, in [47] the authors put the QLM on a compact spatial manifold, and
construct states by exciting the eigenmodes of the corresponding Laplacian. Restricting to
the case of a single excitation, they show that the trace of the n-th power of the reduced density
matrix of such a state (whose limit n — 1 by the replica approach gives the entanglement
entropy) can be expressed in terms of correlation functions on a certain n-sheeted geometry
resulting from a replica calculation. By deriving a form of Wick’s theorem on this geometry,
the authors then proceed to evaluate these correlation functions and provide expressions for
them in terms of quantities related to the Green’s functions on the full and sub-systems
which they dub entanglement propagator amplitudes (EPA’s). A numerical analysis then
provides evidence of the universality of these quantities. However, an analytic continuation
in n remains elusive in the paper, and thus the authors can only provide expressions for the
Rényi entropies and a conjecture for the entanglement entropy in the particular case when
the two submanifolds resulting from the bipartition of M are equal.

To summarize, we find that the entanglement entropy of any finitely excited state Sgs[A]
of the QLM is related to its ground state entanglement entropy Sgs[A] by

Sgs[A] = aSas[A] + B, (6)

where evidence points to the universality of the constants a and . In the singly excited state

and for m excitations in a single mode of the halved M geometry, we further find o = 1,
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in agreement with the expectation (4). In all other cases we provide analytic expressions for
both constants. This implies that the entanglement of this class of finitely excited states of
the QLM obeys an area law. When all excitations are put into the same mode, we observe
a logarithmic dependence on the excitation number m. This simple dependence allows us to
consider the highly excited limit, which, contrary to standard expectation, continues to obey
an area law. This indicates that the state might be a quantum scar. Recently, there has been
a lot of interests in these type of states [48,49], as they exhibit a surprising form of ergodicity
breaking and bear some importance to the eigenstate thermalization hypothesis. In particular
such states have been observed for quantum dimer models [50,51], which belong to the same
universality class as the QLM.

The present work is closely related to [47]. In section 2 we review the basic properties of the
QLM as well as the construction of its ground and excited states & la [47] (that is excitations
that correspond to the eigenmodes of the Laplacian on the spatial manifold). In section 3
we concentrate on the special case considered in [47], where a single quantum of energy is
put into a particular mode. We show that introducing a certain condition for the classical
fields the complexity of the problem can be sufficiently reduced such that the previously
tricky analytic continuation becomes straight forward, and an explicit expression for the
entanglement entropy can be written down. We then show that our assumption is satisfied by
all modes on the sphere and rectangle and analyze the entanglement entropy corresponding to
the excitation of different modes on both geometries. In section 4, we generalize the previous
calculation to encompass any excited state by making a slightly stronger assumption than
before, and manage to find a closed expression for the entanglement entropy in terms of some
complicated tensors of correlation functions. We then show that our assumption is again
satisfied for all modes on the rectangle and for almost all modes on the sphere and provide
explicit examples when a single mode is excited a finite amount of times. In this case we
find that for a wide range of modes the entanglement entropy behaves like the logarithm
of the excitation number. In both the singly and general excited state we confirm that the
entanglement entropy can be expressed in terms of EPA’s, although we define them slightly
differently and refer to them as transformed propagators. We calculate these quantities by a
spectral approach and find them in agreement with [47], providing further evidence for their

universality.

2 The quantum Lifshitz model and its excited states

The quantum Lifshitz model (QLM) is the (2 4+ 1) dimensional quantum field theory defined
on the spatial manifold M by the Hamiltonian [29]

1
H= 7/ (72 + ¢2(80)%) (7)
2 Jm
where ¢ ~ ¢ + 2mR a compactified scalar field with compactification radius R, m = 71'6%

its conjugate momentum, A the Laplace-Beltrami operator on M, and g a free parameter.

For the particular value g = siw the QLM describes the correlations of the Rokhsar-Kievelson
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quantum dimer model on a square lattice. For simplicity, we will mostly refer to the Laplace-
Beltrami operator as the Laplacian on M. Let us analyze the ground and excited states of

this theory.

Ground state. In order to find the ground state of the theory we define the operators A(x)
and Af(2)

Alx) = % [in(z) + gAd(x)] Af(z) = % [—in(z) + gAd(@)] . ()
From the commutation relation [¢(z),7(y)] = id(z — y), one can see that A(x) and Af(z)
obey the commutation relation [A(z), AT(y)] = g(—A)d(xz — y) and can be interpreted as
annihilation and creation operators in position space. We note that g has to be greater than
zero, since otherwise the roles of A and A are reversed and AT becomes the annihilation
operator. The Hamiltonian can be written in terms of A and AT as

= QI TCC T
H,/Md Af(@) (), (9)

where we, without loss of generality, subtracted the UV-divergent vacuum energy, thereby
setting the energy of the ground state to zero. As the Hamiltonian (9) is positive semi-
definite, the ground state |¥p) of the theory is found by solving A(x)|¥() = 0. The solution

to this functional differential equation is given
1 1
@0:7/D¢675[¢1¢7 s¢:g/d2x¢>—A¢, 10
W) = = ) W=g [ Po-a) (10)

where we defined the partition function Z,; := f Do eS¢l Note that the above definition

coincides with the one given in [29] after an integration by parts.

Excited states. Let us concentrate on the case of a compact spatial manifold M, so that
the spectrum of the Laplacian is discrete. Following [47], we can construct excited states of
the QLM by exciting the eigenmodes of the Laplacian. Let Ly(z) be the eigenfunction to the
eigenvalue A of (—A), that is

— ALy(x) = Aa (@), (11)

due to our sign convention, we note that A > 0. If M has a boundary, we choose Dirich-
let boundary conditions. For A # 0 we can project the creation operator onto the the A

eigenfunction and define

Al = % /Md%c La(z)Al (2), Ay = % [ @2 n@a@. 1)

From the commutation relations for A(z), we immediately get the correct commutation rela-

tions for a harmonic oscillator for each mode

[Ay, ALl =8y, (AL AT = 1[4y, 4] =0, (13)
[H, Al] = gr Al (14)
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allowing for interpretation of A; and Ay as the creation and annihilation operators for exci-

tations of the A-mode. The Hamiltonian decomposes into the different modes

H=>"grAlA,, (15)
A£0

with g\ the energy of a single excitation and A;A A counts the number of excitations in the
A-mode?. We can construct the general excited state by selecting a finite set of non-zero
modes {A1, ..., A, } and applying the respective creation operators to the ground state a finite
amount of times {my,,...,my,}. The general excited state is then labeled by that set of

numbers and, taking into account proper normalization, given by

) ()

|(77L)\17...,m>\_,....m)\ [1o) (16)
¢>\1‘

_ 1 T 1 | -tsi
‘m/w HWH<¢§> e 2519|g), (17)

where Hy,(x) is a Hermite polynomial

%)
Hp,(xz) =m!
k=0

(71)k(2x)m—2k

kl(m — 2k)! (18)

and where qbi‘ is defined, similarly to (12), as the projection of the scalar onto the A-eigenmode
= VI [ Ea L)) (19)
M

with the prefactor v/2g\ chosen with foresight to simplify later calculations.

3 A warm up exercise:

Entanglement entropy of the singly excited state

Our final goal is to calculate the bipartite entanglement entropy of the general excited state.
Considering that the corresponding calculation is quite involved, it is instructive to first
consider the much simpler case of the singly excited. Furthermore, due to its simpler nature,
the calculation of the entanglement entropy can be performed under more general assumptions

in this case. This problem was first considered by [47], where the authors calculated the

2 Before continuing, a comment on the zero-mode is in order. If the Laplacian has an eigenvalue A = 0, we
have to alter the definition (12) for that eigenvalue. A consistent choice is A} = Sy Lo(z)AT(z), where Lo(x) is
the zero mode. A priori, the expansion of the Hamiltonian then should also contain a term AZ,AQ, however one
can check that the operator A:,An annihilates any state created by acting with either A(T) or A; on the vacuum,
and can thus be omitted from the Hamiltonian. From a different perspective, one can check that [Ao, A;g] =0
and thus Ao and Af cannot be considered ladder operators. Hence we cannot excite the 0-mode by A and
whenever we write A for an eigenvalue it is implied that A # 0.
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Rényi entropy of a singly excited state by replica approach and provided a conjecture for
the entanglement entropy in the special case when the manifold is cut into equal parts. By
following a similar procedure in the beginning, yet introducing a simple assumption on the
classical fields, we achieve a simplification of the combinatorics of the problem that renders
the problem of the analytic continuation straightforward, and thus allows us to find the
entanglement entropy exactly. Our findings differ from those in [47], but agree with them to

leading order in certain quantities. We discuss this at the end of section 3.1.

Let us consider the state with one single excitation in the A-mode
o) = [l = 1) = o= [ Do g i5]g), (20)

where we used the fact that H;(z) = 2z. The action is given in equation (10), and after

partial integration we choose to rewrite it as
Sl =g | Ex (Vo e
M
The density matrix of the singly excited state can then be written as
pi=1a) (¥al = / DD ¢ e 207350 |g) (g, (22)

We calculate the entanglement entropy by means of the replica method as developed by [9,52].
The ground state entanglement entropy of the QLM has been studied in detail by these
methods, see [37,38,43,44]. Our application of the replica method follows [37,44] closely. Let
us consider the bipartite geometry obtained by dividing M into the submanifolds A and B,
and denote by I' the entanglement cut that separates them. We will later consider two specific
geometries: a sphere cut at the equator into its two hemispheres and a rectangle cut into two
smaller rectangles.

Let us further assume that under the surgery described above the Hilbert space on M splits
as H =Ha®@Hp. For a state in H we consequently get the splitting |¢) = [¢p4) ® |¢B), where
|¢x) € Hx, and X = A, B respectively. The field ¢(z) splits as ¢(z) = ¢pa(z) + ¢p(x) for
x € AU B, where

balz) = o(z), z€A 7 (23)
0, ze€B
and analogously for B. Whenever we index a field by a submanifold it can be assumed that it

only has support there. At the boundary between A and B we have the continuity condition

Blr = ¢alr = éBlr- (24)

One can easily see that the action splits as S[@] = Sa[pa] + Sp[¢s], where

Sxlox] == g/Xd%; (Vox)?, X=AB (25)
and similarly ¢* = ¢j\4 + ¢2\3, where
O = VoA [ @ Li@)ox(@), X =AB. (26)
X
8
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3.1 Replica method calculation

Let pa = Trp p be the reduced density matrix obtained by tracing out the degrees of freedom
on B. The gist of the replica method lies in noting that the Von Neumann entropy of the
subsystem A can be rewritten as the limit

S[A] = = Tr(palog pa) = — lim 8, Tr pij, (27)
n—

as long as one is able to find an analytic continuation in n for Trpj. In the following we
construct the trace of the n-th power of the reduced density matrix of the singly excited state
(22), and find that — under a certain assumption satisfied by all modes in the geometries that

we consider — the analytic continuation is easily found.

After splitting the Hilbert space into H 4 and Hp, the density matrix takes the form

1
pi = Z /D¢A,¢D¢B,ip¢f4,ip¢b,i (4)?\4,1' + 45?3,2‘)((17/,3\4 + ¢,1/3\,i) X
o~ 35416411~ 55816811~ 5 SAl¢) ;|- 358 ] 164,4) © 65,0 (1] ® (B5.], (28)

where we introduced the replica index ¢ = 1,...,n which serves as an accounting device to
distinguish the copies of the reduced density matrix. We note here that all fields in (28)
are integrated over so the replica index doesn’t have a physical significance. As discussed
in detail in [37] and depicted in figure 1, one finds three types of gluing conditions for the

fields. These arise when we resolve the bras and kets of Trp" into J-functions and then

A T B A I B
HHH‘HHHH) ¢ ;
. AT ¢ 1
(I ;
o AT |
LT 2 :
I ;

(a) Gluing conditions (b) Resulting configuration

Figure 1: The gluing conditions arising from the calculation of Trp"; and the geometry that
results are depicted. The blue lines represent the gluing conditions due to the partial tracing
on the B-side of each replica needed to calculate the reduced density matrix p4. The red lines
represent the gluing conditions resulting from the multiplication of the replicated reduced
density matrices. The yellow lines represent the gluing conditions from the final total trace.

integrate over them. The first gluing condition comes from the calculation of the reduced
density matrix p4 = Trpp and tells us to glue the primed and unprimed B fields of the
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same replica, that is ¢p; = ¢59.i for i = 1,...,n. The second gluing condition is the result
of the multiplication between adjacent replicas of the reduced density matrix pg;pa,+1 for
i =1,...,n — 1 and, together with the third gluing condition resulting from the total trace
Trp7y, tells us to cyclically glue adjacent primed and unprimed A fields, so ¢y ; = ¢a,it1
for i =1,...,n and with n + 1 ~ 1. The fact that the gluing conditions on the A side are
“shifted” with respect to the B side together with the continuity condition (24) forces all the
fields to agree at the cut I'. We denote this boundary condition by B

B: ¢a;

r(z) = épjlr(z) = cut(z) Vi,j=1,...,n, (29)

where cut(z) is a function of the coordinates at the entanglement cut I'. After enforcing the
gluing conditions, the trace of the product of reduced density matrices takes the form

1 n
Trpli = / 11264 Dé5.
(Zm) 4 lis

n

X Tk + o) (@A i1+ é,) | e EimGalbaid+Sslond) = (30)
i=1

Since the fields are compactified ¢ ~ ¢ + 27 R, the boundary conditions (29) only have to be
respected modulo 2rR. A standard way of accounting for this in the calculations, is to split
the fields into classical parts and fluctuations, see [53,54]. We write for each field

Oxi = 9253}7 +oxi t=1,...,n. (31)
From the fluctuations ¢ we only demand that they satisfy Dirichlet boundary conditions

vailr =epir=0, i=1,...,n, (32)
while the classical fields ¢! obey the equations of motion

AgY; =AdG, =0, i=1,...n, (33)

and account for the value of the total field ¢ at the boundary as well as for its compact

behavior. It is not hard to check that the action decouples as
Slpail = S[6%,] + Sleal. (34)
Finally, we can rewrite the boundary conditions for the classical fields resulting from (29) as

r(z) = CBIYi r(z) =cut(z) + 27rRw;, i=1,...n—1 (35)
Fdnlr (@) = 6% ulr (@) = cut(z), (36)

|
D%

where w; are integers called the winding numbers that reflect the compactness of ¢°'. Here

we used the fact that the cut functions are arbitrary to absorb the n-th winding number3. It

3We redefine cut — cut — 2w Rw,, for all n. This effectively shifts the other winding numbers w; — w; — wp
fori=1,...,n— 1. Since the winding numbers are just arbitrary integers, we can ignore the shift and rename
the shifted winding numbers w;.

10
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is worth noting at this point that the exact treatment of the winding numbers depends a lot
on the geometry, see [44] for several examples. The geometries that we will later consider,
that is the sphere and the rectangle, in principle would allow for simplifications at this point.
However, in order to keep the discussion somewhat more general, we decide to, for the moment,
keep the boundary conditions as given above. Furthermore, we note that the zero modes on
A and B with the above boundary conditions are in general not trivially related to the zero
mode on the complete manifold which doesn’t know anything about the cut I'. In particular,
this means that they are a priori not orthogonal to the eigenmodes of the Laplacian on M,
s0 (¢ + (¢4)* # 0. We will concentrate on situations where this equation does hold, as
it leads to a significant simplification of the combinatorics. Thus, let us assume that the
following is true

@D+ (65)* = 0. (37)
We will later see that this is in fact justified in the geometries we consider. Defining the field
¢°! obtained by stitching together together d)ﬁ{ and ¢S, that is

cl
@) = A2tk v €A (39
<Z>%(a:)7 T € B,

we can express the assumption (37) in the simpler form (¢9)* = 0. We will later see that
this condition is satisfied for all the eigenmodes of the Laplacian on both the sphere and
rectangle. As defined above, ¢ is well defined and continuous at T', since qﬁi{ and ¢% satisfy
the same boundary conditions there. In general, however, ¢ is not smooth at the cut. We
note here that in the derivation of the generalized Wick’s theorem of [47] this assumption
is also implicitly made*. However, since the authors only consider the rectangular case the
assumption is justified.

At this step, the boundary conditions given in (29) can be recast as

¢fl|r(r) =cut(z) + 2rRw;, i=1,...n—1
B:  ¢|r(z) = cut(z) (39)
waqr = ¢Bilr =0, i=1,...,n.
Next, we perform the unitary transformation U, from [43,44] on the classical fields. This

rotation shifts the dependence on the cut function to the boundary condition for the n-

th field, while turning the boundary conditions of the remaining fields into pure winding

“Before eq. (A.11) in the reference, the field C, is defined by stitching together solutions 0-modes of the
Laplacian on the A and B sides of the manifold with non-trivial boundary conditions in between. Thus, the
resulting function is in general not a harmonic function over M, and the terms denoted Har in (A.11) only

vanish when integrated against eigenfunctions of the Laplacian on M iff our assumption (37) is fulfilled.

11
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numbers. Explicitly, we define

1 1 0
V2 V2
1 1 —2 9
NG V6 NG
U, = : (40)

- L . ...f\/lfl
\/n(ln—l) \/n(n—1) n
1

and rotate the classical fields as
¢ = ¢ o= (Uno™)i- (41)

This results in the altered boundary condition B’

r(z) = 27 R, i=1,..n—1
B': dle(z) = Viacut(e) + 22 3 v, (42)
vaqlr =e¢Bilr =0, i=1,...,n,

where @; = (My;—1)ijw; and M,_1 is the minor matrix resulting from deleting the n-th row
and column of U,. Notice that after the rotation the compactification radius of the n-th field
becomes y/nR.

Finally, we can rewrite equation (30) for Tr p; in terms of the classical fields and fluctuations

as

1 n ~¢
Trpl = WW(”)/ [Hizl ’D@AJDQQBJ] D x
B
n

_g[gel_sn ’
H(@g,i"‘ﬂoﬁi)(‘fﬂ,iﬂ+¥7%?,i) e SRl (Slead+Slenal) (43)
i=1

where we used the definition (26) as well as the assumption (37) which together imply
d_%\an + 513/1\31 = @ix,i + Sﬂ?%,i (44)

and allow us to get rid of the classical fields with matching replica indices outside of the
exponential. The remaining classical fields in the product, i.e. those coming from J’A,Hl +<£AB¢7
don’t necessarily vanish by assumption (37). However, they don’t contribute to the sum as
they always appear multiplied by an odd number of fluctuations. When the path integrals
are evaluated, these terms turn into correlation functions, and the correlation functions of an
odd number of fluctuations vanish. We can thus safely discard all classical fields outside of
the exponential. We further omitted an n~2z factor coming from a change of path integral
measure, with € a UV cut-off and L the length of the entangling cut I', as it only contributes
to a non-universal area law term, see [43,44] for more details. Furthermore, we separated the
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contributions from the classical part of the first n — 1 fields into the so-called winding sector

n—1
W (n) := H/ms DPR ;€SI58
i=1

= Ti_[l/p(ggl oS — Z o~ iy S (45)
i=1 weZn—1

For clarity, let us make some comments. The assumption (37) is formulated for each unrotated
replica. Howcvcr since U, is an invertible matrix it is clear that (d)_él)A =0 iff (Unq;cl))‘ =

for qf)d = (¢9,...,4%) and ((;5“1) ((6H*, ..., (6H?). Furthermore, after our path integral
mampulatlons the n-th replica becomes a free field on the complete manifold, such that (,bfll
turns into the 0-mode on M. Thus for the n-th rotated field our assumption will always be
satisfied after restitching, and we only need to check the other fields®. In appendix A we show

that, by performing some path integral manipulations, (43) can be brought into the form

Tr(pf}) = W(n)[( [ Des (e M) / DG P Fhe 516

(ZM)n
+< Dyp (pp)’e” %1) /D¢¢¢ -SW} (46)
Bp

where the subscripts Ap and Bp indicate that those path integrals are performed on either A

or B with Dirichlet boundary conditions. By linearity and using the definition (26), we can

rewrite the path integrals on X = A, B as

| Dex (ox)2eSlex) = 29 / d*z d®¢’ Ly(x)Ly(') /X Dox ox(@)px(a)e 51Xl (47)
D D

=Z7x )\/d2:L'd2.’L', Ly(z)Lx(z")Gx(z,2"), (48)

where Zyx is the partition function and Gx(z,z’) the Green’s function corresponding to the
Laplacian on X°, both with Dirichlet boundary conditions at I'. Similarly, we can write the
following for the path integrals on the full manifold

D G ohe ™19 = 29) [ x| ' Ly(x)La(a') | D b(x) b’ )e 517!

/ ]J A/ / (49)

=Zy N | &Pa | P2’ Ly(x)Ly(2))Gar(z, 2")
[l

5 Alternatively, we could have assumed (37) for only the first n — 1 rotated fields from the beginning. This
alters the form of (43) but also results in (46) after some manipulations.

SNote that the factor of 2g cancels, as the two point function actually gives the Green’s function corre-
sponding to 2¢gA which is iG with G the Green’s function of A.

13
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with Gps(z,2’) the corresponding Green’s function. Let us define the following transformed

Green’s functions

Gy = )\/de/ 2’ Ly(2)La(2")G i (z,2'), X =A,B
X

M (50)

Gy = )\/d2xd2x’ Ly(x)Lx(z")Gx(z,2"), X =A,B,M.
X

We emphasize here that Gy (x,z'), Ga(z,2'), and Gp(z,z’) are different objects, each cal-
culated on their corresponding manifold with Dirichlet boundary conditions. In appendix B
we take a closer look at these transformed propagators and use spectral methods to calculate

them in some geometries. In particular we find that
Gy =1 (51)

is always true. In [47], quantities of this form were dubbed “Entanglement Propagator Am-
plitudes” (EPA’s) and some explicit results about them were given. In appendix C we show
exactly how the EPA’s are related to the transformed propagators and find our results in
agreement with [47]. With all this, we can finally write

i = (22270 ) " i [ (@) G+ (1) G
= Tr(pgs,A) {(Gﬁ) " Gj\q,M + (G};)ml GEM} , (52)

where pgg is the ground state density matrix, see [43,44], meaning that the ground state

Rényi entropy S'gLS) [A] factors from the excited state Rényi entropies Sﬁ‘w [A]

1
1—n

SUV1A] == —— log(Trp})

n 1 n—1 n—1
= AL+ o | (63)" G (63) G (53)

In [47] an expression for the Rényi entropies of the first excited state was also obtained. Our
result, however, differs from theirs. In the rectangular case, we will see that G = Gﬁ‘(. M df\(
for X = A,B. There, our result agrees with [47] to leading order in df and df’. As a
consequence, our results also disagree with their conjecture for Tr(p%)/Tr(pgg 4) and the
resulting entanglement entropy (see egs. (27) and (75) in [47]). ’

The structure of (52) offers a simple interpretation. In the above manipulations we effec-
tively separated the A and B sides of the first n — 1 replicas, while connecting the sides of
the n-th replica into one complete copy over the whole manifold. The n — 1-factors of Gé(
encode the free propagation on either the A or B side of the first n — 1 copies. The Gix(B),M
factor, on the other hand, represents free propagation from either A or B to any point on
M for the n-th copy. Meanwhile topological effects are factored into the winding sector and
the partition functions which give rise to the ground state density matrix. Apart from the
winding sector, n only appears in (52) as a power. Thus, if an analytic continuation for W (n)

14
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is known, it is trivial to analytically continue the rest of the expression. The entanglement

entropy of the state with a single excitation in the A mode is thus

SilA] = — lim 9, Tr(p’}) (54)
n—1
— SaslA] — 10g (G4 ) G ar — 1og (G} ) Ghar (55)

where we used that GA,M + GA&M = G); = 1 and where Sgs[A] is the entanglement entropy
of the ground state
Sas[A] = — lim 9, Tr <p2~5 A). (56)
n—1 ?

Given the ground state entanglement entropy, the calculation of the entanglement entropy of
the singly excited state reduces to the calculation of the transformed Green’s functions (50).

Let us consider some explicit cases.

3.2 Spherical geometry

Let M = S? be the unit sphere and divide it into two hemispheres A = B = H? at the

equator. The ground state entanglement entropy of a hemisphere is [44]

1
Ses[H?) = log(x/&rgR) -5 (57)
The eigenmodes of the Laplacian on the sphere are the spherical harmonics
La(x) = Lem(x) = Y (2), (58)

where 2 = (6, ¢) is a point on S2, £ a non-negative integer, and m = —£, ..., £. The eigenvalues
of —Ag2 are A = {({+1) and have a degeneracy of 2+ 1. As can be seen above, whenever we
use A as an index, we actually mean the two numbers (¢,m) that uniquely identify a mode.
The eigenmodes on the hemisphere with Dirichlet boundary conditions at the equator are, up
to normalization, the spherical harmonics such that ¢ + m is odd. The properly normalized

modes on A and B are then
L (2) = V2V (), m+ L =odd. (59)

The first n — 1 rotated classical fields on the hemisphere with boundary conditions (42) is
constant and given by
oS! = 27 Raw;. (60)

Since the 0-mode Lo = 1/(4w) of the Laplacian on the full sphere is also constant ¢ is
proportional to L, and thus orthogonal to the other eigenmodes. Therefore, our assumption
(37) is fulfilled in this situation. In appendix B.1 we calculate all the transformed propagators

in this geometry and find that

1
Gi‘xﬁM = G)E‘;,M =3 (61)
1
Gh =Gy = 75 (62)
15
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where X is given by

S, £\ +m) = even

Sh={ A (63)

1, £y +my = odd,
and X is complicated expression involving an infinite sum and an integral over associated
Legendre polynomials. It is given explicitly in (142) and can be easily evaluated numerically
by truncating the sum at a sufficiently large number”. We note that Yo—m = Zgm for all
modes. The striking difference between the modes with ¢ + m even and odd is due to the
fact that those with £+ m odd are orthogonal to the eigenmodes on the hemisphere while the
others are not. Using (55) and (57) we can finally write the entanglement entropy as

-04

SimlAVSGs[Al

Figure 2: The value of the entanglement entropy Sp,[A] in units of the ground state entan-
glement entropy at the RK-point, i.e. g = ﬁ, and for R = 1 plotted for £ up to 30 and a

selection of values of m such that ¢ + m is even.

$\[4] = Sas[A] - log (G ) (64)

= tog (VamgRS,) - (65)

Note that the entanglement entropy of all singly excited modes with ¢ + m odd is the same.
The behavior of the entanglement entropy for modes with ¢ + m even is depicted in Figure
2. We observe that the entanglement entropy for modes with m = 0 is the same for all ¢.
In fact, a numerical evaluation of X\ seems to indicate that 3, ,, ~ 1. Consequently, the
entanglement entropy is the same for all modes with m = 0. Furthermore, we see that for
fixed m the entanglement entropy of the modes with ¢ + m even and m # 0 approaches this
value with growing ¢. Thus, we conclude that

SgYm[A] ~ SGs[A] +log 2 (66)

is valid for all modes with ¢ + m odd, all modes with m = 0, and for all modes in the limit

£ > 1. In the case £ + m odd the equation is exact.

"This number must be larger than £, as the summand has a peak there that has to be included.
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3.3 Rectangular Geometry

Next, let M = [0,L;] x [0,Ly] be a rectangle and cut it at = £, into the two smaller
rectangles A = [0,4,] X [0,L,] and B = [{y, Ly] X [0,L,]. We impose Dirichlet boundary
conditions ¢|ppsr = 0. If we go through the replica method calculation, we see that the
classical part of the field, after rotation, obeys the boundary conditions (42) at the cut. One
can check that the only solution to the equation of motion Ad)l‘?l =0fori=1,...,n—1
with boundary conditions (42) at the cut and Dirichlet boundary conditions on the other
boundaries is the trivial one ¢$'(z,y) = 0, which, in turn, is only a solution if the winding
numbers vanish. Thus, there cannot be a winding sector for this geometry. The assumption
(37) is then trivially satisfied for the first n — 1 fields, since they all vanish.

The eigenmodes of the Laplacian on M with Dirichlet boundary conditions are given by

2 kg 7k
Ly(z)=L z,y) = i ) sin| —%
A() e ey (25 ) T, sm( I ;L) sm( L, J> (67)

with eigenvalues
2

2
M, = (Likz> + <2ky> , ayky €NT. (68)
© y

In appendix D we calculate the (-regularized determinant of the Laplacian on the rectangle

M and find
1 L,
det A = i— |, 69
Vo (’Ly> (©9)

where 7 is the Dedekind n-function. This coincides with the expression cited in [47] and

calculated by lattice-regularization methods in [55] up to non-universal terms, and terms

that diverge upon taking the continuum limit. We further note that due to the modular

properties of the n-function this expression is invariant under the exchange of L, and L,. The

eigenmodes and determinants on the submanifolds A and B are obtained by inserting £,, and

L, — £, respectively instead of L, into the above expressions. Writing the partition functions
1

as —log Zx = 5logdet Ax for X = M, A, B, we can use the determinant (69) to express the

ground state entanglement entropy on the rectangle as

SGS[A]:llog % . (70)

2o\ v (i)

In appendix B.2 we show that the first transformed Green’s functions on the rectangle are

Oy 1 . Uy
Gy = I~ R om (%szz) (71)
lo 1. Ly
G>l\3,M = (1 - L—) + o sm<27rkx?>. (72)
17
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and the remaining are given by

A LQ (f—yky> coth(ﬂ'kyﬁ—z) sin(:]cz%x)2 B Z(lekz) sin(Qﬂ'kZ%) 73)
L () ()

=G - 1 2 (Llyky> coth <7rky LmL—yZz) sin2 kg %)2 ﬁ; (lez> sin (QWICZ%) -
L (k) +(Eh)

As shown in appendix C our result for the transformed propagators agrees with the approxi-
mation found in [47].

Finally, we find the entanglement entropy for the rectangle cut at ¢, by inserting the
transformed propagators and ground state entanglement entropy into equation (55). In figure
3 we show how the entropy depends on the surgery for a selection of modes. We observe that
for constant k, the entanglement entropy is minimal at k, = k, and becomes maximal as

ky — o0o. As was the case for the sphere, there are two kinds of modes for a given surgery.

k=3

Si/Ses

0.0 0.2 0.4 06 0.8 1.0
hiL hiL

Figure 3: S as a function of ¢, for a selection of modes and for L, = L.

Modes that are at the same time eigenmodes of the complete manifold and the submanifolds
(up to normalization), and modes that aren’t. In the rectangular geometry the first kind of

modes are determined by the condition that

kol . meN, (75)
Ll‘
which can only be satisfied whenever ¢,/L, is a rational number. For example, when the
rectangle is halved by the surgery, that is ¢, = L, /2, all modes with even k, belong to the
first category and those with k, odd to the second. The entanglement entropy is constant for
all the modes satisfying condition (75) and given by

£ g \E
A

The eigenmodes that do not satisfy the condition have an intricate functional dependence on

S\l = Sasl] - og | (£2)

the k; and k,. However, it isn’t hard to see from the dependence on k, of the transformed
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propagators, that for large k, they converge to the value (76). Whenever condition (75)
cannot be satisfied, that is when ¢,/L; is not a rational number, there are no modes of the
first kind and the entanglement entropy has a non-trivial dependence on the k, and k, for all
modes. Nonetheless, equation (76) is also valid here for k; > 1. When the rectangle is halved
we can write

Sk by [A] = Sas|A] +log 2 (77)

for modes with k; even and for all modes in the limit &, > 1. In the former case the equation

is exact. This result is analogous to that for the halved sphere (66).

4 General excited states

We are now ready to turn our attention to general excitations. From (16) we can directly
write the corresponding density matrix as

pPi = |(m/\17"'7m>\r7‘"?m/\u)><(m)\17~~~7m)\r7.--,mAV)
1 ' , v 1 </>)\7 ¢’_//\r —18[¢i]— 15[ ,
:TM/D¢iD¢i EmHm*" (\}5 HmA, \1/5 e~ =Sl [’]|¢i><¢i|s

(78)

where we also introduced a replica index. From our discussion about the singly excited state,
we know that, in broad terms, computing Trp’} amounts to writing down the product of
density matrices, separating the fields into fields with support on the respective submanifolds
as ¢ = ¢4 + ¢p, and enforcing the gluing conditions ¢/y; = P41 and ¢, = ¢p,; for
t=1,...,n with n + 1 ~ 1, that result in the set of boundary conditions (29) on the path
integrals. Since the details of the calculation are exactly the same as for the singly excited
state we omit them and immediately write down

n

n d 1 1 : n < )
to( Ions ) = (W gms | 75 fy[TL Poaipon ] e Zionsnx
n v 1 1
TITT . (5 (kv o) ) i, (75 (e k) 09

One can compare this expression with equation (30) for the singly excited state. As the
expression stands, the fields on A and B are still tied together within the Hermite polynomials.
We factor them by an identity of Hermite polynomials which we apply on the polynomials

with shifted replica indices for i = 1,...,n as
1 1 & (m
A A _ A A
Hmr <ﬁ ( Ai+1 +¢B,i>> = 2% Z (k,T)Hk:,’l(¢A,i+1)Hmr—k’m( B,i)v (80)
k.,=0 "t
on the polynomials with matching replica indices for i =1,...,n —1
1 1 & (m
Ar o A Ar Ar
o (55 (et b)) = 2 (1) Hos @) 03D 51)
kpi=0 N7
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where, with some foresight, we don’t apply factorization to the n-th copy, as the A and B
parts of the n-th field will be reunited into a free field on M. Also note that from now on
we write m, instead of my, to declutter the notation. Since we are applying the factorization
above to each of the Hermite polynomials separately, and they are each labelled by a replica
and an r index, there is no way around introducing the, at first overwhelming, amount of
indices k,; and k‘;z fori=1,...,nandr=1,...,v.

After factoring the polynomials we can continue as in section 3. We first separate the
fields into classical parts and fluctuations and then rotate the classical fields. For the singly
excited state it was sufficient to demand the assumption (37) to be fulfilled in order to make
the calculation tractable. Now, since the fields all appear inside Hermite polynomials, the
calculations in appendix A don’t apply, and we must make a new assumption. We demand
that the first n — 1 rotated fields satisfy

@4 = (651 =0, i=1....n—1 (82)

Note that this assumption is stricter than (37), demanding that the integrals on the A and
B sides of the manifold vanish separately. We don’t require anything from the n-th classical
field and stitch it back together with the fluctuation to form a complete free field on M. As
for the singly excited state, the assumption ensures that we don’t have to consider correlation
functions of the classical fields, which adds a difficult layer of complexity to calculations.
While assumption (82) might seem rather restrictive for general geometries, we will see that
it is satisfied by almost all modes on the halved-sphere and by all modes on the rectangle.

Apart from the stronger assumption on the classical fields, there is no difference in the
method from the singly excited case and the details go through in an analogous way. With
these considerations and some rearranging of the terms we can rewrite (79) as

Tr ilfllp/},i Z},WW)ZZZZ{

K K] K, K,
nt ol 1 (m m
Deai | [T 5w < )( r )H e (00) B () | 1o
£[1 A YA meT mr! kr,i k;.i,l m . WAJ ki SDA,L
nt ' | 1 /m m
ol N ]
U /BD oBi 112 mt ki ) e, ) i \PB) Pk, B
" Y 1 m, m 1 A "
/D¢7z HT <k/T> (k' " >Hmm (7(7511 r) Hk’r_n <¢Xn) Hm,.—k;n71(¢)§;7z) e—S[rb]
—1272 my! Tn rm—1 2 ’
(83)
where 3 =30 oo 20T g and Yo, = ZZTF 24" g+ Note that for the first

n — 1 replicas there are always two Hermite polynomials for each replica at each side A and
B which result from splitting the two Hermite polynomials in (79). For the n-th replica we
only split one of the Hermite polynomials in (79), thus we see only three in the resulting
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expression: the unsplit Hermite polynomial of a full field, and the two factors of the one we
split. Although at first glance the resulting situation seems quite desperate, there are a couple
of simplifications we can make. First of all, we note that all the replica indices for the fields
are now dummy indices, and that the path integral expressions are just correlation functions.

For example the path integral over A is just

f o [ G oy 2]
<f[Hmrm(vi;)Hk;ui_l(soi;)> . (39)
r=1 Ap

Lo 1 [/m, m,
-z —
A 5w my! (k ) (k’ )
and similarly for the path integrals over B and M. We further note that the quantity above

r=1 ri—1

is labelled by the 2v indices ky; and k;.;_; with the replica index constant. Hence, we package
them into rank 2v tensors by defining

, , v 1 N N v
A= (g () <T1_11Hmm(goi;) Hk;(@?;)> (35)

Ap
o | 1 (my\ (m, : H Ar Ar
Kooy S H ome 1 , H mp—kp (‘PB ) Hk’, (@B ) (86)
st 2 my! \ ky k.. st 5
= = D
Ak ﬁ 1 m;\ (m; ﬁ a1, (Lo ) m (63 &, o
Fevidy = 23771r : & ¥ me, \@ k\Pa mr—k, \ P
21272 my! T T =1 M
(87)

where the k, and %, indices run from 0 to m,. Using the Einstein summation convention we

can define multiplication and a trace operation for these tensors in the standard way

seensky, Kook, ey
(4B} = A B (88)
Tr A= A% (89)

These definitions take care of the index structure of (90), which can then be simply written

Tr(ph) = <2253>H W (n) T (AB)"' M]
- Tr(pgS‘A) Tr[(AB)’HM].

In order to find an analytic continuation in n for this expression, we first note that the tensors

(90)

above can all be written as square matrices A; with 4,5 = 1,...,T]V_;(m, + 1) such that
matrix multiplication and the standard trace correspond to the operations on the tensors

defined in (88)%. As a matrix, the tensor AB is invertible which provides a sufficient condition

8This is satisfied if we, for example, define Ai by the map

. k], K4+ o (myp— 1 +1+K])
A P A ST e 1k 1)
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for the existence of its matrix logarithm. Later, we will see that at least in the special case
where all the excitations are on the same mode, the matrix 4B is in fact diagonal and with
real eigenvalues, making the matrix logarithm unique and well-defined. For now, we are
satisfied knowing it exists as it provides us with the desired analytic continuation. We can
next differentiate and take the limit n — 1 to find

Sm)\l ey, [A] = SGS[A] TI‘(M) + Tr(log(AB)/\/l) . (92)

It is not hard to check that this agrees with the entanglement entropy of the singly excited
state (55). The trace of M in the first term, is easy to evaluate using the identity of Hermite
polynomials (81) and gives

v v
1 1 - 1 -
(M) = MApbe = | ] o <H H, (—aﬁ“) H, (¢Ar>> - (93)
1y ,ku my | mr mr
r=1 2mrmy] r=1 \/5 \/i M
As was the case for the singly excited state, the coefficient of the ground state entanglement en-
tropy encodes information about correlation functions on the complete manifold. The second
term, also as before, includes information about the correlation functions in the submanifolds
as well as correlation functions that communicate between them. Using our expression for

Trp’ (90) it is also straight forward to write down an explicit form for the Rényi entropies

ST, [A] = SGIAI + 1=

AL 5ees

~log (Tr[(AB)" 1M]> (94)

where we observe, as for the singly excited state, that the ground state Rényi entropy factors
from the excited state. While it is quite nice that an analytic expression can be written
down for the entropy of an arbitrarily excited state, its form is quite involved. In the next
section we will consider an interesting subcase, and see how the result behaves in some specific

geometries.

4.1 An interesting subcase: only one mode is excited

The density matrix corresponding to the state with m excitations in the A-mode is follows
directly from (16) with v =1

p=|(my)) <(mA)| (95)

1 ¢ O\ 1St 4y 1y
ZM 2"Mm>\ /D¢D¢ HmA(\/i) me(\/§> e |pi) (5] (96)
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The replica calculation goes through as described in the previous section, leading to tensors

(85) that are square (m + 1)-dimensional matrices with elements
[ 1 (m\ (m % Y A\
A k— om ﬁ k k! m—k <¢A) K <90A) A ’ (97)
/ 1 1 /m\ [/m
LA A Ao
B = gm m! (k) (k’) <Hm7k (¢B> Hi (¢B>>B’ (98)
/ 1 m\ [m 1 - - _
k A A A
=3 Hp| 79" | H Hyty : 99
M 2% m! <k> (k’> < (\/5¢ ) k(¢A) k (¢B)>M (99)

The correlation functions in the tensors are straight-forward to calculate. In appendix E
we use the definition of Hermite polynomials and the linearity of the correlation functions to
express the matrix elements above as sums of simple correlation functions of transformed fields.
These can then be evaluated by Wick’s theorem and simplified by considering that the Green’s
functions appearing in the expansion are all integrated against the same eigenfunctions of the
Laplacian, turning the space variables into dummy integration variables. Thus, all Green’s
functions in Wick’s expansion that are integrated over the same domain, are the same. For

example, we have

<(@§()B>X = 08,even(# of full Wick contractions)(G’)\()g
8

= 6ﬁ,even(ﬂ - 1)”(G.§\() 2, (100)

which together with (18) is used to express the tensors A and B as polynomials in G’A and
Gg. Explicitly, we have

A =, (Gg) , B = Fy (Gg) , (101)

where F' is a polynomial given in equation (178) of appendix E. We note that Filly o
Om—k+k even- Lhe evaluation of the correlation functions in M is combinatorically more in-
volved, as three different projections of the field appear in it. This means that there are three
distinct transformed Green’s functions appearing in Wick’s expansion. We find it convenient
to work with the following partial projections

Gé‘(,y = /Xd2x/YdQ:U'L,\(x)L)\(x’)GM(x,x/), (102)

where X,Y = A, B. Since GQ,B = G%,A these are three distinct objects. By definition, they
are related to the transformed Green’s functions we dealt with before, see (50), by

Gxm=Gip+Gxx, X=A4B (103)

Gy = Gi\,A + ZGi\,B + G;\E,B' (104)

As for A and B, the correlation functions in M can be expressed as polynomials in the three
transformed Green’s functions by linearity of the correlation functions, identities of Hermite
polynomials, and some combinatorics. The result is

MZ/ = Tkm,k:’ <Gg,Bv G%,Av G)é,B) ’ (105)
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where T is a polynomial in three variables defined in equation (184) of appendix E. Note that
for a fixed surgery and eigenmode GA, B Gf‘é" 4, and G)l\?, p are just real numbers. Furthermore,
we note that Tgbk, X Oftk/ even-

In the following sections we will apply this to the same geometries we studied when con-
sidering singly excited states in section 3. We will concentrate on the modes that are simul-
taneously eigenmodes on the manifold and submanifolds, and observe the effect that adding

excitations to them has on the entanglement entropy.

4.2 Spherical geometry

Let us start by considering again the geometry of section 3.2, that is the sphere M cut at the
equator into the hemispheres A and B. The first thing we need to do, is identify the modes
for which the assumption (82), that is ((Z)X)A = ((;Ecél)A =0fori=1,...,n— 1, is satisfied.
As the classical field is constant, the condition is satisfied iff

/d%; Y (x) = / d2x Y™M(z) = 0, (106)
JA JB

where Y™ is a spherical harmonic. The spherical harmonics are proportional to e™? and ¢ is
integrated from 0 to 27, so the condition is automatically satisfied for all spherical harmonics
with m # 0. It isn’t hard to see that, by the properties of Legendre polynomials, the remaining
integrals vanish iff ¢ is even. Thus our results from section 4 are valid for all eigenmodes of
the Laplacian on the sphere ezcept those with m = 0 and £ odd.

During our analysis of the singly excited state, we observed that the transformed propaga-
tors, and thus the entanglement entropy, where highly dependent on whether the eigenmode
on the complete manifold was also a eigenmode on the submanifold. In particular, all modes
that were simultaneous eigenmodes on the manifold and submanifold had the same entangle-
ment entropy. On the halved-sphere geometry these modes are characterized by having £ +m
odd, and, as before, all of them have the same entanglement entropy. The calculations of the

relevant transformed propagators are found in appendix B.1, they are given by

1
G)\ e G/\ = 2
{4+ m =odd and m # 0 = Gz,A:G§73:1/4+UA (107)
GQ,B =1/4—o0),

where we exclude the modes with m = 0 to fulfill the assumption on the classical fields, and
oy is defined in (133). We will see that the entanglement entropy is independent of oy, so its
exact value is irrelevant for our purposes. As we discussed for the singly excited state, the
above expressions are also approximately valid for high angular momentum modes, that is
modes in the limit £ > 1. We can thus use the polynomial expressions (101) and (105) of the
tensors appearing in the entanglement entropy for the state with m) excitations in one of the
allowed modes by

/ / 1 ' 1 1 1
.Ak :Bk :Fl:?k’<§>7 _/\/lk :Tlgbk/<1—0')\,i+0')\,i+0')\>7 (108)
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with k, k" = 0,...,m,. One can check, that for these values the product matrix AB is diagonal
and has the following simple form in terms of binomial coefficients

AB—;ﬂdiag[(?),...,(?),...,(Z)}. (109)

The matrix M has lower triangular form and shares the same diagonal elements as AB, such
that Tr(M) = 1. In particular, this shows that o) does not affect the entanglement entropy.
Using the ground state entanglement entropy for this configuration, see (57), as well as our
general result for the excited state entanglement entropy (92), we can write the entanglement
entropy for my quanta of energy in an eigenmode with ¢ + m odd and m # 0 in the halved-

sphere geometry as

Sy [H?] = Sgs[H?] Tr(M) + Tr(log(AB)M)
=1og<\/%R> —%+k§02im(7:) log (;ﬂ(?)) (110)

The equation above is also valid as an approximation for all modes with ¢ + m even in the
limit of high angular momentum ¢ > 1. In figure 4 the value of the entanglement entropy
is shown for different excitation levels. As can be seen in the right image of the figure, a

T .
of e 6
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9 ...- 5 '/'
< ) )
3 4 . |
4 ; )
< ; )
3 5 ‘
w @
=
2 2|
‘ 1
D 0|
0 20 40 60 80 100 o - . 3 4

m log mj

Figure 4: In the first image S, is plotted as a function of the number of excitations m, for

any mode satisfying ¢ +m =odd and m # 0. We evaluate it at the RK-point g = é and for
R = 1. The second image is a log-linear plot of the same data, the dashed line represents the

linear fit y = 1.008z + 2.421 with an R? value above 0.999.

logarithmic behavior in m dominates. We can thus provide the following approximation for
the entanglement entropy

Sy [H? = Sas[H? — a1 logmy, — az (111)

with a1 &~ 0.504 and as =~ 0.711. In particular, we learn that for highly excited states, that is
for my > 1, the entanglement entropy for this type of modes develops a logarithmic divergence
in my.
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4.3 Rectangular geometry

Let us turn again to the rectangular geometry of section 3.3, with M a rectangle of side
lengths L, and L, cut at £, into the two smaller rectangles A and B. As was the case for the
single excitation, the vanishing of the classical part of the field ensures that our assumption
(82) is trivially satisfied for all modes.

The transformed propagators needed to write down the explicit expression for the entangle-
ment entropy for a general surgery are calculated in appendix B.2. As far as we know, there
are no simple closed forms to be written down in this case, as both the transform Green’s
function and the entanglement entropy have an intricate functional dependence on the surgery
parameter ¢,. We thus refrain from repeating what general formulas we have stated up to
now, and concentrate on a specific surgery.

Let us choose the halved rectangle geometry, that is ¢, = L, /2. Here, for k, even, the eigen-
modes on the complete rectangle are also eigenmodes on A and B, and from the expressions

for the propagators given in B.2, we get

A A 1
Gy=Gy=3
kz even - G;\4,A = G%?,B =1/4+ 0y (112)
Ghp=1/4—0n

From our discussion about the single excitation, we know the above equations to be approxi-
mately true for all modes with high wave number perpendicular to the entanglement cut, that
is kz > 1. From the point of view of the tensors, the situation here is exactly the same as on
the halved sphere”, and the entanglement entropy only differs in the contribution from the
ground state entanglement entropy which is now given by (70). Thus, for even k; the excited
state entanglement entropy with m) quanta of energy in the mode labeled by k, and k, is

given by

Nl

i L 2
1 "I(f> 1 (m 1 (m
Smp[H? = Slog | ————2— [+ —( )log<< )) (113)
my 2 TLyn (z%:> = om k om k

We note that we don’t expect the contribution from the excited state to the entanglement
entropy to be independent on the geometry in general. Here, this is a feature of the type
of modes that we chose and also of the surgery. We do, however, expect the excited states
corresponding to eigenmodes that are simultaneously eigenmodes on the full and halved sub-
manifold to have an entanglement entropy of the above form for any similar “halved” geometry

=

(for example halved cylinders or tori). In figure 5 we show the dependence of Sy,

As expected, we see the same type of logarithmic behavior as for the sphere. In particular,

on my.

equation (111) is also valid here for all modes with k, even or k, > 1, and replacing the
ground state entanglement entropy corresponding to the sphere by that corresponding to the
rectangle.

9Note that the value of oy on the rectangle a priori differs from that on the sphere. This is however not
relevant, as ox doesn’t contribute to the entanglement entropy.
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Figure 5: In the first image S,;,, is plotted as a function of the number of excitations m) for any
mode satisfying k, even in the halved rectangle geometry with L, = L,. The second image is
a log-linear plot of the same data. The dashed line represents the linear fit y = 2.306z + 4.252
with an R? value above 0.999.

5 Discussion

We calculated the entanglement entropy of the states of the QLM obtained by exciting the
eigenmodes of the Laplace-Beltrami on a compact spatial manifold. These are natural states
for the model, as the ground state is given in terms of a conformal action determined by
that same operator. Assuming that certain integrals of the classical fields vanish, see (37)
and (82), which can be interpreted as its partial projections onto the excited eigenmodes, we
show that the replica calculation becomes tractable for even the most general excited state.
This allows us to provide the elusive analytic continuations needed to find the entanglement
entropy, which we do separately for the singly excited state — where the assumption on the
classical fields is a little less stringent — and for the general case.

We find that the ground state Rényi entropy factors from the excited state Rényi entropy
in agreement with [47], and further confirm that these can be written down in terms of the
EPA’s from [47], although we write them slightly differently and refer to them as transformed
propagators. We further find that, though the leading terms in the Rényi entropies of the
singly excited states agree to those in [47], the other terms do not. We believe the differences
to origin in the derivation of the generalized Wick’s theorem by [47], although at the time
of writing we have been unable to locate their root. In the general case, we find that the
entanglement entropy is again written in terms of transformed propagators, though here they
are packaged inside complicated tensors. We calculate the transformed propagators by spectral
methods and provide explicit formulae in both the spherical and rectangular geometry. In
the latter our results are in agreement with the expressions found in [47] which adds to the
evidence given by [47] for the universality of the objects.

An interesting observation about these transformed propagators is that they distinguish
between two classes of modes. The first class are modes that are, up to normalization, simul-
taneously eigenmodes on the full manifold and the submanifold. In the spherical geometry,

for example, this condition is satisfied by the spherical harmonics with ¢ + m odd, which
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are both eigenfunctions of the Laplacian on the sphere and on the hemisphere with Dirichlet
boundary conditions. The transformed propagators are the same for all of these modes. In
particular, this implies that the entanglement entropy is constant within this class of modes.
The second class of modes are those, for which the above condition is not satisfied. There we
find a non-trivial dependence of the transformed propagators on the chosen mode, and thus
also a dependence of the entanglement entropy on the modes. Looking back at equation (92),
we see that the excited state entanglement entropy is related to the ground state entanglement
entropy by two universal constants. Notably, this implies that the excited state entanglement
entropy still obeys an area law. Keeping in mind that the two universal constants are de-
rived from correlation functions on the different subsystems, our findings are similar to those
in [20-23,46], where excited states are constructed that obey area laws with corrections with
respect to the ground state entanglement determined by certain correlation functions of the
underlying theories. For the halved sphere and rectangle we observe that when m quanta of
energy are put into one mode, the entanglement entropy behaves logarithmically in m, that
is Sy, ~ logm. For a highly excited state, we thus observe a logarithmic divergence in the
excitation number, instead of the extensive behavior one would generically expect.

Our results and calculation can be applied to any bipartite compact geometry on which the
spectrum of the Laplace-Beltrami operator on both the full manifold and the submanifolds
is known. A generalization to higher dimensional geometries as in [37] and any even critical
exponent z should also be relatively straight forward. The key element here being the replace-
ment of the Laplace-Beltrami operator by the higher dimensional conformal generalization of
one of its powers (for example a GJMS operator in the spherical case), whose eigenmodes
would be excited. Up to some subtleties that are treated in [37], we expect our replica cal-
culation to hold up also in these cases. While not as straight forward, a generalization to
non-compact geometries would also be desirable. Even in that case, we would still expect
our results to hold up for any excited state that can be written in the form (16). We would
further like to find ways to relax our assumptions on the classical fields. As was already noted
in [47] the combinatorics of the problem become prohibitively difficult in the most general
case. However a slight relaxation of our assumptions — such as demanding the assumption
(37) for all excited states instead of only the singly excited ones — should be possible at least
in some situations. Finally, a deeper exploration of the highly excited states of the model is
desireable. In particular, we would like to better understand whether the area law behavior
that we observe in the highly excited state with all excitations in one mode is in fact connected
to a quantum scar, and, if this is the case, if this is a property of only that type of states.
This also indicates that an analysis of the eigenstate thermalization hypothesis in the QLM

might provide interesting results.
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A Rewriting Trp7}

In this appendix we perform the path integral manipulations needed to get from (43) to (46).
We start with the following factor that appears in (43)

n —
= / 1, PeaiDes.] Do
B/
n

A A A A =S 1=311 (Slea,il+Slen,i
[L@hi + 08,0 (A1 + ¢h) | e Sl EimBleadtSlend) (114
i=1

Let us take a closer look at the product of fields in the path integral. Keeping in mind
the calculations of [37,44], we want to separate the n-th field from the rest, and find out
which terms survive the integration. Remembering that our assumption (37) implies ¢} =
gpi‘m + gpgn the product can be written as

n—1
A A /A A A A A
H (P + 980 (@h i1 + 9B, | (a1 + 0B )00
=1
n—1 n—1
= | [T@r)?ehnen | + | T (50500
=1 =1

+ (at least one field appears alone). (115)

When we perform the path integrals only the leading terms survive, since the other terms will
contain something proportional to at least one one-point function of the fluctuations or the
full field, which vanish. We can also glue the integration of the n-th field back together by

/ DD pnDppn () = / D (), (116)
JB

to form an integral over a free field on the complete manifold (see [38,43,44]). This then leads
us to

n—1

H D@AL )2 —Slpail /Dd)n ¢ (/)A n ¢n]+

n—1

# L1 [, Pons (eboeton [ D6, G2, )
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where Ap and Bp remind us that those path integrals are taken over A and B respectively

and with Dirichlet boundary conditions, and where we also used the fact that
[ Do, B2 e
~ [ PeanDonaDE [(<z>i§,n)A + @hn] [hin + b ] €SI Stoan)=Slon.0]
— [ D6, Gk e S

—c . _graell_ R
/D‘pA,nD¢B,nD¢;LI(¢541,n))\ [QQXTL + @%,n} € Sténl=Sleanl=Slen 0l
=0

/ D G0 e, (118)

In the second to last line the term vanishes because it is proportional to a one-point function
of the fluctuations on either A or B. If we furthermore notice that all the fields in the path
integrals are dummy fields that are integrated over, we can get rid of the replica indices and
write

n—1
1—( Dya (wﬁ;)%"‘“"“) / Dé ¢ dhe 504
Ap .
+< Dop (w%)QeS“’B]) / Do G e 59, (119)
Bp

which is precisely the factor that appears in (46).

B Transformed Green’s functions

We calculate the transformed Green’s functions G3\(7 o and G3\( by means of their eigenvalue
expansions as well as the orthogonality and completeness of the eigenmodes of the Laplacian.
We denote the eigenmodes of the Laplacian on M by Ly(x), and on X = A, B as LX (),
where we always take Dirichlet boundary conditions. In order to avoid confusion, we index
eigenmodes and eigenvalues on M by A and p, and eigenmodes and eigenvalues on A and B

by a and 3. The Green’s function G ys(z,z’) has an eigenvalue expansion of the form

Gu(z,2') = Z M7 (120)
A

where the sum runs over the complete set of eigenmodes of the Laplacian on M, and similarly

we have the eigenvalue expansion on X = A, B

«
«

where the sum now runs over the complete set of eigenmodes of the Laplacian on either A or
B. Let us take a look at the different transformed Green’s functions in (50). The integral in
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GJA\/I is easily evaluated by the orthonormality of the eigenfunctions leading to

V= l g T x 2: M:
GM*A%:“ (/Md (@) Ly( )> A%: m 1. (122)

We can proceed with Gé‘(, a in a similar fashion and write
Gy = ,\/ d%/ 4?2’ Ly ()L (2") G (2, 2")
' M X

_ 2, 2,/ = = LM(I)LN(II)
,A/Md /xd La(2)La( );7H

_ 22T (2 Ly(2') 20 Ly (2 z

[ L DI | Esn@ @

:/\/).(dQLK/L)\(Hi,)z‘L:%ajl)&/\u

:/ A2z’ (L (")) (123)
X

Using the expansion (121) we can rewrite G, as

Gy = )\/ d?z %2/ Ly (z) L (2 G x (z, 2')
X

X X (!
= )\/Xde d?2’' Ly () La(2") 25: W
= 1 2z )L (z ’
,A;ﬂ(/xd L@ ) - (124)

Let us take a look at the specific situation, where the eigenmodes a on the submanifold
are simultaneously eigenmodes on the full manifold (i.e. 3A s.t. @ = A). In other words,
this is the case where some of the eigenmodes on M coincide, up to normalization, with
the eigenmodes on A and B. Here, we have a notion of orthogonality between L) (z) and
LX(x). In particular we can write cX LY (z) = Lq(z), where ¢X accounts for the different
normalization of the eigenmodes. For this type of mode we can, for example, evaluate the
following integral exactly

/XdQ:L' Lo(z)Lg(x) = dap (cff)Q, (125)

allowing us to evaluate (123)
S = (€)% (126)

We can also continue the calculation in (124) and write

o _ (c5)? 2 71X X 2_ X\2
foaZT(/deLa(x)Lﬂ (x)> = (), (127)

B
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Finally, we can rewrite Gf‘q’ p using the same techniques
Ghp= a/ &%z / d22' Lo (@) Lo (2 G (0, )

/d2 /dQIIL La(z )ZL;L(I)LM(I/)

I
 (fe o) ([ )
=« — d®z Ly ( d*z Lo (
25 (e &
2 2
_(.A B AB
= <c(,) (c(,> + 0y, (128)
where cr{;‘ B is defined as

olbB lsu(/d2¢L(¥ Lu(x )(/dLLU, ()). (129)

Here, S is the set of eigenmodes on M that are not eigenmodes on A and B. Similarly for
X=AB

% x = (cff) + o)X (130)
with
Yi=a) = (/ @z La( ()) . (131)
pES H
Note that

/Ad% Lo(2)Lu(z) = / d®x Lo(x)L,(2) — /d21L ()L ()
/d% La(@)Ly(2), (132)

where in the second line we used the fact that the integral over M is proportional to dq,, but
1 # « since we are only summing over modes p that are not eigenmodes on A and B. In
particular, we can define

O =02 = BB = _5AB, (133)

Next we discuss the calculation of the transformed Green’s functions for specific geometries.

B.1 Spheres and hemispheres

Let us consider the situation when a sphere M = S2? is cut into the northern hemisphere
A= HJQV and the southern hemisphere B = H?q along the equator. The relevant eigenfunctions
are then ijn(x) = Y™(x) on the sphere and Lg;(x) = V2Y/"(z) with m + ¢ odd on the
hemispheres with Dirichlet boundary conditions. Thus the eigenmodes on the hemisphere are
also eigenmodes of the sphere, and in our notation A = (¢, m) and a = (¢, m) with £+ m odd.

We note that in this case ¢ = % Using equations (122), (126), (127), (128), (130), and
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(133) we find

{3 f— 1

M
Ge = Go —Ge =Gy =1

AM B,.M A B 2 (134)
Gia=Ggp=1/4+0a

Gip=1/4—0a

{4+ m = odd =

Let us take a look at the other modes, that is those with ¢ + m even. We remind the reader
that the spherical harmonics transform as Y;™(r — 6, ¢) = (—=1)"7Y™(6, ¢) under reflection

over the equatorial plane. In particular this implies that
1 1
[ e @y = [ @ @a@? =3 [ Eoi@?=, (135)
A B 2 Jm 2

and thus from equation (123) we see that GX M= G)E‘;’ M= % is actually true for all modes.
Furthermore it isn’t hard to see from the reflection properties and normalization that and
that GXX = /2 and GAB = 7G§‘(/2. Thus finding G;‘( provides us with the remaining

propagators. The transformed propagators G;‘( are given by
1 2
Gx=2) — (/ d’z LA(x)Lff(x)>
@ \Jx
«@

—26(+) Y M — (/ &z Y (2 (fjl*‘( )>*>2, (136)

o
£y +my=odd

where () + my =even. Using the definition of the spherical harmonics
Yi"(0,6) = N(t,m)e™ Py (cos(9)), (137)
where N is the normalization

20+1(—m)!
(L+m)’

N(t,m) = (138)

and P;"(x) are associated Legendre polynomials, we can evaluate part of the integral and

write

2 m, 7”’1 2 m nLJ * _
/Ad 2 Y[ @) (V) (@) /d v @) (V@) =
1
27T6mx<,muN(£/\>m/\)N(é,u»m/\)/0 dz PZ*(I)PZ*(I). (139)

Unfortunately, to our best knowledge, there is no simple closed form for the integral over the
associated Legendre polynomials. We can however write the transformed propagator as

1
Gh=Gp =3 (140)

33

227



Paper IlI

with
3%, 0y + my = even
Sy={ AT =Y (141)
1, é>\+m>\:Odd,

and where for /) + m) = even we defined
§ = szmh = (200 + )05 (0) + 1) X

Un—my)! = @A) Gy ([
m Z f;t(Zu—Fl) (ZZ-FTR)\)! < 0 dr PZ}‘ (m)PZu ($)> - (142)

Lp>my
£, +my=odd
Note that we used the fact that Pg:* =0 for £, < my to alter the starting point of the sum.
We also note that the conditions that my + ¢, be odd is equivalent to demanding that ¢,
be odd whenever /) is even and vice-versa. We further note that X7 = X7 . due to the
transformation behavior of associated Legendre polynomials when m +— —m:

(E - 771)' m

P (z). (143)

P ) = (1) (s

The value of ¥y can be determined numerically from this expression by truncating the sum
at some sufficiently large value and performing a numerical integration at each step. We note
that the sum converges for all desired values.

B.2 Rectangles

We now consider the case described in 3.3, that is M = [0, L] X [0, L,], A = [0,4;] X [0, L],
and B = [{;, Ly] x [0, L,]. As before, G}, = 1. We start with G3\(,M

@mzéfﬂmww. (144)

Using (67) for the eigenmodes, the integral can be easily evaluated and gives

o1 ‘,
R - G| (149
Ly 1 Ly
G)B,M = (1 — L—) + he sin <27rk"”L7,>' (146)

Now we can tackle G3\(. We take, as before, Ly to be eigenfunctions on M and Lf eigenfunc-
tions on X = A, B, and start by considering Gﬁ. In order to calculate

ch = )\Zé (/A s L)\(J:)Lﬁ(:v)>2 , (147)

we first need to evaluate the integral. Due to the surgery we perform on M the eigenmodes

on M and A have the same y dependence. In particular, this means that the y integral only
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contributes a d-function and we can write

/ &z Ly(z)LA(z) = / &x Ly, k, (1)L, ()
A A

2 Ly
= ﬁéky,ny | dz sin (7Tk¢%> sin <7rnz%>

2 - n,
= (—1)"= sin <7rkzﬁ) % (148)
z:l:L:u Lr (lﬂ) 7(ik>
s I,z
With this integral we can conclude the evaluation of Gj\4
2
4 T 2 m 0 \?
Gy = (—k) + | —*, sm(wk,.i> X
AT Gy \\ Ly © Ly, "Ly
2
SRR (2
2 2 oN 2
5 () + () () - (20))
ly 1 . Ly A
== — sin( 2wk, — | — d 14
L. 27rk,,qm< i TLT> A (149)
where we defined
2
2 ( Zk, ) coth(mk, %) sin(whky 4= ) — ( £k, ) sin(2rk, &
1 L,y YL, TLy L, TL.
o ) ) () g)
We can proceed similarly with Gg and get
14 1. 14
Gy = (1 - i) + ke sin (27rkzL—Z) —dB, (151)
with
2
. 12 (quky) coth (ﬂ'ky LILZZI) sin(frkz%) + <L%kz) sin <2ﬂ'kx%>
ap = . (152)

-7 2 2
b (ko) +(7h)

C EPA’s and transformed Green’s functions on the rectangle

In [47] quantities dubbed Entanglement Propagator Amplitudes (EPA’s) are introduced.
These are closely related to our transformed propagators. In fact, the first two EPA’s are, up
to a different normalization, just Gf‘4 and G%

a=GY (153)
B =G (154)
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k4 k=2 k=8, k=4

Figure 6: The quantity d™* calculated by [47] is compared to our exact results dj\q and df
for constant k, = 4 and ky, = 2,4,10,100. The approximation used to calculate ™" is only
valid at large k,, there it agrees with our result.

The remaining EPA can be expressed in terms of our quantities as
F=GY -GA -Gy =1-G) -G (155)

As an example these quantities are calculated explicitly on a rectangle with side lengths L,
and L, and an entanglement cut at £, where the the eigenmodes of the Laplacian are labeled
by the positive integers k, and k, and correspond to the Fourier modes on the rectangle.
In [47] the following expression is given for the transformed propagators

GA = i_” - ﬁ sin(Qﬂkzi—m) — et (156)
1
Gy = (1 - i_“> - Wsm(mzi—“) —dreet (157)

where the following approximation'?, valid for large ky and L, = L,, is given for dreet

drect ~

4 2k, [T S qp g, [T SOEQp  (—1)ku 41 Sin( ¢ )2
= :

ey —— 158
7r k2 4 k2 7 (158)

T
In figure 6 we compare this result to our analytic results for df and df at L, = L, from section
B.2, see equations (150) and (152) in particular. We find the results in good agreement where

the approximation for d*¢°* is valid.

'"Note that in [47] there is a an extra factor of 2 in equation (72) with respect to their calculation of v in
appendix C.2 of the paper.
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D Determinant of the Laplacian on a rectangle

In this section we calculate the zeta regularized determinant of the Laplacian on a rectangle.

The determinant of the Laplacian can be written as
det A = ¢~ (159)

where (g is the spectral {-function corresponding to the Laplacian. On the rectangle, where
the eigenvalues of the Laplacian are

2 2
Akx,k‘y = (lez> + (2‘&/) ) k:wky S N+7 (160)

the spectral (-function takes the form

o] 2 2\ 7°
Gls)= > (lekz> +<Z/ky> ‘ (161)

ko oy =1

Our goal is thus to find an analytic continuation of this expression to s = 0 and calculate
the value of its derivative at that point. Let us first recall some identities. The integral

representation of the I' function can be used to write
1 o0
(= m/{J dt t5~te . (162)

The Poisson summation formula is given by
oo o0
an? 1 1/ m _n?x?
mon® — 4 D JENT e 1
e 2+2\/;+\/;Ze (163)
n=1 n=1
The Riemann (-function is defined as
= 1
=3 (164)
n=1
and finally the integral representation of a modified Bessel function is

K,(z)= % /0 du e 5(uta) g1, (165)
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We can now use these identities to perform some manipulations on the spectral {-function

Z / at £ le <<ﬁkw)2+(ﬁk”)2>

kz,kyq

2

k =1 kz=1

2

=k - N . K2l
Ly J) ,1+ L‘L t_% + ﬁt‘é Z e_f

L
N

dft‘ le

5+§ S’% L
2e ~ Z ( > K, 1 <27rzkzku> . (166)
2 L k
ko ky=1 v
The derivative at s = 0 of the first term is straight forward to calculate for the first term
d1 % 1
-3 (2) @l = jiosiary). (167)

In order to evaluate the derivatives at s = 0 of the remaining two terms we need consider the
following asymptotic behavior of the I'- function. For € close to zero
1
()
d 1
%@L@:E

Since all other parts of the expressions are regular around s = 0, this means that the only

=e+..., (168)

=1+.... (169)

terms that survive are those where the the derivative hits the I'-function. We can thus write

for the second term in the spectral (-function

d L, D(s—3) (L,\*"
et () e

and similarly for the third

1 s—1
d 20y & (L, C Ly
il K 1 |2n2%k
dsT(s)y/m 2 ky =3\ 27, Kby

K hy=1

_ VT Ly 1 L,
21, F(—§)C(—1) 11, (170)
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Using the explicit form of K_1 we can further simplify this to

1
2

L, & k L, X1 oplegg
2 /75 Y K (2 keky | = Y e B
Lyk ky=1 ki $<7rLyzy kk—lkze '

2y = o ky=

oLy Ly
= 7EL—y —log|n <1Ly> , (172)

where 7 is the Dedekind n-function. Putting everything together, we see that the derivative
of the spectral (-function at zero is

¢5(0) = %log(ZLy) —log| n <z§:> (173)

and the determinant of the Laplacian on the rectangle is

1 L,
det A = i—= . 174
‘ mn(%) (174

We note that due to the behavior of the Dedekind n-function under modular transformations

the expression above is invariant under the exchange of L, and L.

E Correlation functions

In this appendix we evaluate the correlation functions needed in the calculation of the entan-
glement entropy of the state with m excitations in the A mode, see section 4.1. As a starting
point, we can easily see that for integer 8 and by linearity

[Ny

<(g03\()ﬂ>x = 05 even(# of full Wick contractions)(G% )

8
= Gpeven(B = DIGX) 2,
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where X = A, B, M and 03 even = 0g,2n for some integer n. Using the definition of Hermite

polynomials (18) and linearity we can rewrite the following correlation function as
1 1 (m\ (m N N
om ﬁ(k) (k’) <Hm—k(¢x)Hk’(<PX)>X

= (m— B! % (Z‘) (Z,‘) x

L=t L) (1)t gk —h=2(6+0)

A ym—k+k'—2(6+¢)
; ZZZOZM’!(mfk72€)!(k/72£’)! <(“’X) >x

1 /m\/(m
= (Smfk%k’,even(m - k)'kl' ﬁ <k5> <k/> %

RIS

Z (71)z+z/2kr,k—2(l+z/)(m —k+ K =20+ 0) -1 (G)‘ M
00 (m — k= 20)1(K — 20)! X

=0 =0
L%J [%J m—k+k—2(¢+¢")
2
= Onkiween D O i (60) (GX) , (176)
=0 ¢=0

where we included the prefactor that appears in front of the correlation functions that make
up the tensors A and B in (97) and (98), and in the last line we defined

e (-1t 1 (m\ (m\ (m— k) K (m—k+k —200+0) - 1) )
RRSGE T gh—kH2+0) \| mt \ ke ) \ K 00 (m — k — 20)\(k — 20)! :
If we define the following polynomial
LmT_kJ L%IJ m—k+k'—2(0+¢")
FIZY,LI«’(Z) = 6m—k+k’,even Z Z flzlk/;z,[/z 2 (178)
=0 ¢'=0
then we can simply write
1 1 /m\[/m N N m "
s\ o7 e ) () (s @) Hie (X)) = Fir(GR). (179)

Next, we want to evaluate the correlation on M appearing in the tensor M in equation (99).
Reminding ourselves that ¢* = da + é),; and using the identity of Hermite polynomials (81)
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we can rewrite the correlation function as

i () E) (i (G5°) ) e ()
=g (1) () 2 () {1 (63) o (22) 1 (58) B ()

n=0

_ 22% (’;) (Z/‘) ;k!(m —K)Ix

Il 5] L%J (71)r+7"+Z+Z’22m+k7k’72(r+r’+i+l’)
‘= 2/20 rlr!l(k — 2r)!/(m — n — 2r")l(n — 20)!(m — k' — 2¢')! x
_ \mtk—n=2(r+r") ,_ \ mt+n—k'—2({+£")
<<¢>ix) (d%) > (180)

M

M

SIE
©

/

r=0

<

where we used the definition of Hermite polynomials in the last line. We will take care of
the prefactors later, for now it is enough to see that the expression above is just a sum of
correlation functions of the form (A*B?) s, where we use the short-hand notation A = qgj and
B = q% When we apply Wick’s theorem to this type of correlation function, three distinct
types of transformed two-point functions appear: (AB)y = G;\L g and (X2 = Gé‘(, x Wwith
X = A, B. Since we know from before what correlation functions of the form (X“) s look like,
we can evaluate <A"‘Bﬁ Yar by successively taking mixed contractions creating an expansion
of the form

<AaBﬂ> = a0 (4%) (B} +a) (4B) (4°~1) <Bﬁ’1> +ay (AB)? <AH> <BH> T
(181)

where a, is a combinatorial factor counting the ways to select p pairs AB out of A*B# given

by
1 o sl

ap, = — —_—
Pl (a—p)! (B —p)!
As a consistency check it isn’t hard to see that this combinatorial factor leads to the expected

(182)

amount of full Wick contractions: (o + 8 — 1)!l. Using equation (175) one can then evaluate

the remaining correlation functions and write

min(a, )
<AQB/3>: Z 5a—p7cvcn5ﬁ—p,evenx

p=0
%ﬁﬁ (GQ,B)KJ (GQ,A><Q7P)/2 ((;%;J:;)(ﬂfp)/?7 (183)
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where we used the fact that n!/(n — 1)!! = n!l. Let us thus define the following polynomial in

three variables

m
TIZLk’ ("E?t ’ Z) = 5k+k’,cvcn <7Z> (:f) Z k'(m — k’)' X
n=0

L5) 1252 13) 125) ()T k! =24 )
; 7,2::0 22:; le:% it (k — 2r)(m —n — 2r")(n — 20)!(m — k' — 2¢")! X
min(m+k—n—2(r+r'),m+n—k'—2(4+¢"))

s 1 (m4k—n=2(r+)) %
mtk—n—peven ptim+k—n—=2(r+r")—p!

p=0

(m+n—k—2(+0)) Py(mHk-n=2r41)=p)/2 (min—k -2E+0)=0)/2 (134
(m+n—FkF—20{+0)—p)!
where we simplified the d-functions as 6, 4k—n—p,evenOm+n—k'—peven = Omtk—n—p,evenOk+ even-
In the end, we can write for the correlation function

1 m\ [m 1 A A
=) (1) () <Hm (757 1 (48) o (¢B)>M
= T\ (G 5, Gha, Gl ). (185)

Note that for a fixed surgery and eigenmode GXB, Gﬁ,Av and G)L\f,B are just real numbers.
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