PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: February 3, 2022
ACCEPTED: June 8, 2022
PUBLISHED: July 19, 2022

Entanglement entropies of an interval in the free
Schrodinger field theory at finite density

Mihail Mintchev,® Diego Pontello,’ Alberto Sartori®?® and Erik Tonni®
@ Dipartimento di Fisica, Universita di Pisa and INFN Sezione di Pisa,

largo Bruno Pontecorvo 3, 56127 Pisa, Italy

bSISSA and INFN Sezione di Trieste,

via Bonomea 265, 34136, Trieste, Italy

¢Intelligent Cloud Technologies Laboratory, Huawei Munich Research Center,
Riesstrafie 25, 80992 Miinchen, Germany

d International Centre for Theoretical Physics (ICTP),

Strada Costiera 11, 34151, Trieste, Italy

E-mail: mintchev@df .unipi.it, dpontell@sissa.it,
alberto.sartori@huawei.com, etonni@sissa.it
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is a non-relativistic model with Lifshitz exponent z = 2. We prove that the entanglement
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of the interval. The entanglement entropy is a monotonically increasing function. By
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the expansions of the entanglement entropies in the asymptotic regimes of small and large
area of the rectangular region in the phase space. These expansions lead to prove that the
analogue of the relativistic entropic C' function is not monotonous. Extending our analyses
to a class of free fermionic Lifshitz models labelled by their integer dynamical exponent z, we
find that the parity of this exponent determines the properties of the bipartite entanglement
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1 Introduction

The bipartite entanglement associated to a spatial bipartition has been largely studied
during the past three decades in quantum field theories, quantum many-body systems and
quantum gravity (see e.g. the reviews [1-7]).

Consider a quantum system in a state characterised by the density matrix p and the
bipartition A U B of the space given by a region A and its complement B. Assuming that
the Hilbert space of the system can be factorised as H = H4 ® Hp, the reduced density
matrix of the subsystem A is pg = Try,p, where the normalisation condition Try ,pa =1
is imposed (hereafter we enlighten the notation by using Tr(---) = Try ,(---)).

The entanglement entropies provide an important set of quantities to study in order to
understand the bipartite entanglement of the system in the state p for the bipartition AU B.
They are the entanglement entropy, the Rényi entropies and the single copy entanglement.
The entanglement entropy S4 is the von Neumann entropy of the reduced density matrix

Sa=—Tr(palogpa) = lim Sy (1.1)

which can be obtained also through the analytic continuation o — 1 of the Rényi entropies
(replica limit), defined in terms of the moments of p4 as follows

a 1
Sg)zl

—

log[Tr (p%)] (1.2)

where a # 1 is a real and positive parameter. The replica limit in (1.1) naturally leads
to identify SS) = S4. The single copy entanglement Sj(fo) can be defined as the limit
o — +00 of the Rényi entropies (1.2) [8-10]. Since Tr(p%) = >=; A}, with A; € (0,1) being
the eigenvalues of p4, it is straightforward to realise that Sj(fo) = —log(Amax), Where A, is
the largest eigenvalue of p4. Among these entanglement entropies, S 4 is the most important
quantity because it measures the bipartite entanglement when p is a pure state.

Many fundamental results have been obtained for the entanglement entropies in rela-
tivistic quantum field theories in d + 1 spacetime dimensions. In this class of quantum field
theories and when p is the ground state, the entanglement entropies are divergent as ¢ — 0,

where € is the ultraviolet (UV) cut off. The leading divergence exhibits the celebrated area



law behaviour Sz(f) oc Area(9A)/ed™! + .- as e — 0, where the dots correspond to the
subleading terms [11-14]. Our analyses are restricted to d = 1 translation invariant quantum
field theories on the line and to the bipartition given by an interval A; hence we are allowed
to set A = [—R, R] without loss of generality. A notable exception to the area law behaviour
are the conformal field theories in d = 1, where 5’1(4&) = £(1+ 2)log(2R/e) + -+ [15-17],
with ¢ being the central charge of the model, which occurs in the Virasoro algebra [18].
Another important result for the relativistic field theories in d = 1 involves the function
C = RORS4, constructed from the entanglement entropy of the interval A on the line when
the entire system is in its ground state. Similarly to the Zamolodchikov’s C' function [19],
the quantity C is UV finite and decreases monotonically along a renormalization group
(RG) flow connecting a UV fixed point to an infrared (IR) fixed point [20]; hence it is
often called entropic C' function. The proof of this monotonic behaviour of C' is based both
on the strong subadditivity property of the entanglement entropy and on the relativistic
invariance [20]. In relativistic quantum field theories, the effect of the finite density on the
entanglement entropies has been also explored [21-26].

In order to gain some new insights about the relation between the spacetime symmetry
and the characteristic features of entanglement, it is worth investigating the entanglement
entropies in non-relativistic quantum field theories, which have also close connections
with the quantum many-body systems. The properties of the bipartite entanglement
quantifiers depend on whether the quantum field theory model displays a relativistic or
a non-relativistic invariance. For instance, free Fermi systems at finite density exhibit
a well known logarithmic violation of the area law of the entanglement entropy due to
the occurrence of a Fermi surface [27, 28] (for numerical results in lattice models, see
e.g. [29, 30]). Furthermore, an entropic C' functions for non-relativistic quantum field
theories in d = 1 is not known [26, 31].

In the Wilsonian approach to quantum field theory, a fixed point corresponds to a scale
invariant model and the scaling symmetry may not act on space and time in the same
way. Under the assumption of spatial isotropy, the Lifshitz scale transformation is defined
by t — x*t and & — yx for any spatial position vector & € R?, where the parameter
z > 0 is the Lifshitz exponent or dynamical critical exponent [32]. The Poincaré algebra,
which characterises the relativistic field theories, has z = 1. The Schrodinger algebra has
z =2 [33-38].

We focus on d = 1 and consider the fermionic free Schrodinger field theory at finite
density g and on the infinite line, which is a free non-relativistic quantum field theory with
z = 2. This model describes the dilute spinless Fermi gas in d = 1 [39]. The fermionic
spinfull model in d = 1 in the presence of the quartic interaction has been studied through
renormalization group methods [40-42]. Free fermionic spinless models in d = 1 with positive
integer values of z have been also considered [43]. Let us remark that, in our analysis of the
entanglement entropies for this free model, we do not approximate the dispersion relation
with a linear dispersion relation at the Fermi points (Tomonaga’s approximation) [44, 45].

In d = 2, an interesting model with z = 2 called quantum Lifshitz model has been
introduced in [46]: it is a free bosonic quantum field theory with the symmetries of a



Lifshitz critical point with z = 2 and its bipartite entanglement has been studied in [47—
49], finding an area law behaviour. This model belongs to a class of Lifshitz theories
in d > 2 having z = d [50], whose bipartite entanglement entropy for the ground state
has been investigated in [51]. The entanglement entropy in non-relativistic Schrodinger
models in d > 2 has been computed also through heat kernel methods [52]. In d = 1,
numerical studies of the entanglement entropy in bosonic lattice models with various integer
z have been reported e.g. in [53, 54]. In the context of the gauge/gravity correspondence,
gravitational backgrounds dual to Lifshitz spacetimes have been introduced [55-58] (see
the review [59]) and the holographic entanglement entropy for z # 1 has been computed in
various settings [23, 60-67].

In this manuscript we study the entanglement entropies of an interval A = [-R, R] on
the line for the free fermionic spinless Schrédinger field theory at zero temperature and
finite density u. When p = 0, we have S4 = 0, as observed in [43, 68, 69].

At finite density p > 0, we find that the entanglement entropies are finite functions
of one variable given by the dimensionless parameter n = R ky, where pr = hkp is the
Fermi momentum. This parameter is proportional to the area of a limited rectangular
region in the phase space that can be naturally identified from the interval A and the
Fermi momentum. The finiteness of the entanglement entropies is proved by exploiting
the properties of the solution of the spectral problem associated to the sine kernel in the
interval A, first reported in a series of seminal papers by Slepian, Pollak and Landau [70-73]
in terms of the prolate spheroidal wave functions (PSWFs) of order zero (see also the
overview [74] and the recent book [75]). Efficient algorithms for the numerical evaluation of
these functions have been developed (see [75] and references therein). The role of PSWFs
in the context of the entanglement for free fermions has been studied in [76], which has
inspired our work.

We find analytic results for the expansions of entanglement entropies in the regimes of
small and large values of 7. These results are obtained by employing the method proposed
in [77, 78] for the entanglement entropies in some spin chains (further developed in [79, 80]
to include the subleading terms) and the asymptotic expansions of the sine kernel tau
function [81-83]. The latter expansions extend previous results [84-88] and have been found
by adapting to the Painlevé V equation the method introduced in the seminal paper [89] to
write the general solution of the Painlevé VI equation.

By applying the results of Fisher-Hartwig [90-92] and Widom [93, 94] to the corre-
sponding matrix spectral problem, the asymptotic behaviour of the entanglement entropies
for various models and in different space dimensions have been extensively studied [77—
80, 95, 96]. For the Schrodinger field theory on the line considered in this manuscript, the
spectral problem in the continuum has an explicit solution in terms of the PSWEFs and
this allows to analyse the entropies in the whole range of parameters and not only in the
asymptotic regime.

We study also the entanglement entropies of the interval A in the hierarchy of free
Lifshitz fermions on the line considered in [43], in the massless case at zero temperature
and finite density. These models are labelled by their integer Lifshitz exponent z > 1. The
special cases z = 1 and z = 2 correspond respectively to the relativistic chiral fermion and
to the Schrodinger field theory introduced above.



The outline of the manuscript is as follows. In section 2 the free fermionic spinless
Schrodinger field theory on the line at finite density p is briefly described. In section 3 we
present the solution of the spectral problem associated to the sine kernel in the interval and
some properties of its spectrum. The spectrum of this kernel is employed in section 4 to
evaluate the entanglement entropies of the interval on the line. In section 5 we discuss the
behaviour of the entanglement entropies and of the quantity analogue to the relativistic
entropic C' function along the flow generated by the dimensionless parameter 7. In section 6
we explore the entanglement entropies of an interval for a class of d = 1 free fermionic
models with integer Lifshitz exponents z > 1. The expansions of the entanglement entropies
in the asymptotic regimes of small 1 and large n are investigated in section 7 and section 8
respectively. In section 9 we explore the Schatten norms of the sine kernel. In section 10 we
draw some conclusions. The derivations of some formulas and further auxiliary results are
reported in the appendices A, B, C, D, E, F and G.

2 Free Schrodinger field theory at finite density

2.1 The model

We consider the non-relativistic spinless complex fermion field (¢, x) of mass m on the line,
which evolves with the Schrodinger Hamiltonian

o] 2
H= /_ ety do £t z) = 2% " (1, 3) Dy (1, 3) (2.1)

and satisfies the equal-time canonical anticommutation relations

{0t 21), ¥t w2)} = {P"(t, 1), ¥ (1, 22)} =0 (2.2)
{(t,z1), V*(t,x2)} = d(x1 — x2) (2.3)
where * stands for Hermitian conjugation. The solution of the equation of motion
72
(ih O+ 5~ ag) Y(t,r) =0 (2.4)
which satisfies also (2.2) and (2.3) is [39, 97, 98]
ot z) = /_ : a(k) o= )t gik % w(k) = % 2 (2.5)

where {a(k), a*(k) : k € R} generate the canonical anticommutation relation (CAR)
algebra A given by

{a(k), a(p)} = {a”(k), a*(p)} =0 {a(k), a*(p)} =27 6(k —p). (2.6)

In order to determine the state space of the system, a Hilbert space representation of
the algebra A must be fixed. Before doing that, let us recall the symmetry content of the
model. The system has an internal U(1) symmetry that implies the current conservation

Oro(t, @) + Ogj(t, ) =0 (2.7)



where o(t,x) and j(t,x) are the particle density and current respectively, which are written

through the field as follows

ih . .

% [(8ﬂvw )(tv l’) w(tv .%') - 77/) (t? iL’) (6xw)(t7 JE)} .
(2.8)

The space-time symmetries of (2.4) form the Schrédinger group [33, 34, 36], whose Lie

Q(tvx) = w*(t7$>w(ta .%') j(t,l‘) =

algebra is generated by the momentum P, the Galilean boost G, the dilatation D and the
special conformal transformation K. In terms of (2.8), these generators read

P:/_O:Oj(t,x)dx G:/_OO zo(t,x)dx (2.9)
D:_/_O;xj(t,a:)d:z K = / —gt x) (2.10)

Using the canonical anti-commutation relations (2.2) and (2.3), one finds [36]

ih 21h ih

G, D=—G K, D=~ K, P|=—G (2.11)
G, K] =0 [D,P]:%P G, P] = ;fl (2.12)

where N in (2.12) is the particle number operator

N = /jo o(t,z)dx. (2.13)

This operator commutes with all Schréodinger generators and defines a central extension of
the Schrodinger algebra associated to a non-trivial cocycle [33, 34]. The local form of the
central term in the r.h.s. of the commutator [G, P] in (2.12) reads

ct,y) = % o(t,y) - (2.14)

For any representation of the CAR algebra A in (2.6), which is generated by a time and
space invariant cyclic vector §2, the expectation value

o = (et ) = ol ), (215)

is a t and z-independent dimensionless parameter (in our convention, ¢ and x are measured
in the same units) which characterises not only the central extension of the Schrodinger
algebra, but also the representation of A.

In order to illustrate the above structure we consider two different representations of A
with well known physical applications. The first one is the Fock representation in which
a(k)Q2 = 0. All correlation functions of {a(k), a*(k)} in this representation can be expressed
in terms of the following expectation values in the state 2

(a*(p) a(k))y =0 {a(k)a™(p))p = 2mo(k —p) . (2.16)



Accordingly, we have
(Y™ (t1, 21) P(t2, 22))p = 0 (2.17)
and

ihma:22
o o SR T8
(W(t1, 1) ¥ (2, 22))p = / ok ta—ie) ke A8 _ VAT X (2.18)

—00 27 2mi (tlg — iE)

where t1o = t1 — to, T12 = 21 — 22 and € — 07. At equal time ¢; = to = t, these correlators
become respectively

. N [hm _hmel
<w (t7x1) w(t7x2)>F =0 <’l/}(t,x1) (G (t7x2)>F = e e = H_(; 5(:612) : (2‘19)
The two-point functions (2.17) and (2.18) are invariant under the dilatation transformation

Ux(t,z) Uy = Y2 (XQt,X:c> x>0 (2.20)

where U, is the one-parameter group, which is generated by the dilatation operator D (2.10)
and leaves invariant the Fock vacuum, i.e. U, 2 = Q. From (2.20), one infers the scaling
dimension [¢)] = 1/2. Because of (2.17), the Fock representation is characterised by

Eta)e =0 (b)), =0 6= lota), =0.  (221)

m

Another representation of the CAR algebra A, which implements the contact of the
system with a heat bath at inverse temperature § > 0 and chemical potential p € R, is the
Gibbs representation [99]. Since the Gibbs state g, is Gaussian, all correlation functions
of {a(k), a*(k)} in the Hilbert space Hg,, of this representation can be expressed in terms
of the expectation values

(@ (0) a)) s = s 2700k D) 2.22)

Pl (k)]

(k) ™ (P))s.n = 1 pmamm o 270k —p) (2.23)

where one recognises the Fermi distribution. Therefore, the non-vanishing two-point
functions of the field ¥ (¢, z) at finite density and temperature are given by

& 1 ; : ; dk
* _ iw(k)(ti2—ie) —ikx
(W*(t1, x1) Y (t2, 22))gu = [m T Bt © 12718) o T1hT12 5 (2.24)
oo ebBlhw(k)—p] . L dk
* — - —lw(k’)(t12—1€) 1kx12 -
(P(t1, 1) ™ (t2, 22)) g, /_Oo 14 oBlhe(h) ] e e o (2.25)

Using these correlators one easily checks that U, g, # €3 ,, implying that the dilatations
are not unitarily implemented in the Gibbs representation Hg . Indeed, U, intertwines the
two Gibbs representations

UX : HB# — /HXZ/B,H/XQ U; : HX2ﬂ7M/X2 — /Hg“u. (2.26)



Thus, (2.24) and (2.25) are invariant under dilatations, provided that one transforms
simultaneously the temperature and chemical potential according to

B — X283 [ % . (2.27)
In the zero temperature limit 5 — oo, the correlators (2.24) and (2.25) give
(0 11,1 (02, 72) e = [ B — hao(l)) @901 ks S (2.29)
o i
* _ e 7iw(k‘)(t127i€) ikx1o dk
((t1, 21) V™ (t2, 22)) oo = [1—0(p—hw(k))]e etz - (2.29)

where 6 is the Heaviside step function. For p < 0 the two-point functions (2.28) and (2.29)
reproduce precisely the correlators (2.17) and (2.18) in the Fock representation.

When p > 0 and at equal time ¢; = t9 = ¢, the correlators (2.28) and (2.29) become
respectively [76]

ke dk  sin(kp x12)
*(4 " _ ikzig 2V PIOAVE H1Z) 2.30
(" (L, 1) Y(t, 22))o0, >0 /—kFe o7 TT1o ( )
—kp dk oo dk sin(kg x12)
t * t o — 1k2¢12 — / lkl'lz R 5 — #
(Y(t, 1) P*(t, 22)) >0 [m € 1t + kp € 2 (12) TX19
(2.31)
where the Fermi wave number kp is defined in terms of the Fermi momentum pg as follows
kp = % Pr = V/2mp. (2.32)

The two-point function (2.30) is a projector on the line; indeed, it satisfies

/+°° sin(kg x12) sin(kg x23) iy — sin(kg z13)

—o0 TI12 TI23 TI13

(2.33)

which tells us that the state providing the correlators (2.30) and (2.31) is pure [100]. The
expectation value (2.30) provides the kernel of the integral operator whose spectrum is
employed in the evaluation of the entanglement entropies.

In the zero temperature limit, the Gibbs representation with p > 0 is characterised by

h2k3 k h hke 1 [2n
1) oopn =g " {et:@)oop="— cu="{ot,@))oop =" =1/
(2.34)

In particular, ¢, is proportional to the Fermi velocity vr = pr/m, i.e. the velocity at the
Fermi surface, which is dimensionless in our conventions.
In the limit kx — 0, the correlators (2.30) and (2.31) become respectively

(@t 21) Yt 22))oop —> 0 (Pt 21) Y7 (¢, 22)) oo — 0(212) ke — 0.
(2.35)
In the opposite limit kr — oo, by employing the delta sequence given by % — 0(x) as
k — oo [101], for the correlators (2.30) and (2.31) one obtains respectively

(W (t, 21) Y(t, 22)) ooy — d(z12) (W, 21) V™ (t,22)) 00y — O kp — 00.
(2.36)



2.2 The parameter n

In this manuscript we consider the bipartition of the infinite line given by an interval A
and its complement. The translation invariance allows to choose A = [—R, R] without loss
of generality.

The mean value of the particle number operator Ny = [, o(t, ) dz in A is [102]

(Vi = [ ot ) pde =T om =2 = 2 _ 2 (237
= x r=— =—nN=—=— .
Aloop _R QL&) ) oo, T T " ot 2wh
where we have introduced the dimensionless parameter
n= Rk (2.38)
and also its rescalings
az4n:4RkF:% 3=4Rps. (2.39)
Notice that 3 is the area of the following region in the phase space
Tape ={(2,p); 2 €A, —pr <p < pr} (2.40)

obtained through a space-momentum limiting process, which is the phase space analogue of
the time-frequency limiting process considered for signals in the seminal papers [70-74]. In
this analogy, the Heisenberg principle corresponds to the impossibility of the simultaneous
confinement of a signal and of the amplitude of its frequency spectrum. Thus, non-zero
band-limited signals (i.e. signals whose frequencies belong to the finite band (=W, W),
where W is called bandwidth) cannot be also time-limited (i.e. non-vanishing only in a
finite interval of time). However, band-limited signal can be observed for a finite amount
of time 7. Within this parallelism, pr and R are the analogues of W and T respectively.
Following this terminology, we call (2.40) limited phase space and its area is a = 4.
The dimensionless parameter 7 (or a, equivalently) plays a crucial role in the analysis
of the entanglement entropies of A described in the subsequent sections. We always keep 7
finite and non-vanishing. The limits n — 0 and n — oo are taken only in the final results.

3 The spectral problem for the sine kernel

In this section we describe the spectral problem corresponding to the sine kernel in the in-
terval A = [—R, R|, whose spectrum determines the entanglement entropy of the bipartition
of the line given by A and its complement, as discussed in section 4.

The spectral problem associated to the correlator (2.30) restricted to the interval [—1, 1]
is [70, 75]

1
[1 K(n;x —y) fa(n;y) dy = vn fo(n; ) (3.1)
where z € [-1,1], n € Ny and K(n;x — y) is the sine kernel
sinfn(z — y)]
Knyr—y) = ——. 3.2
(o —y) = 2 (32



Since the sine kernel is parametrised by the dimensionless parameter n > 0, its eigenvalues
~n depend only on 7. The normalization condition for the eigenfunctions in (3.1) can be
fixed through the standard inner product of L2[—1,1], i.e. f_ll fp(n; ) fg(nsz)de = dp 4,
where the bar indicates the complex conjugation.

The spectral problem (3.1) has been studied and solved in a series of seminal papers by
Slepian, Pollak and Landau [70-73] (see also the overview [74] and the recent book [75]).

The spectral problem defined by the correlator (2.30) restricted to the interval A =
[—R, R] is equivalent to (3.1); indeed, it reads

/R sin[ke(z —y)| fu(n;y/R) dy = Sn(n; 2/ R)
—R 7r(:1c—y) \/E " \/E

where x € [-R, R] and the dimensionless parameter 7 has been introduced in (2.38). In

(3.3)

particular, the same eigenvalues occur in (3.1) and (3.3) and the factor 1/v/R in the
eigenfunctions of (3.3) has been introduced to satisfy the normalisation condition imposed
by the standard inner product of L?[—R, R].

In the two limits n» — 0 and 7 — oo, the kernel (3.2) degenerates to the vanishing
kernel and to the Dirac delta respectively.

The sine kernel (3.2) is real, symmetric (i.e. K(n;z —y) = K(n;y — x)) and satisfies

1 1 2
/ / Kz —y)dedy = — (cos(277) + 21 Si(2n) — 1) (3.4)
—1J-1 wn
where Si(§) = fOE sin(t) dt is the sine integral function. This implies the following estimate

1 1
0< / / K(n;z —y)dxedy < slant2 (3.5)
—1J-1

From (3.4) and (3.5), one infers that the sine kernel (3.2) defines a positive trace-class opera-
tor. The spectrum {~, | n € Ny} of an operator belonging to this class is compact, countable,
real positive and satisfies Y o2 v, < 0o [103, 104]. The spectrum of the sine kernel (3.2) is
non-degenerate, it satisfies the following bounds (see [105] and egs. (3.49) and (3.55) in [75])

0<y, <1 (3.6)

and its trace reads -
an:gn:i. (3.7)
o 0 2m
Notice that the trace of the sine kernel coincides with the mean value of the particle number
in A given in (2.37) (see also (9.3)).

From (3.6) and (3.7), it is straightforward to realise that 7, — 0 when 7 — 0.

We remark that, in the relativistic model given by the massless Dirac field in one
spatial dimension, the kernel defined by the two-point function of the massless Dirac field
restricted to an interval (see (6.3) for z = 1) is not a compact operator. As a consequence,
its spectrum is not discrete and spans the set [0,1] (see e.g. [106-109]).

The eigenvalues and eigenfunctions in (3.1) can be expressed in terms of the pro-
late spheroidal wave functions (PSWFs), which have been introduced as solutions of the
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Figure 1. The first eigenvalues of the spectrum for the sine kernel (see (3.1) and (3.3)) for some
values of the dimensionless parameter 7. The sets I, IT and III providing a natural partition of the
spectrum can be easily recognised. For any 7, the eigenvalue closest to 1/2 (full marker) provides
the largest contribution to the entanglement entropies (4.1) and (4.3).

Helmholtz wave equation in spheroidal coordinates [110-112]. In particular, the eigenvalues
can be written through the radial PSWFs of zero order Ry, as follows [70, 75, 105]

2
() = = Roa(n, 1)? n € No (3.8)

and the eigenfunctions in terms of the angular PSWEFs of zero order Sy, as

i) =\ + 5 Sonl,2). (39)

The functions Roy, (7, z) and Son (1, z) in (3.8) and (3.9) can be studied e.g. through Wol-
fram Mathematica, where for the radial and angular PSWFs correspond to the built-in sym-
bols Ry (1, 22) = SpheroidalS1[n, m, x1, xe] and S, (21, x2) = SpheroidalPS[n, m, 1, 2]
respectively [113], where m is the order of the PSWF and a particular normalisation is
adopted. In (3.8) and (3.9), the normalisation chosen by Wolfram Mathematica for R, (1, x)
and Sy, (n, z) is compatible with the normalisation induced by the standard inner product
of L?[—1,1] for the eigenfunctions f,,(n; ), which has been imposed above. Notice that
different normalisations for the PSWFs have been introduced in the literature [70, 105].

The eigenvalues (3.8) are arranged in decreasing order. The eigenfunction f,(n;x)
corresponding to -, has a definite parity under x — —x, which is equal to the parity of n.
Furthermore, fy(n;x) has n simple roots in (—1,1) (see theorem 2.3 in [75]).
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Figure 2. The eigenvalue +,, corresponding to the critical index (3.10) in terms of 7.

In our numerical analysis we have employed an optimised Fortran code provided to us
by Vladimir Rokhlin,! which is based on the results discussed in [75, 114, 115] regarding
the numerical evaluation of the PSWFs. This code is faster than Mathematica and it also
provides reliable results for the spectrum in the large n regime (1 2 350).

The arrangement of the eigenvalues in the decreasing order leads to identify a natural
partition of the spectrum in the following three subsequent sets (see e.g. [116, 117]):

I  a finite slow evolution region corresponding to 2n/m—n 2 log(n) where v, ~ 1;
IT  a finite plunge region for |[n—2n/m| <log(n) where the eigenvalues rapidly change;

IIT  an infinite fast decay region corresponding to n—2n/7 2 log(n) where 7, ~0
and v, — 0 as n — +00 at a super-exponential rate.

In figure 1 we show the first 31 eigenvalues of the spectra for four values of 1 such that the
three parts I, II and III of the spectrum can be neatly identified.

The partition of the spectrum in its three subsets I, II and III naturally leads to
introduce the critical index ng as follows (see eq. (3.9) of [75])

no = WJ = ETJ (3.10)

where |z] denotes the integer part of . We remark that ng is a function of 7. In a numerical
inspection based on 50000 values of 7 € [0.02,1000], we have observed that ~, > 1/2 for

'We are deeply grateful to Vladimir Rokhlin for having shared his optimised Fortran code with us.
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all n < ng and v, < 1/2 for all n > ng, while whether ~,, is greater or smaller than 1/2
depends on 7. In this analysis we have also found that the eigenvalue closest to 1/2 is vy,
for the vast majority of the values of 1 explored, while for few cases it is given by vy,,-1,
where we observed that v,,—1 > 1/2 > v, and vp,—1 — 1/2 = 1/2 — 7p,,.

From these observations and the discreteness of the spectrum, one realises that the
behaviour of 7,, in terms of n is oscillatory. This is shown in figure 2, which displays the
sawtoothed profile of ~,, in a typical finite range of 7.

4 Entanglement entropies

In this section we study the entanglement entropies of the interval A = [—R, R] on the
line for the Schrodinger field theory at zero temperature and finite density described in
section 2.

The Schrodinger field theory is a free fermionic model; hence its entanglement en-
tropies (1.2) and (1.1) can be evaluated from the eigenvalues of the spectral problem (3.3)
(or (3.1)) as follows [1, 2, 118]

Sa=3 s(m) S =3 salm) (1)
n=0 n=0
where
s(z) = —xlog(z) — (1 — ) log(1 — x) sa(T) = : i - log[lz® + (1 —2)*]  (4.2)

with finite @ > 0 and o # 1. The limit 51(40‘) — Sj(fo) as a — 400 defines the single-copy
entanglement 51(400) = —10g(Amax), Which gives the largest eigenvalue ., € (0,1) of the
reduced density matrix [8-10]. For the model that we are considering, from (4.1) and (4.2),
one obtains
(00) | —log(l—z) xel0,1/2]
Sy = T;soo(%) Seo(T) = { og(a) e 1/21]. (4.3)
Since the spectrum of the sine kernel depends only on the dimensionless parameter n
in (2.38), also the entanglement entropies in (4.1) and (4.3) depend only on n > 0. Let us
remark that, denoting by {v,;n € Ny} the spectrum corresponding to the correlator (2.30)
restricted to A (see (3.3)), the spectrum obtained from the correlator (2.31) restricted to A
is {1 — v, ;n € No}. Both these spectra provide the same entanglement entropies in (4.1)
and (4.3) because the functions of = defined in (4.2) and (4.3) are invariant under x <+ 1 —x.
Following [118], the single-particle entanglement energies €, can be introduced as

1
efn 41

Tn = (4'4)

i.e. e, =log(1/v, — 1), which are negative for a finite number of n’s. This allows to write
the entanglement entropy in (4.1) in the following suggestive form [119]

Sa=FEs—Qy (4.5)
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where

o0 [o¢]
En _
Ej= Qy=-— log (1 En) 4.
A=l ET 4==Y log(1+e7) (4.6)

These expressions have the same form of the internal energy and of the thermodynamic
potential of a quantum ideal Fermi gas respectively. Notice that 24 < 0; hence S4 > F4.

In the Schrodinger field theory at finite density, the entanglement entropies in (4.1)
and (4.3) are finite. This crucial feature is due to the fast decay of v, — 0" as n — +oo0.
Indeed, for the eigenvalues -, of the sine kernel, the following upper bound has been
obtained (see theorem 3.20 in [75])

0< Y0 < An (4.7)
where
o 1 (n!)? oo 2
B =" In=7% ((m)! F(n+3/2)> T ((2n)! (2n + 1)!) G

By employing the Stirling’s approximation formula in (4.8), for the asymptotic behaviour
of 4, as n — +oo one finds (see [117, 120] and eq. (3.76) in [75])

) ) ) e2n p2n+1
Y = Yoo [1 + O(1/n)] Yoo,n = W (4.9)
which tells us that -y, vanishes as n — +oo with a super-exponential decay rate. In the
following we show that this important feature of the spectrum leads to finite entanglement
entropies (4.1) and (4.3).
From (4.2) and (4.3), one first realises that 0 < Soo(7) < Sy (7) < s(2) < Sq, (z) for
any = € [0,1] and 0 < aq < 1 < a; hence

0< 80 <8 < 5, < 5 O<a;<1<as. (4.10)

This sequence of inequalities tells us that the finiteness of SSX) with « € (0, 1) implies the
finiteness of the remaining entanglement entropies, i.e. the entanglement entropy, the Rényi
entropies Sl(f) with @ > 1 and the single-copy entanglement entropy 51(400). Considering
a Rényi entropy with index o € (0, 1), the corresponding function s () is increasing for

z € [0,1/2]; therefore we have

70
0< 85 <Y salm)+ D salin) (4.11)
n=0

n>no
where ny is the critical index (3.10) and 4, is the upper bound introduced in (4.9). In order

to employ the ratio test for the convergence of a series for the one occurring in the last
expression of (4.11), we consider the following limit

n—00 S, (’Yn) n—0oo S, (:Yoo,n) n—00

Sa(Yn+1) sa(7 ) Y *
lim 2e\Intl) _ ;. SelJoontl) o (W) -0 (4.12)

Yoo,n
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where the first equality comes from (4.9), while the second equality has been obtained by
using that Joo,, — 0 as n — oo and that sq(z) = £ (1 + o(1)) as z — 0T. According
to the ratio test, the vanishing of the limit in (4.12) implies the finiteness of the series
occurring in the last expression of (4.11); hence (4.11) tells us that also ng) is finite.

The finiteness of the Rényi entropies Sga) with index a > 1 can be proved also through
trace class condition of the sine kernel (3.2). Indeed, given a trace-class operator, its spectrum
{&n;n € No} is countable and Y72 &, is finite. From (4.2), we have so(z) = ;%5 2 (1+0(1))
as * — 07 when o > 1; hence % — =27 as n — oo. Combining this observation
with the finiteness of > o2 &,, one realises that Y oo Sa (&) is finite when o > 1. This
result and (4.10) imply the finiteness of the single copy entanglement 51(400). Notice that,
instead, this argument fails for the entanglement entropy and for the Rényi entropies with
index 0 < a < 1.

In section 3, we mentioned the natural partition of the spectrum in the regions I,
II and III. From a numerical inspection, we have observed that the contribution to the
entanglement entropy coming from each part of this partition grows logarithmically for
large values of 7. In the appendix A we discuss bounds for these three terms.

The entanglement entropy S4 is a concave function of 7. This important feature is a
consequence of the strong subadditivity property of the entanglement entropy [121]

SA1 + SA2 2 SAlLJAQ + SA1ﬂA2 (413)

which holds for any choice of two spatial regions Ay and As. Since the model that we are
considering is defined in one spatial dimension and invariant under spatial translations, the
entanglement entropy of an interval is a function of the length of the interval, for any given
value of kp. Choosing A; = (=R, R) and Ay = (=R + ¢, R + ¢€) for finite € > 0, we have
Sa, = S, because of the translation invariance; hence (4.13) becomes [122, 123]

254(R) > SA<R+6;(_R)) +SA<R_(_2R+6)> : (4.14)

Assuming that the limit € — 07 of this inequality exists, one finds
%S4 < 0 (4.15)

which implies that S4 is a concave function of 7.

The data points displayed in figure 3 are numerical results for the entanglement entropies
of the interval A = (—R, R) for some values of « and the data for the entanglement entropy
correspond to a = 1. They have been obtained by using (4.1) and (4.3), with ~,, computed
through the Fortran code developed by Rokhlin and by evaluating the finite sums made by
the contributions corresponding to the first n,., = 5(ng + 2) eigenvalues, where ny is the
critical value (3.10). We checked numerically that the entanglement entropies do not change
significantly by increasing n.,. This is due to the fact that n,,, is linear in ng, while the
width of the region II depends logarithmically on ng (see (A.7)). This criterion for the
truncation of the infinite sums have been adopted also for in the numerical determination
of other quantities considered in this manuscript.
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Figure 3. Entanglement entropies: the data points have been obtained from (4.1), while the dashed
lines correspond to the small interval expansion (see (7.3)) and to the large interval expansion
(see (8.15), (8.17) and (8.21)).

An analytic formula for the entanglement entropies as functions of 7 is not known in
the entire domain 7 > 0; hence it is worth studying analytic expressions for their expansions
in the regimes of small and large 7. These analyses are discussed in section 7 and section 8
respectively. We study these expansions through two different approaches: one based on
the expansions of the eigenvalues 7, (employed only in the regime of small n) [75, 124] and
another one based on the tau function of the sine kernel [81, 82, 87, 125], which allows to
obtain results both for n — 0 and for n — oco.

The approach involving the sine kernel tau function is based on the method first
employed in [77, 78] for the entanglement entropies in some spin chains, where the spectrum
of a Toeplitz matrix is involved. This method exploits the possibility to compute the
entanglement entropies in (4.1) and (4.3) as specific contour integrals in the complex plane.
Since 0 < v, < 1 in our case, the closed path to consider must encircle the interval [0, 1]
on the real axis. A natural choice is € =€y U €_ U € U €, where & and €; are two arcs
of radius €/2 centered in 0 and 1 respectively, while €1 are the segments belonging to the
horizontal lines x + id with € R and intersecting €y and €; (see e.g. in figurel of [77],
where a similar path is shown). Thus, the closed path € is parametrised by the infinitesimal
parameters € and 6. The entanglement entropies in (4.1) and (4.3) (we assume that a =1
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corresponds to the entanglement entropy) can be written as

+oo
(@) _ 1 % sa(2) 4 A1
Sa €630 ;0 271 Je 2 — ‘ (4.16)
—+o00
1 1
— % — § s.(2) 1 =+, log(1 =, 4.1
sm, > 3t hoa(2){ 3+ 0log(l /) | as (4.17)
400
. 1
= lim, ng::o - fg sal(2) 8, 10g(1 — 7 /2) d2 (4.18)

where the last expression has been obtained by using that s, (0) = 0 for the functions s, ()
defined in (4.2) and (4.3). By exchanging the summation with the integration along ¢
in (4.18), one finds that the entanglement entropies can be computed as follows

€,0—0 27l

a 1
51(4) = lim —f sa(2) 0, log(T)dz (4.19)
¢
where s, (z) are the functions in (4.2) and (4.3) and 7 is the sine kernel tau function
7 =det (I-27'K) (4.20)

(I denotes the identity operator) which corresponds to the Fredholm determinant of the
sine kernel K in (3.2).

The expression (4.3) is obtained for holomorphic functions s, (z). This is not the case for
the function so(z) in (4.3) providing the single copy entanglement. However, we apply (4.3)
also for Sl(fo) and then we check the outcomes with the corresponding numerical results.

The sine kernel tau function (4.20) has a long history and its expansions have been
widely studied [84-88]. Its auxiliary function known as o-form is the solution of a particular
Painlevé V differential equation [84], as discussed in section 5.2. Recent important advances
in the analysis of the solutions of the Painlevé equations started with [89] have lead to find
expansions of the sine kernel tau function to all orders [81-83]. In section 7 and section 8,
we employ these results to obtain analytic expressions for the expansions in the small and
large n regimes which correspond to the dashed curves in figure 3 (see (7.3) for small  and
the combination of (8.15), (8.17) and (8.21) for large 7).

The curves in figure 3 indicate that Sz(f) vanish when n — 0. This is expected
from (2.35), as emphasised in [43, 68, 69]; hence the limit kx — 0 and the evaluation of
51(4&) commute.

We find it worth anticipating that the leading term of the large 1 expansion for the
entanglement entropy is 51(40‘) =3+(1+21)log(n) +... as n = oo (see (8.15) and (8.17)), in
agreement with the one dimensional case of the general result found in [27], obtained for
fixed kr and R — oo.

In figure 3 one observes that Sf) with « # 1 display oscillations, while the entanglement
entropy does not oscillate. The origin of the oscillatory behaviour can be identified with
the sawtoothed behaviour of 7y, as function of 7 (see figure 2), which provides the largest
contribution to the entanglement entropies. This argument leads to expect oscillations in
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the entanglement entropy as well, which, instead, are not observed. By numerical inspection,
we noticed that this lack of oscillations in the entanglement entropy occurs only when all
the infinite sum in (4.1) is taken into account. Indeed, by considering s(7n,) or finite sums

izip $(VYng+k) for some finite integer p > 1 we observe oscillating curves and only for
large values of p the oscillations disappear. It would be insightful to explore this feature
further through the properties of the PSWFs.

Oscillations in the Rényi entropies have been investigated earlier also for a relativistic
free massive fermion at finite density [26, 126]. They could arise from localised terms on
the defect that defines the Rényi entropy as a partition function on a particular Riemann
manifold [126]. A further interpretation of this phenomenon has been provided in [26]
through the defect operator product expansion in a relativistic setting. It would be
interesting to apply the same method also in our non-relativistic scenario. However, we
expect that the oscillations in the large 1 regime discussed in this manuscript (see section 8)
are recovered in the non-relativistic limit considered in [26].

In the appendix B we discuss also the cumulants of the entanglement spectrum, which
constitute an alternative to the moments of the reduced density matrix. We find that these
quantities are finite and display an oscillatory behaviour (see figure 15), similarly to the
Rényi entropies.

It is worth investigating the limits kx — 0 and kr — oco. In these limits, the correlators
in (2.30) and (2.31) become (2.35) and (2.36) respectively, and both these results give
554@) — 0. Instead, fixing a finite value of R > 0 and taking kr — 0 and ky — oo of Sff)
in (4.1) and (4.3), one obtains 51(40‘) — 0 and Sl(f) — +oo respectively. The discrepancy
of the limits in the large kg regime tells us that the limiting procedure ky — co and the
evaluation of the entanglement entropies do not commute. In other words, by writing
51(40‘) = limy_00 Sa, N, Where SX:‘])V = Zﬁ;o Sa(7n), we have that the two limits N — oo
and n — oo do not commute. Indeed, by taking n — oo first and then N — oo, one finds
the expected result for kx — oo mentioned at the beginning of this paragraph because
San — 0 as ) — oo for any finite N. This tells us that entanglement entropies in (4.1)
and (4.3) are not uniformly convergent.

It is worth considering the limit 7 — 0 of our results (see also the recent analysis
in [127]), which is determined by the behaviour of the dimensionless parameter 7 in this limit.
From (2.38) and (2.32), one realises that different results can be obtained for entanglement
entropies when A — 0, depending on the quantities that are kept constant in this limit.
For instance, for fixed m and R, the limit 4 — 0 depends on the behaviour of ;/h%. In
particular, if 4 = O(h?) then 7 remains finite and non-vanishing [128].

5 Entanglement along the flow generated by n

Quantifying the loss/gain of information along a flow in the space of parameters (masses,
coupling constants, etc.) characterising a given model is a challenging task. For instance,
along a RG flow a loss of information is expected, in some heuristic sense [129]. In this
section we discuss this issue in the specific non-relativistic free field theory that we are
exploring and for the flow parameterised by 7, which is not a RG flow. The information
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Figure 4. Entanglement entropies Sj(f) for different values of «. The dashed lines (shown only for
n > 10) correspond to the large 1 expansion given by (8.15), (8.17) and (8.21).

quantifiers that we consider are the entanglement entropy (section 5.1) and the quantity
analogue to the entropic C' function introduced in [20] for the relativistic field theories in
d =1 (section 5.2).

5.1 Entanglement entropy loss for decreasing 1

In the free fermionic Schrodinger field theory on the line, at zero temperature and finite
density, we found that the entanglement entropy S4 of an interval A is finite (see section 4).
This crucial property makes S4 a natural candidate to quantify the amount of information
shared by the two parts of this bipartition. Let us recall that, for any quantum system
in a pure state and for any bipartition AU B of the space, Sy = Sp and it measures the
bipartite entanglement associated to the state and to the bipartition.

Consider two finite and non-vanishing values of 7, assuming 0 < n; < 72 without loss
of generality. The area of the limited phase space (2.40), given in (2.39), is proportional to
the dimensionless parameter 7 and, in particular, it decreases as 1 decreases.

As for the entanglement entropy, the curves corresponding to o = 1 in figure 3 and
figure 4 show that S, increases monotonically as 7 increases. This important feature is not
observed for entanglement entropies with o # 1.

For a given interval, changing u modifies the area of the limited phase space. In this case,
S 4 increases as p increases. For the states at zero temperature and different finite density
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that we are exploring, this behaviour is observed also for the mean energy (£(t,))oo 4, the
mean density (o(t,%))co,, and the central term c,, of the Schodinger algebra, given in (2.34).

For the translational invariant system we are considering, one can prove that S4 is
a strictly increasing function of 7. The argument [130] is based on the concavity of Sy
(see (4.15), which is a consequence of the strong subadditivity (4.13) and of the translation
invariance) and on the logarithmic growth of Sy for 7 — co (see e.g. figure 4 and section 8).
The proof is by contradiction. Assuming that S is not strictly increasing, there exist two
points 0 < m1 < 1o such that Sa(n1) = Sa(no). Because of the logarithmic divergence at
infinity, there exists also 72 > 1y such that S4(n2) > Sa(no). Let us fix the parameter ¢
by requiring that 79 = tm1 + (1 — t)n2. Then one has 0 < ¢ < 1 and concavity implies
therefore that

Sa(no) = tSalm) + (1 —1)Sa(n2) >t Sa(no) + (1 —1)Sa(no) = Sa(no) - (5.1)

This contradiction concludes the argument and proves that Sy is strictly increasing with 7.
This feature of S4, combined with its differentiability (that we assume here), provides
some inequalities. Taking the derivative of S4 in (4.1) w.r.t. n, we obtain

[e.9]

00 ) oo 2
Sh=> e, = . > log(/vm = 1) fa(p; 1> ==
n=0

n=0 n n=0

€n

— 1) > 2
oy )7 >0 (5.2)

where ], = 0y, and the single-particle entanglement energies (4.4) have been used. The
last two expressions in (5.2) have been found by employing the following remarkable relation
occurring between any eigenvalue 7, and the corresponding eigenfunction f,(n;z) in the
sine kernel spectral problem (3.1) (see eq. (3.51) in [75])

2
Tn = Y I 1)%. (5.3)

The negative terms in the series of S’; in (5.2) correspond to the eigenvalues 7, > 1/2,
which have ¢, < 0 and are a finite number.
We find it suggestive to write (5.2) also in the following form

9 X
leﬁl = - Z Enpn 20 (5.4)
T n=0

where p,, is defined by taking the derivative of (3.7) w.r.t. n, that gives Y oo p, = 1 with

s

P == ;T Fa(m;1)? = (20 + 1) [Ron(n, 1) Son(n, 1)]* = 0 (5.5)

T
2
(obtained by exploiting first (5.3) and then (3.8) and (3.9)); hence, {p,;n € Ny} can be
interpreted as a probability distribution. Since the =, closest to 1/2 has n next to ng, (5.4)
implies that, for any given 7, a finite integer g > ng exists such that EZOZO Enpn = 0.
From (4.5), the property AS4 = Sa(n2) — Sa(n1) > 0 when 72 > 1 implies also that
AFE4 > AQy, where AE4 and AQ 4 are the variations of the corresponding quantities

introduced in (4.6), which do not have a definite sign.
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An interesting inequality involves the relative entropy of the two reduced density matri-
ces pa2 = e Kaz2 and PAL = e K41 (normalised to Tr(paz2) = Tr(pa, 1) = 1) associated to
the same interval A and to two different values p; < pgo, where the operator K4 = —log(pa)
is the entanglement (or modular) Hamiltonian [1, 107, 118, 131-134]. The relative entropy
is [135, 136]

S(pazlpar) = Tr(pazlogpaz) — Tr(paglogpan) = A(Kan), — ASa (5.6)

where
A<KA,1>A = TI‘(pA,Q KAJ) —TI‘(pAJ KAJ) . (57)

We remind that S(pa2|pa,1) = 0, where the equality holds if and only if pa1 = paz2. This
inequality and the assumption AS4 > 0 for 12 > n; imply respectively that

A(KA71>A > ASA
A(Ka1), > S(pazlpan)

where the first inequality is the Bekenstein bound in the form discussed in [137]. In (5.8) both
ASy with S(paa2lpa) are strictly positive and it would be interesting to compare them.

2 > M (5.8)

The loss of information along a RG flow has been explored also through the majorization
condition [138-142].

Consider two reduced density matrices p; and p2 normalised by Tr(p;) = Tr(p2) = 1 and
their corresponding spectra A; and Ay (which can be interpreted as probability distributions)
with the elements sorted in decreasing order A,.. = A1 = Ay > ..., where A\g = A, i
the largest eigenvalue. By definition, A; is majorised by Ao and denoted by As = Aq,
when [143, 144]

p p
DXy =D Ay VpeN. (5.9)
j=0 =0

Accordingly, for two density matrices p; and pa, one defines po > p; when the same
relation holds between the corresponding spectra. It is not likely that all the infinitely
many inequalities (5.9) are simultaneously satisfied. However, when (5.9) holds, insightful
inequalities can be written. For instance, denoting by S(p) = —Tr(plog p) the von Neumann
entropy of a density matrix, pa > p; implies S(p2) < S(p1) because S(p) is a Schur concave
function of the entanglement spectrum. This property holds also for the Rényi entropies.
In the model we are exploring, it is natural to explore the majorization condition
between two reduced density matrices pa 2 and p4 1 whose spectra are associated to two
values 71 and 72, which can be chosen 72 > 77 without loss of generality. This corresponds
to either two different intervals with Ro > R; at fixed kp or to the reduced density matrices
of the same interval for two different states of the entire system characterised by Fermi
momenta kF’772 > kF‘m' The single copy entanglement Siloo) = —log(Amax) shown in figure 4
(see also figure 7, figure 9 and figure 11) allows to explore the possible occurrence of
a majorization relation between these two reduced density matrices. In particular, the
oscillatory behaviour of Sj(fo) rules out a majorization relation between ps o and pa for
two generic 77 and 7 because the validity of the inequality (5.9) for p = 0 depends on the

specific choice of 1, and ns.
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5.2 The analogue of the relativistic entropic C function

In the class of the d = 1 relativistic quantum field theories, Zamolodchikov [19] constructed
a finite C function that monotonically decreases along the RG flow and takes finite values
at its fixed points equal to the central charges of the corresponding conformal field theories.

Considering the entanglement entropy associated to an interval of length £ in the infinite
line when the system is in its ground state, Casini and Huerta [20] introduced a different
function C' = £ 0,54, proving that it is UV finite, it takes finite values proportional to the
central charge at the fixed points and it monotonically decreases along the RG flow; hence
this function is usually called entropic C' function. The proof of the monotonicity of this
entropic C' function is based on the relativistic invariance and on the strong subadditivity
property of the entanglement entropy. We refer the interested reader to the review [145] for
further discussions and references about this entropic C' function and its generalisations
to higher dimensions [24, 146-148]. Explicit examples of entropic C' functions have been
studied for relativistic free massive boson and Dirac fermion where M R is the dimensionless
parameter generating the flow, with M being the relativistic mass of the field [2, 149, 150].
Both the Zamolodchikov’s C' function and the entropic C' function are constructed through
the ground state of the model along the RG flow.

In the non-relativistic model that we are exploring, it is worth considering the analogue
of the entropic C' function introduced for the relativistic models. This has been done in
other settings e.g. in [26, 151].

The entanglement entropies discussed in section 4 allow us to introduce

C =n0,S4 Co = 10,5 (5.10)

where C' is the analogue of the relativistic entropic C' function in our model. From (4.1)
and the fact that 7, depend only on 7, it is straightforward to find that the functions (5.10)
can be written respectively as
[%S) a 00 (1 — )a—l _ ,704—1
C=> [log(1/7a — )]0, Co = 3 g ey, (511)

n=0 a—1 n=0 (1 - 7n)a + '770;

By employing (5.3), these expressions become respectively

00 -1 _ ja—1

> 2« (1 =) i 2
C=2> yplog(l/ym —1) fu(n; 1) Coa=—"—> M T fa(m 1)
n=0 a—1 n=0 (1 - 7”) + Tn
(5.12)

In the appendix C we show that these series are well defined functions of the dimensionless

parameter 7. In our numerical analyses of C' and Cy, we have employed (5.12) by truncating
the infinite sums as discussed in section 4.
The expression (4.19) allows us to write the functions C' and C,, in (5.10) in the form

1
= 1. —_— .1
Co Jm o 7{63(1(2) 0,0dz (5.13)
in terms of the auxiliary function ¢ associated to a tau function

o = n0ylog(T) (5.14)

and in our case 7 is the sine kernel tau function (4.20).
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Figure 5. The quantity C defined in (5.10): the data points have been obtained from (5.12), while
the dashed lines correspond to the small and large interval expansions, found from (7.4) and (5.17)
respectively. The inset focuses on the large interval regime in logarithmic scale and the straight
dashed magenta line corresponds to (5.17).

It is well known that the auxiliary function ¢ associated to the sine kernel tau function is
the solution of the following Painlevé V differential equation (written in the o-form) [84-87]

(178,2,0)2—1—16(778,70—0) {n&p—a%—i(&p)z =0 (5.15)

equipped with the following boundary condition

S (2")2+O(n3) n—0. (5.16)
Tz Tz

In figure 5 we show the quantity C defined in (5.10) in terms of 1. The empty circles
denote the data points obtained from (5.12), while the coloured dashed lines correspond
to the asymptotic behaviours of C' when n — 0 (green line) and when 1 — oo (red and
magenta lines), which are analytic expressions derived respectively from (7.4) (see also (7.8))
and from (8.15), (8.17) and (8.21). In particular, we find that C = —2nlog(n) + ... as
1n — 0 and that

1 1
c=-
3+24772

These two asymptotic behaviours and the assumption that C' is a continuous function imply

+0 (1/n") N — 0o (5.17)

that C' must possess at least one local maximum; hence it cannot be monotonous. This
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Figure 6. The quantity C,, defined in (5.10): the data points correspond to (5.12) and the dashed
lines are obtained from the small and large interval expansions derived in section 7 (see (7.4)) and
section 8 (see (8.15), (8.17) and (8.21)) respectively.

analysis cannot determine the number of local maxima. From the numerical data points in
figure 5 we observe that C' has only one local maximum. It would be insightful to find a
proof for this numerical result.

In figure 6 we show the quantities C, introduced in (5.10) (see also figure 12). The
numerical data points (empty circles) are obtained through (5.12) and the coloured dashed
lines correspond to the asymptotic results derived in section 7 (see (7.4)) and section 8
(see (8.15), (8.17) and (8.21)). We remark that, while C' does not oscillate, Cy, with o > 1
display an oscillatory behaviour, which tends to a sawtoothed curve as a — 400, as
discussed also at the end of section 8.

6 Integer Lifshitz exponents

In this section we consider the family of Lifshitz fermion fields (¢, x) whose time evolution
is given by

ihdy, — (—ihd,)? | W(t,z) =0 2eN. (6.1)

1
(Qm)zfl

In addition to (6.1), the equal time canonical anticommutation relations (2.2) and (2.3)
are imposed on ¥(t,z). For z = 1, eq. (6.1) gives the familiar relativistic equation of
motion of a chiral fermion v (z — t). Instead, the case z = 2 corresponds to the Schrodinger
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equation (2.4). We find it worth considering the hierarchy of models corresponding to z € N
in a unified way by introducing the dispersion relation
hzfl k?

w,(k) = my—-

(6.2)

The solution of (6.1) satisfying the anticommutation relations (2.2) and (2.3) is still
given by (2.5) with the substitution w(k) — w,(k). We observe in this respect that for
even z one usually employs the alternative basis {b(k) = a(k), c(k) = a*(—k) : k > 0},
where b(k) and c(k) are interpreted as annihilation operators of particles and antiparticles
respectively. Performing the substitution w(k) — w,(k) in (2.24) and (2.25), one obtains
the two point Lifshitz correlation functions in the Gibbs representation at temperature 8
and chemical potential p.

Hereafter, it is convenient to distinguish between even and odd values of z. In the zero
temperature limit 5 — oo one gets

Sil’l(kZF,z 1‘12)

z=2n >0
T 12
<¢*(t7'xl)¢(tam2)>z,oo,u = . (63)
e—lkF,z 12 5 ) R
m z=12n+ JURS
where n € N and the Fermi momentum is
Prs = (2m>1—1/zu1/z k’F,z — pl;i,z (6.4)

Thus, pr.—1 = p, while pr . — 2m as z — +00. The special case u = 0 has been already
discussed in [43] and in the following we consider the case of non-vanishing p.

The entanglement entropies of the interval A = [—R, R] for the Lifshitz fermions (6.1)
can be obtained from (4.1), (4.3) and the spectrum of the kernel (6.3) restricted to A.

When z = 2n, it is straightforward to observe that the solution of this spectral problem
is simply obtained by replacing n — R kg 2, in the solution of (3.3). Hence all the results
obtained in this manuscript for the entanglement entropies in the model with z = 2 can be
easily extended to the Lifshitz models with z = 2n through this simple replacement.

When z = 2n + 1, from (6.3) one must analyse the spectral problem

R e_ikF,Z(l’_y)
/_R 27i (z — y — i) ¢s(y) dy = 75 ¢s(2) seR. (6.5)

Setting
bs(x) = PP ¢ (2) (6.6)
the spectral problem (6.5) simplifies to

R 1 i ]
/—R 27i (v — y — i) ¢s(y) dy = s ¢s(z) seR (6.7)

which has the same eigenvalues as (6.6). The solution of the spectral problem (6.7) is well

known [107, 152, 153] and, in particular, its eigenvalues read

1 — tanh(7s)

Vs = 5 seR. (6.8)
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Contrary to case of even z, for odd z the spectrum (6.8) is continuous. This feature
reflects the behavior of the dispersion relation (6.2), which is bounded from below for even
z and unbounded for odd z. Another substantial difference between the eigenvalues (3.8)
and (6.8) is that the latter ones do not depend on the Fermi momentum (6.4) and therefore
they are independent of the Lifshitz exponent. As a consequence, all Lifshitz fermions with
odd z have the same entanglement entropies, which coincide with the ones of the relativistic
massless chiral fermion, i.e. [16, 17]

s L (1 + 1) log(2R/€) + O(1). (6.9)
12 o

We remark that the independence of the spectrum on the Fermi momentum leads to a well

known logarithmic ultraviolet divergency, which induces the presence of the UV cut off €

in (6.9).

Summarising, the entanglement entropies for the Lifshitz hierarchy of models given
by (6.1) are ultraviolet divergent and p-independent for odd z, while they are finite and
p-dependent for even z. This tells us that the entanglement entropies are heavily influenced
by the global form of the dispersion relation and not only by its behaviour close to the
Fermi momentum.

In the models characterised by odd values of z, we can find entanglement quantifiers
that explicitly depend on the Lifshitz exponent. An important example is the entanglement
Hamiltonian K4 (also known as modular Hamiltonian) [131], which provides the reduced
density matrix p4 oc e %4, For fermionic free models, this operator can be studied through
the Peschel’s formula [1, 118], which has been largely explored [2, 108, 153-158], also in
its bosonic version [2, 108, 109, 159-161]. For Lifshitz fermion (6.1) with odd z and in the
Gibbs state at zero temperature and finite density, we find that K 4 for the interval A C R
is (the derivation is reported in the appendix D)

R2 2
Kjq= —27r/Aﬁloc(:L') [T44(0,2) — k. » 0(0,z) ] dz Broe () = Tﬁj (6.10)
where kg . is defined in (6.4), o(t, x) is the particle density introduced in (2.8) and
i * *
Ty (0,2) = —5((83;111 Y — " (O0)) () . (6.11)

Notice that the two operators T3(0,z) and 0(0,z) in (6.10) are normal ordered in the
basis of oscillators given by {a(k),a*(k) : k € R}. In the special case of z = 1, the
expression (6.10) becomes the entanglement Hamiltonian of the relativistic massless chiral
fermion v (z — t) at zero temperature and finite density [21].

The reduced density matrix generates the one-parameter family of unitary operators
{pig : 7 € R}, which defines an automorphism on the operator algebra known as modular
flow [131]. The modular flow of the field is defined as

(@) = pF (@) pi7 = KA () oTHA Y (6.12)
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where () is the initial configuration at ¢ = 0. In appendix D, by adapting the analysis
described in [107, 157], we find

2) = o hesletmmal P D)
o) ) (6.13

where [,..(x) is defined in (6.10) and

(r+ R)e>™ — (R — )

fnez) =R (t+R)e*™ +R—z

(6.14)

Notice that the solution (6.13) satisfies the initial condition (0, z) = ¥(z), as expected.
Thus, both K4 and the modular flow (6.13) explicitly depend on the Lifshitz exponent.
The expression for the field along the modular flow in (6.13) allows us to construct the

corresponding correlation functions. For instance, we have

<¢*<Tl7 551) w(TZ; $2)>007u = eikF,z[Eu—xw} 21:((53 gi:gii)) <w*(€1) ¢(€2)>007# (6.15)
_ _ik?F,z$12 /8100(61) 5loc(§2) 1

- BIOC(xl) Bloc(x2) 2mi (612 — ig) (616)

e—ikF,zzlg ew(ml) - ew(@) (6 17)

= o (:1:12 — IE) ew(z1)+7T12 _ pw(x2)—TT12

where &; = £(75, ;) with j € {1,2}, &12 = & — &2 and 712 = 71 — 72. The correlator in the
r.hus. of (6.15) must be evaluated by employing (6.3) for odd values of z. Notice that (6.17)
depends on the difference 715 of the modular parameters, as expected.

We remark that (6.17) has the structure identified in [154, 157] for the modular
correlators in other translation invariant cases. As a consequence, the correlator (6.17)
satisfies the Kubo-Martin-Schwinger (KMS) condition [131]

(W, 1) (T2 + 7+ 1,22)) oo, = (W(72 + 7, 22) V¥ (T1, 1) oo (6.18)

which is also a non-trivial consistency check of the entanglement Hamiltonian (6.10). In the
appendix D the partial differential equation satisfied by the correlator (6.15) is also reported.

7 Small n expansion

In this section we discuss the expansion of the entanglement entropies for small values
of 1. In section 7.1 we employ the approach based on the tau function of the sine kernel
(see (4.19) and (4.20)), while in section 7.2 the expansion is obtained by exploiting the
properties of the eigenvalues of the sine kernel.

7.1 Tau function approach

The expression (4.19), which is employed here also for the single copy entanglement, tells
us that the expansion of S Aa as 11 — 0 can be studied through the expansion of the sine
kernel tau function (4.20) in this regime.

— 96 —



The small distance expansion of the tau function of a Painlevé V has been found
in [81, 82]. In the appendix E.1 we specialise this result to the case of the sine kernel tau
function (3.2), finding [81]

e G (@)™
"= LV Gh T @ 0

n=0

(7.1)

where G(z) is the Barnes G function. This expansion corresponds to eq. (5.13) of [81]
written in the notation given in (E.5). The Taylor expansions of the functions B, (n) as
n — 0 have been reported in the appendix B of [81] for some values of n (they extend the
earlier result reported in eq. (8.114) of [88], which improves the previous expansions given
in [85, 86]). In (E.6)—(E.9) we have reported only the terms of these expansions employed
in our analyses. We find it worth highlighting that the expansion (7.1) can be written also
in terms of the area a of the limited phase space (see (2.39) and (2.40)).

Since G(1) = 1 and By(n) = 1 identically (see (E.6)) [81], the summand corresponding
ton =01in (7.1) is equal to 1 identically.

Approximate analytic expressions for the entanglement entropies (4.19) are obtained
by truncating the series (7.1) to a finite sum. In (7.1) a double series occurs because each
B, (n) can be written through its Taylor expansion as n — 0. Given a positive integer
N > 1, the truncation condition of keeping all the term up to O(nN ) included leads to
truncate also the series in n to a sum of N terms, where N satisfies N” < (N +1)2 — 1. Let
us denote by 7ar v the resulting finite sum, where N = N(N). Since o(1/2") terms in (7.1)
have been neglected, we have that 7y y = Py r(2)/2", where Py ar(2) is a polynomial of
order N whose coefficients are polynomials in 7 of different orders, up to order A included.
Furthermore, since B,(0) = 1 for all the values of n that we consider (see [81] and the
appendix E.2), the polynomial Py ar(z) is monic. These observations lead to

N
1 N
d:log(Fvn) =Y - = (7.2)
Pl A

where z; € Py a are the zeros of Py ar(z), which are non-trivial functions of n whose explicit
expressions depend on N.

The Abel-Ruffini theorem states that the roots of a polynomial of degree five or higher
cannot be written through radicals. In our analysis, this implies that approximations
corresponding to N > 25 can be studied only numerically because N > 5 is required in
those cases. This leads us to consider N < 4.

Plugging the finite sum (7.2) into (4.19) and exploiting the fact that s,(0) = 0, one
obtains the following approximate result for the entanglement entropies

S0 =3 sa(5) z € P n[0,1] (7.3)
J

where only the zeros of Py ar(z) belonging to [0, 1] contribute to this finite sum. In the
appendix E.2 we report the analytic expressions for the zeros of Py s in terms of 7, for
various values of N' < 24. By introducing the N dependent parameter 7, through the
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Figure 7. Entanglement entropies Sff) in the small 7 regime. Different values of « are considered
in the different panels. The numerical results correspond to the black empty markers and the
coloured curves to the analytic approximate expressions as follows: the dashed curves are obtained
from (7.3) for increasing values of A/ (see section 7.1) and the solid blue lines from (7.8), (7.12)
and (7.14) (see section 7.2).

condition that at least one zero does not lie in (0,1) or it has a non-vanishing imaginary
part, for n € (0,7) all the zeros belong to (0,1) and therefore contribute to Sff}v.

From (7.3) and (5.10), it is straightforward to introduce
B =m0, -

which provides analytic expressions for the expansion of (5.10) as n — 0.
The cases N' < 3 are the simplest one to explore because N = 1. For N’ = 3, by
using (E.6) and the fact that G(1) = G(2) = G(3) = 1, one finds 731 = 1 — a1n/z with
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a1 = 2/m; hence we can consider only one root z; = a;n = 2n/7, which belongs to [0, 1]
when 1 < 7/2. In this case (7.3) simplifies to SE{% = Sq(a1m). By expanding this result for
n — 0, we obtain a leading term O(nlog(n)). This is confirmed by the numerical results
reported in figure 7 and also by the expansion obtained through the PSWF in section 7.2.
Notice that, instead, expanding log(73,1) as 7 — 0 first and then employing the resulting
expansion in (4.19) leads to a wrong leading term O(n).

Improved approximations corresponding to N' > 3 require N > 1; hence two or more
terms can occur in (7.3). All the improved approximations characterised by N' < 24 are
discussed in the appendix E.2.

In figure 7 the numerical results for some entanglement entropies (black data points) are
compared with the corresponding approximate analytic expressions §1(40‘)/\f in (7.3) (coloured
dashed curves) obtained in the appendix E.2, which hold in the small n regime. The
domain of n where 51(40‘)/\[ reproduce the numerical data points becomes wider as N increases.
The coloured dashed curves in figure 7 ends at some finite value n = 7, where at least
a zero of Py ar(z) lies outside the interval [0,1]. The value 7, depends on A and on the
coefficients of the polynomial Py ar(z). In the simplest case we have P; 3(z) = z — 2n/m,
hence Z; = 2n/m, which leads to 1. = m/2. For higher values of N' we have determined 7,
numerically. The best approximation considered in this manuscript corresponds to N' = 24

(red dashed curves). In this case, §f4a)2 4 perfectly agree with the corresponding numerical

(a)

data for n < 2.5, capturing also the second local maximum of S, ~.
In figure 8 we compare the numerical data points for 01(4&) obtained numerically

from (5.11) with the approximate analytic expressions CN'I(fZ\/ defined in (7.4), which hold

for small 1. The coloured dashed curves represent 6’2071)2 4 » Which is the best approximation
considered in our analysis. The numerical data agree with the analytic results for the
expansions as 7 — 0T. At leading order we have C = O(nlog(n)) when a = 1 and
Cyo = O(n) when o > 1 (see also (7.8) and (7.13) respectively). Notice that C, with o > 1
displays an oscillatory behaviour whose amplitude grows with 7. When o — o0, this curve
becomes sawtoothed (see also figure 6).

7.2 PSWF approach

The expansions of the entanglement entropies for small 1 can be studied also from (4.1)
and (4.3) by employing the expansion of the eigenvalues as n — 0.
For the generic eigenvalue 7, of the spectral problem (3.1), it has been found that [124]

- 2n + 1) n?
Tn = Tn €Xp {— @n (_ 1)—;(2)nﬁ+ 32 +0 (774)} (7.5)

where 4, has been defined in (4.8). This tells us that -, — 0 as n — 0, for any n > 0.

A non-trivial approximate analytic expression for the entanglement entropy can be
obtained by considering the approximation v, ~ %, (from (7.5)) and s(x) = —xlog(z) +
z + O(2?) as z — 07 (from (4.2)). This result reads

o (0.)
Sa = Zﬁn(—log’%—i—l)—l—--- = Z G [~ (2n+1)logn—log g +1]+. .. (7.6)
n=0 n=0
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Figure 8. The quantities C’I(f) in the regime of small 7. The data points are obtained numerically

through (5.12), while the coloured dashed curves represent 51(40:)24 (see (7.4)).

where (4.8) has been employed. The leading term comes from the summand corresponding
to n = 0 in the series occurring in the last expression of (7.6) and it is given by

2 2 2y _ 27 2n 2
Sa= —;nlogn—f—;[l—log@/w)]77+O(7) ) = 10g(277/7f)+?+0(77 ) (7.7)

where we used that go = 2/7 (from (4.8)).

Higher order terms in the expansion (7.7) can be written by including more terms in
the expansion of s(x) = —zlog(z) + = — 22/2 — 3/6 — 2*/12 + O(2®°) and also taking into
account the exponential correction occurring in the r.h.s. of (7.5). This leads to

21— og (2/m))n — 5 — o v log(n) (79)

T 9
2 /1 2 2\ 5 4 /1 1\ , s
+o (3+310g(3) 772)” +3 <3 7T2>77 +0(n log(n))

which has been obtained by considering only the terms coming from -~y and ~;. The

2
Sa = - nlog(n) +

expansion (7.8) is the best approximation allowed by (7.5). Indeed, s(v,) = O(n°log(n))
for n > 2 and s(7p) contain a term of order O(n°log(n)) that cannot be evaluated because
the O(n?) term in the exponent of (7.5) has been neglected.

In order to study the expansion of the Rényi entropies with finite index o # 1 as n — 0,
first we rewrite the function s, (x) in (4.2) as

o 1
Sa(z) = 1_alog(1—x)+1_a

log[1 4+ 2%(1 — x)™¢] (7.9)
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and then expand these two terms separately, obtaining

2 3 4 1 2c 3o 4o
sa(@) = ail x+%+%+%+0(:p5> + 1—« [ta_tQ—i_tZ%_tZl—i_O(tm)}
(7.10)
where
B

By employing (7.5), (7.10) and (7.11), one finds that s,(y,) = O (™55} for n > 2.
Thus, by considering only the contributions coming from 7y and ~; in (4.1), for the Rényi
entropies with finite o # 1 we obtain

2 2 8 4 4
gl _ @ [ 2 5 8 3 (_) 4]
A a—1 7rn+7r277+37r377+ w4 92 "

L2212 20+1) 1\ 5, (4a+D(@+2) 2(a+1)) ,
ORFEHA )2 ( )]

s

ot at B 373 91

a 7 2 9

2\%2r 1 2 2(2 1 1
o () [ 2 (%))
s 200 T s 9

0 (2\3*[143(x/6)%> 2 o2\ 1 min{5a
_7’3 <> {(/)+n}+n4 () _— _|_O(n {5 ’5})

s 3a T s 4o
(7.12)
where the ordering of the terms based on their relevance depends on «. For instance,
we have ) N
<) na +0 (nmin{Qa,l}) a<1
(o) l—a\n7
o 2 n+0 (nmin{a,2}> a>1.
a—1m

Some terms reported in (7.12) could be of order O(nmin{5a’5}), depending on «.
For the single-copy entanglement (4.3), by using seo(z) = z+22/2423/3+2* /4+O(2°)
we obtain 5 5 g 471 1
S0 = Dbt ()t o (7). (714)
In figure 7, the solid blue lines correspond to (7.8), (7.12), and (7.14). The width of the
range of 77 where these curves agree with the numerical data (black data points) increases
with a. We remark that better approximate expressions are obtained through the approach
based on the sine kernel tau function. Indeed, the solid blue lines in figure 7 do not capture
the first local maximum of the numerical data corresponding to @ > 1, while the dashed
lines nicely reproduce it when N is large enough. The curves corresponding to the analytic
expressions obtained by applying the differential operator 19, to (7.8), (7.12), and (7.14)
have not been included in figure 8 to make this figure readable; but the ranges of n where

they reproduce the numerical data are the same ones of figure 7, for any given value of a.
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The results presented above can be compared with the ones discussed in section 7.1.
Considering e.g. the entanglement entropy, by expanding (7.3) with & =1 as n — 0, one
obtains a series that coincides with (7.8) up to a certain order which depends on the value
of N chosen in (7.3). In order to obtain all the terms reported in (7.8), the expansion
of (7.3) with N/ > 4 must be considered. A similar analysis can be performed for the other

entanglement entropies.

8 Large n expansion

The form (4.19) of the entanglement entropies (4.1) and (4.3) allows to study their expansions
in the regime of large n by employing the expansion of the sine kernel tau function (4.20)
in this regime.

8.1 Tau function

The asymptotic expansion of the sine kernel tau function for large 7 is a special case of the
large distance expansion of the tau function for the general Painlevé V found in [82, 83].
The details of this analysis are discussed in the appendix F.1 and the result reads

=[G —v) G +1)] (8.1)

1 G(1+I/*+Tl)]4 elinn = Dy (vy +n)
X Z { G(1+vy) (4in)2n(n+21/*) I;) (4in)k

where 1
v, = —log(l—1/z). (8.2)
27i

The functions Dy (v,) available in the literature are [82, 83]
Do(vy) =1 Di(vy) =402 Dy(vy) =818 + 1007 (8.3)
We report also?

Dy(v,) = 5 (89 +300] + 3307 + 07 ) (8.4)

Dy (vi) =

Wl N Wk

(16 V2 £ 120010 + 33918 + 386 15 + 39 yf) . (8.5)

In our analyses we employ Dy (v,) with k € {0,1,2,3}.

We remark that the area a of the limited phase space (see (2.39) and (2.40)) is a
natural variable for the expansion (8.1). We also stress that, differently from the small 7
expansion of the tau function given by the convergent series (7.1), the large n expansion (8.1)
is asymptotic.

We find it useful to write (8.1) as the following product

T = Too Too (8.6)

2The functions (8.4) and (8.5) have been obtained by Oleg Lisovyy. We are very grateful to him for
having shared with us a Mathematica code to generate the functions Dy (v4).
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where )
e41y*17

(42
which has been first obtained in [125] (see also [102, 162-164]), and

[G(1—v,) G + 1)) (8.7)

Too =

1 G+ v, +n)* etinn 2 Di(vs +n)
T o= { } . . 8.8
2%% (2mz)* [ G(1+w) (dim)nmr2ve) = (din)® (&%)
> D e4im7 Hn:—lr 1+v +j4 ) +
= Z k(y’;c) + Z ]2n0 ( Qn(n:—ZV )) Z k(y* kn) (89)
2 i T 2 ey (a2 (din)
gt < Dy(v, +7)
+ ;
ngl 2mz) 2 (din) 220 TTR L D(1+ v+ j)* (5 Z (4in)*

where the identity G(z + 1) = I'(z) G(z) has been used.
An approximate expression for (8.9) is obtained by considering only the summands

corresponding to n = 1 and n = —1 in the second and third terms respectively. This gives

. i Dy (v4) e (141,)? i Dy(ve+1)  (272)% (4in)2+—D & Dy(v,—1)
00 _k:(] (4in)k (271.2)2 (4177)2(21/*—&-1) = (4i77)k7 edin F(I/*)4 = (4in)k )
(8.10)

Since the complex parameter v, takes the values (F.17) in the computation of the
entanglement entropies, the approximation (8.10) allows to obtain their expansion up to
O(1/n*), as discussed in section 8.2 and in the appendix F.3 (see (8.15) and (8.21)).

2 it = antrwy = D1 = w) D(w), the
factors multiplying the last two series in (8.10) can be written as follows

By using the identities (272 —[m/ sin(7v,)]? and

eMT(1+v)t 4T+ v sin(rr)]?  eD(1 4 1,)? (8.11)
(2m2)2 <4in)2(2u*+1) o (2m)2 (477)2(2u*+1) o (477)2(2u*+1) [(—v,)2 .
(27rz)2 (4177)2(21/*—1) B (271.)2(477)2(21/*—1) B (417)2(21/*—1) F(l _ V*)Q (8 12)
en T'(v, )4  4etin D (v )4 [sin(mry))2 etn (1, )2 ’
hence (8.10) becomes
D AT (1 2 XD 1
Too = k() ez(zy (+1)+ ) 2 k(y*_‘i; ) (8.13)
— (i)t ()2 DT (-2 = (4in)
2(2v,—1) _ 2 oo _ ~

et I'(v,)? = (in)”
where the term 1 in the last expression corresponds to k = 0 term of the first series.

8.2 Entanglement entropies

The expansion of the entanglement entropies for large 1 can be studied by employing (8.6)
and (8.14) into (4.19). This leads to the decomposition

S =5+ 55 (8.15)

— 33 —



where

(@ =y 17{ - SO 17{ 5
Shoo = e%r_r}lo 5 Qsa(z) 0, 1og(T0) dz Shoo = E%I_I)lo 50 €soé(z) 0, log(l + Too) dz.
(8.16)
(@)

In the following we show that the leading term S 400 BIVES a logarithmic growth, while the

subleading corrections in gfflo provide the oscillatory terms observed e.g. in figure 4.

The term Sffio in (8.15) can be computed by adapting to the case that we are considering
in the continuum the analysis of [77, 78] for the entanglement entropies of a block made by
consecutive sites in the infinite one-dimensional spin—% Heisenberg XX chain in a magnetic
field, which is based on the Fisher-Hartwig conjecture [90-92]. The result of this calculation,
whose details are reported in the appendix F.2, is

1

o 1
st = p (1 + a) log(4n) + Eq (8.17)

where the argument of the logarithm is the area of the limited phase space (2.40) when
h =1 and the constant term E, is defined as follows [77, 80]

< (acsc e
E, = (1 + i) /0 <()[2_h(1t) (esch(t/a) — aesch(t)) — 6) % (8.18)

In the limits « — 1 and a@ — +o0, this constant becomes respectively

e 2\ dt

E, = /OOO ([csch(t)]Q[t coth(t) — 1] — 3) ; (8.19)

Eyx = /OOO (csch(t) [1 — csch(t)} - 6_6%> dt . (8.20)

t

The result (8.17) can be obtained also by employing a result of Slepian [124] in this
asymptotic regime, as shown in [76, 163]. A rigorous derivation of the leading logarithm
term in (8.17) has been provided in [165].

In order to study the expansion of the subleading term 54

400 10 (8.15) as n — oo, we
adapt to our case in the continuum the analysis performed [80] in the spin—% Heisenberg XX
chain in a magnetic field, which provides the terms subleading to the ones found in [77, 78] by
employing the generalised Fisher-Hartwig conjecture [91, 92, 166]. This analysis, described

in the appendix F.3.1, gives the following expansion for 51(40‘(10 in (8.15) as n — oo

(o) (o) ~1(4a) 1 ggla) 2 gﬁxa) 3
(o _ ola ,00, ,00, ,00, 4
Sitoe = S+ 2 4 H 4 Z22 40 (1/n") (8.21)

where gfio y for N € {0,1,2,3} are functions of  which can be conveniently written as

551020,N = SVE‘Q%QN,(L + gﬁxo,[())o,N,b N €{0,1,2,3}. (8.22)

The constant term gl(fio N.o Teads

o ~(a (14+a)(Ba?-7)
S Na=0 Ne{01,3} ) e = S84 . (8.23)
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The non-constant contribution 5’1(40‘00 N to (8.22) takes the following form

§1(4a) = Z {Q(—iy—l/Z)j D&jil} |1§k y { cos(4nj) N even
oo, N. - > .
,00,1V, (a 1 22N 1 = (4n)23(2k+1)/ Sin(417]) N odd
) (8.24)
where Q(2) = I'(1 + 2)?/I'(—2)?, the polynomials Dy, are
_ 1
Dyjor =5 (8.25)
’ J
Dy, =1-12y (8.26)
2
Dy, 1= % (122 -1)" = 10iy (492 —1) (8.27)
B =L (12y2 - 1)3 — 10ijy (48y4 — 16y2 + 1) T (220y 11492 + 37)
WTe 12
(8.28)
which must be evaluated on the following points belonging to the imaginary axis
i 1
gk = — |k + 3 2
Yk o < + 2> (8 9)

and the constant ky = sin(mN/2) + cos(wN/2), which is equal to ky = +1 when N = 4.J
or N=4J+1and ky = —1when N =4J+2or N =4J + 3, for J € Ny. We remark that
only a finite number of terms of the series in (8.24) are involved in the expansion of Sl(f) at
a given order as  — oo. Notice that it is natural to write also (8.24) in terms of the area a
of the limited phase space (see (2.39) and (2.40)).

The subleading contribution to the entanglement entropy corresponds to the limit

a — 1 of S given by (8.21), (8.22), (8.23) and (8.24). It is remarkable that the

oscillating quantity S ,(axa?)o

Np in (8.24) vanishes in the limit a — 1 because ﬁxﬂj—lhjk and
Q(—iy — 1/2) = O((a — 1)?). Thus, in the regime of large 7, the subleading corrections to
the entanglement entropies do not oscillate. Further subleading terms in the entanglement
entropy have been evaluated in [163] and they do not oscillate.

In the appendix F.3.2 the expansion of the single copy entanglement gffool for large n

has been studied, finding

g0 _ 1 WA $(1/2) v/’ | /2
Shoo= Tlog (47) {{ng( 477) +L 2( 477)} (1+410g () + Alog (41)] + [410g(477)]3>

— [Lia(=e) 4+ Lig (—e~4)] 32@%}*0 (1/logm)P)  (3:30)

which can be written also in terms of the area a of the limited phase space (see (2.39)
and (2.40)) and improves the expansion obtained in [80] in the lattice model up to
O(1/[log(n)]?) term. We remark that in (F.87) all terms up to order O(1/n) are reported.
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Figure 9. Oscillatory behaviour of the entanglement entropies with o > 1 in the regime of large 7.
The dashed curves are obtained from (8.15), (8.17) and (8.21).

For the sake of completeness, in the appendix G we briefly discuss the lattice model
where the Fisher-Hartwig formula and its generalisation have been applied and the double
scaling limit providing the results in the continuum.

In figure 4 the entanglement entropies Sgla) are shown in a large domain n € (0,100)
which includes the one considered in figure 3. The filled circles are the data points obtained
numerically, as discussed in section 4, while the dashed lines correspond to the approximate
analytic expressions derived in the regime of large n and given by (8.15), (8.17) and (8.21),
which perfectly agree with the numerical results for n > 10. In this figure it is evident the
logarithmic growth of Sﬁla) described by (8.17), the oscillatory behaviour for Sl(f) when
a > 1 (see (8.24)) and also the lack of such oscillations for the entanglement entropy.
The approximate analytic expressions for large n mentioned above have been employed
also in figure 3 and they nicely agree with the numerical data points for n > 1, which is
quite remarkable.

(a)

The oscillations of the entanglement entropies S Aa with index « # 1 occurring in
figure 4 have the same period equal to 7/2, as one can observe from (8.24). In figure 9 we
focus on the range 7 € (990,1000) and show the change of these oscillations for different
values of « in the regime of large 1. The numerical data points in figure 9 (filled circles)
are nicely reproduced by the dashed curves, obtained from (8.15), (8.17) and (8.21) with
o(1/n?) terms neglected. For small values of o > 1 harmonic oscillations are observed. As «
increases, this behaviour changes and the local maxima of these oscillations become singular

in the extreme case of the single-copy entanglement.

— 36 —



— uptoo(l)

up to o(n~*")
— up to o( %)
— uptoo(n )
— up to o(n™*)
1.38¢ up to o(n
—uptoo(n )
136k up to 0(n”)

<
1.34':\‘_ ________ )

1.32¢ \

1.42¢

1.40¢

—0.5)

(20)

S

1.30 NS _#
100.0 100.5 101.0 101.5 102.0 102.5 103.0
n

Figure 10. The Rényi entropy of order o = 20 in the regime of large 7.

Including more terms in the analytic expressions for the large 1 expansion leads to
improved approximations for the entanglement entropies, as expected. This is shown in
figure 10 for the case of o = 20, where we compare the numerical data (filled circles) with
the coloured dashed curves obtained from (8.15), (8.17), (8.22) and with the sum in (8.24)
truncated at different orders by neglecting the o(1/n") terms (in figure 10 and figure 11, “up
to o(1/n™)” means that all the terms proportional to 1/n® with b < r have been included,
while “up to O(1/1")” indicates that all the terms proportional to 1/5® with b < r have been
considered). For instance, the almost horizontal grey curve is found by neglecting the o(1)
terms; hence it corresponds to (8.17), which is the contribution given by the logarithmic
and the constant term. Similarly the dashed cyan curve has been obtained by neglecting
in (8.24) all the o(1/n?) terms, finding a result which is almost indistinguishable from
the numerical data in the range n € (100, 103). In our numerical analyses, we have also
observed that, for a given range of large values of 7, the agreement between the numerical
data points and the curves obtained from the analytic results corresponding to a certain
approximation improves as « decreases.

In figure 11 we show the single copy entanglement Sgoo) for n € [0,50]. The black
filled circles correspond to the numerical data points obtained from (4.3). In the main plot,
the dashed red curve represents the expansion (8.30) truncated to O(1/(logn)?), while the
solid green curve corresponds to the large 7 expansion of S Al 999 “found from (8.15), (8.17)
and (8.22). The large n expansion of 51(41000) approximates the numerical data points better
than the expansion of the single copy entanglement. This may happen because (8.22)
contains higher order terms as 17 — oo with respect to (8.30). In the inset of figure 11, we
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Figure 11. Single copy entanglement for large values of 7.

consider the domain 7 € [996, 1000] and show that adding more terms in the expansion (8.30)
does not necessarily improves the approximation of the numerical data point. Indeed, the
best approximation corresponds to the truncation of (8.30) up to the term proportional to
1/(logn)? included (dashed red curve).

By applying the differential operator 70,, to the analytic expressions of the expansion
obtained from (8.15), (8.17) and (8.22) and from (8.30), we obtain the large 7 asymptotics
for the quantities C,, introduced in (5.10). Although we do not report the explicit expressions
here, we have employed the resulting analytic expressions (where O(1/5?) terms have been
discarded) to draw the dashed coloured curves in figure 12, which are compared with the
numerical data points obtained from (5.12) (empty markers).

For the single copy entanglement, only the numerical data have been reported because
in this range of n the analytic expression coming from the expansion at large n does

not agree with the data points, as shown by the dashed red curve in figure 11. The

oscillatory behaviour of Cy, with a # 1 about the constant value (1 + 1) is due to the

term n 0, S’é?io N coming from (8.24). The growing amplitudes of the oscillations of C,

with @ > 2 can be easily explained. Indeed, 5,(40%0 contains a leading oscillating term
—2/a

xn

whose amplitude is an increasing function of 7 when « > 2. This oscillatory behaviour

cos(4n) from (8.24), which leads to the oscillating term oc 7'=2/®sin(4n) in C,,

becomes a sawtoothed curve when o — co. Instead, when oo = 1 the quantity C in (5.10)
does not oscillate for large values of n and C' — (1/3) (see (5.17)), as shown also in figure 5

and figure 6. This lack of oscillations is due to the fact that Sj(fc))o’ np — 0in (8.24) as
a — 1, as already discussed below (8.29).
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Figure 12. The quantities C,, in (5.10) for different values of a.

9 Schatten norms

In this section we study the p-th power of the Schatten p-norm || K|, of the sine kernel
operator for integer p > 1, which is defined as follows

PV = (|K|,) =3 A2 p>0. (9.1)
n=0

These series are convergent; hence they are well defined functions of 1. For instance,
for p =1 we have PI(LXI) = 2n/7 (see (3.7)). In the other cases, the convergence of (9.1) can
be proved as follows. When p > 1, we have that 0 < PXJ) < 731(41) because the inequalities
in (3.6) tell us that 0 < 2 < ~,. For 0 < p < 1, we observe that (4.7) provides an upper
bound which is a convergent series, as one can show by using (4.9) and the ratio test, as

done in (4.11) and (4.12) for the entanglement entropies.
Following [167-169], a time independent operator 4 can be introduced such that

log[(eiCQAﬂ =Tr {log (I + (eiC — 1) K) ] =Tr [log (I —z! K” = log(7) (9.2)

where [ is the identity operator, K is the sine kernel (3.2) and ¢ = 27y, with v, = v, (2)

being defined in (8.2). The cumulants of Q4 are Cﬁlk) = [8172 log((e'¢@4))] ’(:0’ where k > 1
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is an integer parameter. From (9.2), the cumulants Cx(f) for k € {1,2,3} read

(Qa) = [ic log ({91 )| |,y = Tr (K) (9.3)
(Qa = (Qa)*) = [ log ((e9)) ] | _, = Tr (K — K?) (94)
(Qa = (Qa)*) = [0 tog ((9) ] |y = Tr (K — 3 K? +2K?) . (9.5)

These cumulants can be evaluated from (9.1) with p € {1,2,3}. Notice that (9.3) is equal
to (9.1) for p = 1.

We find it useful to write the p-th power of the Schatten p-norm of the sine kernel in
terms of the sine kernel tau function (4.20). This can be done by adapting to (9.1) the
procedure to obtain the contour integral (4.19) for the entanglement entropies, discussed in
section 4, and the result reads

1
73%") = lim — f 2P 9, log(7) dz peN (9.6)
¢

where we focus on integer values p > 1, for simplicity.
In order to study (9.1) in the small 7 regime through (9.6), let us write the small 7
expansion of the sine kernel tau function given in (7.1) as follows

- n—1 Bn(n)

T=1-"T To = Z(*l) on (9.7)
n=1
where - 6
Bult) = tymym s (41" Bl (9.

The expansions of the functions B, (1) as n — 0 have been obtained in the appendix B
of [81] for n < 5 and up to a certain order in 7. We have reported them in the appendix E.2
(see (E.6)—(E.9)), truncated to a certain order as discussed in section 7.1.

By employing (9.7) into (9.6), the resulting integral can be evaluated by first expanding
the integrand zP 0, log(7) as z — oo and then applying the residue theorem, which tells us
to select the coefficient of the term corresponding to 1/z in the expansion of the integrand.
For the first values of p, we obtain

PP = By() = 22 99)
P = Bi(n)? - 2B2(n) (9.10)
PY) = Bi(n)® — 3Bi(n) Ba(n) + 3 Bs(n) (9.11)
PY = Bi(n)* — 4B1(1)? Ba(n) + 4 B1(n) Bs(n) + 2 Ba(n)® — 4B4(n) (9.12)
P = Bi(n)® — 5B1(n)? Ba(n) + 5 Ba(n) Ba(n)? + 5 B1(n)? Ba(n) — 5 Ba(n) Ba(n)

— 5Ba(n) Bs(n) + 5 Bs(n) (9.13)
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Figure 13. The p-th power of the Schatten p-norm of the sine kernel operator (see (9.1)) for some
values of p > 0, in the regime of small 7. When p = 1, the exact result is given by (3.7) for every 7.
The dashed red line corresponds to (3.7) (see also (9.9)) and the dashed black lines to (9.10)—(9.13).

in terms of the functions introduced in (9.8). Notice that (9.9) is equal to the mean value
of the particle number operator given in (2.37) and to the trace of the sine kernel given
in (3.7), as expected. We observe that the leading behaviour of 731(41) ) as n — 01is O(n?),
which is determined by the term By (n)P.

In figure 13 we show (9.1) in the regime of small 1. The red dashed line is the exact
result (3.7), while the black dashed lines correspond to the analytic expressions in (9.10)—
(9.13), which hold as 7 — 0 and are polynomials up to O(n*!). Notice that the expansion
of Bs(n) in appendix B of [81] has been employed for 731(45) and that B,(n) for p > 5 are not
available in the literature.

In the large 1 regime, we can employ the factorised form (8.6), where the leading terms
are contained in 7o, defined in (8.7). Plugging this factorisation into (9.6), we find that

the leading terms of (9.1) as n — oo are given by

P _ oo L f -
= lim P9, 1 . 1 — 00. .14
Py e,(%—>0 5 Cz 0. log(Too) dz + 0(1) n (9.14)

By using (F.6) with v,(z) defined in (8.2), the integrand of (9.14) reads

2P~

Zp 82 log(f’oo) = m

[4771—4;/* log(47) + 2, (¢(1 —v)+0(141) —2)] (9.15)

in terms of the digamma function ¢ (z) (see (F.7)).
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Figure 14. The p-th power of the Schatten p-norm of the sine kernel operator (see (9.1)) for some
values of p > 0, where the linear divergence (9.16) for large 1 has been subtracted to highlight the
subleading correction (see (9.17)). The black dashed straight line is —2n/x.

The leading term of (9.14) comes from the linear term in 7 occurring in (9.15) and it
can be easily evaluated by using the residues theorem, finding

2
PY = 0+ Ologn) 1 — 00 pEN. (9.16)

This linear divergence can be observed already in the range of 7 considering in figure 13.

When p = 1, the exact result in (2.37) and (3.7) tells us that further corrections do
not occur.

The linear divergence (9.16) can be understood also by observing that the largest
contribution as n — oo comes from the eigenvalues ~, having n < ng, where ng is the
critical index (3.10). Furthermore, in the regime of large 7, an upper bound for the
contribution coming from the regions I and II of the spectrum (see section 3) can be
obtained by using 7? < 1 and the Landau-Widom counting formula (A.12), where the
coefficient of log(n) is positive.

Notice that the linear divergence (9.16) simplifies in the combinations (9.3), (9.4)
and (9.5).

The evaluation of the subleading term in (9.14), which corresponds to the term contain-
ing log(4n) in (9.15), is less straightforward. Indeed, splitting the contour € as discussed
in section 4, one finds that, while the integral over &€, vanishes as ¢ — 0, the integral
over ¢; diverges like log(e) 4+ o(1). This logarithmic divergence cancels with the same
divergence coming from the integral over €, U €_, which gives a result proportional to
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—log(€) — [vu + ¥(p)]. Combining these contributions, we obtain

2 log (4
PP =2y L o) wose pen (@17

where v ~ 0.577 is the Euler-Mascheroni constant. Notice that vg + (1) = 0, as expected.
Furthermore, vz + ¥(p) is a rational number when p € N.

In order to highlight the subleading corrections for large 7, in figure 14 we show
731(47) ) 2n/m. In this figure, oscillations are visible for the data corresponding to high values
of p. They are expected from the subleading corrections due to the contribution of 74,
(see (8.6)) in (9.6). The fact that the numerical data points for small values of 7 in figure 14
follow the straight line —2n /7 supports the above observation about the leading behaviour
of 771(41)) as 7 — 0. The range of n considered in figure 14 is too small to compare the
coefficient of log(n) in (9.17) with the numerical data points.

10 Conclusions

We have investigated the entanglement entropies Sga) of an interval A in the free fermionic

spinless Schrodinger field theory on the line, at finite density p and zero temperature.

This problem can be studied without introducing approximations because the spectral
problem (3.3) associated to the sine kernel in the interval A has been solved long ago
by Slepian, Pollak and Landau in the seminal papers [70-74], which have generated a
vast literature afterwards, in various directions [75]. The eigenvalues =y, of this spectral
problem (see (3.8)) depend only on the dimensionless parameter 7 defined in (2.38), which
is proportional to the area of the limited phase space (2.40). By employing the fact that ,
vanish super-exponentially as n — oo (see (4.7) and (4.9)), we proved that the entanglement
entropies Sila are finite functions of 1. These functions are displayed e.g. in figure 3 and
figure 4 for some values of «, where the data points have been generated through an efficient
code optimised to evaluate numerically the PSWFs (kindly given to us by Vladimir Rokhlin).

In section 5.1 it is shown that S, is a function that monotonically increases with
the area of the limited phase space (see also the numerical results for Sj(f) in figure 3
and figure 4). This property does not hold for the entanglement entropies with index
a # 1. We proved that the analogue of the entropic C' function for the d = 1 relativistic
models [20], defined in (5.10), is not a monotonous function of 7 (see figure 5). Notice that,
in the context of the gauge/gravity correspondence, non-monotonic holographic entropic C
functions [170, 171] have been also found when Lorentz invariance is broken [172].

We have studied also the entanglement entropies of an interval for a class of free
fermionic massless Lifshitz models on the line (see (6.1)) at zero temperature and finite
density, which are labelled by their integer Lifshitz exponent z > 1. This class includes the
relativistic massless chiral fermion (z = 1) and the above mentioned free fermionic spinless
Schrodinger field theory (z = 2). Important qualitative differences in the entanglement
entropies are observed, depending on the parity of z. For instance, the models with even
z have finite and p-dependent Sl(f), while the models with odd z have UV divergent and

p-independent Sz(f). For the subclass of models having odd Lifshitz exponents, we have
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computed the entanglement Hamiltonian (6.10), the modular flow of the field (6.13) and
the corresponding correlation function (6.15), finding that, instead, these entanglement
quantifiers explicitly depend both on p and on the Lifshitz exponent through the Fermi
momentum (6.4).

Finally, we have employed the method of [77, 78] and the asymptotic expansions for
small and large n of the sine kernel tau function (see (7.1) and (8.1) respectively) found
in [81-83] to write the expansions of the entanglement entropies in these limiting regimes
(see section 7 and section 8 respectively). The analytic expressions approximating the
entanglement entropies obtained from these expansions give the dashed curves in all the
figures from figure 3 to figure 12, which display a remarkable agreement with the numerical
data points. These analytic results have also allowed to prove the non-monotonicity of the
function C' (see section 5). Thus, our analysis provides a new application of the results
for the general solution of the Painlevé V equation obtained in [81-83], specialised to the
simple case of the sine kernel tau function.

Our results can be extended in many interesting directions. Since we have described
an explicit example where the entanglement entropy is finite and monotonically increasing
along the n-flow, it would be insightful to find whether this interesting feature occurs also
in other models and whether it provides some new insights about the RG flows in non-
relativistic field theories. For instance, it would be instructive to find a RG flow involving
non-relativistic models where the entanglement entropy plays the role of the entropic C
function.

It would be interesting to study the entanglement entropies of an interval on the
line for the fermionic spinless Schrodinger model in a general Gibbs state, where both
the density and the temperature occur [173-175]. The most important generalisation to
explore is the spinfull model with a quartic interaction [40-42]. It would be insightful to
study also the entanglement entropies corresponding to bipartitions of the line where the
subsystem is the union of disjoint intervals [107, 109, 176-180] (see also [181] for lattice
computations), or other entanglement measures, like e.g. the logarithmic negativity [182—
193]. Other interesting extensions involve non-relativistic models for bosonic fields and
higher dimensions.
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A Bounding the entanglement entropy

In order to bound the entanglement entropies, let us introduce a parameter ¢ € (0,1/2)
and the corresponding partition of Ny as follows

ALqE{nGNo;l—qg"ygl} (Al)
A%7qz{n€No;q<’y<1—q} (A.2)
Ng={neNy; 0<y<q}. (A.3)

Considering e.g. the entanglement entropy (4.1) (the discussion can be easily adapted to
the other entanglement entropies), the above partition of Ny naturally provides
the decomposition

Sa=Sa1+Sy1+Sa0 Sar= Y stw)  refo i} (A9

nEA'r,q

Upper and lower bounds depending on 7 for S4, in (A.4) can be studied by using
approximating formulas for v,, whose validity depends on which A, , the label n belongs to.
A numerical inspection shows that S4, = O(log(n)) as n — oo; hence we expect
L™ log(n) + C'** < S, < L™ log(n) + C n>1 re{ol1}  (A5)
where the constants L™, C)*¥, L' and Cr® do not depend on 7.

The simplest term to consider is S, 1. For this quantity, it is straightforward to write
2

(@) [As g <841 <s(1/2) AL | (A.6)

1

'3

where |Q| denotes the cardinality of @. The asymptotic behaviour of [A1 | for large
27

7 is [194]

2
A1 4l = 5 log(1/g — 1) log(n) + o(log(n)) 1 — o0 (A7)
The upper bound in (A.6) can be studied also by employing the following result [195]
2 5 1007
Al | < Slogl ——— ) log| —— + 2 A.
| %,q| - og(q(l_q)> og( —+ 5>+7 (A.8)
which gives
2log(2) ( 5 )
LY = 1 A.
3 72 B\5(1—0) (4.9)
2log(2 )
= Tlog(2) + 28(2) log( ) [og(100/7) + log(1 + /4)] (A.10)
2 2 6(1-19)

We have not found a lower bound for ]A 1l

By applying the procedure described above for SA,% to Saq and Sy in (A.4),
one obtains
0<Sa,r<s(q) ]Ar7q| re{0,1}. (A.11)

)
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The Landau-Widom counting formula (see [194] and theorem 3.14 of [75])

2n 1 1—gq

[Augl [y ol = 2+ 5 tog( <) tog(m) + o(log(n) (A12)
and (A.7) imply that |Aq 4| = O(n) as n — 4o00. Moreover, |Ag 4| is infinite for any n > 0.
Hence, (A.11) are not useful to show that S4 grows logarithmically as n — oc.

B Cumulants of the entanglement spectrum

The reduced density matrix p, introduced in section 1 (normalised by the condition
Trpa = 1) naturally leads to define the entanglement Hamiltonian K4 as pgq = e Ka,
The spectrum of K 4 is called entanglement spectrum and its relevance has been discussed
e.g. in [1, 196]. Important information about the entanglement spectrum can be obtained
by considering the moments of Ky, i.e. Tr(py), or, equivalently, the cumulants of the
entanglement spectrum. In this appendix we evaluate the first cumulants of the entanglement
spectrum corresponding to the interval A = [-R, R] C R for the free fermionic Schrédinger
field theory at zero temperature and finite density considered in this manuscript.

The moments of the reduced density matrix are
M =Tr(pg) = 1—a)sy B.1
A =Tr(ph) =exp|(1—a)Sy"| . (B.1)
The moments of K4 can be obtained through the following analytic continuation

(K%) 4 = (=1)7 lim 95 M. (B.2)

The logarithm of the generating function ./\/lff) in (B.1), ie. (1— a)Sj(f), provides the
generating function of the cumulants of the entanglement spectrum

CY = (0B o = (1) Jim 28 [(1 — ) 5] (59

which are the connected correlators of K 4. The entanglement entropy is the expectation
value of K 4; hence it corresponds to p = 1, both in (B.2) and in (B.3). The second
cumulant, which is (B.3) for p = 2 and gives the variance of K4, is called capacity of
entanglement [197-199].

In the free fermionic Schrédinger field theory that we are exploring, Sl(f) are (4.1)
and (4.2); hence the cumulants of the entanglement spectrum (B.3) read

0 =S ) cpla) = (-1 lm &8 {logle® + (1—0)} . (BA)
n=0

For the first integer values of p, we obtain

co(x) = (1 — x) z [log(1 — z) — log(x)]” (B.5)
c3(z) = (1 — 32 + 22%) z [log(1 — x) — log(mﬂ3 (B.6)
ca(z) = (1 — 7o + 1222 — 62%) 2 [log(1 — x) — log(w)]4 (B.7)
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Figure 15. Cumulants agp) for p € {1,2,3,4}, obtained numerically from (B.4). For p = 1 we have
(1(‘1) = S4. The inset zooms in on 1 ~ 0% and shows that (i(lp) — 0 vanish as n — 0.

which have the form c,(z) =  P(z) [log(1 — ) — log(z)]”, where P(z) is a polynomial of
order p — 1 such that P(0) = 1.
(n)

By adapting to (B.4) the analysis described in section 4 to prove the finiteness of S
(p)
A

)

we can easily find that the series (B.4) is convergent; hence C~ are well defined functions
of n.
The method of [77, 78] described in section 4 for the entanglement entropies can be

also adapted to the cumulants (B.4), finding
~ 1
ngp) = lim — j{ cp(z) 0. log(7)dz (B.8)
¢

where 7 is the sine kernel tau function (4.20) and € is the closed path in the complex
plane introduced in section 4. Thus, by adapting the analyses performed in section 7 and
section 8, analytic expressions for the expansions of the cumulants either as n — 0 or as
1 — oo can be found.

In figure 15 we show the cumulants @gp ) for p € {1,2,3,4}, obtained numerically
from (B.4), where the infinite sum is truncated to n,,., introduced in section 4. While
N{gl) = 54 does not oscillate (see section 5.1 and in section 8.2), (ng) with p € {2,3,4}
display an oscillatory behaviour.

From figure 15 we also observe that ngp) > 0 and that Cz(lp) — 0 as n — 0 (see the
inset). The former property for p = 1,2,3 follows from the fact that the corresponding

cp(x) (see also (B.5) and (B.6)) are positive when x € [0, 1]. The inequality C;(;l) > 0 is less
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trivial because ¢4(z) is negative for a finite region around x = 1/2 and positive otherwise.
However, this property holds because the number of the eigenvalues lying in such region is
finite and the negative contribution that they provide to (B.4) is smaller than the positive
contribution coming from the remaining eigenvalues lying the positive part of c4(x). The
limit Cl(lp) — 0 as 7 — 0 can be obtained by combining the fact that ~,(n) — 0 asn — 0
uniformly in n € N and that ¢,(z) — 0 as z — 0.

C Finiteness of C,

In this appendix we show that the functions (5.10) are well defined functions of 7, i.e. that
the series (5.12) are convergent.

Consider the integer value n. € Ny such that v, < a for all n > n., where a is such that
the function = — xlog(1/x — 1) is positive and increasing for x € [0,a]. Here we choose
a= % Then, one can split the infinite sum defining C' in (5.12) into the finite sum over
n € [0,n.] and the remaining infinite sum. Since the function = — xlog(1/x — 1) is positive
and increasing when z € [0, 1] and f,(n;1)? < (n + 1/2) for all n € Ny [75], by employing
also (4.7) we obtain the following upper bound

C(n) < nz S 1)? mlog(1/ym — 1) + D (n+1/2) 3 log(1/3n — 1) (C.1)

n>ne

where 4, are defined in (4.8). The infinite sum over n > n, in the r.h.s. of (C.1) is convergent;
indeed, by applying the ratio test, one obtains

() A Tog(1/ e — 1)
im =
" (n44) A log(1/3n — 1)
Similarly, we can shown that C, in (5.12) is finite for any n > 0. First notice that
2«
20 x[(1—x)* 7t — 2071 ) 1-a
a—1 (1 —x)> + a2 B 20
a—1

(C.2)

¥+ ... 0<ax<l
r— 07, (C.3)

x4+ ... a>1

By employing the limit comparison test for the convergence of series, the finiteness of C, is
guaranteed by the convergence of the following series

2
- Zvnfnm —Znﬂ/z 0<a<l1 (C.4)
200 & B
Z%fn n;1 7Z(n+l/2)% a>1 (C.5)
Oé—l _&n:O

where (4.7) and the upper bound reported in eq. (3.117) of [75] have been used. The infinite
sums in the r.h.s’s of (C.4) and (C.5) are convergent because, by applying the ratio test,
we have that

iy ot (n+3/2) _ 0 Ynt1 (n +3/2)

5 (172 B St 0
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The finiteness of C can be shown by adapting the analysis discussed above. Data
points for C, are shown in figure 8 and figure 12.

D Modular Hamiltonian and modular flow for odd Lifshitz exponents

In section 6 we have observed that the entanglement entropies of an interval for the Lifshitz
fermion fields with odd Lifshitz exponents are UV divergent and independent of £y ., which
contains both the density and the Fermi momentum. In this appendix we show that, instead,
the modular Hamiltonian (6.10) and the corresponding modular flow of the field, defined
in (6.12), depend on kg ..

The free fermionic Lifshitz models that we are considering are quadratic field theories;
hence the modular Hamiltonian K 4 of the interval A = [-R, R| C R can be written in the
following quadratic form

m:AAWWMHmquwmw (D.1)

where : - - - : denotes the normal product in the oscillator algebra A introduced in section 2.
The kernel Hy(x,y) in (D.1) can be found through the Peschel’s formula [1, 2, 118]

Ha(z,y) :log(C’A(:zs,y)_1 —1) z,ye A (D.2)

where Cy is the kernel defined by the two point function (6.3) restricted to A.

When the Lifshitz exponent z is odd, the spectral problem is (6.5) and from (6.6), its
eigenfunctions can be easily obtained from the eigenfunctions of the spectral problem (6.7),
discussed in [107, 152]. They are

. R

(z)s(x) — efikF,zI qf;s(x) QZ)S(I) = m eisw(:v) w(a;) — 10g<

x4+ R
R— a:) '
(D.3)
The Peschel’s formula (D.2) tells us that the kernels C4 and H4 have the same
eigenfunctions and that the eigenvalues of H4 are 27s = log(1/vs — 1) with s € R, where
s are the eigenvalues of C4, given in (6.8). Thus, the spectral representation of the kernel
H 4 reads

400 . +oo
Hale,y) =2 [ s ou(0) i) ds =2me 0 [T, @)diw)ds (D)

—00 —0oQ
where (6.6) has been employed. The integral in the last expression of (D.4) does not contain
kr »; hence Ha(x,y) explicitly depends on k.. Plugging the explicit expression of bs ()
(given in (D.3)) into (D.4), we find

Ha(z,y) = —2mie Frzl@=y) VI - xj])%(RQ ) (0 = 9y)o(z —y). (D.5)

Finally, the modular Hamiltonian (6.10) can be obtained by inserting this kernel into (D.1).
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The modular flow of the field has been defined in (6.12). It is the solution the following
partial differential equation
dy(T, x)

iT:[KA,I/J(T,$)}7 reA (D.6)

where K4 is (6.10), for a given initial field configuration ¢ (z) when 7 = 0. The explicit
form of (D.6) reads

(T, x)
dr

i

1
~ ori (@OC(x) o+ Gxﬁloc(x)> D7, x) — 2 ks fro(@) (7 ) (D.7)
This partial differential equation has the following structure
dp(t,x) = V() Op0(t,x) + Y (x) (t, 2) ¥(0,2) = ¥(x) (D.8)

where 1(z) corresponds to the initial configuration of the field. The solution of (D.8) has
been discussed e.g. in the appendix B of [157] and it can be written as

£(t,)
Pt z) = PO P (E(t, 7)) O(t,z) = /m }‘;Ez;dy (D.9)
where £(t, z) is defined as follows
w'(z) = ! z)=w H(w(x
(z) V) {(tr) = w (w(z) +1) (D.10)

which satisfies £(0,z) = z.
The partial differential equation (D.7) belongs to the class of partial differential equations
defined by (D.8); indeed, it corresponds to

N | =

t=2nT1 V(x) = Broc(x) Y (x) Oz Broc(®) — 1kp 2 Proc() . (D.11)

In this special case, the functions and &(7,z) and ®(7, ), defined respectively in (D.10)
and (D.9), become respectively (6.14) and

1 (Bulelnn)
®“”‘2“(5Mm

Finally, the expression (6.13) for the modular flow of the field is (D.9) specialised to the
case given by (6.14), (D.11) and (D.12).
From (D.7), it is straightforward to observe that the correlator along the modular flow
Wi = W(T1, 21572, 22) = (* (71, 21) ¥(T2, 2) ) 0o, in (6.15) satisfies the following
AW
d7‘2

) ke[ € ) — ). (D.12)

— |21 (B (02) 00 + 5 0rsBic() ) = 2k rclon) [ Wr2 (D13)

which can be interpreted as a modular equation of motion [157].

E On the small n expansion

In this appendix we derive the analytic expressions for the expansion of the entanglement
entropies as  — 0. They are reported in section 7.1 and employed in various figures.
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E.1 Sine kernel tau function from the Painlevé V tau function

We find it instructive to report the derivation of (7.1) as a special case of the expansion of
the solution of the general Painlevé V found in [81, 82]. In the following, a given quantity
indicated through a certain notation in [81, 82] is denoted by the same symbol with the
subindex *.

The expansion of the tau function for the general Painlevé V as t, — 0 is given in
eq. (1.11a) of [82].3 In the notation of [81, 82], the sine kernel tau function corresponds to
the special case characterised by 6y = 6, = 0, = 0 and o, — 0. When 0y = 0; = 6, = 0, the
general expansion found in [81, 82] simplifies to

=Ny Z X O (a3, 4 n) Bo(ow + 13 ty) (E.1)
neZ

where
Gl+a)G(1—a)?
G(1+ 2a,) G(1 — 20y)

Co(ox) = Bo(ow; ty) = tf*Q Bo(oy; ty) (E.2)

with Bo(oy; t,) being the summation over Y in eq. (1.6) of [82] specialised to 6y = 6, = 6, = 0.
To obtain the sine kernel tau function, for the parameters o, and 7, in (E.1) one imposes [85]

4,

Ox

o — 0 i — (E.3)

We remark that the limit o, — 0 of (E.1) is not straightforward because G(m) = 0 for
m € Z and m < 0. From (E.3) and the asymptotic behaviour of the Barnes G function (see
e.g. eq. (A.3) of [81]), we find

0 n <0
G(1+2n)2 n=u

In order to obtain the tau function for the sine kernel, we have to evaluate (E.1) in it,
(see eq. (5.10) of [81]) and in the limit o, — 0. The function By(n;it,) provides both the
factor that cancels i"” in the denominator of (E.4) and By(n;it,). In the appendix B of [81]
the function go(n; it,) is called Bg,.(n;t,) and its expansions as t, — 0 are reported, for
various values of n (see also (E.6)—(E.9), where only the terms employed in our analysis are
shown). By using (E.4), we can take the limit o, — 0 of (E.1) with Ny = 1. Finally, we
obtain (7.1) by introducing the following change of notation

te,=4n=a e = — (E.5)

and by setting By (n; it,) = Bn(n).

3By setting Mo = 1 and sv = ™ in eq. (1.11a) of [82], one obtains eq. (4.14) of [81].
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E.2 Approximate entanglement entropies

In section 7.1 the approximate expression (7.3) for the entanglement entropies as n — 0
has been obtained from the small distance expansion of the sine kernel tau function given
in (7.1). In the following we derive these approximate expressions up to O(nN ) included,
for N’ < 24. In order to consider terms up to O(") included in the expansion of 5'1(40‘)
as ) — 0, we first write the finite sum 7y y = Py r(2)/2Y obtained by truncating (7.1),
where Py ar(2) is a monic polynomial of order N. Then, the zeros of Py ar(z) are needed
in (7.3) and they can be computed analytically through radicals only for N < 4; hence we
consider only N < 4.

To write Tor, v, the expansions of the functions B, () in (7.1) as n — 0 must be taken
into account up to the proper order. In the appendix B of [81], the expansions of B, (n) up
to a certain order in 7 for any n < 5 have been obtained. In the following, by using also
the first expression of (E.5), we report these expansions truncated to the order employed in
this manuscript, where N < 4. We use that

Bo(n) =Bi(n) =1 (E.6)

identically and also the following expansions

B()—1—£2+ S R . S -l (E.7)
2= 2775 T rga0 T T 1134000 7 T 219542400 7 T 55091836800 '
4 412 7712 o 414 n14 4+ 416 7716
17435658240000 6802522062336000 3210079038566400000
418 420
_ 7718 + 7720 +0 (7722)
1803084500809912320000 1189192769988708925440000
18 - 42 44 2293 - 46 3581 - 48
B =1- 2 4 6 8 E.8
3(n) 1225 " T 83207 T 3922033500 7 1616027212800 (E.8)
B 71 - 410 10 94789 - 412 19
10908183686400 ' 6178831567324416000
_ O 16
9570452778021883955200 " (77 )
20 - 42 83 .44 174931 - 46 9605 - 48
B =1— 2 4 _ 6, OVIE 8 o (pl0
4(n) 1323 7 T 7114807 T 286339821768 | | 3926946127104 (" )
(E.9)

where we have highlighted the possibility to express them in terms of the area a of the
limited phase space (see (2.39)).

The simplest approximate expression is (7.3) with N = 1, and it has been discussed
in section 7.1, by employing (E.6). In the following we derive the improved approximate
expressions, which correspond to (7.3) with 2 < N < 4.
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E21 N=2

When N > 4, at least N = 2 is needed. The simplest case corresponds to N/ =4 and N = 2,
where from (7.1), we find

%2,4:1—a177+b4—4+0( ) = PQ;‘()+O( %) (E.10)

being P 4(z) the following monic polynomial
Pry(z) = 23— ain 22+ b4774 (E.11)

with a1 and by given by (here G(5) = 12 is needed)

2 14
™

al = (E.l?)

We find it convenient to adopt the notation zy - ; for the zeros of Py a(z), which are
denoted simply by z; in (7.3). The zeros of (E.11) read

Z24,4 = g <a1 +/af —4by 772) (E.13)

hence in this case the approximate expression (7.3) for the entanglement entropies becomes

Sixa% 4 =Sa(2244) + sa22,4,-) (E.14)

which has been employed to obtain the curves corresponding to N’ = 4 in figure 7.
When N = 2, the highest order that can be considered is N' = 8. For N = 2 and
N =38, from (7.1) we obtain

Foa=1—a~ +b4”z—b6”z+bg+o( ) = P“()+0( ) (E.15)

where, by using also (E.7) up to O(n*) included, beside (E.12) we also have

1 4% 42 1 4t g4
= — by = ) (E.16)
G(5)2 (2m)2 75 G(5)2 (2m)2 7840

The zeros of the monic polynomial P, g(z) introduced in (E.15) read

298+ = g (a1 + \/a% — 42 (b4 —bgn? + bg 774) ) (E.17)

which are employed in (7.3) to obtain the following approximate expression

51(4&% s = Sa(228+) + sal22,8-) (E.18)

which has been used to find the curves corresponding to N’ = 8 in figure 7.
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E22 N=3

Improved approximate expressions for the entanglement entropies can be found by increasing
N in (7.3). However, the explicit analytic expressions for the zeros of Py ar(z) become more
complicated as N increases.

For N = 3, we have A/ < 15. Considering the optimal case A" = 15, from (7.1) we have*

4 6 8 10 12 14

7~'3,15:1_0«134‘54%_b6%+b8%_b10%+b12%_b14% (E.19)
—Cy Zi + e 2131 —ci3 772133 +c15 le +0(n'%) = ]33253(z) +0(n'%)

with the polynomial P;15(z) being defined as follows

Pyi5(2)=2° —a2? +bz—c (E.20)
where

a=an (E.21)
b=byn' —bsn® +bsn® —bion' + bran'? — biyn' (E.22)
c=con’ —cnin™ + ez —ers '’ (E.23)

Some coefficients have been already introduced in (E.12) and (E.16). The remaining ones
can be written by using that G(4) = 2, G(7) = 34560, (E.7) up to O(n'?) included and (E.8)
up to O(n%) included, finding

1 44 46 1 44 48

7 G(5)? (2m)? 1134000 27 G(5)? (2m)? 219542400 (E24)
1 44 410
by = E.25
7 G(5)2 (2m)2 55091836800 (E-25)
and
2060 49 260 49 18
_ = 42 E.26
T G2 (2n)? U= G2 (2n) 1225 (E-26)
26 49 gt 260 49 2293 6
C13 = Ci5 =

G(7)2 (2m)3 8820

G(7)2 (27)® 3922033500

The roots {z315;;7 = 1,2,3} of the cubic polynomial P315(2) defined in (E.20) are

1 a® — 3b

#3151 = 3 <a + NVE + A1/3> (E.27)
1 i3 @2 —3b o

23,152 = g <a + €217r/3 W +e 2m/3 A1/3> (E28)
1 —2im a2 —3b im

23,153 = 3 <a + e 23 N A/ Al/g) (E.29)

“The expansion (E.19) includes more terms with respect to the one reported in eq. (8.114) of [88].
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where

2 3v3A
A_a—— abt 2L oy V3RS

5 5 As =18abc—4a3c+ab? —4b3—27 2. (E.30)

The expression Aj is the discriminant of the cubic equation, whose three roots are real
and distinct whenever Ag > 0. In our case Az is a polynomial in 7 of high order, hence its
positivity can be checked numerically.

Specialising (7.3) to this case, one obtains the best approximation for the entanglement
entropies when N = 3, namely

1(404% 15 = Z 5a(23,15,5) (E.31)
which provides the curves corresponding to N = 15 in figure 7 as discussed in section 7.1.

E23 N=14

The approximations corresponding to N = 4 have 16 < N < 24. Also in these cases we can
obtain analytic expressions for the approximate entanglement entropies (7.3). Instead, for
higher order approximations with N > 25, where N > 5 is required, the zeros of Py ar(2)
cannot be found through analytic expressions involving radicals (Abel-Ruffini theorem).
Thus, the best approximation accessible through analytic expressions corresponds to N' = 24,
which requires N = 4. In this case, by truncating (7.1) to these orders we find

- _ a b C d 25\ __ P4?24(Z) 25
T4’24:1—;+?—;+?+0(7] ):?—FO(T] ) (E32)
where
Pyos(z) = A a4+l —cz+d (E.33)
with
a=an (E.34)

b=byn* —bgn® +bsn® — bron'® + bran'? — by n'

+ 0161 — b1gn'® + bag 0 — bag n*2 + oy n* (E.35)
c=con’ — et 4+ e3n®® — 150t
+ 17t — c19n® + o1t — o33 (E.36)

d = dign'® — dign'® + dogn®° — dag n*? + dog n** (E.37)

whose coefficients can be found by employing all the terms in the expansions (E.6)-(E.9).
Beside the coefficients already defined in (E.12), (E.16), (E.24), (E.25) and (E.26), we also
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have to employ

1 44 412 1 44 414

b — b =
197 G(5)2 (2)2 17435658240000 7 G(5)2 (2m)2 6802522062336000
b 1 44 416 b 1 44 418
27 G(5)? (2m)? 3210079038566400000 27 G(5)2 (2m)? 1803084500809912320000
by A 2 (E.38)
17 G(5)2 (2m)? 1189192769988708925440000 ‘
and
o G(4)° 49 3581 5 P G(4)¢ 49 71 10
7 G(7)? (2m)3 1616027212800 YT G(7)? (27)3 10908183686400
L G@r 94789 2
217 G(7)2 (27)® 6178831567324416000
G(4)8 49 76477 u
_ 4 E.39
%7 G(7)2 (21)F 2570452778021883955200 (E-39)
and
G(5)8 416 G(5)6 416 20
dig = 2 1 dig = 2 1 4
G(9)2 (2m) G(9)2 (2m)t 1323
g G(5)% 416 83 4 4 G(5)8 416 174931 6
7 G(9)2 (2m)* 711480 27 G(9)2 (2m)* 286339821768
G(5)8 416 9605 5
doy = . E.40
17 G(9)? (2m)* 3926946127104 (E-40)

In order to find the roots {z424 ;7 = 1,2,3,4} of the quartic polynomial Pj24(2)
n (E.33), one first introduces

3a? a®  ab 3a*  a?b  ac
= _ b = _ = _ =——+———+d E.41
“=% T sT2 ¢ VT 7616 4T (E41)
and finds a solution y of the following cubic equation
5 1 g
?J3+;y2—|—(2a2—7)y+2<043—047—54)ZO- (E.42)

Then, the four roots of the quartic polynomial Py 24(z) are

(?71 va+2y +1772\/3a+2y+n2

24245 =

,,Jx

\/%) 7]1,7]26{1,—1}.
(E.43)
The optimal approximation for the entanglement entropies when N = 4, which corre-
sponds to A/ = 24, is obtained by employing (E.43) into (7.3) specialised to N = 4. This gives
the best approximation that we consider when 17 — 0 (as discussed in section 7.1), namely

I(L\azi 24 = Z Sa(24,24,5) (E.44)

which provides the curves corresponding to /\/ = 24 in figure 7.
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F  On the large n expansion

In this appendix we discuss the derivation of the analytic results reported in section 8 for
the expansion of the entanglement entropies in the regime of large 1, which have been
employed in various figures.

F.1 Large n expansion of the sine kernel tau function

The asymptotic expansion (8.1) for the sine kernel tau function is a special case of the
large 1 expansion for the tau function of the general Painlevé V, found in [82]. As
done in the appendix E.1, also in the following a certain quantity having the subindex %
corresponds to the same quantity (without this subindex) in [82] and in their notation, if
not otherwise specified.

When 6y = 0, = 0, = 0 and in the limit o, — 0 (see (E.3)), the large distance expansion
of the tau function given in eq. (1.12a) of [82] simplifies to

7= Nio Z XMl O (v + 1) D(vy + n;ity) (F.1)
nez
where ( )4 o (
G(1 + v, . eVt 22 Dy (vy)
Cino(Vh) = ——5— D(vy;ity) = p F.2
(l/ ) (27T)2V* (U 1 ) (it*)2y*2‘ P (lt*)k ( )

in terms of the parameters p, and v.

The multiplicative constant ANy in (F.1) can be obtained from the expression of
Ticos0 = Niso/Np given in eq. (1.19a) of [82], specialised to 6y = 6; = 6, = 0 and in the
limit o, — 0. By using also that Ay = 1, in this special case one finds
2 G(1- I/,()2

- _ vy ATy
Nico = (2m)** e 7G(1+1/*)2'

(F.3)

From Eqgs (1.14) and (1.15) of [82] specialised to 6y = 6; = 6, = 0 and o, — 0, one
obtains the auxiliary parameters X4+ = 14 2n&,. Then, the connection formulae in eq. (1.17)
of [82] allow to express the parameters p, and v, in (F.1) as follows

eQﬂiV* =X_=1-— 27'('6* eQﬂ'ip* =1- X+X_ = (27T§*)2 . (F4)
By employing the second expression of (E.5), these relations give respectively

1 orin, 1
Vy = %bg(l — 1/Z> e = ? . (F5)
Finally, the expansion (8.1) is obtained by plugging (F.2), (F.3) and the second
expression of (F.4) into (F.1) first and then using (E.5), (F.5) and ™+ = i2%.
F.2 Contribution from 7

Consider the first integral in (8.16). From the definition of 7 in (8.7), we have

OV,
0z

0,10g Too = [4171 — 4v, log(4n) + 2v, (w(l — ) (1 +vy) — 2)} (F.6)
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where v, is defined in (8.2), which implies 9% = > and v(z) is the digamma function

1
0z — 2miz(z—1

P(z) = dilz log'(z) = /Ooo <e; ~ 1 e__ze_t> dt Re(z) > 0. (F.7)

By using (F.6), the first integral in (8.16) can be written as the sum of a term proportional
to 1, a term proportional to log(n) and a constant term.

The leading term in the first integral in (8.16), proportional to n, vanishes because
5a(0) = s4(1) = 0. Instead, the contribution proportional to log(n) is non-vanishing.
It reads

e iy iy / i e[ 4] (g, (F-8)
s e—0+ §—0+ @ ¢ ¢ (o z(z —1)
1—¢/2 ;,— 1—e/2 ,,+
oaltn) [ ) [ ), o)
2 ot |Je2  w(x—1) /2 x(x—1)
log(47) / L vy —vf) sal2) log(47) / L sa(2) 1 ( 1)
™ Jo x(z—1) de w2 Jo z(z—1) do 6 T og(4n)

(F.10)

where in (F.9) we used that the integrals along €y and €; vanish and the following functions
have been introduced in the remaining two integrals
. . 1 1
61;1& ve(z £10) = %log(l/x—l)ii = vE(x) x €10,1]. (F.11)
The result (F.10) provides both the logarithmic divergence and a contribution to the

constant term. From (F.6), we have that the remaining contribution to the constant term
in the first integral in (8.16) reads

LEgY i Sa(2)
—5-z lim lim ¢(¢(1—u*)+¢(1+y*)_2),/* D) (F.12)
—ors [ {0 o) -2 —vr a4 -2} 220
=—1/ (v [p—vH+o(+v) =2 v [B(1—v) )+ 9 (14v;) =2] | sa(2(y)) dy
T™JR
:—i/R{¢(1/2+iy)+¢(1/2—iy)}sa(fv(y))dy (F.13)

where the integral over € has been decomposed as done in (F.8) and we used the fact that,
in the limits § — 0™ and € — 0", the contributions corresponding to €y and €; vanish
and (F.11) holds. In the second step of (F.12), the integration variable y = iﬁ log(1/x —1)
has been employed; hence (F.11) and (4.2) give respectively v = —iy & 3 and

_log (1+€*) log (1 + e ?m)

(F.14)

50 (@ (1)) = % [log (14 ¢ — alog (1 + )] (F.15)
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which leads to

seo(@(y)) = log(1+ e~} . (F.16)
The final expression (F.13) can be found by exploiting the identity (1 + z) = ¥ (2) + 1/=.
Then, by employing in (F.13) the integral representation of the digamma function (see (F.7))
and exchanging the order of the two integrations, the integral in y can be performed, finding
the integrand occurring in (8.18). Combining this result with (F.10), the expression (8.17)
is obtained.

F.3 Contribution from 7~'oo

F.3.1 Rényi and entanglement entropies

The second expression in (8.16) can be treated by first decomposing € as done in (F.8) and
then adopting (8.2) as integration variable. The remaining non-vanishing contributions,
which come from the integration along €4, can be written in terms of the following quantities

. 1 ~ = - .
ve =iy + 5 Tos = Toolyyt sa(2()) = sal2(v))) = 8aly)  (F.17)
and they read
g _ L [ F4) _ -
84 = 5= /R % () [Oylog(1+ 72 — 0, log(1+ 7 )] dy (F.18)
1 ~ ~
_ 3 -\ _ —+
=5 /R (Oy3a (1)) {log<1 + TOO> log(l + 'TOO>] dy (F.19)
where the last expression has been obtained through an integration by parts and
. w2y R a
0ys(y) = ~Teosh(my )2 Oydaly) = p— (tanh(ﬂy) — tanh(« 7ry)> . (F.20)

Here we consider finite values of @ > 0. The limiting case o — o0 is discussed in
section F.3.2.

When a = 1, the function 9,5(y) has poles of order two at y, = i(k + 1/2) with k € Z.
Instead, for finite & > 1, the term containing tanh(7y) in dy3,(y) has poles of order one
at yp = i(k + 1/2) with k& € Z whose residue is a/(a — 1). The term containing tanh(amy)
provides poles of order one with residue equal to 1/(1 — «) at

i 1
Jo=1 (k + 2) keZ (F.21)

By introducing the following notation
D(1+2)\2
Qz)= | =—— F.22
@=(rc) (:22)
for 7 in (F.17), which are obtained by evaluating (8.13) in v, = v, we find
D) | ) ot) S Dr(vh +1) | Q) KD 1)

.
Too—]; (4in)k (4n)* = (4in)F 64177(477)41@,];) (4in)* (F.23)
~ & Dyvy) o sy (- >, Di(vy+1) Q(—vy) — Dy (v, —1)
Too = 2 Ty " UML) 2 = e (a2 (g
(F.24)
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The expansions of these expressions for large n take the following form

(F.25)

(F.26)

the expressions occurring in the integrand of (F.19) can be expanded as

- < B
log(1 4+ 7Z) =log(1 +RZ) + log(l +> n,’i) (F.27)
k=1

+ Bi_lBiQ B _ BER* ;613
zlog(1+720)+[);7+ 2 772(1) 458 3 B +35(B1)

[e%) +
oty =y 2k

Uk =

N

We remark that our analysis is based on the approximate expression (8.10), obtained
by considering only the summands corresponding to n € {—1,0,1} in (8.8). Including
also terms corresponding to |n| > 2 leads to O(1/n?) terms in the entanglement entropies.
Hence, in order to be consistent with the approximation made in (8.10), we truncate (F.23)
and (F.24) by considering only the terms up to O(1/n?) included.

Furthermore, the O(1/n*) terms having k > 4 in (F.23) and (F.24) are combinations of
terms coming from all the three series. In this approximation, (F.23) and (F.24) become

%=imw”-m”ﬁ~im$£”

in)k +4i +4i
i (dig)h e (dn)Fy =
O Q(Frh) 3 by 4 QF) Di(vr F1) 4
e:|:4177 477 :t41y Z 4177 ( Vi ) + et4in (477):|:41y +0 (1/77 )

+0 (1/n") (F.28)

which allows to write the explicit expressions of R for k € {0,1,2,3} (see (F.25)) as

OFvE) Oy 1/2)
+_ * —
RO T etdin (4n)i4iy T etdin (4n)i4iy (F29)
and 1
RE = @ P [ Dk ) + RE D (vEF 1) | ke{1,2,3}. (F.30)
i
By using (F.27) into (F.19), the expansion (8.21) is obtained with
5@ =L [, v - Vi) d N €{0,1,2,3 F.31
A,00,N 2 oo ( ysa(y)) yN yN Y € { Pt R } ( . )

In order to write these expressions more explicitly, from (F.26), (F.29) and (F.30) one finds

B = — (Df + R Pf) ke {1,253} (F.32)

1
(4)*
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where the following notation has been adopted
Ry
1+RE

Ry = Djf = Dy (vi) Py =Dy (v F1) - Di(vi).  (F.33)

By employing the decomposition (F.32) for B, for the O(1/n%) and O(1/5?) terms in (F.27)

we obtain respectively
o {p -5 (00) [P - pEed R (P2 (RS

(F.34)

Vi =5f - (55) =

(

and
1 3
Vi =By B B+ (8F) (F.35)
1 1 3 -
:)?){Dgt—pgtpﬁ(pli) + RE

2
& 3 Pi+Pi (DY) — Py D —PEDS

- [P -PEDE] (RE) 45 (P)” (RE)'

At this point, each term of the expansion (F.27) can be written as a power series of

R%. Indeed, for the leading term it is straightforward to write

= (-1

ygt = log(l + R(jf) = Z

Jj=1

(R§ ) (F.36)

In the subleading terms, the expansion of (1 + Ri) ~P for integer p > 1 is needed and it can
be found through the following recursion rule

1 O j 1 1 1
— =N (=1) (REY = Ot p=2.
14+ Ry ;)( )’ (ko) 1+R5)"  1-p Ro<(1+R0i)p—1>

(F.37)
In particular, in (F.34) and (F.35) we need R = 2o(=1) (RE)7+! (which can be easily
obtained from (F.33) and the first expression in (F.37)) and also (RZ)? and (RZ)3, that
can be derived through the recursive formula in (F.37), finding respectively

R == (R () =S 0 a6 (r) T s
=0 =0

The expansion of 7%35 allows us to write By (defined in (F.32)) as follows

1 RE & , j
V=B = Dy + 0 Y (-1 P (Re) = Vi + T (F.39)
i=0
where ylva = i Di and yfa is a power series in R(jf. A similar decomposition can be

written for the higher order terms. In particular, by employing also (F.38), for yQi in (F.34)
we find

1 2
Vi =By — 5 (BF) =i+ 5, (F.40)
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1 1 2 Ry & o~ J
Vi, = (Di — - (Dt ) Vi =2 (-1 DF; (RE F.41
with
- ' 2
Dy, = Pf - D P+ 2 (PE) (F.42)
and a similar analysis for yg—L in (F.35) leads to
4 ot et L)\t +
Yy =By —By By +5 (BF)" = Vi, + V5, (F.43)
where
1 1 3 Ry & o~ J
:)):I:aE (D:E_/Dip:t+ /D:IZ ) y:l: = 0 _lj Di~ R:I:
3, (41)3 3 2 1 3 ( 1 ) 3,b (41)3 jz:;)( ) 3,7 ( 0 )
(F.44)
with
~ 2 ) (g —1 3
b;, =P + Pt (DF) —PE D P DE 4 (P - pEE) + LYY (p)”
(F.45)
Notice the similar structure occurring in (F.36), (F.39), (F.40) and (F.43).
By using (F.19), (F.27) and (F.36), the leading term in (8.21) becomes
~(a 1 & (-1t . \J j
o= X — [@s) |(Rs) = (Rs)' | . (Rag

=1

These integrals can be evaluated through the residue theorem as follows. Since,
from (F.29), we have that (Ry )’ and (R{)? contain the factors (4n)*4¥% and (4n)=4¥
respectively and 1 — +oo, for the integrals corresponding to (R )’ or (R{ )7 we chose a
contour enclosing the upper half plane or the lower half plane respectively; hence non-trivial
contributions can come from the residues of the corresponding integrands in the upper
half plane or the lower half plane respectively. Since the function €(z) defined in (F.22)
has poles at z = —k with integer k > 1, the factor Q(Fv) occurring in R(:)k has poles at
vE =4k ie aty=Fi(1/2—k), with integer k£ > 1. Thus, the poles of the factor Q(+v; )7
in (Ry )’ and of the factor Q(—v;F)7 in (R{)? are located in the lower half plane and in
the upper half plane respectively; hence they do not contribute to the integral in (F.46).
The contributions coming from the poles of 9,3, (y) in (F.46), which have been described
in the text below (F.20), can be found as follows. Since Q(z) in (F.22) has zeros of second
order at z = k with integer k > 0, the factor Q(Fv) in R(jf has second order zeros at
y = Fi(k + 1/2). Combining this observation with the structures of the poles described in
the text below (F.20), one finds that the integrand of (F.46) does not have singularities
when a = 1, while it has simple poles at (F.21) for finite & > 0 and a # 1.
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The above analysis tells us that (F.46) vanishes when o = 1 and that for finite o > 1 it
can be written as follows

[e.9]

s _ >, (—1)7 ! N\ Y,
S 4000 — Z kz: {(Ro) |z?k + (Ro> |?jk1:| (F.47)
0

J=1

> / X Q((k+1/2) /a—1/2)
=" Z cos (4n7) g::o (« (Zn)éj(;“/“)/“/ ) (F.48)

—_

.

where the last expression has been found by using (F.29) and

Q(—iy —1/2)
(4n) ="

~ Q(+iy - 1/2)

= o
Uk (4n)+ Y

QUk+1/2) /aa—1/2
SR (In)g(;f—{—l)/a 2 (F.49)

Yk—1

Notice that (F.48) is real, as expected.
As for the O(1/n) term in (8.21), by employing (F.19), (F.27), and (F.39) it becomes

S01 = 37 |, @ w)) [Br ~ B | ay (F.50)

dy . (F.51)

From (8.3), (F.17) and (F.33), we find that D" —D; = 1 —12y?, which is an even function.
Combining this observation with the fact that the functions in (F.20) are odd, we have that
the integral in the first line of (F.51) vanishes because its integrand is an odd function. The
integral in the second line of (F.51) can be evaluated by adapting the analysis made above
to obtain (F.47) and (F.48). In particular, this integral gives a vanishing contribution when
« = 1. Instead, for positive a # 1 we have

[ s o0 i1 3 it
S = - CEn P kz PR g, P (R, (F.52)
J= =0
> Jsm (4n7) = Q((k+1/2)/a_1/2)j B
Z (a—1) kz:%) (4n) 2 (2k+1) /e Py |yk (F.53)

J=1

where we used that P; = —Pf" =1 —12y2 and Py |z, = 1 + 3(2k + 1)?/a?, which have
been obtained from (F.33), (F.17) and (F.21) and do not depend on the index j.
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The O(1/n%) term in (8.21) can be studied by employing (F.19), (F.27), (F.40)
and (F.41). The result reads

~(a 1 R _ R _
3= g [ Ousalw)) (B~ BL, dy+ o [ (0y8alu) (B, — B3] dy

2mi Jr 2mi
(F.54)
= 32171'1 /R (8y§a(y)) (,D; - ;(Df)2> — (DQ — ;(D1)2>} dy
b S [ @08a) [P (RO Dy, (R |y (Fs)

=0 R

where 15;] is given in (F.42). From (8.3), (F.17) and (F.33), we find that the integrand in
the first integral in (F.55) becomes

(D; - % (Df)z) - (Dg - % (D;)2> =10iy (47 -1) . (F.56)

Thus, for any finite o > 0, we obtain

gy _ (1+a) (3a2-7) . ~_ N
Shoo2 = 38403 327“; S (y)) Dzj 1 (Ro) —Dy 1 (Ro) dy
(F.57)
where, from (F.42), we have that
2
Dy, 1-%(12y —1) F10iy (4°-1) (F.58)

which are real when y is purely imaginary. The integral in (F.57) can be analysed by
adapting to this expression the procedure described above. In particular, when o = 1 the
integral in (F.57) gives vanishing contribution, while for finite o # 1 we obtain

= 0D s LS [ (Ro) 1 +05 (R6) |

j=1 k=0
(F.59)
Since D, |z, = ,D;:j’g—k—ﬂ this becomes
s 11) 302 =) | & (=1 cos (dng) & Q((k+1/2) fa—1/2)] ~_
g, =@ + . o
A002 384 a3 Jz::l 8(1—a) ’;) (4n) ¥ CRHD 2, 1|yk
(F.60)

By using the fact that gy is purely imaginary in (F.58), it is straightforward to observe that
Dy ;_1lg, is real; hence (F.60) is real.
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As for the O(1/7?) term in (8.21), by employing (F.19), (F.27), (F.43) and (F.44),
we find

aola 1 R _ 1 ) B
S,g,io,g:%/ﬂg(aysa () [Bg,a—Bgfa] dy+%/R(aysa () [33’1)_5%} dy (F.61)
— L [0 [ (050 L (0)) - (5 0+ (6" a0
1287 Jg* V7 327l T\t 3~ P2 M1 tg M
1 S j ~ J+1 ~ j+1
- 1\ ~ _ _ N N
+1287Tj§_%( 1) /R(aysa(y)) {D&j (Rg)" -Di; (R{) }dy (F.62)

where 15;] is defined in (F.45). By using (8.4), (F.17), (F.33) and (F.45), for the integrand
of the first integral in (F.62) we obtain
1 3 1 3 37
+ _ptpt o2 (pH\ Y (D DD o L (D _ 4_ 2 2f
<D3 Df Df + 4 (p}) ) <D3 Dy Dy + 5 (or) ) 220" ~ 114y + 72 . (F.63)
Since this is an even function and the function 0y3,(y) is odd (see (F.20)), the first integral
of (F.62) gives a vanishing contribution. The remaining series in (F.62) can be studied
through a slight modification of the analyses made above, finding

O 1 = o [~ \J ~ j
Shos = G~y 2= V' 2 [DS,jl (Ra)" Iy, + Pl (RE) ’g“}

J=1 k=0
(F.64)
where, from (F.45), we have
2
T 2 N\ nia 4 a2 4 2, 37
Dy =+ (1242 =1)" =10y (48y" — 16y +1):|Z<220y 11492 + 12)
(F.65)

which is real when y is purely imaginary. Finally, since from (F.65) and (F.21) we have
that Dy |5, = —D{{j]g_k_l, for (F.64) we obtain

&) i (—1)7 sin(4n) i Q((k +1/2) /o — 1/2)? 5

A,00,3 = 39 (1 _ Oé) (4n)2j(2k+1)/oz 3aj_1‘37k ’

(F.66)
k=0

This is a real function because (F.65) evaluated along the imaginary axes is real.

F.3.2 Single copy entanglement

The large n asymptotic expansion of the single copy entanglement 51(400) requires a separate

discussion because the function (F.16) occurring in the integrand of (F.18) is not entire.
This function has cusp singularities along the whole line Re(y) = 0; hence this case cannot
be considered a special case of the above analysis, which employs the residue theorem.

In the limit o — oo, the integral (F.19) becomes

) = ! /R(aygoo (v) [log(1+75) —log(1+ Tt dy (F.67)

2mi

where 0y5+(y) can be obtained from (F.16), finding

9,500 (y) = msign(y) (tanh(xly]) — 1) (F.68)
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and the expansion (F.27) of log(1 + ’7’;) discussed in the appendix F.3 can be employed.
This leads to an expansion like (8.21) for (F.67). For the sake of simplicity, in the following
we consider only the leading term.

By using the expansion (F.36) for the leading term of (F.27), one finds that the leading
contribution to (F.67) can be written as follows

509 o= (F.69)
—i“”ﬂl/m(t h(my)-1) | (Ry )= (RS )= (Ry (-0))"+ (Ri (-)) | a
—j:1 % 0 anh(my oy 0 \Y o\ 7Y o\ 7Y Y.
From (F.29) it is straightforward to obtain

i 2cos(4nj) Q(Fiy — 1/2)!

J +
(RSF (y)) + (RO (_y)) (4m)Fhiv i (F.70)
which naturally leads us to write (F.69) as
(oo ]. > —]_ J+l . _
Ex,ol,o =7 > (j) cos(4nj) (Idfj - IOJ) (F.71)
j=1

where . O} ;
Iy, = /0 (tanh(ry) — 1) W dy. (F.72)
In the integrand of (F.72), the function Q(7Fiy — 1/2) has second order poles at
y = Fi(k + 1/2) with integer k > 0, while the simple poles of tanh(7y) — 1 are located at
y = i(k + 1/2) with integer k € Z. The singularities of tanh(7wy) — 1 in the upper (lower)
half plane are canceled by the zeros of Q(Fiy — 1/2). These observations allow to write the
integral (F.72) as follows

() +iL +iL+A A
dy =t | [y L )dy + L )d P.73
L= am [ ays [T G [ (| @ 7)
for any finite value of L > 0. Since the integrand of (F.72) is infinitesimal as A — 400, the
last integral in the r.h.s. of (F.73) vanishes in this limit. As for the second integral in the
r.hs. of (F.73) in the limit A — +o00, we find

(4771)@]- /Ooo(tanh(ﬂ[y +iL]) — 1) Q(ﬁ[y(;j;)iﬁij; 1/2) dy= 0 (1 /n4Lj) (F.74)

because the absolute value of the integrand is independent of 7.
By introducing the integration variable w = Fiy for the first integral in the r.h.s.
of (F.73), for (F.72) we obtain

Ty, = /0 (tanh(ry) — 1) W dy + 0 (1/9*4) (F.75)
L w — / .
= _/0 (tan(mw) + i) W dw+ O (1/174”) . (F.76)
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By employing this result in (F.71), we find

)
SAooO 22

' LQ(w—1/2)7 i
2> cos(4nj) [/0 I dw+ O (1/774L )] ‘ (F.77)

The Taylor expansion of Q(w — 1/2)7 with j > 1 about w = 0 reads
- ~

Qw—1/27 =3 i Qp =08 w-1/2)]],_, (F.78)

where the generic coefficient can be expressed through the Faa di Bruno’s formula® for
f(g(w)) with f(z) = 27 and g(w) = Q(w — 1/2), finding

0 = Ep: VH1 (j — 5)1Bp7k (2 (-1/2),9" (<1/2),...,007 D (=1/2))  (F.79)
k=0 L [=0

where p > 1, p— k41 > 0, we used that Q(—1/2) = 1 and assumed [[,_})(---) = 1. Notice
that

k—1 . k
l];[[) (] — l) = Im = ;ak’l jl . (FSO)

The radius of convergence of the power series (F.78) for Q(w — 1/2)7 centered at w = 0 is
equal to 1/2 because of the singularity occurring at w = —1/2. This implies that L < 1/2
n (F.76). We choose L = 1/4.

By using (F.78) and (F.79) into (F.77) with L = 1/4, we obtain

gloe 2§: " cos(dny) iﬁj’p /1/4 W w0/ (RS1)
Oo = cos(4nj — dw .
= ! o P Jo (dp)te !
= 2 cos(4 - J.P +0O(1 F.82
where we used that
1
1 wP _I'p+1)—T(p+1,jlog(4n)) ! ;
/0 (an)Tws ©° (47 log(4n) [T = [ gl T (1)
(F.83)

The last expression has been obtained by exploiting the fact that the incomplete Gamma
function I'(a, z) vanishes like e 2471 as z — 400 and that I'(p + 1) = p! for integer p.

’The Fa4 di Bruno’s formula generalises the chain rule to higher derivatives 97 f(g(w)). It reads

w)) = Z f(k>(g(w)) B,k (gl(w)7 g”(w)7 o ’g(n7k+1)(w))
k=

in terms of the Bell polynomials By k(21,%2, ..., Tn_k+1)-
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Plugging (F.79) and (F.80) into (F.82), one encounters the following double sum

i p+2 cos (4n7) éakm = 2%% I Zl +12)Jl cos (4n7) (F.84)
J=1 J
= i Q1 {Li2+pfl (—€4in) + Lioyp (—674“7)}
- (F.85)
hence (F.82) can be written as follows
o0 Pk
8200 = 3. Trioga 7t 2 2 ot (Lo () # Linepm (7)) (P50

Byi (2 (-1/2),9"(=1/2),...,Q0~ 5D (-1/2))

up to O(1/n) term, that has been neglected. Since >-7_, S () = S o>h_,(...), this
expression becomes

o0 S 1 SN ; . 4
S0 0 = ZO los T ; i [Ligpt (=€) + Lis gyt (—e747)] + 0 (1/n)
(F.87)
where
dpy = Zakl& (2 (-1/2),9" (=1/2),..., 007D (=1/2)) . (F.88)

The result (8.30) in the main text is obtained by considering the first five terms of the
series occurring in (F.87), corresponding to p € {0, 1,2,3,4}.

G A double scaling limit of the lattice results

In this appendix we briefly mention some lattice results related to the quantities that have
been studied in the main text through a particular double scaling limit.

The Hamiltonian of the free fermionic chain on the infinite line is [1]

+o0

-3

1=—00

1
& e+ el e —2h (é* & — 2) } (G.1)

where ¢&; describe spinless fermionic degrees of freedom satisfying the anticommutation
relation {¢&;,¢é;} = 0;; and h is the chemical potential. The ground state of (G.1) is a Fermi
sea with Fermi momentum xr = arccos(|h|) € [0,7]. A Jordan Wigner transformation
maps the Hamiltonian (G.1) into the Hamiltonian of the spin—% Heisenberg XX chain in a
magnetic field h. The two-point correlator of this lattice model reads

Cazte =Szl

=" =) i#j i,j€EL. (G.2)
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Considering the bipartition of the infinite chain given by a block A made by L consecutive
sites and its complement, many numerical analyses can be performed by considering the
L x L reduced correlation matrix C4, whose generic element is (G.2) with 4, j € A, which
turns out to be a Toeplitz matrix.

It is insightful to study the lattice results in the following double scaling
limit [76, 102, 200]

L — + kg — 0 kpL = 2n). (G.3)

The full counting statistic generating function x(¢) allows us to study the cumulants of
the particle number operator N4 in the block A and its Toeplitz determinant representation
reads [102, 201]

X (Q) = (eN4) = det (14 (e = 1) €a) = det (1—27"Ca) (G.4)

where 1 is the L x L identity matrix and ¢ = 27v,, with v, = v,(2) being defined in (8.2).
The logarithm of (G.4) gives

log[x (¢)] = log[<eiCNA>] =Tr {log (1 + (eiC - 1) CA) } (G.5)

which generates the cumulants. The first cumulants (mean value, variance and skewness)
read respectively

(Na) = [Oiclog ()] |y = Tr (Ca) (G-6)

((Na = (Na)*) = (N3) = (Na)? = [0 log ()] |,y = Tr (Ca — €3) (G7)
(Na = (Na))’) = (N3) = 3(NZ) (Na) +2 (Na)?

= [BR10g ()] [y = Tr (Ca—3C% +2€%) . (G.8)

Since C4 is a Toeplitz matrix, the Fisher-Hartwig conjecture [90] (proved in [91]) and
its generalisation [80, 91, 166] can be employed to study the leading and the subleading
terms respectively of the expansion of the determinant (G.4) as L — oo. In particular,
the double scaling limit (G.3) of the Fisher-Hartwig conjecture gives (8.7). Its generalised
version include also some subleading corrections: for instance, the double scaling limit (G.3)
of the expansion reported in eq. (84) of [80] gives (8.13) with the infinite sums in k truncated
to the finite sums including only the terms corresponding to k € {0,1,2}. We emphasise
that all order corrections occur in (8.1), which holds in the double scaling limit.

The cumulants generated by (G.5) have been studied by employing the Fisher-Hartwig
conjecture and its generalisation e.g. in [102, 168].

The entanglement entropies of the block A are obtained through the eigenvalues
of the reduced correlation matrix C4 [1, 118]. Analytic results for these entanglement
entropies for large L have been obtained by employing the Fisher-Hartwig conjecture for
the leading terms [77, 78] and the generalised Fisher-Hartwig conjecture combined with
further computations for the subleading terms [80]. Taking the double scaling limit (G.3)
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in the result for the leading terms of 51(40‘) reported in [77] for large 7, one obtains (8.17).

Similarly, for the subleading terms of Sﬁf‘), we have that the double scaling limit (G.3) of
the lattice result in eq. (10) of [80] gives (8.22) for N € {0,1,2}. In order to obtain the
N =3 term in (8.22) through the double scaling limit (G.3), higher order terms must be
computed in the lattice analysis, along the lines discussed in [80].

Beside the analysis involving the Fisher-Hartwig conjecture, in [77] lattice results
have been reported that can be compared with the small n expansions discussed in this
manuscript. As for the entanglement entropy, considering the double scaling limit (G.3)
of the results of [77] for small 1, we have that the first term in the last expression of (7.7)
agrees with eq. (5) of [77] for & = 1 up to missing factors of 2, whose absence there seems
just a typo. As for the Rényi entropies, the expansion (7.13) agrees with eq. (5) of [77]
for a # 1.

We find it worth mentioning also that the sine kernel tau function (4.20) evaluated at
z = 1 provides the emptiness formation probability [202-204] of the XX chain and in the
double scaling limit [205-208]. More recently, the approach of [77] has been extended to
compute the EE of two disjoint intervals on the XX chain separated by a single site [181].
This problem has not exactly a well defined continuum limite, since in such a limit, the gap
between the two intervals goes to zero giving a trivial subsystem. However, in the same
lines, it would be very interesting to study the EE for two (or more) intervals separated by
a finite distance in the continuum QFT. This problem has been addressed in [165] for the
leading term. Subleading corrections to that result are still unknown.
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