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1 Introduction

Entanglement [1] is an intriguing feature of Quantum Mechanics. Its has become increas-
ingly important in quantum information [2], condensed matter [3—6], string theory [7], and
the interpretation of black hole entropy [8]. For example, in the condensed matter systems,
the ground states of the conventional superconductors [9, 10] and the fractional quantum
Hall effect [11] are both entangled states. The level of the entanglement between a certain
region and its surroundings is measured by the entanglement entropy. Such systems may
undergo quantum phase transition at zero temperature by tuning their physical parame-
ters. The quantum phase transition [12] is fundamentally different from the conventional
thermal phase transition occurred at non-zero temperature as the former involves a quali-
tative change of the ground state of a quantum system. In this paper, we are particularly
interested in the insight about the quantum phase transition from the point of view of the
entanglement entropy.

Traditionally, different phases are classified by the order parameters keeping track
of the symmetries broken in the phase transitions. Valuable insights on the change of the
symmetry and the degrees of freedom in a phase transition can be obtained by the symmetry
breaking order parameters and thermal dynamical variables, respectively, both of which
can be studied in thermal equilibrium. On the other hand, by means of the transport
coefficients, one can also study how a phase transition affects the real time responses of
the system perturbed slightly away from thermal equilibrium. One example is the shear
viscosity (1) over the entropy density (s). At the phase transition temperature of a scalar
field system, this n/s ratio tends to minimize locally; the minimum has a smooth structure
for a crossover, forms a cusp for a second order phase transition, and has a jump for a first



order phase transition [13]. This behavior is seen in many systems in nature and many
theoretical models. However, counter examples can be engineered [14].

We aim to pursue analogous understanding on the behavior of the entanglement en-
tropy under the quantum phase transitions in the present research. As the entanglement
entropy scales with the area of the interface between two entangled regions, at finite tem-
peratures it becomes subleading compared with the thermal entropy which scales with the
volume of the system. The quantum phase transition studies involving the entanglement
entropy had focused on the zero temperatures cases, in particular the lattice systems. For
example, previous work on the 141 dimensional transverse Ising model shows the entangle-
ment measure reaches a local maximum at the second order quantum phase transition [3, 6].
Studies on various spin chain models in 141 dimensions also reveal the universal scaling
behaviors of the ground-state entanglement near the quantum critical point [4, 5]. For a
broader review on the entanglement properties in many-body systems, see e.g. [15].

As for the systems of the scalar fields in the continuum, through the study of the
conformal cases [16-21] and the non-conformal cases [17, 22], it is known that the entan-
glement entropy (Sent) between a subregion A and its complement A of the spacetime has a
leading behavior exhibiting the power law divergence and the area law [23], Sent ~ A%1A ],
where A | is the area of the d — 1 dimensional boundary of A, with d denoting the number
of spatial dimensions and A is the momentum cutoff. For the non-conformal scalar field
theory to our particular interest in this paper, the subleading part of the entanglement
entropy, according to [22] which deals with a single-component massive scalar field in 3+1
dimensions with both the cubic and the quartic self-couplings, contains the AA | A? term
arising from the quartic interaction —%gb‘l, and the g?A4) In(A~1) term from the cubic in-
teraction —%¢3, where A and g are bare couplings. They are contributed by the two-loop
quantum corrections, and can be absorbed into the mass renormalization of ¢. As a result,
the subleading part of Sey, €.g. EA Lm?ﬂ In m%, where m, stands for the renormalized
mass of the scalar field, becomes cutoff-independent, such that as m, varies, the change in
the entanglement entropy is cutoff independent and thus physical.

In this paper, we investigate how the entanglement entropy behaves in the quantum
phase transition of a scalar field system in the continuum under the spontaneous symmetry
breaking (SSB), by the path integral approach and the replica trick. The theoretical model
we explore is the O(N) o-model, which is a weakly coupled N-component scalar field

1

theory, in 3+1 dimensions.® Our scalar fields live in a bipartite infinite flat spacetime,

where each of the semi-infinite half-spaces is denoted by A, A. In the O(N) symmetric
phase, Our model has the quartic interactions % [Zf\il(ﬁ)ﬂ ’ as the mass squared p? of ¢!
is positive. By tuning u? from positive to negative, the O(N) symmetry is spontaneously
broken into O(N — 1), and the field composition of the system turns into a massive mode o
with a mass m, = /—2u2, and N — 1 massless Goldstone bosons 7%’s. In the broken phase
the cubic interactions %gmg ( fV: _11(7Ti)20' + 03) emerge, where g = v/\. This phase is
characterized by the emergence of a non-trivial order, i.e. a non-trivial scalar field VEV.

IThis type of models had been extensively studied on their thermal phase transition properties, e.g.
providing a controlled perturbation to probe n/s. See for example [13, 24, 25].



O(N) symmetric Spontaneous Symmetry Broken Phase
a 0 (47rN) z(N +2)
b 1 2
c 0 — Gy {9V (355) + (62— 2) + 32+ 2)N |

Table 1. The values of the coeflicients a, b, ¢ in the entanglement entropy (1.1) for different phases.

As the SSB occurs, the system undergoes a quantum phase transition under which the
vacuum states change. We are interested in the leading and subleading UV divergences
of the entanglement entropy in this paper. We will apply the replica method and the
field theory expansion technique on the cone, to analyze the effect of the quantum phase
transition on the entanglement entropy in the O(N) o-model due to the SSB. This is a
perturbatively calculable system due to weak coupling, and we present our result up to
two-loop corrections. To achieve our goal, we apply some of the approximation technique
from [22] to the calculation in our symmetric phase. However, in the broken phase, the
calculation method we use is different from [22], and hence the result; this will be explained
later in this section.

We summarize our result of the entanglement entropy divergence structures for the o
model in the O(N) symmetric and the broken phase below, according to our renormaliza-
tion scheme up to two-loop level:

AN
Sent. (1%, A) = = {(1114)A2 + aX|p?| <1n I ’)

487 A2

+ (b4 c\)|p? |lnM—|—O (V ’XJ)} (1.1)

where the coefficients a, b, ¢ are listed in table 1.

In these expressions, N is the number of species of the scalar fields, and A = A /N. Note
that p and A all stand for the renormalized parameters. The area law is clearly observed,
with A | denoting the area of the 2-dimensional boundary surface of A. There is also the
momentum cutoff A dependence in the leading divergence.

The a, b and ¢ coefficients can be extracted from (where A is some arbitrary cut-off)

o 82 0 2477Sent.
(@ln|p2|)? 9lu?| AL NX

9 2
B 2 82 48T Sent, ol W
Oln[p?| Olp?| | ALNX

b+ch=

(1.2)

(1.1) is obtained by using the renormalized mass, coupling constant and fields at the
tree level, and introduce the counter terms to cancel the quantum loop corrections, in
contrast to [22]. The counter terms in the symmetry broken phase and those in the O(N)
symmetric phase are of the same origin (cf. appendix A).



(1.1) shows that the area law is the leading behavior of the entanglement entropy in
both phases, which is expected. In the symmetric phase, the quartic interactions give
rise to the subleading non-analytic structure |p?|In % at O(\Y), agreeing with the result
of [22]. In the broken phase, however, a new log squared term |u?| <ln %)2 emerges at
O(S\), which is more divergent than log. This term is never seen in previous literature,
including [22]. This term arises from the remnant of cancellation between the two-loop
expansions of the cubic interactions (emerged due to the SSB) and the counter term. The
Goldstone-Goldstone and the Goldstone-massive mode quartic interactions give rise to the
single log divergence (at O())) and become sub-subleading.

The origin of the log squared term is explained as follows. We find that the approx-
imation used in [22] for integrating the sunset diagrams on the cone due to the cubic
interactions are over-simplified. Careful treatment of those diagrams in our work yields
the double logarithm behavior of the entanglement entropy in the broken phase. To explain
this schematically, [22] calculates the Green’s function Gy,(z,2’) on the cone by assuming
that the leading divergence is dominated by z — 2, such that the sunset diagram becomes
approximated by the two-loop diagram with one vertex. The divergence from one of the
loops is then canceled by the counter terms, leaving the single log behavior. However, our
analysis shows that the “z away from z’” part of the sunset diagrams on the cone should be
taken into account, and as a result the divergence cannot be canceled by the counter terms,
yielding the double log structure in the broken phase. We refer the readers to section 6 for
a more in-depth explanation, and to the appendix A for the detail of the calculation. We
also argue that the log and the double log structures are independent of the renormalization
schemes, as they are of order A quantities, while the influence of different schemes takes
effect at O(\?) or higher.

The other difference between our work and [22] is in the system setup. [22] employs
a massive single-component scalar field with —%(]53 — %gb‘l interactions. Our model deals
with a IN-component massive scalar field in the symmetric phase with only the quartic
interactions, while in the broken phase due to SSB, the massless Goldstone bosons and a
massive o field emerge, and the cubic interactions between them naturally arise beside the
quartic ones, in which the massive scalar mode and the massless Goldstone bosons couple
together. In this sense, our work generalize the result of [22]. If we take N = 1, our model
simplifies to [22]’s setup, as the massless Goldstone bosons disappear. But in the broken
phase, (1.1) doesn’t reduce to [22]’s result because we don’t take x — 2’ approximation for
the Green’s function on the cone, as mentioned above.

Moreover, our work also present the novel result in the numerical behavior of the
entanglement entropy of the O(/N) o-model under the quantum phase transition due to the
SSB. The scaling behavior of the entanglement entropy thus can be spelled out from (1.1).
(See section 5 for details.) We find the entanglement entropy reaches its maximum with a
cusp at the transition point u? = 0. While |u?| shifts away from 0 into either phase, the
entanglement entropy decreases as the correlation length reduces away from the quantum
critical point, as shown in figure 4. Although our result of the entanglement entropy change
in figure 4 is numerical, it would be interesting if an analytic expression of the universal
scaling behavior near the transition point can be unveiled.



In our O(N) sigma model, the phases are classified by the nontrivial order (¢).
Besides this SSB-driven quantum phase transitions, there are also phase transitions which
do not involve any “local” order parameters. One example is the topologically ordered
phases [26]. In these cases, the entanglement entropy remains an important quantity
identifying the topological order [27, 28]. The entanglement entropy contains a part called
the topological entanglement entropy [29, 30], which varies in different topological phases.
Such systems, however, are beyond the scope of this paper.

The structure of this paper is organized as follows. We first review in section 2 the
fundamentals of the entanglement entropy and the replica method in quantum field theory.
Section 3 presents the entanglement entropy of O(N) o-model in the O(N) symmetric
phase, up to two-loop perturbations. Section 4 performs analogous calculation for the
broken phase. Section 5 presents the numerical behavior of the entanglement entropy versus
1?2 in both phases. The entanglement entropy has a cusped maximum at the quantum phase
transition point. Section 6 discusses and concludes our work, and presents potential future
applications. The appendix A presents the calculation details in deriving the divergence
structures of the entanglement entropy.

2 Entanglement entropy and replica method

The thermal entropy indicates the level of disorder of a system. In the quantum case, the
thermal entropy is given by the von Neumann entropy

S =Tr[plnp], (2.1)

where p is the density matrix which is normalized to Trp = 1. In the diagonalized basis, the
von Neumann entropy reads S = >, p; In p;, where p; is the probability for each microstates
being occupied. By postulating the occupation of any microstate is equally probable, (2.1)
is equivalent to the statistical definition of the entropy S ~ In{) up to the Boltzmann
constant, reflecting the total number of accessible microstates in a quantum system of
microcanonical ensemble.

Consider a bipartite system S in a pure state and composed of subsystems A and A,
where the degrees of freedom in A, A are entangled in some way. If one is forbidden to
access A, then for such an observer, A appears in a mixed state, with a reduced density
matrix given by

pa=Trzp, (2.2)
where A is traced out. The information regarding the entanglement is encoded in py.
As a result, the level of entanglement between A and A is described by the entanglement
entropy, which is defined by

Sent. = Tralpa Inpal. (2.3)

Since the vacuum wave-function of A is buried in the excited wave-functions of the “mix-
state” subsystem A described by pa, the expectation value of a local operator can be
computed by

Tr[pa O4]

(2.4)



One example of such set-up is the black holes. Suppose that the whole spacetime is in a
pure state, but we are unable to access the region inside the event horizon. Therefore the
black hole appears thermal to an outside observer due to the entanglement between the
two regions separated by the horizon, and so the entropy arise. This is one interpretation
of the black hole entropy.

In this paper, we will consider the case that the system S contains the whole space,
while the subsystems A and A each occupies the infinite half-space, divided by a codimen-
sion 2 (with respect to the whole spacetime) surface. We follow the convention in [22],
denoting the time ¢ and radial coordinate x| as the longitudinal directions, as they are rele-
vant in our field theory calculation, while the transverse directions indicate the dimensions
of the surface enclosing the subsystem A.

In order to calculate the entanglement entropy, we take the generic scalar field theory
as an example and review the replica method in the following. The entanglement entropy
can be calculated by the following trick [17, 18, 22]

0

on n—1

Sent. = In Tr[p%] = —Tr[pa Inpal, (2.5)

where the trace is taken within A implicitly. As n — 1, we can take n = 1 4 € and expand
InTr[p4] in € for small e. Then the entanglement entropy can be spelled out from the
O(e) term.

To calculate (2.5), we first notice that the elements of the reduced density matrix p4
can be expressed in the path integral formalism,

(palpaley) = /D¢5 [¢A(T =0") - SDA} § {¢A(T =07) - 80:4} e Srplo=0a®oal (2.6)

where Sg is the action of ¢ over the whole Euclidean space with imaginary time 7. ¢4, ¢z
are the scalar fields taking values in A, A respectively. The field bases |p4) and |¢,) are
states in A at certain time. In this expression, A region is traced out. Since taking trace
amounts to identifying the Euclidean time of the initial and the final states, (2.6) implies
that p4 is computed on a manifold where A is compactified (in 7 direction) to a cylinder
while A is left open. When we had identified ¢(7 = —00) = ¢(7 = 00), the matrix element
of p’ is computed on a manifold on which A consists of n cylinders on top of each other
while A becomes a n-sheeted spacetime manifold. Taking trace of p} then joins the first
sheet with the last for A, compactifying it into a cone with a total angle 2nm (or an excess
angle § = 2(n — 1)m), where n > 1. See e.g. figure 1 in [22] or figures 1 and 2 in [18] for
the pictorial realization. As a result, it is natural to define the trace of p’j by

In Tr[p] = In <Z’;) , (2.7)
where Z,, denotes the partition function of the field theory on the n-sheet manifold. (n =1
reduces to the case on the ordinary Euclidean space.) The normalization by Z7" is due to

=1.
n—1
To summarize, using the replica trick, the entanglement entropy is calculated by

the requirement that Tr[p'}]|

1
Sent. = In Z, — nln Z] =—[InZ, —nlnZ]. (2.8)
€

- |
n n—1



For n > 1, the replication of sheets takes place in the Euclidean time coordinate, which
belong to the longitudinal directions, while the transverse directions remain ordinary Eu-
clidean. We will adopt polar coordinates for the longitudinal part of the spacetime,

(r,2)) = (7“ sin%,rcos 0) , (2.9)

n

where r € (0,400) and 6 is periodical with 27n. Thus the partition function on the n-sheet
manifold is written down as

Zy = / D¢ exp [— / dia, /0 " dr /0 . d@EE[czb(r,H,xL)]] : (2.10)

Such expression is valid only for the total spacetime dimensions d + 1 > 2.

Since the partition function in quantum field theory is interpreted as the vacuum
energy, and the entanglement entropy of our model is obtained by (2.8), Sent. can be
interpreted as the derivative of the correction to the vacuum energy due to the cone with
respect to the conical deficit angle. This notion will be more transparent as we calculate
the free field entanglement entropy in the O(NN) symmetric phase in next section.

3 Perturbation expansion of the O(IN) o-model in the symmetric phase

The Euclidean Lagrangian of 3 + 1 dimensional O(N) model is given by

N
Lp=) B@W + ;;ﬂ(cﬁﬁ] + 2

i=1

N

2
> (@)

=1

+ Les., (3.1)

which has N species of scalar fields with the same mass p, admitting O(N) symmetry and
quartic interactions. L.t is the counter terms to cancel the loop corrections.

Since in this paper we use the renormalized mass p and the renormalized coupling
constant A in the tree level action, the partition function on n-sheet manifold can be
expanded with respect to A by

()i J J
InZ, zann70—|—jZ::1 (4jj)! / (kl;[l ddlx;u) /n (gd2$k>
N 2 N 2
{<[Z ¢m($1)2] [Z ¢”(xj)2] )o-Fcounter terms}, (3.2)
m=1 n=1

where In Z,, ¢ denotes the O(\°) free field part. The counter terms are introduced to cancel

the divergence from the perturbative corrections of loops, such that the renormalized p and
A receives no further quantum corrections. fn is the integral over the 2-dimensional n-sheet
. (e%S) 2mn
manifold fo rdr fo de.
In the following we calculate the entanglement entropy up to lowest-order corrections
(in this case, O(A\) bubble diagrams). The free field contribution is computed by the
following method [22]. First, one notices that

8(221an0 = —;/ddﬂx Gn(z,z), (3.3)



where G, (z,2') is the Green’s function of the free scalars on the n-sheet Riemann surface,
satisfying (—V2 4 u?) G (x,2") = 61 (2 — 2'). The expression for the Green’s function on
n-sheet Riemann surface G, (z,2’) is very complicated, see [31] for details. (We will use it
later in (4.4) in the broken phase.) However, if 2/ coincides with z, however, the Green’s
function becomes relatively simpler and we employ an approximation used in [17] and [22].
Gp(z,x) can be decomposed into

Gn(xv x) = Gl(o) + fn(r) (34)

G1(0) = G1(Jz — z|) is the (divergent) Green’s function on the Euclidean flat space, which
admits translational invariance, and f,,(r) represents the correction to the one-loop vacuum
bubble due to the conical singularity [22]:

1 1-n? [d¥p, ,
(r) = K2 /12 2
n=l4+e¢ € ddeL 2 2 2 2
Lo [ ks (\/u 2 ) 4O+ (3.5)
/OodnyQ(y):1 = /oordrK2 (qu—l—pQr) 11 (3.6)
0 ‘ 2 0 ‘ + 2p+pi

where K is the modified Bessel function of the second kind K, with v = 0, and - - - denotes

with

the finite subleading terms. Since f,, is finite for » > 0 and decays exponentially at r — oo
(see figure 1), one can see that f, vanishes for n — 1 (i.e. € — 0, where ¢ = n — 1 is the
deficit angle of the cone), as expected.

Now we can make use of (3.3) and the subsequent approximation of G, (x,z) in (3.5)
and (3.6) to calculate the free fields contribution to the entanglement entropy in the O(N)
symmetric phase from (2.8):

1
Sfee(,,2) — —=(InZic0 = (14 ) Zy)

ent
N [ dm? [ 4 2 2
== 5 d*x Az Gp(z, ) — (1 +€) | dz)Gi(z,2) .
0 14€ 1

The reason for integrating the mass squared parameter from oo to p? is because we expect

the entanglement entropy to vanish at ;2 = oo, due to vanishing correlation length & ~ p=1.

2 2
We can further decompose the integration range into | O’é dm? = ( f fo + fou ) dm?,

Lo [) 5 fonf par oo

dp, /
12 ) (@2m)dr m2 —I—pL m2 +p2

N [ d
_ dm[l RN oy i1

J‘E (27r)di A2 +p¢ pi

dip,  p?+p?

A
5 12) @i T AZ1p2

(3.8)
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Figure 1. Behavior of f,(r), giving rise to the subleading divergence in S (2).
where A| = [ d% x| is the total area of the transverse space separating A and A, and A is
the mass scale (or momentum) cutoff in the integration over dm?. In the above calculation,
[, >z G1(0) and n [ d*zG1(0) cancel out exactly. 2
In (3.8), the leading divergence ~ A9~! comes from fooo W fddray [, APy fiie(r).
This can be seen from the (Ky)? integral in (3.5) in 3+1 dimensions (d = 3):

2
—r2fu(r) ~ —/dpL pLKS(\ /2 +pir) = %(Ko(ur)2 — Kl(,ur)Q) (3.9)

€
N{—5+“‘;>2[(1nw)2+---} +OH?), 0

s (3.10)

as displayed in figure 1. Such behavior means, as the location of the quantum bubble
is far away from the tip of the cone, the effect of the conical singularity is exponentially
suppressed, and the bubble sees a flat Kuclidean space. While the quantum bubble is very
close to the conical point, it is %2 divergent. Then plug (3.9) into (3.7), one finds that

0 2
2m 2 2
~ = (K K
leading /rdr/oo dm 5 ( o(ur) 1(pr) )
—1
= /rdr 3 < A% (3.11)

On the other hand, the subleading contribution ~ In A to the entanglement entropy comes
2

from the integral f[j' % [ditay Jipe @y frye(r). Tt is straightforward to check by

substituting the leading term in (3.10) at small 7 into (3.7), and then going through the

calculation in (3.11).

Since the calculation of ST in (3.7) stems from (2.8), where f, is the correction to

free
ent.

the one-loop vacuum bubble due to the cone, it would be more clear here to comprehend



the interpretation of the entanglement entropy as the derivative of the correction to the
vacuum energy due to the cone with respect to the conical deficit angle, as mentioned in
the end of the previous section.

The perturbation at O()) level contributes to the partition function by

2
InZ, 1 = —i/ddlm/d%(licﬁi(@ﬂ )0
n =1
= _i/ddL:EL/nd2x(N2+2N) [Gn(%fﬂ)ﬂa (3'12)

where we had used G¥(z,z") = 6“9 Gy (z,z ). Then we get

1A
Sent_(/f,O(A)):64(N2+2z\f)/dcﬁgcL [/ d2xG1+€(x,x)2—(1+6)/d2x||G1(x,x)21
1+e€
N ddlpL 1
=——A(N?+2N)G1(0) A / 3.13

in which we have used (3.4)~(3.6), and as a result [ G7 is canceled out by n [ G3, leaving
[, G1(0) fu(r) as the leading contribution O(e) in e.
The following counter term is introduced to cancel the above O(A) corrections:

1., .
= 5o > (@), (3.14)
=1
where
op? = —(N 4+ 2)AG1(0). (3.15)

This implies the renormalized mass p is related to the bare mass up by p? = ,u%—i—
(N + 2)AG1(0). This result is consistent with [22]. The derivation of (3.15) is summa-
rized in appendix A for the interested readers. As a result, the entanglement entropy of
the o-model in the O(N) symmetric phase is given by (3.8).

In 341 dimensions, d; = 2, (3.8) gives rise to the following divergence structure:

A@) A2 12 12 I
Sent (112, \) = i&r N{ln4+<A2 In Vi +0 AQ,F , (3.16)

where A is the area of a 2-dimensional boundary surface of A. All the correction at O(\)

are canceled by the counter terms.

4 O(N) o-model in the symmetry broken phase

The spontaneous symmetry breaking of O(N) occurs when the mass squared of the scalar
fields ¢' is tuned to u? < 0. Let’s suppose the SSB occurs in the ¢~ direction, i.e.
" develops a VEV v. Then the system is left with N — 1 massless Goldstone bosons

7l ..., 7V~ and 1 massive scalar o,

(¢1,¢2,...,¢N71,¢N) = (0,0,...,0,v) + (71'1,772,...,7er1,0), (4.1)

~10 -



where the condensate v takes the value
meg

V2g’

with me = /—2u2 and the new coupling constant ¢ = v/A. The Euclidean Lagrangian in
the SSB phase becomes

v= (") = (4.2)

o=y Lony? 1 Loy + Lmo?
B = 2 3 s 5 (00 50
g N-1 g2 N-1 712 N-1
+ﬂmg<2(wz)20+a3> + lZ(WZ)Q + ot +2 Z(T(‘Z)20‘2 . (4.3)
i=1

i=1 i=1

Compared to the original O(N) o-model, the SSB phase contains not only the quartic
interactions but also the cubic ones with coupling gm, /v/2.

Since we use the renormalized g and m, in the action, it requires to add counter
terms to the classical action to cancel the loop effects, The partition function up to O(g?)
corrections with respect to the new coupling constant g and m, becomes,

2 N—1
anSSB:InZS%B—gLL/ddixL/de” {<[Z(7r’)2
n

i=1

2

N-1
)+ (o) +2 > <(7r’)202>}
i=1
—f—g:mz/ddleddixl_/ndzx”de]l{(o?’(x)a?’(:ﬂ/))

3 ([ @) Po@) (@ ol ) +2 3 ([ (o) 2o (2)o >>}

ij=1 i=1
+integral of counter terms
_ SSB
=InZ.%
2
g

- / A [(N2 1) G ()24 3G (@,2)? + 2N~ 1) G (a,2) G 1,2

2
-I-g4mg/ddixj_ddiwl_/d%”d%h {6Gfl(x',:v)3+2(N—I)GZ(w’,x)ng(:r’,x)]
n
+integral of counter terms. (4.4)

This is up to O(g?) ~ O(N). In ZP5B can also be obtained analogously. Note that the expec-
tation value here is taken with respect to the new vacuum in the symmetry broken phase.
In terms of Feynman diagrams, these O(g?) ~ O()) terms in the second and the third lines
of (4.4) are depicted by the one-vertex and two-vertex two-loops in figure 2 respectively.
The counter terms added to the action for canceling the two-loop contributions are

N-1

2 2 . 2 2 2
-Z <5<1> u%”;&%) S (@)L (5<1>M2+3g%5<2u) o= <5<1>u2+”;’”5<2u> o,
i=1

(4.5)
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Figure 2. Feynman diagrams contributing to the two-loop corrections to the entanglement entropy
n (4.4). The solid lines denote the massive mode o while the dashed lines represent the Goldstone
bosons 7?. The left column depicts the quartic interaction between ¢’s and 7*’s. The middle column
is the two-loops arising from the cubic interactions, while the right one represent the counter terms’
effects to cancel the divergence due to the diagrams in the left and central column.

where 6102, 6@\ denote the coefficients of the mass and the coupling constant renormal-
ization counter terms respectively, with the superscripts (1), (2) labeling the orders in A
(see (A.2) in the appendix A for the meaning of the superscripts (1), (2)). Note that the
wave function renormalization counter term does not involve up to O(\) here.

In (4.4), we omit the cubic interactions (7!(x)7(z)o(x)) and (o(x)o(z)o(x)) at O(g)
level, because they both vanish. Moreover, the tadpole diagrams

g 5 /dd+1 /dd'H ' 9GI (2, 2")GI (2, 2)G(x, ) (4.6)

—1)? Gr (2, 2 )Go(2', x)G (z,x) + 6(N — 1) GZ(x’,x')GZ(x’,x)G,”L(w,:U)}

are also dropped out, due to the requirement of the vanishing one-point function (o) =0
in the vacuum of broken phase such that these tadpole corrections to the one-point func-
tion (o) should be canceled out by the counter terms. This gets rid of the contribution
from (4.6), and gives rise to the condition

W2 + 5< X = —3G,(0) — (N — 1)G(0). (4.7)

The Feynman diagrams of the non—vamshlng two-loop contributions are displayed in fig-
ure 3. The explicit expressions of the counter terms are given by

SN =9L,(p* = m2) + (N — 1)L (p* = m2),

1,2 _ 9m? 2 m2 2 _ 2
d = —3G,(0) — (N - 1)G(0) — 5 o(p? =m2) — 7(]\7— 1)L (p™ = m3), (4.8)
where L, ,(p?) is defined as
) dd+1q
L) = [ Gt Gnalp = )Gna(0). (4.9)
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Figure 3. Feynman diagrams for the mass renormalization of 7%’s (the upper row) and o (the
lower row). The left column represents the contribution from the quartic interactions, while the
middle one from the cubic interactions. The right column stands for the counter terms. The solid
lines denote o while the dashed lines 7’s.

We can now use (2.8) to calculate the entanglement entropy. The free field contribu-
tion is
d 2 d 2 4 2
SSB(free), 2, IN—1 / d™py Yz 1 / dpi . mg+p]
S, =—— 1 -—— . 4.10
ew o) == AL [ i ey Tt | o ey (410

The first term on the r.h.s. is due to the (massless) Goldstone bosons 7!,..., 7V "1, The
second term is from the massive scalar o.

The two-loop corrections to the entanglement entropy are obtained as follows. The
one-vertex sector (i.e. the second line in (4.4), or the left column of figure 2) is computed
analogously to (3.13), and the result is

2

g - . dhp, 1
AStvny (3. 9%) = —ALIQ{(?)Gl (0)+(N - 1)G7(0)) / -

(2m)ds m2 4+ p7

dy

+((N—l)G({(O)+(N2_1)G71r(O))/(d%)%tpli}. (4.11)

As for the two-vertex sector (i.e. the third line in (4.4), or the middle column in

figure 2), in general the Green’s function on n-sheet Riemann surface Gy (z,z’) is very

complicated. [22] proposes some approximation to simplify the calculation, but we discover

that part of [22]’s approximation is invalid, as explained below. Then we will adopt the

approach used in [31] instead in our calculation. The Green’s function G, (z,z’) on the
cone can be decompose into

Gn(z,2") = G1(|lx — 2'|) + fu(z, 7)), (4.12)

where G represents the O(e”) part while f,, the O(e) (and the higher order) effects of the
Green’s function, in analogy to (3.4), and € is the deficit angle of the cone. It is noticed
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that [ dlz [ d™2'Gyi(|lx—a'|)® —n [} d e [} dT 2’ Gy (Jo —2'])? is subleading at UV,
where G (]Jz—2'|) could either denotes the Green’s function for o or 7. For convenience we
change the coordinates from (x,z’) to (z,y) with y = 2’ — z, such that the aforementioned

subtraction becomes
/dd+1$/dd+1yG1(|y)3—n/lddﬂx/lddHyGl(!yl)s. (4‘13)

[22] argues that the divergence of G'1(]y|) occurs at small y ~ A~L, i.e. as 2’ approaches
x, where the fields at x’ couldn’t “sense” the existence of the conical point when z is not
close to the conical singularity. This means that for the divergent part of Gi(|y|), the
integration over fn d™ 1y actually takes 27 angle for y to encircle x once instead of taking
2nm, and hence contributes no n factor. The only n factor in the first term of (4.13) is from
I, d%*'z. Then it is straightforward to see that, at UV, (4.13) schematically behaves as

nVA — pv At

and the two terms cancel out.

However, we notice that this argument breaks down when x is very close to the conical
singularity, i.e. |x| < A~!, such that the conical singularity is located within y < A~!.
In this case, both [ d%™'z and [ d*"'y give rise to an n factor, but the former only
produce a A 2nm/A? coefficient due to restricting |x| < A~!. So in this scenario, (4.13)
has non-vanishing but finite contribution proportional to

2
AL%Ad_l - AL%Ad_l = A, A3(n2 —n),
whose contribution is of higher order in the entanglement entropy.

In terms of (z,y) coordinates, the leading divergent contribution to ASSEJ?Z_W) (%)
comes from

2,.,,2
T [ atia [ atly (1863 (y)2 7 e,0)

+2(N = ) [2G7 (N GT(yD fx (@ y) + Gy f ()]} (414)

By further decomposing y into y, and y, the above expression gives rise to the following
corrections to the entanglement entropy:

QQAL/ddLPL m2
12 ) @mdm+p?
x (9T, (p2) + (N = D0 (p?) + 2(N = Do ()], (4.15)

A8y (724 ~

ent

where
A’k d2 1 1
Fwo(pi) :/ ”2 d kJ_g 2 2 1.2 2
(2m)? (2m)% k* 4+ mg kH + (kL +p1)
/ k) d®ky 1 1
(2m)2 (2m)2 k2 kﬁ +(k; +pr)?’

r(2)—/d2k|| k1 1
T @m2 a2+ mZ k]t (kL pu)? +m

Iz (pi) =

(4.16)
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These three expressions correspond to the three one-loop Feynman diagrams from the top
to the bottom in the middle column of figure 3 respectively.

One expects that two-loop contributions from (4.11) and (4.15) will be canceled by the
counter terms in (4.5). This is indeed the case for the one-vertex sector (4.11); however
there are residual terms from (4.15) after the cancellation,

9 Al d2pl m2

ASSSB (mgvg2) ~g — 5 |:9D0'(pi7q2) + (N - 1)D7T(piaq2):|

i) ) et o=t
+ g2 (N —121)AL / (d;f:)é piﬁ?fmg {2D7r0(p3_7q2)} o (4.17)
where
Dy(p,4*) =To(p?) — Lo(q®) #0,
Dx(p7,q%) =Tx(p?) — Lx(q*) #0, (4.18)
Dro(p%,4°) = Tro(p1) — Lro(q?) #0,

with Ly, Ly and Lr, given by (4.9).
The existence of these cancellation remnants means that the expansion of S55° involves
non-trivial subleading terms. In 341 dimensions, the entanglement entropy reads

2
sz = A i B () [ () (419)
1 2(N-1)+9v51In((3+v/5)/2) <\ { m?2 m2 <y m2
+<N_ — (47TN)(2( e )A> (A?> n <A2> o <A2’ A2>

The calculation detail for obtaining (4.19) from (4.14) is presented in the appendix A. The
A-independent part represents the exact cancellation between the quantum corrections and
the counter term of the quartic sector, leaving only the tree level effects, as in the O(N)
symmetric phase. In this part, the leading divergence remains the same compared to the
symmetric phase, contributed from N — 1 n’s and one o, while the N-independent log
divergence arises solely from o, since it is the only massive component in the broken phase.
The A-dependent part in (4.19) represents the leftover of the cancellation between the two-
vertex two-loop sector (due to the cubic interactions) and the counter terms, giving rise
to the log squared divergence in the subleading part, which is more divergent than the
subleading log divergence in (3.16) in the O(N) symmetric phase.

We emphasize that the highest subleading divergence of the entanglement entropy we
obtained in (4.19) is log squared in the broken phase. This is different from the single log
result of cubic interaction in [22]. The reason is as follows. The author in [22] argues that
the leading divergence of (4.14) is contributed by y — 0, i.e. both y; — 0 and Yy — 0,
such that f,,(x,y) becomes (3.5), and eventually (4.14) gives rise to a log divergence as the
subleading behavior of entanglement entropy. But our calculation shows that y % 0 part
in f,(x,y) is actually more divergent than log, and yields the log squared term, by setting
y — 0 (which allows f,(z,y) to be approximated by (3.5)) while preserving the y, # 0
contribution and carrying out the Fourier transformation.
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5 Numerical results of entanglement entropy

In this section, we present how the entanglement entropy varies with mass and how it
behaves upon quantum phase transition in the O(N) o-model, up to O(A). This result is
obtained by the numerical computation.

The numerical value of the entanglement entropy normalized by A A2N against p? /A2
in both phases are plotted in figure 4. The u? > 0 and p? < 0 regions are the O(N) symmet-
ric phase and the broken phase, respectively. This plot is shown in terms of renormalized
12, with X set to 1076, In the O(N) symmetric phase, the leading and subleading parts of
Sent. solely arise from the free fields, and is A-independent. On the other hand, in the sym-
metry broken phase, SSI?,EB contains the free field contribution and the A-dependent remnant
from counter terms cancellation of two-loop corrections due to the cubic interactions. The
latter is shown in figure 5.

At the quantum critical point at 2 = 0, one expects that the system acquires scaling
symmetry, which gives rise to universal properties, including the scaling law of the order
parameters. For the entanglement entropy up to the highest subleading term, we found a

novel scaling behavior near the transition point:
2
L+ A211n4'u2 In p? = (MQ)AQH“‘“ (symmetric phase)

et 1— cwn?,(llnrng)2 = (mg

—am?2Inm? (51)
) (broken phase),

where « is a A-dependent constant, o = W%ﬁj\%x Note that m2 = —2u? for u? < 0.
One immediately finds that the “critical exponents” are not constants as the conventional
quantum critical phenomena suggests; instead they are related to the mass squared scale
itself, and tends to 0 at pu? — 0.

Moreover, one can find in figure 4 that the entanglement entropy reduces as pu? is
tuned up. This is because when the system departs from quantum critical point as pu?
increases from 0, the correlation length ¢ ~ p~! decreases, and hence the level of entangle-
ment reduces. The entanglement entropy has a finite local maximum with a cusp at the
phase transition point p? = 0. This result is in agreement qualitatively with [3] for the
Ising Model.

Such behavior of the entanglement entropy can also be interpreted from the point of
view of lattice models. The spatial derivative term in action of field theory is regarded as
the key for producing non-trivial entanglement. In the lattice models, the spatial derivative
term corresponds to the difference between the fields at one site and its nearest neighbor,
which is called the lattice link. Without the lattice links, the vacuum of the total system
would be just the direct product of local oscillator’s vacuum at each site,

) =101 ®[0)2®..., (5.2)

i.e. there is no entanglement. However, when the lattice link is present, vacuum can be the
non-trivial superposition of the oscillator’s state at each site.

|Q> = Z Ci1i2-..|¢i1(1)> ® ’¢l2 (2)> @ .., (5'3)

11%2...

where |¢;, (1)) is the i-th state of oscillator at site i.
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Figure 4. Entanglement entropy of the O(N) o-model in 3+1 dimensions, in units of N A A2
magnified by a factor of 100, against the mass squared of fields y? normalized by A%. The left half
(4% < 0, with m2 = —2u?) is the spontaneous symmetry broken phase while the right half (u? > 0)
is the symmetric phase. In this plot, we take A =107° in order for the perturbation calculation to
be valid. There is a cusped finite maximum at the quantum phase transition point p2/A% = 0.
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Figure 5. A-dependent subleading part of the entanglement entropy at O(\) in the symmetry
broken phase. Note that this plot is A-independent, as it is in units of NAA | A%, magnified by a
factor of 10000.

On the other hand, the mass term in the action corresponds to the harmonic potential
for the oscillators at each site. As the mass increases, the potential wall becomes more steep,
which enhances on-site localization and suppresses hopping. The tunneling of quantum
fluctuations is also suppressed. All these effects reduce the level of entanglement against
increasing ,u2.

When the number of ¢ species N > 1, the Goldstone bosons emerge in the symmetry
broken phase. The contribution to the entanglement entropy from each Goldstone mode is
fixed and independent of 2, as been demonstrated in (4.10). On the contrary, the massive
mode always has N = 1 contribution. Therefore as the mass-varying contribution from o is
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suppressed by increasing N, and becomes flatter. While N — oo, entanglement entropy in
the broken phase is dominated by the massless Goldstone bosons, and becomes completely
flat in the plot.

6 Discussion, conclusion and outlook

In this paper, we perturbatively calculate the entanglement entropy of O(N) o-model with
spontaneous symmetry breaking of O(N) by tuning u? from being positive to negative in
341 dimensions, up to the O(\) order. The entanglement entropy of this model in the
symmetric phase is given in (3.16), while in the broken phase it becomes (4.19). These two
expressions are combined in (1.1). We find that the area law is preserved in the quantum
phase transition. However, due to the emergence of the cubic interactions, the subleading
structure changes from log in O(N) symmetric phase to log squared in the broken phase.
We also numerically display the behavior of the entanglement entropy against p?, as shown
in figure 4. There occurs a cusped peak at the quantum phase transition point p? = 0.
While |p?| shifts away from 0, the level of entanglement reduces, in both phases. This
implies that such behavior of the entanglement entropy can be regarded as the signature
signifying the quantum phase transition in the O(N) o-model with the order parameter (o).

Generally speaking, in the quantum field theory calculation, each quantum loop gives
rise to a log divergence. The calculation for the symmetric phase (section 3) shows that
the two-loops of ¢’s in general yield the (log)? divergence, but one of the double logs is
canceled by the counter terms under the on-shell mass renormalization conditions, leaving
the single log result in (3.16). In the broken phase (section 4), similar cancellation happens
for the two-loop diagrams with one vertex due to the quartic interaction (in the left column
of figure 2) under the corresponding on-shell renormalization conditions.? However, the
double log divergences of the two-loops with two vertices at = and z’ due to the cubic
interactions (in the middle column of figure 2) can not be canceled by the counter terms,
yielding the log squared structure in the entanglement entropy expression in (4.19). The
double log structure does not appear in [22] because their approximation assumes that
the x — 2/ part dominates the Green’s function on the cone, which simplifies the sunset
diagrams from the cubic interactions in the middle column of figure 2 to the one-vertex two-
loop diagrams in the left column of the same figure. We had argued that this approximation
is incorrect in the last paragraph of section 4. If we take into account the "x away from
x'" contribution, the log squared divergence appears naturally. Note that the log and the
double log structures do not depend on the renormalization schemes because they are of
order A quantities. The effect of different schemes will take place at O(A2) above.

In the expression of the entanglement entropy of our paper, we employ the renormalized
mass and coupling constant in the tree level, such that the final result is expressed in terms
of these renormalized parameters. From this point of view, our results of the log divergence
and the coefficients in Sept. of the O(N) symmetric phase is consistent with those in [22]
in terms of bare parameters. Despite that our renormalization prescription is different

2See the appendix A for the details.

~ 18 —



from [22]’s, but they should be equivalent. This is because their cutoff dependence in the \-

independent subleading part is hidden in the renormalized mass, i.e. m? = mZ, . +dém?(A),

2=
while we use renormalized parameters since the tree level, so that in our corresponding part
the cutoff dependence is manifest. These two results in fact describe the same physics.

The behavior of the entanglement entropy under spontaneous symmetry breaking had
been studied in some quantum systems, for example [32, 33]. [32] shows that, for the bi-
partite 141 dimensional Heisenberg ferromagnet with spontaneously broken global sym-
metry, the entanglement entropy in general diverges as 5 logm as m is large, where m
is the number of the local degrees of freedom and is related to the subsystem size [ by
m = 1% and n is interpreted as the number of zero-energy Goldstone bosons. In 141
dimensions, the boundary between the bipartite subsystems is a point; as a result, the
area law is replaced by a log. In our model, the subsystem size [ is infinitely large, and
therefore we don’t have the finite volume (I¢) contribution in the entanglement entropy.
[33] deals with the O(N) quantum non-linear sigma models in a finite volume of size L in
d+1 > 2+1 dimensions. The O(N) symmetry is spontaneously broken into O(/N —1) and
the Goldstone bosons pick up an induced mass by applying a small external field h. The
entanglement entropy between the bipartite subsystems is calculated by the wave function
method. For the cases of a smooth boundary in d = 2 and a straight boundary in d = 3
between the subsystems, the entanglement entropy they obtain has a power law lead term
divergent with the cutoff scale a exhibiting the area law, A, /a"!, and a subleading log
term divergent with L, log(psL/c), where ps comes from the Goldstone boson mass due
to explicit symmetry breaking and c is the Goldstone boson velocity. The coefficient of
the log term is proportional to the number of the Goldstone modes. Their model is the
so-called non-linear sigma model as their o field is taken to be infinitely heavy and hence
integrated out. In our model, the Goldstone bosons remain massless so we do not see this
subleading log term, while the massive ¢ field in our model is included, giving rise to our
double log term (due to the cubic interaction) and log term (due to the quartic interaction)
in the broken phase. The absence of the massive o field in [33] also explains why their
entanglement entropy lacks our double log term.

There are many interesting directions to be explored based on this work. Straight for-
ward generalization includes introducing the gauge fields into the O(N) o-model, imposing
a chemical potential, or external electric-magnetic fields, and then study the quantum
phase transition in terms of entanglement. Such a system would be more complicated yet
more realistic. Moreover, in high energy physics, pion gas with isospin chemical potential
has quantum phase transition into Bose-Einstein condensate, which is also of interest to
study from the perspective of entanglement entropy.
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A Renormalization of O(N) model and entanglement entropy

In the symmetric phase, the action of O(N) sigma-model is composed of the renormalized
part and the counter terms,

SR AT )]

1=

lpre - T ne] w

=1

—

where

§Z = 0(\?),

op = A6Wp2 4 0(\?), (A.2)

SA = X2 6PN+ 00N
denote the wave-function, mass, and coupling constant counter terms expanded w.r.t. .
The superscripts (1), (2) in 6(Mu? and §®) X label the coefficients of the corresponding
A expansion order of §u? and 6\ respectively. It can be demonstrated that wave-function
renormalization counter term dZ and the coupling renormalization counter term are no less

than second order. In O()), only the mass renormalization counter term §u? is involved.
So we have,

e=$ [ oo)'- be )] -2 [ o]

i=1 =1

Z [ 5 (') } (A3)
=1
up to O(A). After the SSB, however, the fields split into
Mg _
(¢1,¢2,...,¢)N l,ng) <O 0,...,0, \/ﬁ)Jr(Trl,ﬂj,...,ﬂ'N 1,0). (A.4)

where m, = \/—2u2, and the Lagrangian with the counter terms in (A.1) becomes

Ehe)for-pe]

—
P
—
/N
3
S
—
[\
"
o
|
,4;
m\y
—
2
H
/‘\
\_/
™,

A\ [ N-1
Mt

2 =1 )

A 3
A2 9 24(2) 2

5 [5 n+ 2m05 )\] o

A sw2 25 >

—\/gme M —|—§m05 Ao+ O(\). (A.5)
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up to O(\). By demanding the 1-loop mass correction be zero (see (A.7) below) and the
tadpole contribution (A.17) vanish, the two different combinations of the coefficients in the
counter terms in the last three lines of (A.5) are fixed, and the infinity in this Lagrangian
is canceled. The calculation is in the following.

The renormalization scheme depends on the renormalization condition. To fix the
mass renormalization counter terms which appear in both the symmetric and the broken
phases, we choose the on-shell mass renormalization condition, such that the renormalized
masses of ¢ (in the symmetric phase) and o (in the broken phase) equal to their tree level
ones respectively. Assuming the propagator takes the form G~1(p?) = p? + M?(p?).

As a result, in the symmetric phase, ¢ physical mass is defined by the renormalization
condition

M3(p* = p?) = 1%, (A.6)

and in the broken phase, ¢ physical mass is fixed by
M2(p* = m2) =m?2 = —24°. (A.7)

g g

In the O(N) symmetric phase, the entanglement entropy of the scalar field theory in
3 + 1 dimensions is UV divergent,

Sent.(HQa )\) = #ALAQ (CLO + Cll)\)

%] 17| 17|

+ (bo"‘bl)\) (1\2 ln F +O )\2,F
where A is cut-off of momentum. This is indeed the case for the O(IN) o-model in symmetric
phase. As |u?|/A? — 0, the leading order is ag +ai A+ O()\?), while the subleading order is

(bo + 01\ + O()\2)) (@) In (‘K?) :

In this phase, the wave-function and the coupling renormalization counter terms are not

: (A.8)

involved, so the renormalization condition at O(\) level is given by

M§ (o) + Mg A+ O(N) = pi?, (A.9)
where
M; o) = 1, (A.10)
M2y = N [802 + (N +2)Gy(0)] (A.11)
Thus, we have
§1% = —A(N +2)Gy(0) + O(N?). (A.12)
The Sepnt. can be expressed by the transverse mass mi,
NAL [ dpiy o+ md ()
2 L bl P1 1
en - - 1 . A1l
Sent. (1~ > 0) o / (22 n Pi A2 (A.13)
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With the counter term, the transverse mass is just renormalized mass,

m? = 12 + AN +2)G4(0) + A0V p? + 0(\?)
=12+ 0(\?). (A.14)

If we express the entanglement entropy in the following general form,

2 2
Sent. (12 > 0) =#A 1 A? | (ag+a1\)+(bo+b1 \) ( X2> In < i2> +0 ()\2 1‘;) (A.15)
the coeflicients then are
ag = Nlog4,
bp =N, (A.16)
a; = bl = 0.

In the broken phase, to fix the coupling constant renormalization counter terms which
now appear at the leading order, we use the on-shell mass renormalization condition (A.7)
along with the requirement that the tadpole contribution of ¢ vanishes,

(0(2)) = VolGo(x) =0, (A.17)

where the tadpole VEV is decomposed into the coefficient V, and the Green’s function
Go(x). They give rise to the conditions

Mg,(o) + Mg,u)(pZ =mZ)A + O(\?) = m? (A.18)

(o]

Vo) + Vo) VA+0(N) = 0, (A.19)

where the subscripts (1), (2) denotes the coefficients of the corresponding order in A ex-
pansions. We find

M o) = m3, (A.20)
MZ 4y (p* = m3) = 3G5(0) + (N — 1)G~(0)

— 9m3 Ly (p® —m) (N = 1)mj L (p* = m7)
+ <5<1> 2 m 252 A) (A.21)
V.0 =0, (A.22)

Vo) = —% [3(;0(0) + (N = 1)Gx(0)
+ (5(1)u2 + ;mgawu)], (A.23)
in which L(p?) is defined by
4

L6 = [ G =~ 0G(a). (A24)
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Thus, we have

op? = —\[3G4(0) + (N — 1)G,(0)

g2 L6 = m2) + 5 (N = DmZ Ly = m)| + 00, (4.25)
0N =N 9L, (p* = m2) + (N = 1)L (p? = m2)| + O(N?). (A.26)

Now the entanglement entropy reads

AL d*p. N pi +mi (m2)
12 J (2m)2 P+ A2
(N—-1DAL / d’py | PL+my, (mg)
12 (2m)? p? + A2
Ay / d’p,  m?
12

Sent.(,u2 < 0) =

2

+A [Dg(pi, ¢*) + (N = 1) D (p?, qz)}

@n)2 P2+ m2 =3

N—l)AL/d2pL m2
12 (2m)% p3 +m3

-l—/\(

[Dwa(pia QQ)} q

where

Pk ?k 1 1 !
Dy(p%.q%) = / | eFL -
(P1,47)=9 (2m)2 (27)2 k2 +m2 kﬁ+(kL+pL)2+m§ (k+q)2+m2
=9[T, (7))~ Lo(d?)], (4.28)
Pk d?ky 1
Dr(p,¢*) = / 5 5 N
L= | ent et i B+ to?  (kra?
=Tx(p?)—Lx(d). (4:29)

d?ky d2k 1 1 1
Doo(p? . q?) =2 I L _
(P1.7) /(27r)2 (2m)? K2+ m2

ki+(ki+p1)?  (k+q)?
=2 |:Fﬂ'0'(pi)_Lﬂ'O'(q2):| . (A3O)

1 1

The explicit calculation of D is shows that

1 1
k2+m2+2k, py+p>  k2+m2+2k-q+¢?

Ik d®k; 9
D, (0%, ¢?) = | L
(pJ_’q ) /(27’()2 (27’(‘)2 k‘2+m§

=9 [ i 4 g (=
- (2m)4 Jo v l2—|—mg—QUQpi—l—J:pQL PP4+m2—a2¢?+xq¢?

9 ! m2+z(1—z)g?
_(47T)2/0 dxln( 5 ) , (A.31)

m2+z(1—x)pi
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D (p? 2)—/ Thy Phy 1 1 1
\P1,49 )= (271')2 (27.‘.)2 k2 k2+2kLpL+pa_ k2—|—2kq+q2

di [ 1 ? 1 2
pu— d p—
/(277)4/0 ! <l2w2pi+wpi> (lQ—x2q2+xq2>

2
- (471r)2 In (%) , (A.32)

/ d2k|| k| 1
(2m)? (2m)2 k2+m2

=2 Gt |,

1 1
k2+2k,pi+p?  k2+2k-q+q?

\V)

Dmr(pa_aq2) =

) 2
<l2+(1—w)m§—x2pi+xpi>

2
- <52+(1—x)m3—w2q2+xq2> ]

mj +aq?

, A.33
mz+ap? ( )

9 1
=— dz1n
(4m)? /0

The transverse masses of m and o are

m2 | = m2 + A[3Go(0) + (N = 1)G(0) — 9mZ Lo (p? = m2) — (N = )m2 L (p* = m?2)]
A {5@,} + gmg(s(?u} + 00, (A.34)
m2 | =\ |Go(0) + (N + 1)Gx(0) — 2m2 Ly (p* = 0)]
+A [5“)#2 + ;m§5<2>A] +O(\?). (A.35)
The mass of 7 is always zero. This gives rise to the condition
SO2 4 Zm2PN = ~3G,(0) — (N~ )G (0). (A.36)

One can demonstrate that

MZ2(p* =0) =0+ 0(\?), (A.37)
m2 =0+ O(N\). (A.38)

And, by normalizing m, at ¢> = m?2, we have
m?,,L =m2 + O0(\?). (A.39)

The explicit calculation of residual part of the entanglement entropy that cannot be
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absorbed by mass renormalization shows that ASiet is given by

ASy.
Ayl d*p;. mi 2 2 )
g _— g DO’ N_l Dﬂ' I
5 | G DAoL+ =000 )|,
A —Z D,y , O

2 2 1 2 - 2 2
— )\ﬁ d’pL 1 ng 9/ dxln my (1 :E)m20 +(N—-1)ln m—;
12 ) (2m)2 (4m)2 | p7 +m2 0 m2+xz(1—x)p] i

m2 1 m2
+ e loN=1) [ dal o 002
v fan (2 oot
AJ_A2 by 1 Thz 1 mQ +$(1—x)ﬁ12 m2
— g 1 o o N 1 1 Mg
my ! 2 )
+T Q(N—].)/O drln <m3+xt> }"‘O()\ )}
AL A2 1 72 arcth = ~2
_ A A dt o |18 \/Ewﬁln 3+5 N1y (T
487 (4m)? Jo t+1m2 I 5 .
7 iam2
~ 9 _9
F22(N 1) |14 (1+—2) Inm2 /(t+m2) | $+O0(\?)
AN A = 2Q1. (2 345\ | Lo, [W2+1
487 {(4@2 {_18m0312(m0)+ 9v/51n 5 M2 1n e
=2
) m;+1 _9 ) 1
+(N-1)m; [m( 2 )ln(ma)—le (_mgﬂ
~2 1 1
+2(N—1)m} | —1+(1+m2)In (m;j >+L12 <_m2> }JFO(AQ)}
AN A9 34/5
= 4Jé7r {(471')2 {_2771(271112(771(27)—}—0(771(27)—[gﬁln< +2\f>]mgln(m§)+0(mg)

N =12 |~ (02 30 (72) + O(in2)|
F2(N—1)m2 [_m(mi)_;ln?(mg)m(mg)} }+O(A2)}
2
_ALA{ A {—B+§(N—1)]m?,1n2(m§)

487 | (47)?
_ [9\/51n (32\@) +2(N—1)] m2 1n(m§)}+0(A2,m§)} ;

where Lis is the polylog function Li,—2, and we also define the function of integral for the
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o loop by

1 arcth ¢
1 2
Sly(2) = / dt—— tams | (A.40)
0 t+ma t~
t+4m2
such that
1 1
lim S2@) _ 1 (A.41)
z—0 In“x 4
_—Lig(—3) 1
ili% m’z 2 (A-42)

To summarize,

ASet.
AL PpL mg 2 2 2 2
= Ai — DO’ 5 N_ 1 Dﬂ' )
G | ez (Pe0Le) + V=00 )|,
A — D7ra ) A
A G [Deovh. )] ,_, +OO)

AN Xt 2 L m2 4+ (1 — z)m2 m2
- dt{ "7 19 [ dem | e o) 4 (N - 1) De
A8 {(47r)2/0 {t+mg /0 Sl e s vl Il C A

AN | m2\ o (m? m2 m2 5 m2
= 487'(' [CNA <M> ln B + CN)\ F ln A2 + O )\ 7?) y (A43)
where
1
cN —(4 72 [B+2(N—-1)], (A.44)
/ 1 r 3
with
B=9V5m"> +2‘/5, (A.46)
, 1 1 1 arcth %
B =18 lim —— / dt ot _ 9 (A.47)
z—=01n“x Jg t+x t+t4 2

At last, we can see that there is an extra order that is more divergent than m2 log(m?2/A?)
but less divergent than 1 as m2/A? — 0. This order comes from all the two-vertex loops
due to the cubic interactions.

Open Access. This article is distributed under the terms of the Creative Commons
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