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Random matrices and entanglement entropy of trapped Fermi gases
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We exploit and clarify the use of random matrix theory for the calculation of the entanglement entropy of
free Fermi gases. We apply this method to obtain analytic predictions for Rényi entanglement entropies of a
one-dimensional gas trapped by a harmonic potential in all the relevant scaling regimes. We confirm our findings
with accurate numerical calculations obtained by means of an ingenious discretization of the reduced correlation

matrix.

DOI: 10.1103/PhysRevA.91.012303

I. INTRODUCTION

During the past decade entanglement became a very
powerful tool for the study of many-body quantum systems,
especially for the identification of critical and topological
phases of matter (see, e.g., Refs. [1-3] as reviews). In this
respect the most studied quantity is surely the (von Neumann
or Rényi) entanglement entropy. In terms of the reduced
density matrix p4 = Trip of a subsystem A (A denotes the
complement of A), the order-g Rényi entropy is defined as

1
S, = I InTrpf, (1)

that in the limit ¢ — 1 reduces to the most studied von
Neumann entropy S;. The knowledge of the Rényi entropies
for arbitrary values of ¢ contains much more information than
the sole S; since from them one can extract the full spectrum
of pa [4].

From the definition and from the highly nonlocal character
of Eq. (1), it can appear extremely difficult to calculate the
entanglement entropy even for the simpler models. However,
anumber of advanced analytic techniques have been developed
in such a way to have a rather precise characterization in many
different classes of systems. These include one-dimensional
conformal field theories [5—7], spin chains mappable to free
fermions thanks to Toeplitz matrix techniques [7—12], higher-
dimensional lattice fermions with Widom conjecture [13],
holographic techniques [14], renormalization groups [15], and
many more. The entanglement entropies are also a crucial
concept to understand the scaling and the working [16] of
matrix product states algorithms [17].

In this paper we discuss and develop the connection
between the entanglement entropies and random matrix theory
in free one-dimensional Fermi gases. A similar connection
was first highlighted in lattice models in Ref. [18] and further
developed in [10]. In two recent papers [19,20], random
matrix theory has been used to calculate the particle number
distribution (aka the full counting statistics) in a finite length
interval, but not for the entanglement entropies. As we shall
see, this approach makes it possible to clarify several concepts
already present in the literature and provides also other results,
such as the scaling of the entanglement entropy in a free
fermion gas confined by a harmonic potential, a problem that
so far has been studied only numerically [21].
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The paper is organized as follows. In Sec. II we briefly
review the standard methods for the calculation of the
entanglement entropy in Fermi gases and we establish the
correspondence with random matrix theory. In Sec. III we
use this formalism to analytically calculate the entanglement
entropies for a one-dimensional Fermi gas trapped in a
harmonic potential for an interval symmetric with respect to
the center of the trap. In the same section, we also confirm
our findings by accurate numerical calculations. Finally, in
Sec. IV we draw our conclusions and we discuss some possible
generalizations and open issues. Some details about the density
of eigenvalues of the overlap matrix have been relegated to the
Appendix.

II. FREE FERMION GASES AND RANDOM MATRIX
THEORY

Let us consider a system of N noninteracting spinless
fermions with a discrete one-particle energy spectrum. The
many-body wave function W(xy, ...,xy) is the Slater deter-
minant built with the one-particle eigenstates, i.e.,

1
SXN) = ﬁ
where the normalized wave functions ¢ (x) are the occupied
single-particle energy levels. The ground state Wo(x, ..., xy)

is obtained by filling the lowest N energy levels. The ground-
state two-point correlation function is

Wixy, .. det[ (x,)], 2

N
Clx,y) = (' @)e) =) ¢ X)), 3)
k=1
where c(x) is the fermionic annihilation operator and the one-
particle eigenfunctions ¢y (x) are ordered according to their
energies. The Wick theorem makes it possible to write the
reduced density matrix of a spatial subsystem A as [22]

PA O EXP [— / d)’ld)’ZCT(YI)H()’I»)’Z)C()’Z)]s 4)
A

where H = In[(1 — C)/C] and the normalization constant is
fixed by requiring Trp, = 1.

It is useful to define the correlation matrix restricted to the
subsystem A,

Calx,y) = Iy(x)C(x, y)Ia(y), (&)
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with 74(x) being the characteristic function of the subsystem;
ie.,

neo=lo 1ok ®

A related quantity is the overlap matrix of the subsystem A
defined as [23,24]

A :/dz¢;(z)¢m(z), nm=1,....N. (1)
A

As shown in Refs. [23,24], the overlap matrix and the restricted
correlation matrix have the same spectrum although they act
on different spaces. Using the quadratic form of the reduced
density matrix (4), the Rényi entanglement entropies can be
written in terms of the overlap or correlation matrices as

Sq = 1 ! Trin[A7 + (1 — A)7], ®)

-9

1
qul

_qTrln [Ch+ 1 —Ca)]. )

In terms of the eigenvalues a;, common to the overlap and
reduced correlation matrices, the entanglement entropy is

1
l—gq

N
Sq = Zeq(a,-), eq(x) = In[x? + (1 —x)?]. (10)
i=1

At this point there are two possible roads for a numerical
evaluation of the entropy. The first possibility is to explicitly
construct the overlap matrix, find its eigenvalues numerically,
and from them compute S,. This numerical approach has been
effectively applied for the determination of the entanglement
entropy of Fermi gases in many equilibrium [21,23-29] and
nonequilibrium situations [29-32], as well as to the related
statistics of particle number in the subsystem [19,20,33-37]
(we mention that the entanglement entropies of trapped lattice
gases were numerically studied in [38]). A second possibility
is to extract the spectrum from the reduced correlation
matrix. While at first this can sound awkward, because we
should work with a continuous kernel, some very effective
discretizations have been developed [39], which allow a
much faster computation of the entropies especially when the
integrals defining the elements of the overlap matrix (7) cannot
be analytically performed. In Fig. 1 we report the numerically
evaluated entanglement entropy S; for the model studied in this
paper which is a Fermi gas trapped in a harmonic potential.
We only consider the case in which the subsystem is the
symmetric interval A = [—£,£]. We calculated the spectrum
of C4 by using the Gauss-Legendre discretization proposed
in Ref. [39]. We found that in order to achieve a precision
of about 1078 on the entropy, the discretized matrix should
have a dimension growing linearly in N, which is the same as
the overlap matrix, but its elements must not be calculated
by numerical integration. The main reason for this high
efficiency is that convergence is exponential in the number
of steps on Gauss-Legendre discretization [39]. We checked
for several values of N that the spectrum of the reduced
correlation matrix obtained in this way is the same as the
one of the overlap matrix, but its numerical determination
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FIG. 1. (Color online) Entanglement entropy S; for a Fermi gas
with N particles trapped in a harmonic potential. We consider the
bipartition in which the subsystem A is the interval A = [—£,¢].
We report the entanglement entropy as function of ¢ = £/+/N for
different values of N. The reported data are obtained from an
ingenious discretization of Eq. (9).

is much faster. Obviously, every time the overlap matrix
is analytically evaluable (as, e.g., in the cases considered
in [24]), there is no advantage in this procedure and the overlap
matrix method remains favorable. We mention that the results
reported in Fig. 1 are equivalent to those already reported in
Ref. [21].

A. The connection with random matrix theory

The connection with random matrix theory [19,20] starts
from the definition of the characteristic polynomial of A (or
Ca),

N
DA(,\)zl_[(x—a,-):det[m—A], (11)

i=1

which is a standard tool in the analytic calculation of the
entanglement entropy [8,10]. This characteristic polynomial
D4()) can be straightforwardly written as a random matrix
average. Indeed, by definition we have [using the completeness
of the eigenfunctions ¢,,(z) on the full line]

D4 (L) = det [/\ / Az, (2)pm(z) — fA dzcb;f(z)dm(z)}

— det { / dz[n — 1A<z)]¢:<z>¢m(z>} RENGTS

o0

At this point we can use the Cauchy-Binet identity,
N
[ dx-dy dett st [ T )
i=1

= N!det |:/ dxh(x)f,-(x)gj(x)i| , (13)
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to rewrite D4()) as

1
Dy(2) = N f dxy - - - dxy det[@; (x;)] det[¢x (x7)]

N
x i = 14

i=1

N
=/ dxy - dxy | Wo(xy, . xw)P [ 14 = Lax)),

i=1

(14)

where we recognized Wo(xi,...,xy) = det[¢k(x,,)]/\/m.
Thus, every time |Wo(xq, ... )2 corresponds to a random
matrix average (-)rm, When the x; are related to eigenvalues of
a random matrix (see below), the above equation is equivalent
to

N
Ds(\) = <]‘[[x — 1A<xi>]> : (15)
RM

i=1

We list and analyze in the following a number of interesting
random matrix averages for one-dimensional Fermi gases, but
first we proceed to further simplifications and interpretation of
the above average. We also remove the subscript RM from the
averages.

To this aim, let us introduce the operator counting particle
number in the subsystem A [here 7i(x) = cf(x)c(x) is the
particle density],

N
Na=) Ia(xi) = f A(x)dx, (16)
i=1 A

and its generating function

N
x(s) = (e7*N) = <1_[ e—S’A<Xf>>. (17)
i=1

[Often x(is) is called generating function, but this is not
important for what follows.] Since

Csli(x e’ x€eA,
e IA():{I X¢A (18)

we have
efsjA(x) — e*SIA(x) + [1 — IA(.X)] = 1 — (1 — eis)IA(x)y
(19)

and then

N
X(s) = <H[1 (- e—S)1A<x,-)]>

i=1

—s\N al 1
=(1—-e) [(1 — e‘") - IA(xi)i| . (20
i=1

A= S e =, 1)

Setting

PHYSICAL REVIEW A 91, 012303 (2015)

A—l)NA> 1 <N >
L = (A —1a(x)) ). (22)
(57) )50

Thus, plugging the above equation into Eq. (15), we have

Na
Do) =Ny <e—s =1- %) = ,\N<<¥> > (23)

This is a very compact expression for the characteristic
polynomial valid for arbitrary number of particles N and
arbitrary random matrix average. Although it appeared (in
a more or less explicit form) a few times in the literature, its
general validity has not been appreciated enough.

In order to calculate the entropies, let us introduce the
resolvent

we have

N
1 1
F\) = =T , 24
@ ;A—ai AI—A (24)
which is related to D4 () as
D, (\) d
FO)="2""= —InDs(h). 25
(*) DY) b a(A) (25)

Using Eq. (23) for D4(A) we have after simple algebra
NI ) i
F AT -

Given that the entropies are given by Eq. (10), we immediately
have

F) = (26)

S, = d* A F(A 27
q—/cﬁeq()m, @)

where the contour C in the complex A plane goes counter-
clockwise over the rectangle: [0,1] x [—€,€], as shown in
Fig. 2, with ¢ — 0% eventually. Note that the function e, (1)
has branch cuts for Re(A) < 0and Re(}) > 1 (thisisequivalent
to the analogous formulas for spin chains [8,10]). Substituting
the definition of F(A) from Eq. (24) on the right-hand side

A plane

FIG. 2. (Color online) The rectangular counterclockwise contour
C in the complex A plane encloses the poles at a;’s shown by dots.
The left vertical line of C is to right of A = 0 and the right vertical
line is to the left of A = 1.
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of Eq. (27) and calculating the residues around the poles
0 < a; < 1, gives this result immediately.

Plugging the expression of F(A) from Eq. (26) into Eq. (27),
one arrives at a rather compact exact expression for the entropy,
valid for all N,

S, ! ! / A In[A9 4+ (1 — A)7]
= —_— — n f—
T A —gq) 2mi Je MA—1)
N
(Na(1=35)")
PRSI
(=2
The term N /A in Eq. (25) does not contribute to the entropy S,
because, inside the integration contour, it provides an analytic
function with zero residue. By writing further, 1 — 1 /A = e~*,
one can write a slightly more compact expression for the ratio

Ny
(Na(1=5)™) 3 :
L= — —Tn[(e™V)]. 29
oDy = e (29)
x
Finally, these expressions allow us to derive the asymptotic
large N density of eigenvalues p(a) of the overlap matrix (or

reduced correlation matrix) which is defined by the implicit
relation

(28)

N f da LY _ ), (30)
A—a
leading to
1
p(a) = —— lim ImF(a + i€). 31D
T e—>0t

We discuss explicitly the density of eigenvalues p(a) for a
trapped Fermi gas in the Appendix.

B. Gaussian distribution

An immediate consequence of the exact formula in Eq. (28)
is the well-known relation [33,40-43] between the variance of
N4 and entropies in the case the random variable Ny is a pure
Gaussian with mean (N4) and variance Vy,, i.e.,

NAZ(NA>+VVNAN(O91)7 (32)

where N(0,1) is a standard normal Gaussian variable with zero
mean and unit variance. Indeed, using the Gaussian property
of M(0,1), it follows immediately that

(e_SNA> — e’ <NA>+% VNA‘ (33)

Taking logarithm and deriving with respect to s as in Eq. (29)
we obtain

(Va1 = 5)™)
(="

Plugging this expression in Eq. (28) gives

= (N4)+ Vy, In (1 - %) (34)

S, = ! L/d—kln[)ﬂ—i—(l—k)q]
T A —¢q) 2mi Je MA—1)

x [<NA> + Vy, In <1 - %)} (35)

The contour integral with the constant term (N,) vanishes
since the integrand in analytic inside the contour (which does
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not include the poles at A = 0 and A = 1). This leaves us with
§ — Vn, 1 / di
T A=) 2mi Je i —=1)

x In[A? + (1 — A)7] In <l — %) (36)

which is an exact expression for entropy when N4 is a pure
Gaussian. The contour integral in Eq. (36) can be performed
exactly in the limite — 0. The contributions from the vertical
portions vanish as € — 0% and the contributions from the
horizontal portions gives a real integral over A € [0,1] as
follows:

P /1 dx
ol —q) Jo x(x=1)

x In[x? + (1 —x)"]Im|:ln <1 — ! - )j| .
X +ie e—0t

(37)
Using Im[In(1 — )ﬁ)]gﬁm = 1 then gives the final result for
the entropy, given that N, is a pure Gaussian,
Vy /‘ dx
S, = — A In[x? + (1 — x)7]
- Jo xx—1
w2 1
= — — | Vn,. 38
o < + q) Na (38)

Although this relation between entropy and fluctuations is well
known in the literature [33,43], we find the above derivation
very instructive from the random matrix point of view.

C. Examples of random matrix ensembles and corresponding
fermionic systems

For a Fermi gas in aring of length L with periodic boundary
conditions, the normalized one-particle wave functions are
plane waves ¢y(x) = 2 */L/\/I and the corresponding
many-body wave function W, gives the circular unitary
ensemble (CUE). This random matrix ensemble has been
already studied in the context of the entanglement entropy
of spin chains [10,18] and the these results have been exported
to the Fermi gas in [25]. In the case when A is an interval of
length £ embedded in a finite system of length L, the leading
and subleading behavior for the entropy has been obtained
in [25]. The asymptotic large N behavior of the entropies for
fixed ratio £/L and at finite density n = N /L (obtained by
means of the Fisher-Hartwig conjecture) is [23,25]

1 1 L
S,=-(1+—-)In(2Nsinxr— )+ E N%, 39
4 6< ~|—q)n( san)—l— ¢ +o(NY), (39)

and the constant E, is given by [8]

T /Oodt 1
“ q)Jo t[1-q2

1 e~

1 1
X - - = . -
(q sinht/q s1nht> sinh ¢ 6
Random matrix techniques are instead a needed tool to access
some of the corrections to the above leading behavior; see

] . (40)
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Ref. [10]. More general results for the case when A is
composed of disjoint intervals are also known [25].

It is important to mention that the functional dependence
of the entanglement entropy (39) over £ and L is a general
prediction of conformal field theory [6,45]. Indeed, from the
well-known infinite system result

S, ! 1 ! In¢ + E 41

=g mer 5 “v
one obtains Eq. (39) with the replacement { — N sinw{/L,
as a consequence of the mapping from the plane to a cylinder
of circumference L [6]. This simple result is indeed valid for a
general correlation function of primary operators (in conformal
field theory the entanglement entropies for integer g are
correlation functions of the so-called twist fields [45,46]). This
is a very powerful prediction for the finite size-scaling function
of the entanglement entropy for homogeneous systems whose
analog in the presence of a harmonic potential will be
calculated in the following section.

For a gas of spinless fermions confined in the interval
[0, L] by a hard-wall potential, the one-particle wave functions

are ¢p(x) =
random matrix ensemble is OT(2N) symmetric [18], but
the consequences of this correspondence have not been
studied in great detail yet. The asymptotic large N behavior
of the entanglement entropy has been obtained by using
a generalization of the Fisher-Hartwig conjecture (for spin
chains in [11] and for Fermi gases in [25]). For the Fermi gas
this asymptotic result reads

%sin[nk%]. In this case the corresponding

5, =1 1+1 In (4N sin 7 & 4By (N9, (42)
= — — ] 1In sinmw — — ,
T\ Ty L) 27"

where E, is the same constant in Eq. (40). Also in this
case, the system being homogeneous, the finite-size scaling
function can be entirely obtained from boundary conformal
field theory [6,45].

III. ENTANGLEMENT ENTROPY FOR A QUADRATIC
TRAPPING POTENTIAL

Let us now consider free fermions in an external harmonic
potential (trap)

V(x) = imo’x*. (43)

For simplicity in the following, we set i = m = w = 1. The
dependence over the trap frequency w can easily be restored
using trap size-scaling arguments [44]. The single-particle
wave functions are

_ Hn—l(x)
¢n(x) - \/me

where H,(x) are the Hermite polynomials. The many-body
ground-state wave function is

—x2)2

n=1,...N, (44)

—1 _yN o2
Wo(xr, .. oxn) = Zy' [ [ — xppe™ =572, (45)
i<j
with Zy anormalization constant. Note that [Wo(x1, ... ,xy)|?

can be interpreted as the joint distribution of N real eigen-
values (xp, ...,xy) drawn from the famous Gaussian unitary
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ensemble (GUE) [47]. Using Christoffel-Darboux formula, the
two-point function (3) is

N2 ¢y 1 ()N () — dn(X)Pn+1(Y)
V2 X =y ’
which is the well-known GUE kernel.

The generating function for the particle number can be read
from Eqgs. (11) and (23) and it is

x(s) = (e*N1) = det[I + (¢™* — DA],

C(x,y) = (46)

(47)

which, expanded to O(s?), yields the particle variance for an
arbitrary subsystem A,

VNA :/dxC(x,x)—/dx/d)’|c(x’y)|2s (48)
A A A

which is Vi, = Tr[Cx — C3] = Tr[A — A?].

For the harmonic potential, the entanglement entropy has
been studied numerically in [20,21] for several bipartition of
the systems. The particle-number variance has been studied
numerically in the above papers, but in the case when A is
a symmetric interval with respect to the center of the trap
of length 2¢, i.e., A = [—¢,£], random matrix theory allowed
for a full large N asymptotic analytical prediction for arbitrary
value of £. Three different scaling regimes have been identified,
which are [19]

FI[NeQ2 = ¢, V2 ¢~ 0,
WIV2ZNYA (& = V2)1, £ =V2~O0(NTH), (49)
exp[—2N¢(0)], ¢ =2~ 0@,
where we introduced ¢ = £/ VN (notice that, in random matrix

literature, lengths are always normalized to +/N as, e.g., in
Ref. [19]) and the functions

VNA ~

Va(s) = 2/ K ai(x,x) — 2/ dfdy|KAi(x,Y)|2,
s [s,00]

(50)
2_9 _ 2_»
#0) = V= ij ,
where Kaj(x,y) is the Airy kernel,
Kair,y) = Ai(x)AT'(y) — Ai(y)Ai (X). 51)

X=Y

We mention that while the scaling behavior of the variance in
the intermediate edge regime in Eq. (49) was well known [48]
(see also [20]), the full scaling function Va(s) (and, in
particular, its asymptotic behaviors for both negative and
positive arguments) was computed explicitly only recently
in [19].

In the following we generalize the findings of Ref. [19]
to the entanglement entropy of a bipartite system in the case
when A is a symmetric interval around the center of the trap.

A. Bulk regime: ¢ ~1/N « 1

We first consider the so-called bulk regime when ¢ ~
1/N < 1,i.e., when the box size scales as the typical distance
between eigenvalues of GUE in the bulk, i.e., far away from
the edges ¢ = V2 of the semicircle. It is called bulk regime

012303-5



CALABRESE, LE DOUSSAL, AND MAJUMDAR

because the condition ¢ < 1 ensures that the gas is almost
homogeneous on these length scales.

In this regime, when N — oo, { — 0 but keeping the
product

2V2N¢
=

T

(52)

fixed, it has been proved [48-51] that the random variable
Ny is indeed a pure Gaussian with mean (N4) ~ z and the
variance

VNA ~ V(Z), (53)

where the scaling function V(z) for all z was first computed
by Dyson and Mehta [52] and is given by (see, e.g.,
Appendix A.38 in Mehta’s book [47])

< sin(7r) 2
V@=z—-2| dr(z—r) . (54)
0 nr
This function has the asymptotics
1
V(i) — z— 522 +0(%), as z—0,
1 1
= Lmerg+ 85 4 04/, sz oo,
T bid
(55

where yp = 0.577215... is the Euler constant. Thus, in
this range when z > 1, or equivalently 1/N < ¢ < 1, the
variance behaves as

1
V= In2v2 N¢) + Cpm + 0(1/2), (56)

where the constant Cpy is known as the Dyson-Mehta constant
(see A.38 in the book [47]) and is given by

(14 ye+1n2)

" =0.230036... (57)

Com =

At this point, one would be tempted to use the fact that,

in this bulk limit, N4 is a pure Gaussian and, hence, Eq. (38)

should be valid. We anticipate that this is not the case, but

before let us see what the prediction for the entropy under this

assumption would be. In this case also S, becomes a function
of the single scaling variable z [cf. Eq. (52)] given by

9 7T2 1

Sq = 3 1+ 5 V(2), (58)

with V(z) given in Eq. (54) for all z. In particular, for large

z, i.e.,, when ¢ > 1/N but still ¢ < 1, using the large z

asymptotics of V(z) in Eq. (56), one would get

) 1 1
Sg=¢ (1 + 5) INQRV2NO) +Cy4--+, (59
where the constant Cy is
c.=Z(1+N\e (60)
qg — 6 q DM-

Notice the very simple dependence on ¢ of this constant
compared with the fairly more complicated one in the case
of homogeneous systems [cf. Eq. (40)].
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The reasoning above has an obvious flaw. Indeed, even if
in the bulk regime the distribution of N4 becomes Gaussian,
by no means does this imply that the full entropy is given by
Eq. (59): The leading termin N of the entropy is clearly correct,
but non-Gaussian corrections to the distribution of N4, when
integrated to calculate the entropy in Eq. (28), can give rise
to terms of the order O(N?), which add up to C, in Eq. (59).
Indeed, these higher cumulants of N4 have been calculated
for a homogenous Fermi gas in [33] and their general relation
with the entropies have been studied in Refs. [33,41-43].

However, the subleading O(N°) term can be obtained by
a general physical requirement. Indeed, close to the center
of the trap, the system is almost homogeneous with density
n(0) = N'/2/2/m . Thus, we expect the entanglement entropy
to have the same value as a uniform system [cf. Eq. (39)], which
for small £ is

so= 1+ N m(2Yne) £, + 61)
= = — | in —7
q 6 q L q

Replacing now the density N/L with n(0) = N'/2y/2/x, we
have the prediction

1 1
S, = —(1 + —> InQ2V2N'20) + E, 4 - -, (62)
6 q

which has the same leading term as Eq. (59), but presents
a different additive constant. The two values C, and E, are
indeed relatively close; for example, at ¢ = 1 they are C| =
0.756788 ... and E; = 0.726067 . ...

In order to confirm the correctness of the previous reason-
ing, we compute numerically the entanglement entropy in this
bulk regime. In Fig. 3 we report the result for ¢ = 1 (but we
checked also for other values of g). It is evident that the data
in this regime converges quickly (increasing N) to Eq. (62).
It is also clear that changing the constant term from E; to C,
moves the curve up of about 0.03, which is a very visible shift
on the vertical scale, as shown explicitly in Fig. 3.

1 7E o N=30 -
" —©— N=50
16~ N=70
I —o— N=90
15F Asymptotics
S11.4E
1.3}
1.2
1.1
1'i 1 | | N N I N N AN A A |
1 2 ; 4 8
eN”

FIG. 3. (Color online) Numerical evaluation of the entanglement
entropy S, from the discretization of Eq. (9) for several values of N
and £ in the bulk regime £ < +/N. By increasing N the data approach
the asymptotic prediction (62) in a nonmonotonic way. The dotted
line is Eq. (5§9), in which the additive constant has not been fixed to
its correct value.
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While the prediction in this bulk regime has been obtained
on the sole basis of a scaling argument, this will not be the case
for the intermediate regime described in the following section.
However, having established the correct scaling behavior of
the entanglement entropy in this regime, where the final result
was known a priori, will be a very useful guide in the following
section.

B. Intermediate regime: £ ~ O(1) < +/2 — O(N*?)

The question we answer in this section is what happens
when one relaxes the upper limit { < 1, to ¢ ~ O(1) <
V2 — O(N?P), ie., still far from the edge-scaling regime.
In this regime, the full large deviation function associated with
the distribution of N4 was computed recently in [19] using a
Coulomb gas method. From this large deviation function, the
variance of N4 can then be read off and it was found to be a
function of the single scaling variable [19]

A=N¢Q2-¢32 (63)

The regime ¢ ~ O(1) < V2 - O(N??) translates into the
regime A 3> 1 and it was shown recently [19] that the variance
Vi, of N4 behaves as

Vn, = % In(A) + Cpm + O(1/A). (64)
While the leading term was found analytically in Ref. [19],
the subleading constant Cpy; was found, by fitting numerical
data, to be the same as the Dyson-Mehta constant in Eq. (57);
see also [21]. Note that, in the limit { <« V2, using Eq. (63),
the result in Eq. (64) reduces precisely to the bulk result in
Eq. (56), as it should.

The question is as follows: Can we use this result for the
variance to compute the entropy S,? The main point is that
the distribution of N4 may no longer be a pure Gaussian
and the entropy may have non-Gaussian corrections. Had the
distribution been purely Gaussian with variance Vy, given in
Eq. (64), we could use Eq. (38) to obtain the prediction

S ——? —1 1+ —1 In[N¢(2 — 2y3/2 +C, + 65
q 6 q 5
[ é‘( C ) ] ttt ( )

where the constant C, is given in Eq. (60). The prediction
in Eq. (65) is valid assuming N4 is purely Gaussian with
variance Vy, given in Eq. (64). However, the distribution of
N, in this intermediate regime is not purely Gaussian and
there are logarithmic corrections [19]. While these logarithmic
corrections do not modify the leading term on the right-hand
side of Eq. (65), they are expected to modify the subleading
¢-independent constant term C, (as in the bulk regime).
However, we can fix the constant term by requiring that, for
small ¢, Eq. (65) reduces to the bulk one (62), obtaining

S, = %(1 + é) In[N ¢(2 — 3?1+ E, + o(N°). (66)
This new prediction is one of the main results of this paper.
Equation (66) is indeed an expansion for A >> 1 of the scaling
function for the entropy, in which A has been replaced with
its actual value (63).

In Ref. [21], on the basis of the numerical data, it was
conjectured that the Rényi entanglement entropies could have
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FIG. 4. (Color online) Subtracted von Neumann entanglement
entropy AS; = S, — (In N)/3 as function of ¢ = £/+/N for several
values of N up to N = 160. By increasing N the data approach
the asymptotic curve (66) in a nonuniform way as function of ¢. The
dashed line is the conjecture in Eq. (67), which is very close to the
actual asymptotic curve everywhere except close to the edge.

been described by the asymptotic form

st (14 D (N an ) e+ oD
q q T \/E q

The two scaling curves are indeed very close to each other, but
the numerical data for ¢ = 1 fit slightly better the random
matrix prediction (66) compared to the above conjecture
(which, however, is very accurate; see Fig. 4). In Figs. 4 and 5
we report (for ¢ = 1 and g = 2) the subtracted entropy
1 1

ASq:S’f_E 1+; InN, (68)

which, in the limit of large N, is a scaling function of

¢ =£/+/N. Increasing N, the numerical data approach the
random matrix prediction (66). For g = 1 the agreement is

[ o N=60 o
05 o N=100
A N=160
Asymptotics
-1rF O
- o
Aannand|
P | PN BT R | I 1 | I | IR
0 0.2 0.4 0.6 0.8 1 1.2 14

FIG. 5. (Color online) Subtracted second-order Rényi entropy
AS, = S, — (InN)/4 as function of ¢ = £/+/N for several values
of N up to N = 160. The nonuniform approach to the asymptotic
result (66) is more evident than in the case ¢ = 1.
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very clear, while for ¢ = 2 there are oscillating corrections
to this asymptotic form (especially close to the edge), which
make the distinction between Eq. (66) and the conjecture (67)
impossible. As noticed already in Ref. [21] the approach
to the asymptotic result is nonuniform and gets very bad
close to the edge, but, as we show in the next section,
following Refs. [19,20], this apparently strange behavior can
be understood in terms of the different scaling at the edge.

We have been also trying to describe, at least phenomeno-
logically, the corrections to the asymptotic scaling behavior
in the regime with A > 1 by subtracting from the numerical
data the asymptotic prediction (66). However, as it should be
already clear from Fig. 5 with g = 2, at least two different
kinds of corrections affect the data. The first is present also
for small ¢ in the form of small oscillations around the
asymptotic value. This is reminiscent of the nowadays well-
understood “unusual corrections” to the scaling [9,10,53-55],
which have been discussed in many different situations in
homogeneous systems in which case they scale like N ~2/¢ (for
periodic systems). The second corrections instead originate
from the edge £ ~ +/2N and its form is derived in the next
section. However, in the intermediate regime with ¢ ~ O(1), a
quantitative description of the corrections to the scaling eludes
our understanding because the two effects are mixed up even
for large, but finite, N.

C. Edge regime

Close to the edge and in the limit of large N, the GUE
kernel (46) tends to the Airy kernel [cf. Eq. (51)] in terms of
the scaling variable [56,57],

s = V2N?3 (@ = V2). (69)

Since we are considering a symmetric interval with respect to
the center of the trap, there are two edges which contribute
identically to the entanglement entropy. Thus, the large N
limit in the edge-scaling regime is simply the limit of Eq. (9),
i.e. [58],

2
Sg:l—q

Trln[(PxKAiPx)q + (1 - PXKAiP.v)q]s (70)

where P is the projector on the interval [s,00]. This expression
can be readily calculated from the spectrum of the opera-
tor PsK ;i Py, obtained by a proper discretization following
Ref. [39] (this procedure has been already applied for g = 1
in Ref. [20]). In Fig. 6 we report the obtained exact scaling
curve for S, as a function of s and for various values of g.
It is evident that the scaling curves present oscillations whose
amplitude grows with increasing ¢. This behavior explains
why in the intermediate regime, the data for S; in Fig. 4 are
much better described by the asymptotic curve than the data for
S, in Fig. 5. The behavior of the amplitude of the oscillations
is reminiscent of the one of the unusual corrections to the
scaling [9,10,25], but, their origin being different, if there
is any connection between the two is still to be understood.
Furthermore a similar behavior has been observed also close
to the boundary of a hard-wall trap [25], but in that case the
theory of soft edge does not apply and the calculation of the
asymptotic curve needs different methods.
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FIG. 6. (Color online) Universal scaling of the Rényi entangle-
ment entropy (always for A = [—£,£] in a trapped gas) close to the
edge. We report the asymptotic curves in Eq. (70) as function of the
scaling variable s in Eq. (69) for different values of g. We only report
the numerical data for N = 160 and g = 2.

Finally, we also checked that in the edge regime the
numerical data approach the asymptotic result. This was
already discussed in Ref. [20] for ¢ = 1. Thus, in Fig. 6 we
limit to reporting a few data for ¢ =2 and N = 160. The
agreement between the numerics and the prediction (70) is
very good already for N = 160. We checked also other values
of g, but we do not report them in order to have a readable
figure.

D. Beyond the edge

There is clearly a third regime for ¢ > /2, in which the
leading order of the entropy S, vanishes for large N. Thus, S,
is exponentially small. For the sake of completeness, in this
section we report the calculation the entropy in this regime.

In order to compute the leading correction we again start
from Eq. (23). When N4 = N, i.e., all particles are inside
the interval [—¢, +¢], we have D4(A) = (A — 1)V and hence
p(a) = 8(a — 1). Consequently, the entropy is zero. The first
elementary excitation has Ny = N — 1, which corresponds to
pulling one fermion outside the Wigner sea (on either side).
The probability of this event is given by [59]

p~ e N0, (71)

where ¢(¢) is also the (right) large deviation function [60]
associated with the largest eigenvalue of the GUE random
matrix given in Eq. (50). Note that as { — V2 from above,
i.e., entering the small deviation (edge) regime, this function
vanishes as ¢(¢) = %({ — V/2)*2; hence, in this regime p ~

e~ where s is given in Eq. (69).

Since p « 1 in the regime ¢ > 2, one has
Prob(Ns) ~ pdn,n—1 + (1 — p)én,.N» (72)
which, using Eq. (23),leads to D4(A) = (A — DV 1[A — (1 —
p)] and, hence,

1 1
pla) ~ (1 - N)S(a -D+ Nﬁ[a -(d=-pIl (73
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We thus obtain the entropy to leading order in small p,

N 1
Sg = —— daln[a? + (1 — a)]p(a)
1—q Jo
~ In[(1 — p)? + p?] ~ In(1 — gp + p9).
—q l—gq
(74)
For fixed ¢ > 1 this is
q
S, ~ ——p, 75
q q— 1p (75)
but, on the other hand, for ¢ = 1, this reduces to
Sy >~ —plnp. (76)

There exists a scaling function interpolating between the two
limits. Taking the limits ¢ — 1 — 0 and p — 0, keeping the
product y = —(g — 1) In p fixed, one has

1—e™

S;(p) = (=plnp)f(y), f@)=—f;—n (77)

Therefore, for any g > 1 the entropy S, is exponentially small
in N when ¢ > +/2.

We can arrive at the same conclusion also starting from
Eq. (70), which describes the behavior of the entropy in the
small deviation regime from the edge. In the region ¢ > /2
and N large, the edge-scaling variable s = v2N?*3(¢ — +/2)
becomes large. Hence, the operator

K(x,y) = [Py Kai P(x,)

+00
= 9(x)9(y)/ dvAi(x +v +s) Ai(y + v+ 9),
0

(78)
becomes uniformly small since Ai(x) ~ e 3" for large
positive x. Hence, we can expand Eq. (70) as

2 _
Sq = 7 Trin(l —gK + K9). 79)
For fixed ¢ > 1 and large s we obtain
2 . 3
S, = —LTrR ~ —L— A(s)e=3", (80)
1—¢g 1—gq

where A(s) is an unimportant prefactor which can easily
be calculated from the Airy function asymptotics. Thus, it
matches the result (75) obtained from the large deviation side.
For ¢ = 1 one instead obtains

S~ —2TrKInKk, (81)

which corresponds to Eq. (76).

In conclusion, both in the large deviation regime (¢ > V2),
as well as in the tail of the small deviation regime (s < 1), the
entropy is exponentially small for large N. Here we limited to
compute the leading nonvanishing term, but a systematic large
s expansion can, in principle, be performed from Eq. (70).

IV. CONCLUSIONS

In this paper we exploited and clarified the connection
between entanglement entropy and random matrix theory for
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systems of free fermions. Such a connection has been already
(more or less explicitly) pointed out in the literature [18-20],
but in this paper we push to the level to have a complete
analytic description of the entanglement entropy in the ground
state of a free Fermi gas trapped by a harmonic potential.
The main analytical results of this paper can be summarized
by Egs. (66), (70), and (77). Indeed, Eq. (66) provides the
asymptotic behavior of the entropy in the scaling regime with
¢/+/N of order 1, but far enough from the edge (a problem
which was numerically studied in Ref. [21]). Instead, Eq. (70)
is the asymptotic behavior of the entropy in the edge - regime.
Furthermore, an interesting by-product of this work is that the
entanglement entropy for finite number of particles (in some
circumstances like the case of a trapped gas) can be more
effectively calculated by ingeniously discretizing the reduced
correlation matrix (as described in Ref. [39]) than by using the
overlap matrix.

We conclude by mentioning some possible extensions of
this work which deserve further investigation. It would be
interesting to understand whether random matrix theory could
provide quantitative predictions not only for the ground state
of a trapped Fermi gas, but also for excited states that in
the homogeneous case present many interesting and universal
features [61-63]. Whether the present approach can be gen-
eralized to the entanglement entropy of free bosonic systems,
such as the harmonic chain (see, e.g., [64]), is also a relevant
open question. Finally, generalizations to other entanglement
estimators such as entanglement negativity [65], entanglement
contour [66], or Shannon mutual information [67] are also
waiting for an analytical description.
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APPENDIX: THE DISTRIBUTION OF EIGENVALUES
OF THE OVERLAP MATRIX

In this appendix, we report a technical by-product of this
paper, which is the distribution of eigenvalues of the overlap
matrix (which is the same as the one of the reduced correlation
matrix) for a trapped Fermi gas in the intermediate regime
[¢ ~ O(1), but far from the edge]. At the leading order in N,
for the interval A = [—£,£], assuming the distribution of N4
Gaussian, we have immediately

1\ M
pawr={(-2) )

_:2)3/2
N p(Na) In(1— )+ PECET (1 )
=X )

(AL)
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so that the resolvent function (25) is

Foy="Y
()_7+,\(A—1)

(Na4) In[N¢ Q2 — %)% ( 1)
> In{l1—--—).
w?A(A —1) A

(A2)

The resulting distribution of eigenvalues p(a), at the leading
order in N, can be extracted from Eq. (31), giving

1
p(a) = —— lim ImF(a +i€)
T €e—>0t

- (1 _ <NA)>8(a)+ <NA)8(a 1

N N
N In[N¢Q2—¢3)¥?] 1

Nr? a(l —a)’ (A3)
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This distribution reproduces the correct leading order of the
entropy. Indeed, by using

l—qoa(l—a)na+ - +q’

(A4)
we obtain
S, = —— [ dap(a)In[a? + (1 — a)?]
l—¢q
£23/27 .2
_ IniNe@ —gh ]n_<1+1>, AS)
s 6 q

which coincides with the leading order of Eq. (66). Note that
the third term in (A3) actually is nonintegrable near a = 0 and
a = 1; however, when the entropy is evaluated in Eq. (AYS), it
gives a finite contribution.
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