PHYSICAL REVIEW LETTERS 136, 087102 (2026)

Quantum Transport in Interacting Spin Chains:
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We theoretically study quantum spin transport in a one-dimensional folded XXZ model with an
alternating domain-wall initial state via the Bethe ansatz technique, exactly demonstrating that a probability
distribution of finding a leftmost up spin with an appropriate scaling variable converges to the Tracy-
Widom distribution for the Gaussian unitary ensemble (GUE), which is a universal distribution for the
largest eigenvalue of GUE under a soft-edge scaling limit. Our finding presented here offers a first exact
derivation of the GUE Tracy-Widom distribution in the dynamics of the interacting quantum model not
being mapped to noninteracting fermions via the Jordan-Wigner transformation. On the basis of the exact
solution of the folded XXZ model and our numerical analysis of the XXZ model, we discuss a universal
behavior for the probability of finding the leftmost up spin in the XXZ model.
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Introduction—Transport of a physical quantity is ubiqui-
tous both for classical and quantum systems, having played
pivotal roles in deepening our understanding of many-body
dynamics over decades [1-4]. One of the notable achieve-
ments in classical transport is the establishment of the
celebrated Kardar-Parisi-Zhang (KPZ) universality [5-9],
which was originally developed in classical statistical
mechanics for growing surface physics [10] and transport
of stochastic processes [11,12]. When a stochastic system
belongs to the KPZ universality, the integrated particle current
is universally characterized by the Tracy-Widom distribution
of random matrix theory, which is a universal distribution for
the largest eigenvalue of random matrices [13—-16]. Recently,
such universal transport featuring random matrix theory and
the KPZ universality is intensively explored in quantum
regimes from theoretical [17-28] and experimental [29-31]
perspectives, having been recognized as an important
research subject in quantum many-body systems.

One of the intriguing exact results for quantum transport
featuring random matrix theory is the emergence of the
Tracy-Widom distribution in a one-dimensional XX model
being equivalent to noninteracting fermions [32,33]. The
previous works of Refs. [32,33] consider quantum spin
transport starting from a domain-wall state, uncovering that
a probability P(x, ) for the farthest up spin at site x
and time ¢ obeys the Gaussian unitary ensemble (GUE)
Tracy-Widom distribution [13,15,16], which is the
universal distribution for the largest eigenvalue in the
GUE of random matrix theory. After this finding, several
numerical works [34,35] studied the impact of interactions
on the quantum dynamics using a one-dimensional XXZ
model, which is mapped into interacting fermions,
and then reported a signature for absence of the GUE
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Tracy-Widom behavior. On the other hand, Bulchandani
and Karrasch reported tendencies for the GUE Tracy-
Widom behavior [36]. On the mathematical side, Saenz
et al. conducted pioneering and laborious analysis for the
probability P(x,7) in the XXZ model via the Bethe ansatz
[37,38], proposing an important conjecture concerning a
scaling limit for P(x, ¢) [33]. However, exact derivation of
the GUE Tracy-Widom distribution in the XXZ model has
yet to be completed. Therefore, determining whether the
GUE Tracy-Widom behavior can survive in interacting
quantum many-body systems has been elusive.

In this Letter, we present a first example for exactly
deriving the GUE Tracy-Widom distribution in an interact-
ing quantum spin model on a one-dimensional lattice,
namely a folded XXZ model [39-44], which cannot be
mapped into noninteracting fermions via the Jordan-
Wigner transformation [45,46]. This theoretical model is
originally derived as an effective Hamiltonian for the XXZ
model with the large anisotropic interaction. Using the
folded XXZ model, we theoretically study quantum spin
transport starting from an alternating domain-wall state
where the up spin occupies half of the system every other
site as depicted in Fig. 1(a). We employ exact analysis
based on the Bethe ansatz [37,38], analytically showing
that the rescaled probability P(x,¢) of finding the leftmost
up spin at site x and time ¢ converges to a probability
density function for the GUE Tracy-Widom distribution
function F,(*) in the long-time limit. Figure 1(b) sche-
matically illustrates this result. Beyond the folded XXZ
model, we numerically investigate the XXZ model by the
time-evolving block decimation method (TEBD) [47-50],
discussing signatures for a universal behavior of P(x, ?) in
the XXZ model.

© 2026 American Physical Society
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(a) Initial state (b) Time-evolved state
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FIG. 1. Schematic illustration for the main result of this Letter.

The prime quantity of our interest is a probability P(x,t) of
finding a leftmost up spin at site x and time #, which is
emphasized by the yellow cell. (a) Initial spin configuration
and probability P(x, 0). The initial state is an alternating domain-
wall state, where the up spins occupy every other site in half of
the system (x > 2). By definition, we have P(x,0) =§,, [see
Egs. (2) and (3)]. (b) Time-evolved spin configuration and
probability P(x,t) at time ¢. After the unitary time evolution
with the folded XXZ model, the up spins are transported to the
left region (x < 2). In this Letter, we demonstrate that the rescaled
probability P(x, t) converges to a probability density function for
the GUE Tracy-Widom distribution function F,(*) [13,15,16] in
the long-time limit.

Setup—We consider an infinite lattice, sites of which are
labeled by Z, and denote spin-1/2 operators at site we Z
by X W ¥ w» and ZW in the x, y, and z directions, respectively.
These operators satisfy SU(2) commutation relations, e.g.,
[X,.Y,] =iZ,5,,, where we set the Dirac constant £ to be

unity. Under this setup, we consider the Hamiltonian of the
folded XXZ model [39-44], which is defined by

1+ 4Zx— 1 ZerZ

+?x?x+1) 2 . (1)

I:IfXXZ = Z()A(XXXJA

xXeZ

This is the effective Hamiltonian for the XXZ model with
the large anisotropic interaction A > 1. Here, the
Hamiltonian for the XXZ model is given by Hyyy =
Ser XX + V.Y +AZ,Z, ). We denote the
quantum state by |¢(7)) and assume that it obeys the
Schrodinger equation, id|¢(t))/dt = Hxxz|¢(t)). The ini-
tial state mainly used in this Letter is the alternating
domain-wall state defined by

N N
HR 2/0), 2)

with the vacuum |0) representlng a state that all the spins
are down, the raising operator R = X + 1Yx, and the total
number N of the up spins. Flgure 1(a) displays the
|

schematic illustration for this initial state. Since Hxxyz
conserves the total up spin, we can expand the quantum
state as  [P(1)) = Doy <y, Plxrs o xns D) |xr, X)),
where x;(j€{l,...,N}) is a lattice site occupied by an
up spin and ®(xi,...,xy,7) is the many-body wave
function in the basis |x, ..., xy) = [T\, R, [0).

The quantity of our interest is the probability P(x,t) of
finding the leftmost up spin at site x and time ¢, which is
defined by

=1 yn=l1

2

N
CI)(x,x+y2, X+ E yj,t)
=2

(3)

The corresponding complementary cumulative distribution
function F(x,¢) is defined by

) )

y=x

In what follows, we shall prove that F(x, 7) converges to the
GUE Tracy-Widom distribution function in the long-
time limit.

Determinantal formula of F(x, t) via the Bethe ansatz—
We shall derive a determinantal expression for F(x, 7) using
the Bethe ansatz [37,38] because the folded XXZ model is
Bethe-solvable [40-42].

We first derive an integral formula for @ (xy, ..., xy, t)
using the Bethe-ansatz method developed by Yudson
[51,52], Schiitz [53], and Tracy and Widom [54]. As
described in Sec. I of Supplemental Material (SM) [55],
we derive

D(xp,...,xy,t —/ deA

N
oILe e ()

¢ cESy j=1
with the set Sy for Nth permutations and the multiple
complex integral [ d&:= (2zi)™N [. d&, - [ d&y, and
E; = (&+ &) /2. The contour C, is a circle encircling the
origin in the complex plane and its radius r is strictly
smaller than unity. The coefficient A,(€) is defined by
A, (E) = H({r oed, S &5,), where A, is a set for
(6.01) such that (6, 6;) is an inversion in a given element
o of Sy. The scattering amplitude is given by S(&;, &) =
=/ &k [40-42].

We next calculate F(x, t) by using Eq. (5). By definition,
we get the expression of P(x, 1) as

a(é‘) (1)
P(x, 1) = dE
cESy yeSN/ / 1 - Hk j+1 éﬁki/]ﬂk j=1

5"]+1’7/4/+1 ] - x —2j—1,~it(E¢.~E, )
H §/’7/ e s ] (6)
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To derive this expression, we use the fact that
®(xy,...,xy, 1) vanishes if there exists a site label j such
that x; = x;,; + 1 is satisfied (see the derivation of this
property in Sec. I of SM [55]). To compute the summations
over ¢ and y in Eq. (6), we note the following identity
[33,57,58] related to the Izergin-Korepin determinant of the
six-vertex model [59-62]:

Sy BU(EgB]ﬂ ) [TY (&6, 10,0, )

cesyuesy Llj=1 (1- HkN:j-H Eollu,)

(=TT &) e (& + e — 288 my)
[T (1 + &6 = 2A8) (1 + njmy — 24n;)

DN(E’ '1),

(7)

where we define Dy (€, 7) := det (d(¢;, ”k))j,ke{l ..... ny With

d(&jom) = (1= &m)~" (& +m — 2A&m;)~". The func-
tion B,(§) is defined by B,(§) = [[(;)ca, Sxxz(&): &)
with the scattering amplitude Sxxz(&;, &) = —(1 + &;&; —
AE)/(1+ & — AE,) for the XXZ model [37,38]. We
can show lima_ o, B,(E) = A,(E). Thus, taking the limit
A — o in Eq. (7), we derive

N—1 N
6ESyHESY j=1 (1 - k=j+1§ak’/];4k)

N i—1 () \k=1
(&)~ ()
=(1-T]¢ )dt(f—) @
( e )< L=Sie /ey ®)

A(©A,m TS &y, )
D :

Plugging Eq. (8) into Eq. (6) and taking the summation
2, P(y,1), we get the following determinantal formula
of F(x,1):

F(x.1) = det (K(x, 1./, k) e

where K(x,t,j,k) is defined by K(x,1,j,k):=
— Jo dn [, dEE=i2pk2GHEED [(4x(1 — &), This
determinantal form of Eq. (9) is compatible with random
matrix theory for GUE because many formulas for GUE are
given by determinants [16,63].

Derivation of the GUE Tracy-Widom distribution—
Using Eq. (9), we shall show that F(x,r) converges to
the GUE Tracy-Widom distribution function F,(*) in the
long-time limit. A determinant with a function being
similar to K(x,t,j, k) was investigated with techniques
of Toeplitz operators [64] in Ref. [33]. Following the same
techniques with N — oo, we obtain

F(x,t) = det(1 — Kg(t,m,n))p(p-x3-x..})> (10)

with Ky(z, m, n) == 1(Jpy() i1 (1) = Jui1()J4(2))/
(2m — 2n). Here, J,(t) represents the nth order
Bessel function of the first kind. We apply the asymptotic

analysis with a scaling variable s defined through
x =2+ |—t—s(t/2)3], deriving

limF(2+ [t = s(6/2) ], 1) = Fy(s). (1)

Here, the GUE Tracy-Widom distribution function is given
by F(s) = Det(l — Kai(x,¥))12(5,00) With the Fredholm
determinant Det[*], the Airy kernel Ky;(x,y) =
(Ai(x)Ai'(y) — Ai'(x)Ai(y))/(x — y), and the Airy func-
tion Ai(x). From Eq. (11) and the relation
P(x,t) = F(x,t) — F(x + 1,1), we obtain for 7> 1,

13 dFy(s)

P2+ |—t—s(t/2)'3].1) = (%) =

(12)

Therefore, we analytically demonstrate the emergence of
the GUE Tracy-Widom distribution in the folded XXZ
model.

Finally, we comment on the dependence of P(x, ¢) on the
initial state. In End Matter, we numerically investigate this
dependence by systematically varying the deviation of the
initial state from the alternating domain-wall state. As
shown in Fig. 3 of End Matter, we find that, in the
incomplete alternating domain-wall state, P(x,t) in the
central and right-tail regions is well described by the GUE
Tracy-Widom distribution whereas the left-tail region
exhibits a deviation from it. However, this deviation of
the left tail diminishes as the initial state is closer to the
alternating domain-wall state.

Relation between exact many-body wave functions of the
folded XXZ model and the XX model—We explain that the
GUE Tracy-Widom distribution in the folded XXZ model
is related to a many-body wave function of the XX model.

Let us consider the XX model, Hamiltonian, which is
defined by Hyx == >, c7 (X X,y + ¥, ¥,,1) [37,38]. We
denote the many-body wave function for this model at
time 7 by ®xx(xy,...,xy,?) with a constraint (x; < x;)
and assume that the initial state is the domain-wall state,
Dyx (x1, ..., Xy, 0) = [T} 8x;, j. As explained in Sec. III
of SM [55], the exact form of the many-body wave function
reads

k1 —iE,
(I)X)(()C],...,XN,[):/C dgdet(.fz’ e Egjt)j,ke{l N}

.....

On the other hand, the exact many-body wave function for
the folded XXZ mode with the alternating domain-wall
initial state is expressed by

—jk=1 _iE.
CI)(xl,...,xN,t):/C dgdet(fzf e Ef./t)j,ke{l _____ e

(14)
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which is proved in Sec. II of SM [55]. The origin of this
determinantal form in the presence of the interaction stems
from the product structure of the scattering amplitude
S(&;. &) = —¢;/& in the folded XXZ model.

We find that the many-body wave function of Eq. (14)
for the folded XXZ model has the determinantal structure
similar to that of Eq. (13) for the XX model. The difference
between Eqgs. (13) and (14) lies in the power exponents of
the rapidity &;. This indicates that the effect of the
interaction of the folded XXZ model is the shift of the
site labels. As discussed in Ref. [33], the leftmost up spin
for the XX model with the domain-wall initial state obeys
the GUE Tracy-Widom distribution. Hence, a mathematical
origin for the GUE Tracy-Widom distribution in the folded
XXZ. is similar to that for the XX model.

Numerical study for P(x,t) of the XXZ model—So far,
we have analytically studied the folded XXZ model, which
serves as an effective description for the XXZ model with
the large anisotropic interaction (A > 1) because the Ising
term becomes just a constant for our initial state. It
therefore is natural and intriguing to explore the GUE
Tracy-Widom distribution in the XXZ model itself from the
theoretical viewpoint, and such exploration is important for
discussing experimental possibilities of observing our
theoretical prediction since the XXZ model has been
experimentally realized [30,31,65-67]. In what follows,
we present our numerical investigation of this issue.

The model used in the numerical simulation is
the XXZ model with an open boundary condition.

The Hamiltonian is defined by A\ := (X X+
Y.V +AZ,Z,.,) with the total lattice number L.
Here, we assume L to be a multiple of four. We denote

the quantum state at time 7 by |y/(¢)) and the initial state
is assumed to be the alternating domain-wall state

lw(0)) = H)Lci 2L /4 R,,[0). We numerically solve the
Schrodinger equation using the TEBD method [47-50],
computing the probability P(x, ¢) of finding the leftmost up
spin at site x and time 7.

Figure 2 displays the numerical results of P(x, ) with
A =5, 10, and 20, where we rescale the abscissas and the
ordinates by following Eq. (12) and a result for fast
convergence described in Sec. IV of SM [55]. We find
that deviations between the numerical data and the prob-
ability density function dF,(s)/ds become large when A is
small. Thus, we speculate the absence of the GUE
Tracy-Widom distribution for the XXZ model in the
long-time limit.

We, however, find the signature that the probability
P(|=t—s(t/2)'/3],¢) in the right region (s > 0) of Fig. 2
exhibits the universal curve being independent of A. This
curve is characterized by the diagonal Airy kernel K ;(s, s)
(see Sec. VI and Fig. S4 of SM [55]).

Discussion—We discuss two topics: (i) the universal
behavior of P(x, ¢) in the XXZ model and (ii) experimental
possibilities of observing our theoretical prediction.

As to (i), we discuss the signature that the curve of
P(|—-t—s(t/2)'/3],t) for large s> 0 is independent
of A, as pointed out in Fig. 2. We here discuss
its origin analytically in the two limiting cases, namely
A =0 and large A. First we consider the case with
A =0. As derived exactly in Sec. VI of SM [55],
we have lim,_ o, F(2 + | =t —s(t/2)'3],1) = Fri(s.1/2)
with FAi(S’ a) = Det(l - (lKAi<)C, y))[LZ(Yoo) Then, the dis-
tribution function is approximated to be Fa;(s, 1/2) ~1 —
J® dyK i (y,y)/2 for large s because K;(x,y) is small.
Hence, the rescaled probability of finding the leftmost up
spin is described by dFa;(s,1/2)/ds =~ Kx;(s,s)/2 (see

(aA=5 (b)yA=10

(c)A=20

% oo e
10-! ) Q& 10-! & z?ﬁ 10! 8 Q&
- % a - M % - A %
EX : ES ES
Q 107’) O[{]’ @ Q 1079 ,’69 m@ Q 107{) :’O .Q
) o & ) / o = e} &
= / \ = oo B = / b
Hw 9 8, RTINS B &) <1077 b Sl
& / t=2.50 & & ] t=2.50 a i t=2.50 &
/ 0O t=37 > / 0O t=37 A o 0O t=37
10 i O t=50 Q‘ w0 Y O t=50 @ 10 QO t=50 \
of O t=62 Q ! O t=62 Q O t=62 Q
',' ””” GUE Tracy-Widom \ Lo T GUE Tracy-Widom A @ ””” GUE Tracy-Widom \
10-5 O) ! () 103 _ Q 10-53 ! ’
—6 —4 -2 0 2 —6 —4 -2 0 2 —6 —4 -2 0 2

(—x+L/2—1/2—1)/(t/2)' (—x+L/2—1/2—1)/(t/2)' (—x+L/2—1/2—1)/(t/2)'?

FIG. 2. Numerical results for the probability P(x, ) of finding the leftmost up spin at site x and time ¢ in the XXZ model with the
alternating domain-wall initial state. The anisotropic interaction parameter is A = (a) 5, (b) 10, and (c) 20 and the system is L = 100.
The time evolution of P(x, ¢) is numerically computed by the TEBD method [47-50]. In order to compare the numerical data with the
GUE Tracy-Widom distribution function F, (), the ordinate is divided by (#/2)'/? and the abscissa is rescaled by using a result for fast
convergence [68], which is described in Sec. IV of SM [55]. The dashed lines in the panels indicate the probability density function
dF,(s)/ds for the GUE Tracy-Widom distribution. The numerical convergences associated with truncation of a matrix product state are
discussed in Sec. V of SM [55].
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Fig. S4 of SM [55]). Second, we consider the folded XXZ
model corresponding to large A. Using Eq. (11), we
similarly approximate the probability distribution function
as Fy(s)~1— [®dyKu(y,y) for positively large s,
obtaining that the rescaled probability is characterized by
K A;i(s,s). Combining our analytical discussions and the
numerical findings of Fig. 2, we find the signature that the
probability of finding the leftmost up spin for positively
large s is universally characterized by the diagonal Airy
kernel K 4;(s, s) regardless of A. Finally, we mention that
the conjecture by Saenz, Tracy, and Widom for the XXZ
model (see Conjecture 1 of Ref. [33]) may be useful for
proving the diagonal Airy kernel in the dynamics of the
XXZ model (see Sec. VII of SM [55]).

As to (i) we discuss experimental possibilities of
observing the GUE Tracy-Widom distribution function
in quantum spin transport on one-dimensional systems.
As shown in Fig. 2, the probability P(x,?) in the XXZ
model with A > 1 shows the signature of the GUE Tracy-
Widom behavior in the finite time regions, and its timescale
is about 5 times spin flipping. On the experimental side,
previous literature in cold atom experiments [30,65-67]
realized the XXZ model as an effective description for a
two-component Bose-Hubbard model under the hardcore
limit [69-71], and also an experiment using superconduct-
ing qubits [31] simulates the XXZ model by the periodic
applications of two-qubit unitary gates. These experiments
accessed the spin transport where the spins flip more than 5
times. Taking these experimental achievements into
account, we expect that signatures of the GUE Tracy-
Widom distribution may be observable in state-of-the-art
experiments.

Finally, we comment on how to observe P(x, ) exper-
imentally. From Eq. (3), P(x,t) is computed by the
probability |®(x;,x,, ..., xy, ?)|> for a given up-spin con-
figuration (x,x,,...,Xxy). At present, such a probability
can be measured thanks to quantum gas microscopes,
which allow detection of an up-spin configuration. Thus,
the observation of P(x,t) is feasible in state-of-the-art
experiments with ultracold atoms.

Conclusions and future prospects—We theoretically
studied the one-dimensional quantum spin transport
described by the folded XXZ model with the alternating
domain-wall initial state by focusing on the probability
P(x, t) of finding the leftmost up spin. Employing the exact
method based on the Bethe ansatz, we exactly demon-
strated that the rescaled probability converges to the
probability density function for the GUE Tracy-Widom
distribution function in the long-time limit. Beyond the
folded XXZ model, we numerically studied the XXZ model
via the TEBD method, discussing the universal behavior in
terms of the diagonal Airy kernel.

As a future prospect, it will be intriguing to explore
universal features of propagating-edge dynamics, particu-
larly those involving the leftmost up spins, in generic

quantum many-body dynamics because edges of physical
observables often display universal behavior, as exempli-
fied in random matrix theory [16,72,73] and surface growth
phenomena [5-10]. Previous literature, including this
Letter, has shown that in certain quantum many-body
dynamics the leftmost up spins can be characterized by
the GUE Tracy-Widom distribution. However, the extent of
this universality in quantum many-body dynamics remains
an open question. It is therefore important to investigate this
distribution in other quantum many-body models. One
possible candidate is the phase model, a strongly interact-
ing bosonic model on a one-dimensional lattice [74-76].
This model is known to be integrable and has a product
structure in its scattering amplitude analogous to that of the
folded XXZ model. As demonstrated here, this structure is
crucial for the exact derivation of the GUE Tracy-Widom
distribution via the Bethe ansatz for an infinite system. A
fundamentally important model is the XXZ model because
its scattering amplitude is not given by a product form and
thus the emergence of the Tracy-Widom distribution is
highly nontrivial compared with the phase model. Saenz
et al. have studied the leftmost up spins of the XXZ model
via the Bethe ansatz for an infinite system, yet the
emergence of the GUE Tracy-Widom distribution has
remained elusive [33]. By developing the application of
such Bethe ansatz, one can gain a deeper understanding of
the GUE Tracy-Widom distribution in generic quantum
many-body dynamics, and this potentially provides insights
into the KPZ physics in quantum magnets because the
Bethe ansatz for an infinite system has played a significant
role in the establishment of the KPZ universality in
classical systems.

As another prospect, it is fundamentally important
to understand the wuniversal behavior of the XXZ
model analytically by using the generalized hydrodynamics
[34,77-91] and ballistic macroscopic  fluctuation
theory [92,93].
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alternating domain-wall state |2,4) is realized with a
probability Pe,fe(2.4) = (1 — p)% and other incomplete
alternating domain-wall states |2), [4), and |0) occur
with probabilities  Peonfig(2) = P, Peonig(4) = p, and
Peonig(0) = p?, respectively.

We can derive a formula for numerically calculating the
probability P(x, ) using the mixed initial state of Eq. (A1).
Suppose that ﬁx is a projector onto states with no up spins
at sites smaller than x — 1. Then, the complementary
cumulative distribution function F(x,7) corresponding to
P(x,1) becomes

F(x, 1) = Tr(emfimat g oo,

= Z Pconfig(y)F(X, t;y),

YEAy

(A2)

(A3)

with F(x,1;y) = (y|eiffroe'f] e=ifozt|y). Following the
calculation for the derivation of Eq. (9) and using

1/(1=¢&n) =>% (&n)" for |&n| <1 and the integral
formula for the Bessel function J,(x) of the first kind,
we derive
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FIG. 3.

Thus, we can numerically calculate F(x, ¢) of Eq. (A3) by
computing (A4) with randomly chosen configurations y
with the reversing probability p and taking the ensemble

average over them.

Figure 3 displays the numerical results for P(x, ) with
p=0,1/10,1/100, and 1/1000. The numerical data with

(2—z—1/2—1)/(t/2)'/

Dependence of P(x, ) at # = 100 on the initial states with the reversing probabilities p = 0, 1/10, 1/100, and 1/1000. The
data with p = 0 are obtained in the same way as the method used in Fig. S1 in SM [55]. The probability P(x,t) = F(x,t) — F(x + 1,1)
for nonzero p is numerically obtained via Egs. (A3) and (A4) by randomly sampling initial states and taking the ensemble average over

4000 samples. The error bars represent 61/ (x, t)?/1/4000, where o(x, t)? is the variance calculated from the 4000 samples.

context of the XXZ model.
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the smaller reversing probabilities show better agreement
with the GUE Tracy-Widom distribution. Interestingly, we
find that the right edge of Fig. 3 exhibits good agreement
with the GUE Tracy-Widom distribution even when p is
not so small. The similar behavior is discussed in the
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