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ABSTRACT. We consider a class of particle systems generalizing the S-Ensembles from ran-
dom matrix theory. In these new ensembles, particles experience repulsion of power 5 > 0
when getting close, which is the same as in the S-Ensembles. For distances larger than zero,
the interaction is allowed to differ from those present for random eigenvalues. We show
that the local bulk correlations of the S-Ensembles, universal in random matrix theory, also
appear in these new ensembles. This result extends the bulk universality classes of random
matrix theory and may lead to a better understanding of the occurrences of random matrix
bulk statistics in several observations which have no obvious connection to random matrices.
The present work is a generalization of [GV12] where a similar result was proved for 8 = 2.

1. INTRODUCTION AND MAIN RESULTS

Random matrix theory is well-known for universality phenomena which means that many
essentially different matrix distributions lead in the limit of growing dimension to the same
spectral statistics.

In the past 15 years or so, much progress has been made in proving universality of local
spectral distributions, especially correlations between neighboring eigenvalues in the bulk of
the spectrum and of the largest eigenvalues. It is known that there is a parameter, usually
denoted [, which determines the universality class of the ensemble. To explain this in more
detail, define for any 8 > 0 and a continuous function @) : R — R of sufficient growth at
infinity, the invariant 8-Ensemble Py g 5 on RY which is given by

1 | | - N )
PN,Qﬂ(.%') = ZNQ,B |33z - J?j’ﬁe NZ]:1 Q(%)‘ (1)
sy ’L<]

(With a slight abuse of notation, we will not distinguish between a measure and its density.)
For 8 =1,2,4, Py is the eigenvalue distribution of a probability ensemble on the space
of (N x N) matrices with real symmetric (8 = 1), complex Hermitian (8 = 2) or quater-
nionic self-dual (8 = 4) entries, respectively. The matrix distributions are invariant under
orthogonal, unitary or symplectic conjugations, respectively, explaining the name “invariant
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ensembles”. For arbitrary 3, only for quadratic @), Py is known to be an eigenvalue
distribution.

It has been shown (see [GV12] for references) that the local spectral statistics in the bulk or
at the edges of the spectrum do in many cases not depend on () or, in other terms, invariant
ensembles with different potentials ) but the same § have the same local statistics. It is
also known that different values of § lead to different limiting (local) distributions. This

is not surprising as the interaction term [[,_.|z; — xj|ﬂ has a strong effect on neighboring

i<j
eigenvalues whereas e N 255 Qlay) just confines all eigenvalues independently into a compact
interval. In the limit N — oo, these two competing forces balance and produce a limiting
measure of compact support.

In [GV12] the question was addressed whether the interaction term [, |z; — 2|7 could be
changed without changing the local statistics. To this end, we introduced ensembles with
density proportional to

[Tt — e ¥ m 9, @)

1<j

where @ is a continuous function of sufficient growth at infinity compared to the continuous
function ¢ : R — [0,00). The interaction potential ¢ fulfills

t
©(0)=0, ¢(t)>0fort#0 and }in% S|0t(|6) =c¢>0 for some 5 >0, (3)
—

or, in other terms, 0 is the only zero of ¢ and it is of order 8. It has been conjectured in
[GV12] that the bulk correlations for the ensembles (2) are the same as in the case ¢(t) = |t,
i.e. the same as for the invariant ensembles in random matrix theory. This was proved in
[GV12] for f = 2 and a special class of functions ¢ and Q. In the present work, we prove a
similar result for arbitrary § > 0. This shows that the local bulk correlations (at least in the
considered cases) merely depend on the repulsion exponent  and not on the interaction of
particles at distances larger than 0.

We believe that these results may lead to an explanation for the occurrence of random matrix
bulk statistics in a number of seemingly unrelated observations in real world and science (see
[GV12] for references). Spacings between cars in different situations were found to be fitted
well by the universal spacing statistics from random matrix theory (3 = 1 for parking along
one-way streets, § = 2 along two-way streets, § = 4 for waiting in front of traffic signals).
Also spacings between perching birds and between bus arrival times at stops in certain cities
seem to obey (8 = 2) random matrix spacing statistics. Gaps between the Riemann zeta
function on the critical line are another famous example from mathematics (also 8 = 2). In
all these observations, a strong repulsion between consecutive quantities is present.
Furthermore, the ensemble (2) does not seem to have a natural spectral interpretation which
makes our findings a first step in proving universality of random matrix bulk distributions
for more general particle systems.

To state our main results, we first rewrite the ensemble (2). Let h be a continuous even
function which is bounded below. Let ) be a continuous even function of sufficient growth



at infinity. By PJ}\LLQ, 5 we will denote the probability density on RY defined by

Prp(@) = [ [ lni — 2| exp{~ NZQ i) = > h(z; — z5)} (4)

N,Q.B i<j 1<J

where Z}{, 0.3 denotes the normalizing constant. The density Pf{, 0,5 can also be written in
the form (2) with ¢(t) := [¢|® exp{—h(t)}.
Furthermore, let for a probability density Py on RY and k =1,2,...,

pN(tla"'vtk) = /N kPN(tla'”7tk7xk‘+17"'axN)d$1€+1"'de
RN—

denote the k—th correlation function of Py. The correlation functions are the marginal den-
sities. The measure py(t1,...,tk)dty ... dtg is called k—th correlation measure. Denote by
p}]ﬁ}f@, 3 the k-th correlation function of P]]\ILQ 5 and by pﬁV,Q 5 the k-th correlation function of
Pn g g from (1). Universality of ensembles is usually defined by universality of their correla-
tion functions or measures as many interesting statistics of the ensembles can be expressed
in terms of correlation functions. Finally, introduce for a twice differentiable convex function
@ the quantity ag := infier Q" (1).

The following theorem deals with the global or macroscopic behavior of the ensemble P]\‘,’Q’ L

Theorem 1. Let h be a real analytic and even Schwartz function. Then there exists a
constant o > 0 such that for all real analytic, strongly convex and even Q with ag > al,
the following holds:

The first correlation measure p?ﬁ;’l@ 5 converges weakly to a compactly supported probability
measure pgﬁ which has a non-zero and continuous density on the interior of its support.
Weak convergence means that for any bounded and continuous f: R — R, we have

i [ 10 g s(0)dt = [ 7(6) iy 01
Remark 2.

e In general, ,ué‘g’ 5 depends on h, i.e. changing the interaction term has an influence on
the (limiting) global density of the particles.

e If h is positive semi-definite, then o in Theorem 1 may be explicitly chosen as o
supycg —h"(t).

e For k =2,3,..., the k—th correlation measure converges weakly to the k-fold product

h:

(u’é’ ﬂ)®k. This has been shown in [GV12] for § = 2 but the same proof goes through
for arbitrary § > 0. As a proof of this statement would lengthen the presentation, we
will not pursue it here.

e Note that the dependence of ,u’é’ 5 on B can be eliminated if the prefactor § is put in
front of Q and h.

The next theorem states the local universality in the bulk. We use the notion of universality
by Erdés, Yau et al. (see e.g. [EY12] and the references therein). Let G be the Gaussian
potential G(t) := 2% and recall that the corresponding limiting measure 1Q,p is the semicircle
distribution (with a certain variance depending on (). Recall that under mild assumptions on
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@, there is a measure pg g of compact support which is the weak limit of the first correlation
measure of Py g g. Consider the scaled correlation functions

1 hk t1 (78
—_ 'y at+—---,. .. at—-—], (5)
N?g g(a)k N@.p < NM%,IB (a) Nﬂg,g (a)

)

where a is a point with ,ua B(a) > 0 and tq,...,t; are contained in an N-independent com-
pact interval. Under this scaling, the local density around a will be asymptotically one, in
particular independent of a. For N — oo, h = 0 and @ = G, the limit of (5) exists and has
been described in terms of a stochastic process in [VV09]. As for general 5 no nice formula
for this limit is known, we state the following theorem as universality result, comparing the
local correlations of Pf\’,@ 5 with those of the Gaussian 3-Ensemble Py ¢ 3.

Theorem 3. Let h and Q satisfy the assumptions of Theorem 1. Let 0 < £ < 1/2 and set
sy := N~ Then for k = 1,2,..., we have for any a in the interior of the support of
u}é 5 any a’ in the interior of the support of the semicircle law pg g and any smooth function

f: RF — R with compact support

a+sn 1 t tr du
lim /f(tl,...,tk) / Lk lu—ut
N—00 a—sn Méﬁ(a)k N.Q.B N,u}é’ﬁ(a) N,ugﬁ(a) 25N

/ w1 ( I 4t ) | ar
— — Ut ——r—, ..., U 1...dtg
w—sn Hap(d)FTNGP Npgp(a) Nugp(a')) 2sn

=0.

Remark 4.

e If the inner integrations were not present, the convergence in Theorem 3 would be vague
convergence of the scaled correlation measures. Here an additional small (uniform)
average around the points a and o’ is performed.

e If h is positive semi-definite, then a” in Theorem 3 may be explicitly chosen as o
supycg —h"(t).

e The choice of the Gaussian S-Ensemble Py ¢ g is just for definiteness, in fact any other
ensemble belonging to the same universality class could be chosen. So far, these are
known to be basically all Py g g with the same 3 and real analytic () which leads to a
limiting measure jug g of connected support [BEY12].

h:

These results should be compared to those of [GV12]. There we could show for § = 2 under
the same conditions on @) and h a much stronger type of convergence as in Theorem 3. We
proved in [GV12]

. 1 t1 tr.

lim ﬁpy\}kQBZZ At sy O
N=00 figy 5_o(a)” Npigy g—o(a) Npgy g—o(a)
sin (W(ti — tj))

= det [ ]
m(ti —t5) 1<i,j<k
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uniformly in ¢1,...,%; from any compact subset of RF and uniformly in the point a from any
compact proper subset of the support of /ﬂé’ g=o- This locally uniform convergence of the
marginal densities was inherited from strong results on universality of unitary invariant (i.e.
B = 2) ensembles (cf. [LLO§]). In order to apply these results, we developed a method to
express the correlation functions of the model PJ}\L,,Q gp @S a probabilistic mixture of unitary
invariant ensembles with potential V + f/N, where V was fixed and f was random. However,
this representation was only possible for negative semi-definite h and an argument involving
complex analysis had to be used to extend the universality for more general h.

So far, the local relaxation flow approach due to Erdds, Schlein and Yau (refined by others)
[ESY11] and applied to S-Ensembles by Bourgade, Erdés and Yau [BEY11, BEY12] is the
only method for showing bulk universality for general S-Ensembles. A remark on some crucial
points of this method is included in Section 4. Their approach actually addresses universality
of gap distributions which implies the weaker form of universality of the correlation measures
as stated in Theorem 3. As we use their method, we obtain the same form of convergence.
If other sufficiently general universality results on S-Ensembles yielding stronger types of
convergence were available, the method of [GV12] could be used to prove Theorem 3 with
stronger forms of convergence. One advantage of the local relaxation flow approach is the
possibility to compare local statistics of eigenvalue ensembles and other, not necessary spectral
ensembles, directly. This allows us to give a short proof of Theorem 3.

Similar in both [GV12] and the present work is the identification of the global behavior of
P]’\LLQ g0 €.8. Theorem 1. The limiting measure is identified in Section 2 as a (unique) solution
of a certain recursive equation. Using this measure, from @ and h a new potential V is defined
and to Pl N.Q,5 an invariant ensemble Py v, is associated for which PNQ 5 ~ exp{U} PNy
holds. In Section 3, a concentration of measure result is shown for U, furthermore Theorem 1
is proved. Section 4 contains the proof of Theorem 3 via the local relaxation flow approach.
We finish with an appendix on some results about equilibrium measures which are needed in
Section 2.

2. THE ASSOCIATED INVARIANT ENSEMBLE

In this section we determine the limiting measure for our particle system and use this to
construct an ensemble of eigenvalues with the same global and local behaviour. This is
analogous to [GV12]. In order to keep the presentation on the new features of P]}\LLQ’ g self-
contained, we include it here.

Let 8 > 0, h be a continuous even function, @ a strictly convex symmetric function and
assume that

)

P]}\LLQ’B(ZU) Zh H | T — Ij|ﬁ e—NZ;‘\Izl Q(IJ)—Zi<j h(:(:z—x]) (6)
N,Q,B8 1<i<j<N

defines the density of a probability measure on RY, where

NQ g = / H |z — a:j\’B o NV Q) =Y hwiaj) g

1<i<j<N



denotes the normalizing constant. We will use the notation

fuls) = / F(t = $)dp(t), o = / / F(t— $)du(t)dv(s) (7)

for an even function f : R — R of sufficient integrability. For the statement of the next
lemma, M will denote the set of compactly supported (Borel) probability measures on R.
Recall that the unique minimizer of the functional

s _
oo = [ @dn(t)+ 5 [ [1ogls — e~ dus)dute)
is called equilibrium measure to the external field @ and 8 > 0.

Lemma 5. Leth : R — R be even, twice differentiable, bounded and such that h" (t) > —aq
for all't. Define Tnp: ML — ML, T 5(1) as the equilibrium measure to the external field
t—= Q(t) + hy(t) and B.

Then Ty, g has a fized point, i.e. there ewists a probability measure ,u’éﬂ which is the equilib-
rium measure to the external field t — Q(t) + [ h(t — s)dugﬂ(s).

Proof. Without loss of generality we only consider the standard case § = 2 and omit the
index f3, the general case can be reduced to this case by considering /5 and h/f.

Recall Schauder’s Fixed Point Theorem which states that each continuous mapping 7' : C' —
of a compact, convex and non-empty subset C' of a Hausdorff topological vector space has a
fixed point.

Consider the Hausdorff topological vector space M (K) of all signed finite Borel measures on
some compact interval K of R, equipped with the topology of vague convergence. The subset
MUL(K) of all symmetric Borel probability measures on K is non-empty, convex and compact
by Helly’s Selection Theorem.

The first step in the proof is to show that it follows from h”(t) > —ag and the boundedness
of h, that the support of the equilibrium measure to the external field Q(t) + h,(t) is for all
w included in a compact interval of R. By Theorem A.6 (in the appendix), the support of
the equilibrium measure for Q(t) + h,(t) is the smallest compact set K of positive capacity
maximizing the functional

K = Fgin,(K) = logcap(K) — Q/Q(t)dwK(t) - Q/hu(t)dwK(t) (8)

— Fo(K) -2 / (8 deore ().
Choosing for K the support supppug of the equilibrium measure g, we get using |h,| < |||l
the simple inequality
FQn, (suppuq) > Fo(supppq) — 2[|hllw € R. (9)

It is easy to see that we have (h,)"” = (h"),. By the condition h"(t) > —aq, Q(t) + hu(t)
is convex for each compactly supported p. By Theorem A.6, the support of Tp(u) is a
symmetric interval, say [—l,,[,]. Using Lemma A.1, we can rewrite (8) for an arbitrary



symmetric interval [—[,[] as

l l
Foun, ([-1.1]) = log(1/2) —2/ZQ(t)m/lgljdt—2/l hu(t)m/pljdt. (10)

Since @ is strictly convex and symmetric, we have Q(t) > agt® + C for some C € R and (10)
implies (using that the variance of wy_; is 12/2) the inequality

Fgn, ([-1,1]) < log(1/2) — agl® — C +2|/hl|c, (11)
which holds for any p. From (9) and (11) we see that

FQin, (supppq) > Foin, ([=1,1]),

for all I > L for some p-independent L. Hence [, < L for all compactly supported p.

Thus T), maps the set M(K) into itself, if K is chosen large enough. It remains to show
continuity. We will show that 7T}, maps converging sequences to converging sequences. Let
(tn)n € MY(K) be a sequence converging vaguely, or equivalently, weakly to a probability
measure f. Denote Tj,(un) =: v,. Then the sequence of external fields V;,(t) := Q(t) + hy,, ()
converges pointwise to V(t) := Q(t) + h,(t). Since by Theorem A .4, the equilibrium measure
does not depend on values of the external field outside of its support, we can assume this
convergence to be uniform. Indeed, as h’ is bounded on the compact set K by some constant
C, we have ‘h:hJ < C. It follows that the sequence (hy,), is uniformly Lipschitz and
hence equicontinuous. Thus the sequence (V4,), is also equicontinuous. Since their domain
is a compact and V;, converges pointwise, the equicontinuity implies uniform convergence by
Arzela-Ascoli’s Theorem.

Because all v, are supported on the same compact set, it follows that (1), is tight and hence
has a weakly converging subsequence (v, ). We will prove that this limit measure, say 1/,
is in fact v = Tj (), the measure belonging the external field V', and does not depend on the
particular subsequence. It follows that the sequence (1), converges to v weakly. From the
uniform convergence of V,, towards V it follows by Theorem A.5 1. that

[¥em (5) = / log |t — 5|~ dvy,_ (1)

converges uniformly (on C) towards U”(s) := [log |t — s|"1dv(t). On the other hand, by
Theorem A.5 we have for all s € C except a set of zero capacity

lim U (s) = U (s) = / log [t — 5| d/(#),
which yields U¥(s) = U"'(s) almost everywhere on C and hence v = v/ by Theorem A.5,
implying that the sequence (), converges weakly to v. O

Remark 6 (Uniqueness). Uniqueness of the fixed point will follow for the class of ensem-
bles from Theorem 1. For those ensembles we will prove that the first correlation measure
converges weakly to any fixed point, thereby showing uniqueness.

We will now use Lemma 5 to construct an associated invariant ensemble. Let A be as in
Lemma 5. Choose a fixed point “}é, 5 as in Lemma 5. We will stick to this measure from now
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on and write u instead of “Z), - Using notation (7), we make the Hoeffding type decomposition

1<j
N2 N N 1, &
= = S hO) + N Y hag) + 5 (D i — ) = () + hys) = b))
2 2 2
j=1 ij=1
N2 N
Th““ 2 )+ N Z hu(xj) —U(x), where (12)
N
Z h(w = [P (s) + () = By ) (13)
5,j=1
Now we can rewrite PJ}\L,Q’ 5 as
Plhos@) =5 J[ loi—ajlf e VEL Ve, (14)
o ZNV,8,u 1<i<j<N

where we defined the external field
V(t) := Q(t) + hy(t)
and absorbed the constant exp{—(N?/2)h,,, — (N/2)h(0)} into the new normalizing constant

Zn,v,g,u- We will often use this representation of P]’\‘,Q g T he proofs of Theorems 1 and 3
rely on comparison of P]}\‘, 0.8 with the invariant ensemble

1 _ N .
Pyys(z) = [T e — )% eV 2= V), (15)
ZNV,j 1<i<j<N

3. CONCENTRATION OF U

This section is similar to Section 4 in [GV12] except for the proof of Theorem 1. As several
arguments of this section are needed later, we include it in the presentation.

A key tool will be the following well-known concentration of measure inequality ([AGZ10,
Section 4.4]).

Theorem 7. Let Q be two times differentiable with Q" > ¢ > 0. Then we have for any
Lipschitz function f and any e >0

N
PN,Qﬂ(‘Zf(a;j ENQBZf (x;) >E)<2€Xp{ 2|f|2 } and

j=1 7=1

- - |11z
Enopexp{e(Y_ f(z)) —Engp ) f(2))} <exp{— £},

where we denote the Lipschitz constant of f by |f],.

The following is a special case of a result in [Shcll] (see also [KS10]). By ug s we will denote
the equilibrium measure to @ (and f3).
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Proposition 8. Let QQ be a convex external field on R which is real analytic in a neighborhood
of supp(ugp). Let f be a function whose third derivative is bounded on a neighborhood of

supp(uq,p)- Then
N
[Exas ) flz;) - N/fduQ,ﬁ\ < C(Iflloo + 11100,
j=1

where C does not depend on N or f and || - || denotes the bound on the neighborhood of
supp(1q,s)-

Theorem 7 and Proposition 8 yield immediately
Corollary 9. Let QQ be a real analytic external field with Q" > ¢ > 0. Then for any Lipschitz
function f whose third derivative is bounded on a neighborhood of supp(ugg), we have for
any € >0
N 2
g2 fIz

Evqpexp{e(D_ f(z;) =N / f®)dugs()} < exp {7 +2C(I flloo + £V 120)}-
Jj=1

The idea is to reduce concentration of the bivariate statistic & to concentration of linear
statistics. To this end, we give an alternative representation of U using Fourier techniques.
A similar idea is used in [LPO08].

Lemma 10. We have
U(x) =—

o 2
up(t, $)‘ h(t)dt, where

]

] N N R 1 »
un(t,z) = jz;cos(t:cj) - N/cos(ts)du(s) + le; sin(tz;), h(t) == m/Re h(s)ds.

Proof. Recall from (13) that

N
U(x) = _%( Z h(x; — ;) — [hu(xs) + hp(zs) — Pyl ) Note that

1 1 ; ~ 1 ~

— h(z; —xp) = el(xj_m’“)thtdt:/u t,2)* h(t)dt,

3 > hla; ) N%/Zk (0t = 7= [lun(t. ) Tt

with un(t, z) := Zjvzl etri . Writing un (¢, x) := un(t,z) — N [e®*dpu(s), it is not hard to
check that

Uz) = vt :1:)‘2 h(t)dt. (16)

)
0

A trivial but useful observation is
EX 06 (@) = (Znvs/ Znvsu)Bnvs f (@),

The next proposition establishes concentration of .
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Proposition 11. If the constant aq is large enough, then there exist constants C1, C3 > 0
such that for all N
0<Cy <Znvpul/Znvs=Envgexp{U(z)} < Co.
Proof. By Jensen’s inequality we get
Env,exp {L{(m)} > exp {IEN7v75U(m)}.

Using Lemma 10 we show that the expectation of I/ is bounded in N. Fubini’s Theorem gives

_ENVBU( W/ENVB’ZLN t JI ‘ ﬁ( )d

_ 1 E tz;) — N ts)du(s)|> + E i't'2ﬁtdt
= W/ N’V’B|;COS( z;) — /cos( s)du(s)| N,V,ﬁ\': sin(tz;)| (t)dt.

By Corollary 9, the terms in the parenthesw are bounded by a polynomial in ¢, as

|cos(t-)| -, |sin(t-)|, < t and |[[cos(t ) Hoo ||sin(¢- )3)|| < C3. Hence, h being a Schwartz
function, we have En v g (z) > —C’ for some C’ > 0. Thus the lower bound follows choosing
Cy = exp(—C").

For the upper bound recall that since  is even, h is real-valued. Define h (y) := max{0, 2 (y)}
and h_ (y) := max{0, h( )} such that h ="hy —h_. For h_ =0, which corresponds to the
case of a positive semi-definite h, there is nothing to prove, so assume that h_ #0.

Introducing H_ := (ﬁ,)l/ 2 > 0, Jensen’s inequality and Tonelli’s Theorem give
Envgexp{ - (2v2m)™ / hlan(ta)dt} < Exygexp { 2v2m) ™ / H-(0)? [ (t, @) *dt }
=Enyv,s exp{(2\/%)—1HH,HL1 / (H,(t)/HH,||L1)H,(t)\aN(t,x)det}

< / (/|- | 2 B exp { (23/2m) [ B | - (0) e (1 2)| (17)
Abbreviating Kj, := (2@)*1HH _ H ;1 and using the Cauchy-Schwarz inequality, we find
Env,gexp { KnH-(t)]in (t,2)[* | (18)
N
< E}\{QVB exp {QKhH_(t)‘ Z cos(tx;) — N / cos(ts)d,u(s)r} (19)
=1
XE%VBeXp{ZKhH_ ‘Zsm (tz) ) } (20)

Considering only (19), we have by Corollary 9 for any ¢ > 0,
N

Envg exp{ “V2KpH_(t Zcos t;) N/cos (ts)du(s ))}

7=1

< exp {62 2K, H_ ()1 (2ay) 4+ e/2K, H- () O (1 + %) } (21)
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where ay = min; V”(t) > 0 and C does not depend on ¢t or N. For o large enough (hence
ay large enough), we have 2K, H_(t)t?(2ay)™! < 1/4 for all t. Since H_(t) = ﬁl_/z(t) is
decaying rapidly, /2K H_(t)C(1+t%) is bounded in ¢. Summarizing, if a is large enough,
we can bound (21) by

exp{ce? +¢C}
with 0 < ¢ < 1/4 and ¢,C do not depend on N or ¢. Thus we have

N 2
En.vgexp {ZKhH_ (t)‘ Zcos(txj) N / cos(ts)du(s)‘ }

1
=5 Rexp{ V2K H_(t) Zcos tr;) N/cos (ts)du(s }exp{—62/4}ds

1
< Py / exp{ce® 4+ eC} exp{—e?/4}de < C"  for some C'.
TJR

We conclude that (18) is bounded in N as long as « is large enough. Finally, it follows from
(17) that

~ o 9
Exygexp { - / R(0)| (. 2) [Pt} < ©
for some constant C' > 0 independent of N. This proves the upper bound. O

Remark 12. The proof of Proposition 11 actually shows that for each A > 0 there is a
threshold a*()\) > 0 and constants C;,Cy (depending on A and a”) such that

0<Cp <Eyvgexp{\d(z)} < Co, if ag>a(N).

Proof of Theorem 1. It remains to show that the fixed point p, whose existence was obtained
in Lemma 5, is unique and indeed the limit of the first correlation function. We consider a
Lipschitz function f: R — R with three continuous derivatives and estimate for any € > 0

Plgs(N~ IZ;f ;) /fdﬂ| > €) = (Znvp/ Znvpu)Bnyse @1 LON-1 SN | ()~ f faul>e}
J

By Holder’s inequality and Remark 12, we have

N N
Plhos(INTTS flay) — / fdul > &) < C(Pxyp(INY flay) - / fdu| > €)°
j=1 j=1

for some ¢,C' > 0. By Corollary 9, this last probability converges for any € > 0 to 0
exponentially fast as N — oco. We conclude with Lebesgue’s Theorem that

hm ENQ,B’N 12]” ;) /fd,u,\ =0 and hence hm IENQBN 1Zf ;) /fd,u
Jj=1 Jj=1
As convergence for smooth Lipschitz functions determines weak convergence, the weak con-
vergence of the first correlation measure follows. As the limit of weak convergence is unique,
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this shows uniqueness of the fixed point in Lemma 5. The existence and positivity of the
continuous density of p is clear by Theorem A.7 as V' is real-analytic and strictly convex. [

4. PROOF OF THEOREM 3

In this section we use the local relaxation flow approach developed by Erdés, Yau, Schlein et.
al. to establish universality of the local bulk correlations. First we introduce some notation
from [BEY11].

Let k be fixed. Let G : RF — R be a smooth function with compact support and m =
(ma1,...,my) with m; being positive integers. Define

Gi,m(x) = G(N(ﬁz — CCH_ml), ceey N(xi+mk_1 — $H_mk))

The Dirichlet form of a smooth test function f : RY — R w.r.t. a probability measure dw
on RV is defined as

N
Du(f) = 50 > [ (0,8

Let f be a probability density function w.r.t. dw. The (relative) entropy of f w.r.t. dw is
defined as

Su(f)i= [ fiog fio

We will use the following general theorem.

Proposition 13. [BEY11, Lemma 5.9] Let G : R¥ — R be bounded and of compact support.
Let dw be a probability measure on {x : x1 < x5 < --- < xn} C RN given by

1 Nl ~ 1
do = e BNH@) gz H(x) = Ho(z) — v > logla; — i

i<j

with the property that V?Ho > 71 holds for some positive constant T. Let qdw be another
probability measure with smooth density q. Let J C {1,2,..., N —my —1} be a set of indices.
Then for any 1 > 0 we have

1 1
ﬂZ/GZ’m qdw — MZ/Gz,mdw

ieJ ieJ

D., .
<C N61W+C Sul(q)e N

In our application we will choose dw = Pyyvs and ¢ = (Znvg/Znyvsu)exp{U}. If ag is
large enough, then V is strongly convex, hence 7 = 1/ay. By the symmetry of PJQ/,Q,B and
Pn v, it is equivalent to restrict the measure to the simplex {z : 21 <29 <--- < zn} and
multiply by N!. From [EY12, Theorem 2.3] we have that

Su(q) < CDw(\/a)‘

It is thus sufficient to prove that D, (,/q) is bounded in N as J will be chosen such that
|J| ~ N in order to identify the bulk correlations.
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Remark 14 (On the local relaxation flow approach). To briefly explain the essence of this
method due to Erdds, Schlein, Yau and others (see e.g. [EY12] for references and a complete
review), let us consider two measures as in Proposition 13, dw and gdw and their statistics
[ gdw and [ g gdw for some test function g. Assume that one can define a Markov process
on RV in terms of the Dirichlet form D,, (or the formal generator Ly := 7k A — %(Vﬁ)V),
having dw as stationary distribution. Assume that the process has the initial distribution
gdw and denote the evolution of the density w.r.t. dw by (ft)t>0, fo = ¢, foo = 1. Then one

can write
/quw—/gdwz (/quw—/gftdw)+(/gftdw—/gdw),

which corresponds to running the process up to time ¢. If the process is ergodic and the time
t is large enough, [ g fidw will be close to the equilibrium [ gdw. If this ¢ is still “small”,
i.e. the convergence to the stationary distribution is fast, then the distance between [ g gdw
and f g fidw should be not too big. These distances are measured in terms of Dirichlet
form and entropy of dw. These estimates are due to the Bakry-Emery method which yields
ergodicity or relaration making use of the strict convexity of the Hamiltonian, i.e. of the
bound V?Hy > 7~!. It turns out that the constant 7 is the time scale for the relaxation
to equilibrium, meaning that e.g. S,(f;) < e “/7S,(fs). Here we tacitly used that the
logarithmic part of the Hamiltonian H is convex, therefore does not increase the relaxation
time. However, one crucial observation is that from the trivial bound

247 Lo 1 (vi — v)?
(0. V@) 2 2o+ 5 > s
1<)
one can infer that the relaxation is much faster in the directions (v; — v;) provided that z;
and x; are close. Indeed, the mean distance between neighboring eigenvalues is of order 1/N,
hence the convexity bound for the Hamiltonian should be locally of order N, therefore yielding
a time to the local equilibrium of order 1/N whereas the time to the global equilibrium is of
order 1. This informal reasoning can be captured by choosing test functions like G, which
depend only on eigenvalue differences in the local scaling (i.e. multiplied by N) and vanish
whenever two eigenvalues are not close to each other. By exploiting these features of G,
and some estimates, one arrives at Proposition 13. For arbitrary test functions g, one would
get basically the same estimate except for the quantity |.J| ~ N which divides D,,(/q).
One problem with this idea is that the existence of the process associated to the Dirichlet
form is not clear for 5 € (0,1). For § > 1, the repulsion is strong enough to prevent
collision between the eigenvalues but for 5 < 1 the probability of explosion is positive. This
problem was overcome in [EKYY12] by smoothing the singular logarithmic term and using
the approach above for the corresponding process.
In most applications the method sketched above was not directly used to prove bulk univer-
sality because the quantity D, (,/q)/|J| could not be estimated to decay as N — oo. To
overcome this difficulty, dw was modified by adding another strongly convex potential to the
Hamiltonian which confined the eigenvalues x; near their classical positions v; which are de-
fined by the relation j = N f:”oo dp, where p is the equilibrium measure of the ensemble. This
additional convexification was shown to slow down the relaxation time to the global equilib-
rium 7 such that 7 ~ N~¢ which was then enough to prove bulk universality. To show that
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the local statistics are not influenced by this modification of the ensemble, a strong bound on
the rigidity of the eigenvalues is needed, which means informally speaking concentration of
the eigenvalues around their classical positions. This strategy of proving bulk universality has
proven very useful whenever strong bounds on the rigidity of the eigenvalues are available.
Much effort in the works of Erdés, Yau et al. has been made to establish these bounds.

In our application, no additional convexification of the Hamiltonian is needed as we can
effectively estimate the Dirichlet form in our case. This is due to the fact that dw and qdw
have the same global limit and we have concentration of I/ under dw = Py v .

Proposition 15. Let Dy v, denote the Dirichlet form w.r.t. Pyyg and
q = (Znvp/Znvpu)expiU}. Then there is a constant C' such that we have for ag large
enough

Dyvp(y/q) <C  for all N.

Proof. The ratio Zy,v3/Zn,v,gu is bounded by Proposition 11 and therefore negligible. We
have by Hélder’s inequality for e > 0

N N
DN,V,B(\/&) S C% ZZ; E]\m/’g (8xl exp{%L{(Q:)})Q = CgiN ZZ; ENJ/ﬂ eXp{U(w)}(ale/{(x))2

N
1
< C(Eyypexp{(t+ @) w7 Byl (@),
=1

1/(1+4¢)

Again by Proposition 11, (Ex,v,gexp{(1 + ¢)U(z)}) is bounded in N. In order to

bound the second term, recall that

1 N , X R
i) — cos(ts S sin(taz;)|? .
QM/(\;COS(MJ) N [ cos(ts)n(s) 13 ity P

In the following we only treat the cosine term, the term involving the sine can be estimated
analogously. We have

N
0n [ (13 costtay) = N [ costes)aus) Phcpyae "

j=1

U(x) = —

N
= }2/ (Zcos(ta:j) —N/COS(tS)dH(S))tSin(txl)ﬁ(t)dtf(sﬂ)/a

j=1
N —~

< C'/ ’ Zcos(txj) - N/COS(ts)dM(s)’2(8+1)/5 |t|2(s+1)/s ’h(t)’dt (22)
j=1

where the last inequality is derived by first applying the triangle inequality and then using
Jensen’s inequality.

Taking now expectations, we get from Corollary 9 and the strong decay of % that the expec-
tation of (22) is bounded in N. This gives the claimed bound. O
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Proof of Theorem 3. From Propositions 13 and 15 we have that the statistics I%JI Yics E}](, Q. 5Gi m
and Iitlfl > ics Env,gGim coincide in the limit N — oo, as long as lmp oo & \JI = 0 for some
g1 > 0. It is a standard argument ([ESYY12, Section 7]) to infer from this that also the cor-
relation measures of PJ}\LCQ, 3 and Py y g coincide in the sense of Theorem 3. The universality
of these correlation measures is the universality result [BEY11, Corollary 2.2] which precisely

states that the correlation measures of Py g, 3 and Py g, 3 have the same limit (in the sense
of Theorem 3) for any real analytic and strongly convex @1, Q2 with ag,, g, > 0. g

APPENDIX A. EQUILIBRIUM MEASURES WITH EXTERNAL FIELDS

In this appendix, we recall some results about equilibrium measures, mainly from the book
by Saff and Totik [ST97, Section I.1]. The following can be found in [ST97, Section I.1]. Let
MU1L(E) denote the set of Borel probability measures on a set ¥. Define for ¥ C C compact
the logarithmic energy of p € MY(X) as

= //log|z —t| 7t du(z)du(t) (23)

and the energy V of ¥ by V := inf, c pp () I(1). It turns out that V' is finite or oo and in
the finite case there is a unique measure wy; which minimizes (23). This measure ws; is called
equilibrium measure of ¥ and the quantity cap(X) := e~V is called capacity of ¥. For an
arbitrary Borel set X we define the capacity of 3 as

cap(X) := sup{cap(K) : K C X compact}.

Lemma A.1. If ¥ = [-1,l], | > 0, then cap(X) = /2 and the equilibrium measure is the
arcsine distribution with support [—1,1]:
1
dws(t) = ————dt, te[—L1].
5(0) = ——sdt, 1€ [-L]

ws, has mean 0 and variance 1?/2.
Proof. See [ST97, Section I.1]. O

Definition A.2. Let ¥ C R be closed. Let Q : ¥ — [0, 00| satisfy
a) @ is lower semicontinuous,
b) ¥p:={t€ ¥ : Q(t) < oo} has positive capacity,

c) if ¥ is unbounded, then lim Q(t) — log|t| = o0
[t|—o00,teX

If Q satisfies these properties, we call it ezternal field on ¥ and W = e~ < its corresponding
weight function.

Furthermore, define for y € M (X) the energy functional

pi= [ Qdu(t)+ [ [1ogls — " auts)duce) (24)

Remark A.3. In [ST97] the authors define the energy functional to be (in our notation) Iag
instead of Ig. It is more convenient for our purposes to use this definition. We note that
under this change qualitative results from [ST97] remain the same but quantitative results
involving @ have to be changed by a factor 2 or 1/2, respectively.
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Ig(p) might be oo, but the following theorem holds. The support of a measure p will be
denoted as supp(u).

Theorem A.4. Let Q) be an external field on X.
a) There is a unique probability measure jg € M (X) with

I = inf  Io(p). 25
o(kQ) i Q(w) (25)

b) pg has a compact support.
c) Let Q be an external field on 3 such that Q = Q on a compact set K with supp(ug) C K
and Q(t) = oo fort ¢ K. Then 1 = HQ-

Proof. Statements 1) and 2) can be found in [ST97, Theorem 1.1.3], 3) follows from [ST97,
Theorem 1.3.3] (also see remark on page 48 in [ST97]). O

uq is called the equilibrium measure for (). The next theorem summarizes properties of the
logarithmic potential

Ul (z) = /log |z — |t dpu(t).

Theorem A.5.
a) Let Q and Q be external fields on ¥ such that ‘Q — Q! <eonX. Then for all z € C
|UKe () — UMa(z)| < 2e.

b) Let K C R be compact and (jin)n be a sequence in MY (K) converging weakly to a
probability measure . Then for a.e. z € C (w.r.t. the Lebesgue measure on C)
liminf U¥" (2) = UH(z).

n—oo
c) If p and v are two compactly supported probability measures and their logarithmic
potentials U* and UY coincide almost everywhere on C, then = v.

Proof. Statement 1. is contained in [ST97, Corollary 1.4.2], statement 2. is [ST97, Theorem
1.6.9] and assertion 3. [ST97, Corollary I1.2.2]. O

We also need a characterization of the support of the equilibrium measure.

Theorem A.6. Let QQ be an external field on X.
a) For a compact set K of positive capacity define the functional

Fo(K) :=logcap(K) — 2/deK.

For any compact K of positive capacity we have Fo(K) < Fg(supp(ug)). Furthermore,
if K is compact and of positive capacity and such that Fo(K) = Fo(supp(pg)), then
supp(jiq) K.

b) If Q is convex, then supp(pg) is an interval.

c) If Q is even, then supp(pg) is even.

Proof. For statement 1. see [ST97, Theorem IV.1.5], for statements 2. and 3. [ST97, Theorem
1V.1.10]. O
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Theorem A.7.

a) Let Q be an external field on ¥. If Q is finite on supp(ug) and locally of class C1*¢ for
some € > 0 (which means that Q is continuously differentiable and the derivative Q' is
Hélder continuous with parameter €), then pug a continuous density on the interior of
supp(1q)-

b) If Q has two Lipschitz derivatives and is strictly convez, then supp(ug) =: [a,b] and
the density of ug can be represented as

d,tzlgt) =rt)V(t—a)(b—1)Ly(t), (26)

where r can be extended into an analytic function on a domain containing [a,b] and
r(t) > 0 fort € [a,b]. In particular, density is positive on (a,b).

Proof. Statement 1. is [ST97, Theorem IV.2.5], for assertion 2. see e.g. the appendix of the

paper by McLaughlin and Miller [MMOS|. O
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