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Empirical Spectral Distribution

Ry: an N x N (random) matrix with eigenvalues A1, Ao, ..., An.
Note that the eigenvalues can be complex random variables.

Empirical Spectral Distribution (ESD) of Ry is the (random) probability measure

When all eigenvalues are real, its cumulative form and its moments are respectively

1
ECDF(x) = E#eigenvalues < x and,

N
Bu(Ry) = [ x"duy = N2> X' = NI Tr(R]).
i N
i=1

Arup BOSE Indian Statistical Institute, Kolkata WaLID HACHEM Université P Smallest singular value and limit eigenvalue distribution of a class of non-Her



Stieltjes transform

Stieltjes transform of any probablity distribution F on R is

me(z) :/ 1 dF(x), zeC*,

X—z

It is always defined.

Determines the distribution uniquely, convergence of Stieltjes transform if and
only convergence in distribution...

Its moments are defined as

Bh = / x"dF(x).

LSD are often expressed through their Stietljes transform.
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Two notions of convergence

Limiting spectral distribution (LSD): If this ESD converges weakly (for our
purposes, almost surely or in probability) to a probability distribution, then the
limit is called the LSD.

In this talk, all limit measures are non-random.
Tracial/algebraic/non-commutative convergence: For every polynomial T,
lim N™Y Tr(m(Rn, Ryy)) exists = o(m(r,rx)) (say).

(i) If Ry is symmetric, tracial convergence implies LSD provided the limit traces
{lim N=1 Tr(Rh))} identifies a unique probability distribution with these as the
moments. This is indeed the moment method.

(i) Tracial convergence notion can be extended to joint tracial convergence for
multiple sequences. This would then define a non-commutative algebra A (say)
(defined via dummy variables r, r etc..) along with a linear functional ¢ (say)
(defined via the limit values as above). Such a pair (A, ¢) is an example of a
non-commutative x-probability space.
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Two methods to prove convergence

When the eigenvalues are all real (the matrix is real symmetric), there are two
common methods to establish LSD:

Moment method.

Stieltjes transform method.
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Moment method for real symmetric Ry

Recalll that the h-th order moment of the ESD of Ry equals

Br(Rn) == %Tr(R,'\’,).

(M1) (Moment convergence) For every h > 1, E(Bn(Rn)) — B,
(M2) E(Bn(Rn) — E(Bn(Rn)))> =0, Vh
(M4) (Borel-Cantelli) >3 E(Ba(Rn) — E(Br(Rn)))* < 0o, Vh>1, and
(C) (Unique limit) iﬁz_hi =00 (Carleman’s condition).
h=1

If (M1), (M2) and (C) hold, then ESD of Ry converges in probability to the
distribution F which is determined uniquely by the moments {8,}. The
convergence is almost sure if (M4) holds.

Usually (M1) is the hardest to establish. See Bose (book, 2018) for examples.
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Stieltjes transform method

The Stieltjes transform of the ESD of Ry equals

1 1 1 1
my(z) = NZ Nz NTr(RN —z)7).

Express my41(z) in terms of my(z) and use (martingale or any other) techniques
to push the relation to a limiting functional equation.

The solution, (must show is unique) is the Stieltjes transform of the LSD.

Arup BOSE Indian Statistical Institute, Kolkata WaLID HACHEM Université P Smallest singular value and limit eigenvalue distribution of a class of non-Her



Three basic matrices

Sample size: n.
Dimension: N = N(n). Sometimes we write p instead of N.

Both N, n — oo,
N/n— ~ €0, o).

(A) The IID matrix: Suppose Z is the N x n matrix with iid random random
variables (with mean 0, variance 1, plus usually finiteness of (some) moments..).

For the next few slides, assume finite fourth moment.
(B) The sample covariance matrix: Sy = n~1ZZ*.

(C) The Wigner matrix: N=/2Wy where Wy is real symmetric whose elements
are IID with mean zero, variance 1.

All limits in this talk are universal. That is, they do not depend on the underlying
distribution of the random variables except through their second moments.
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Basic LSD results for Sy and Wy

(1) The LSD of N=¥/2Wy, is the semi-circle law: Wigner (1955/1956...).
Suppose
Sy = n~lzz*.

(2) When « # 0, LSD of Sy exists and is called the Marchenko-Pastur Law
(1967).

(3) When v = 0, LSD of Sy is degenerate (at 0). The LSD of

\/Z(SN —In)

is the also the semi-circle law: Bai and Yin (1988).

All three results can be proved by either the moment method (Bose (2018, book))
or the Stieltjes transform method (Bai, book).
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LSD of AY/2z77*Al/2

Now suppose A is an N x N non-negative random matrix whose LSD exists.
(4) the LSD of N—1/2AY/2WAL/2 exists: Bai and Zhang (2010).

(5) when v =0, the LSD of /7 (n~1AY/2ZZ*AY/2 — A) exists: Pan and Gao
(2009), Bao (2012) and is same as that in (4).
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Al/ZZBz*A1/2

Now suppose B is an n X n symmetric non-random matrix (with tracial

convergence and LSD...).

(6) when v = 0, the LSD of v/nN=1(n"tAY2ZBZ*AY/2 — =1 Tr(B)A) exists:
Wang and Paul (2014).
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Extensions?

Suppose we have several of the Z (independent), A and B type matrices.

What kind of LSD results should be valid? (different for v = 0 and v # 0).

How to establish them? (Moment method? Stieltjes transform?)

Any use for such results?
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A general set up

o {Z,= ((euwij)Inxn}, 1L<u<U.

° {gu,,-,j} are independently distributed with mean 0, variance 1 and all moments
uniformly bounded.

e {A;}: class of N x N matrices, which converge jointly.

e {B;}: class of n x n matrices, each of which converges tracially.
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Theorem 1, joint convergence

Define .
o P= (Hi/:l %Ati ij BSijT)Atk,Jrl’

e G = (H,k/:l %TF (BS/')) Hf(:il Atf

e when 7 > 0, the collection {IP}, converges jointly (in probability).
e when v = 0, the collection {v nN=1(P — G)}, converges jointly (in probability).

Limits can be expressed in terms of free variables.
Proved by checking (M1) and (M2) conditions.

By-product:

e All traces are asymptotically normal.
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Theorem 2, LSD for any symmetric polynomial

Then using the moment method, LSD exists for:
e any symmetric polynomial in {PP} when vy >0

e any symmetric polynomial in {~/nN—1(P — G)} when v = 0.

Proved by checking condition (C).

For specific polynomials, moment condition can be reduced by truncation
arguments.

See Bhattacharjee and Bose (IJPAM 2017/2018, RMTA 2016), Bose and
Bhattacharjee (book 2018).

Stieltjes transform formulae (recursive equations) are also derived.

All existing results on covariance-type matrices, including the ones mentioned
earlier follow.
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Linear time series

General model, MA(q):

q
Ye=> X jt>1 (0.1)
j=0

X:'s are i.i.d. N-dimensional vectors with mean 0 and variance-covariance matrix
Iy.

y; are N x N (non-random) coefficient matrices. 1o = 1. N = N(n) — oo such
that ¥ — 4 € [0, 0).

g can be infinite but that needs additional restrictions on {;}.
MA(O) is the i.i.d. process.

Sometimes we write p for N.
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Autocovariance matrix sequence

The sample autocovariance matrix of order i of {Y;} equals

N 1 « .
Fi=— Z Y Y
t=i+1

They are all non-symmetric except IA'O.

What is the behaviour of (polynomials) of these matrices?
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Consequences of Theorems 1 and 2

In both v =0 and v > 0 cases,

e tracial convergence of polynomials in these matrices follow as consequence of
Theorem 1.

e convergence of the ESD of any polynomial of the autocovariances which is a
symmetric matrix, follows from Theorem 2 once we assume that the {¢);}
matrices converge jointly.

In particular all LSD results in the literature on symmetrized autocovariance
matrices (such as I'; + 7, ;T T +T7 +T; +T7) etc, follow.

One can even combine these matrices across several independent time series
(should be useful for two or multi-sample problems..) and the above results are
still automatically guaranteed.

We have only very limited success so far on the convergence of the spectral
distribution in non-symmetric cases.
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Some applications

e All traces are asymptotically normal (useful in testing).

e Applications: determination of the order g, testing for white noise.... (see book).
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Simulation 1: ECDF of [y for MA(0)

A1
ro = E E XtXt*-
t=1

1.0

0.6
|

ECDF

0.4

0.0

I T T T T
0 2 4 6 8 10

eigen values, n=500, p=2000

Figure: LSD of [y is the Marchenko-Pastur law (well known in RMT).
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Simulation 2

Model 1 (MA(0)): Y; = X..
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eigenvalues, Model 1

Figure: Identical ECDF of f,f* 1 < u <4 for N = n=300. LSD known from BB.
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Simulation 3

Model 2 Y; = X; + AyXi_1, Ay = 0.5/y.
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— (Gamma3)t(Gamma3)
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eigenvalues, Model 2

Figure: ECDF of {1 different from ECDF of [,f7, 2,3,4. N = n = 300. Spectral
distribution of Ay is degenerate at 0.5. LSD known from BB.
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ESD of I for MA(0), n = 500
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real part of eigenvalues, p= 250

imaginary part of eigenvalues
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Figure: That this LSD exists shall be argued soon.
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Non-symmetric matrices

Tracial moments cannot give the existence of the LSD since they do not capture
the moments of the ESD which is now on the complex plane.

One of the major steps in the proof for any non-symmetric matrix is to establish
suitable bounds for the smallest singular value of a related matrix.

We shall clarify at the end how this step helps via log-potential.
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(n) — . .
(X = [x; () ],NJ o ~Ln Y)p>1 is a sequence of complex random matrices such that

N1 -1

ij=0 are i.i.d. with

Assumption 1. For each n > 1, {x,-(j")}
Exég) =0,

E|xég)|2 =1/n, and

4

sup, n?E|x{0 |4 = my < .

Note the different scaling of the entries.
(N("))nZL a sequence of positive integers, diverges to oo as n — oc.

N/n— v, 0<vy<ooasn— oo

Think of N as the dimension of the vectors and n as the sample size (number of
observations).
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For any matrix M € C"*", so(M) > --- > s,_1(M): the singular values of M.

Assumption 2. A" € C"*": sequence of deterministic matrices such that,

0 < infs,_1(A™) < sup so(AM) < oco.

e The Identity matrix trivially satisfies Assumption 2.

e The circulant matrix

J(n) _ R c RXn (02)
1 0
also satisfies Assumption 2. lts ESD converges to the uniform distribution on the
circle of unit radius.
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Assumption 3 The random variables Xo(g)

satisfy sup, |nE(x\0)?| < 1.
Assumption 3 essentially says that the x; are not real.
This is fine for applications in wireless communications and signal processing.

Not acceptable for time series applications.

This assumption is due to the application of a Berry-Esseen bound as a tool in
exactly one of the steps in the proof. We are trying to remove that.
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A general smallest singular value result

Let || - || denote the spectral norm of a matrix.

Consider the random matrix X A(M x(M* _ zly, where z is an arbitrary non-zero
complex number and [y is the identity matrix of dimension N.

Theorem 3 Suppose Assumptions 1, 2 and 3 hold. Let C be a positive constant.
Then, there exist a, 8 > 0 such that for each z € C\ {0},

P [sN,l(x@)A(")x(")* )<t |IX|| < c} <c (n"‘tl/Q + n—ﬂ) +exp(—c'n),

where the constants ¢, ¢’ > 0 depend on C, z, and my only. In particular the
result is true for XJX*.

Note that we DO NOT (yet) have the result for matrices with real entries.

We next state our main LSD result. Then we shall explain the connection how
Theorem 3 helps in proving Theorem 4.
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LSD result for 'y = S X X7 |

To state our result on LSD, let for any 0 < v < o0,

gly)=——=(1-v+2)? OV(y—1)<y<n. (0.3)

y + 1
Then g~ ! exists on the interval [0V ((7 — 1)3/7),v(y + 1)] and maps it to
[0V (v —~71),~]. It is an analytic increasing function on the interior of the

interval.

Note that g is a cubic polynomial and so a formula can be given for its inverse.
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Theorem 4. Suppose Assumptions 1 and 3 hold. Then, the LSD of >~ X; X} ;
exists in probability. The limit measure p is rotationally invariant on C. Let

F(r)y=p({z € C : |z| <r}),0 < r < oo be the distribution function of the radial
component.

If v <1, then
v lgTHr?) o< r<\H(y+1)
F(r) =
1 if r>/v(y+1).
If v > 1, then

1-~71  ifo<r<(y-132/7,
F(r)=q 7 g () if (y=1)*2/y7 <r <Al +1),
1 if r>+/~v(y+1).
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The support of p is the disc {z : |z] < \/~v(y + 1)} when v < 1.

When « > 1, the support is the ring {z : (v — 1)3/2/f < |z\ < V(v +1)}
together with the point {0} where there is a mass 1 —

Moreover, F(r) has a positive and analytical density on the open interval

(0 Vsign(y — 1)y — 11¥2/,7, /(v + 1))

This density is bounded if v # 1. If v =1, then the density is bounded everywhere
except when r | 0.
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A cumbersome closed form expression for g~1 (and hence for F(-)) can be
obtained by calculating the root of a third degree polynomial. For the special case

v =1, g~tis given by
1/3 1/3
t1/3 t t
-1
=—1]1 1—-— 1—4/1—— <t<2.
& (t) =7 * 27| 27 , 0sts
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Eigenvalue realizations corresponding to the cases where v = 0.5 and v = 2 are
shown in the next Figure.

- (N, n) = (500, 1000)

: (N, n) = (1000, 500)
Figure: Eigenvalue realizations and LSD support.
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Plot of F

1 1
08 08
06 4 06
04 M3
02 02
0 0
0 02 04 06 08 1 0 05 1 15 2 25

- (N, n) = (500,1000) - (N, n) = (1000, 500)

Figure: Plots of F(r) (plain curves) and their empirical realizations (dashed curves).
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Statistical testing with singular values

LSD results and also normality of trace results are useful for graphical and
significance tests of hypothesis.

The book has examples using the symmetrized autocovariances. This amounts to
using the singular values. There is loss of information in dealing with singular
values rather than eigenvalues.
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Statistical applications with eigenvalues

Theorem 4 gives the so-called null distribution of the eigenvalues under white
noise (IID) hypothesis. To test other hypothesis, we need LSD results for general
MA(q) models. This problem is non-trivial.
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log-potential

The logarithmic potential of a probability measure p on C is the C — (—o0, o0]
superharmonic function defined as

Uu(z) =— /C log |\ — z| u(dA) (whenever the integral is finite).

11 can be recovered from U, (:): let A = 82 + 07 = 40,0; for z = x + 1y € C be
the Laplace operator defined on

C°(C) = {p : ¢ is a compactly supported real valued smooth function on C}.

Then
p=—(27) AU, in the sense that (0.4)

1 (oo}
[ o2 ntee) = —5- [ Aole) Uylie) d. o € (0,
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Convergence of the logarithmic potentials for Lebesgue almost all z € C implies
the weak convergence of the underlying measures under a tightness criterion.

Observe that
> Xe X[ is essentially the same as the matrix as XJX* = Y (say).

The logarithmic potential of the spectral measure of Y equals

1 1
U, (z) = N Z log |\j — z| = N log | det(Y — z)|

1
= _ﬁ Iogdet(Y — Z)(Y — Z)* = —/|Og)\ Vn7z(d)‘)7

where the probability measure v, , is the singular value distribution of Y — z,

given as
1 N—-1
Vnz = N Z 65;(Y—z)-
i=0

Thus we need to study the asymptotic behavior of U, (z) for Lebesgue almost all
zeC.
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Lemma 4.3 of Bordenave and Chafai Let (M,) be a sequence of random
matrices with complex entries. Let (, be its spectral measure and let o, , be the
empirical singular value distribution of M,, — z. Assume that

(i) for almost every z € C, there exists a probability measure o, such that
On,z = O in probability,

(ii) log is uniformly integrable in probability with respect to the sequence (o, ;).

Then, there exists a probability measure ¢ such that ¢, = ¢ in probability, and
furthermore,

Ue(z) = — / log A o,(d\) C—ae.
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Thus we need to establish that:

Step 1: for almost all z € C, v, , = v, (a deterministic probability measure) in
probability.

Step 2: the function log is uniformly integrable with respect to the measure v, ,
for almost all z € C in probability. That is,

Ve >0, lim limsupP [/ [log A[ 1ji6g A|>T Unzd(A) > €| =0. (0.5)
0

|
T—oo p>1

Then there exists a probability measure p such that p, = p in probability, and
Un(z) = — [log|A| ©.(d\) C-almost everywhere. It would then remain to
identify the measure p to complete the proof of Theorem 4.
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Steps 1 and 2

Step 1 Proved by convergence of the trace of resolvent. There one first replaces
trace by its expectation, then uses Gaussian approximation, PN inequality.

Step 2 requires control of both, the small eigenvalues and the large eigenvalues.
The latter is achieved trivially (since spectral norm of X is almost surely
bounded). The former is achieved by Theorem 3.

For detailed proof, see Bose and Hachem (2018).
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Why is the general case difficult?

Consider
Ye =X + Z/Jlxt—l-

Then

= Z Y, Y 1.

Substituting the first equation in the second, we get several terms which involve
the autocovariance matrices of order 0 and 1 of {X;} together with the matrix 1);.
This is now non-symmetric and a complicated expression to deal with. It gets
even tougher with the increase in the order of the process.
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Very selective references

Bhattacharjee and Bose (2019). Joint convergence of sample autocovariance
matrices when p/n — 0 with application. AoS.

Bhattacharjee and Bose (2018) (Book). Large Covariance and Autocovariance
Matrices. Chapman and Hall.

Bhattacharjee and Bose (2016). Large sample behavior of high dimensional
autocovariance matrices. AoS.

Bhattacharjee, Monika and Bose, Arup (2017). Matrix polynomial generalizations
of the sample variance-covariance matrix when pn=! — y € (0, 00). IJPAM,
Errata, 49, 4, 783-788 (2018).

Bhattacharjee, Monika and Bose, Arup (2016). Matrix polynomial generalizations
of the sample variance-covariance matrix when pn~! — 0. RMTA.

Bordenave and Chafai (2012). Around the circlar law. Prob Surveys.
Bose (2018). Patterned Random Matrices. Chapman & Hall.
Bose and Hachem (2018). Arxiv.

References to other relevant works are available in the above works.
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THANK YOU !
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