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Abstract

We show that the density of complex eigenvalues for unitary invariant
ensembles of complex matrices A can be written as an integral over the
eigenvalues g; of AAT. For the standard random matrix ensembles with
matrix density of the form ]_[j w(g;), this integral can be further reduced to a
twofold integral involving the Christoffel-Darboux kernel for the orthogonal
polynomials associated with weight w.

PACS numbers: 02.10Yn, 02.50.—r, 05.40.—a, 75.10.Nr

1. Introduction

Random matrices have found many interesting applications in physical sciences and beyond.
Motivated by applications, random matrix theory is concerned with studying statistical patterns
in the eigenvalue distribution. In this context it helps to know the joint probability density
function (jpdf) of eigenvalues. For the traditional random matrix ensembles the jpdf can be
calculated in a closed form [1, 2], and, consequently, one gets access to various eigenvalue
statistics such as the mean eigenvalue density, eigenvalue correlation functions or spacings
between eigenvalues.

Recently, random matrices with complex eigenvalues filling densely parts of the complex
plane have attracted considerable interest in the mathematical and theoretical physics literature.
Compared to random matrices with real eigenvalues where one can study the eigenvalue
distribution by moving off the real line and avoiding singularities, matrices with complex
eigenvalues present much more of a challenge as one has to deal with generating functions,
such as the resolvent, inside the domain of the eigenvalue distribution. Similarly, finding
the jpdf of complex eigenvalues in a closed form is generally a difficult task which has been
successfully accomplished for the Gaussian matrix ensembles [3-5] and a few ensembles
beyond [6, 7].
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One approach that has proved to be useful for studying eigenvalue distributions in the
complex plane is based on the so-called method of Hermitization [8—10], or equivalently on
the use of the logarithmic potential, see [11, 12]. In this approach one reduces the complex
eigenvalue problem to a one-parameter family of real eigenvalue problems and then uses the
standard techniques to deal with the latter. In this communication, building on the previous
work of two of us [13], we develop an alternative approach to Hermitization.

We consider the general class of invariant random matrix ensembles. Our matrices A
are complex N x N and the law of their distribution is invariant under the left and right
multiplication by the unitary matrices. Without loss of generality we may assume this law to
be of the form

dP(A) «x W(gy,...,gn)dA, 0<a<g<b<+oo foral j, (D)

where the weight W is a continuous symmetric function in the eigenvalues g; of AAT and dA is
the Cartesian volume element in the space of complex matrices, dA = [[;; dRe A;;dIm A;;.
The complex Ginibre ensemble [3] belongs to this class with the weight function W =
e~ TrAAT — =258 a5 well as its extension W = e~ V(A4 — =%, V) dA  introduced
by Feinberg and Zee [8]. Another example is provided by the Jacobi ensemble with
W = det(AAT)? det(/ — AAT)? =TT, g7 (1 — g;)? which appears naturally in the context of
truncations of random unitary matrices [14, 15].

Itis apparent that the eigenvalues z ; of A are not completely independent of the eigenvalues
gjof AAT. While it is rather difficult to give a precise deterministic description of the relation
between the two sets of eigenvalues, one can link the eigenvalues of AA' to those of A in the
stochastic setup. In the previous work [13] it was shown that the density of eigenvalues of A,

e .
0(2) :<N28(x—Rezj)8(y—Iij)>, Z=x+iy, )
j=1

is completely determined by those of AA' in the following sense. If the eigenvalues of AA®
are fixed, i.e. W(gy,...,gn) = H?j:l 3(g; — &;) in (1), then p(x, y) can be expressed in
terms of the g;’s in a closed form, see theorem 2.1. This means that in the ensemble (1)
with the general weight W one can obtain the density of eigenvalues by integrating over the
eigenvalues of AAT. The corresponding integration formula is one of the two results of this
communication, see theorem 2.2. The other one concerns the multiplicative weights,
N
W(gi.....gn) = [ [w(g)). 3)
j=1
which are pertinent to the Feinberg—Zee and Jacobi ensembles. We show that in this case the
density of eigenvalues of A can be obtained by integrating the Christoffel-Darboux kernel for
the orthogonal polynomials associated with the weight w, see theorem 2.3.
The communication is organized as follows. In section 2, we state our main results. The
details of proofs are given in section 3 and section 4 contains two examples.

2. Main results

In order to state our main results we need to recall a theorem from the previous work [13]. Let
z be a complex number and g = (gy, ..., gn). Define functions F;(g),i =1,..., N, by

;= 2\N-2 oo N dt ; N 1+tg_7
Fi(g) = $ LD / WN-n+Eiwve-n| ] —2 @
T o (L+p)N+2 |z]? o1 8T8
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For future reference we note the following important symmetries: foreachi =1,..., N
F;(g) is invariant wrt any permutation of g1, ..., 8&i—1, i+l --+» &N 5
and
Fn(Dlgiogy = Fi(g). (6)

Theorem 2.1 (Wei and Fyodorov [13]). Let G = diag(gi, ..., gn) be a fixed positive
diagonal matrix, such that 0 < g1 < --- < gy < 00, N = 2 and U be a random unitary
matrix drawn from the circular unitary ensemble (the unitary group U (N) equipped with the
Haar measure). Then the density of eigenvalues of the matrices ~/GU averaged over the
distribution of U is given by

0g(2) = {

0 if |z <g or |z]*> gn

. (7N
Iy Fi(® if g <l <gw. k=1,...,N-L

Note that equation (4) has an extra factor 1/ compared to the similar one in [13]. This is
due to a change in the normalization convention. In [13] the eigenvalue density was normalized
to f p(z)d(]z]*) = 1 while in this communication we use the normalization f p(z)dxdy = 1.

Now, consider the random matrix ensembles defined in (1). We recall that the eigenvalues
of A are confined to the region enclosed by two concentric circles |z|> = min ;gj and
|z|* = max; g; with the g’s being the eigenvalues of AAT. Therefore, the eigenvalues of the
matrix A drawn at random from the matrix distribution (1) all lie in the region a < |z|*> < b,
where a and b are as defined in (1).

In this communication we show that theorem 2.1 implies

Theorem 2.2. The average density of the eigenvalues in the random matrix ensemble defined

by (1) is given by
1 b b b
0@ =5 [da [dons [ do vow ] @-s  a<if <b
a a |z|?

I* 1<i<j<N
®)

with the normalization constant

b b
QN=[ dg1-~-/ dev W) [ (g —g)™ ©)

a 1<i<j<N

We also show that for the multiplicative weights (3) the N-fold integral in (8) reduces to a
twofold integral as follows. Let p, (x) be the monic orthogonal polynomials associated with
the weight function w(x),

b
/ dx w(x)pn(-x)pm(x) =hn5m,n7 pn(-x) =x" +y, (10)
and Ky (x, y) be the corresponding Christoffel-Darboux kernel,

N-1
DPn(X)pr(y) 1 pv&X)pn1(y) — pnv-1(X) pn (Y)
Kyt y) = Z hy - hy—1 xX—=y ’

(11)

n=0
It is well known, see e.g. [1, 2], that Ky determines the density of the eigenvalues of AAT
averaged over the distribution of A,

N
<2Tr8(x - AA"‘)> = wx)Ky(x, x).

j=1 A
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As a simple corollary of theorem 2.2, we will show that the density of eigenvalues of A can
also be expressed in terms of the kernel K.

Theorem 2.3. The average density of the eigenvalues in the random matrix ensemble defined
by (1), (3) is given by

WL (x — [z[HN 2
o) = (1) |z] /Z dxw(x)/ (S + |Z|2)N+2
x |:N(x+s)— (%+|ZI2)1| Ky(x, —s), a<|z)* <b. (12)

Equation (12) gives the average density of complex eigenvalues in a closed form in terms
of the orthogonal polynomials associated with the weight w(x) on the real interval (a, b).
Although it does not look simple, (12) provides an efficient way of calculating the density for
small matrix dimensions N, see example 2 in section 4. We also hope that it will be helpful
in the large-N limit. The complexity of the derived equation (12) can be traced down to the
determinantal formula for the eigenvalue density [16]

det[€2] + (zI — A)(z] — A)] >

13)

7T e—0 0% w—z dzp \ det[€2] + (zp] — A)(zp] — A)T]

/O(z)=—lhmi lim <

which was the starting point of the calculations in [13]. In contrast to Hermitian matrices,
averages of ratios of the characteristic polynomials are rather complicated objects to study
due to singularities in the denominator [17]. Interestingly, if separated, the ‘bosonic’ and
‘fermionic’ parts of the determinantal ratio in (13) are much simpler. For the ensemble of
random matrices +/GU as in theorem 2.1 they were calculated in [18], see also [17]:

. +eo ds N
(detzI — VGU) I —VGU) ')y = (N + 1>f0 e ]1:[l<s|z|2+gj> (14)

and, in the limit € — 0,
(det™'[€1 + (zI — VGU)(zI — VGU) )y = Ry(z) In(1/€%) + O(1) (15)

where R, (z) is given by the formula on the rhs of equation (7) with

N(N —1 1
Fi(g) = E“’“gFW(lzlz—gﬂ”‘z IT -

These formulae yield the averages over the ensemble of random matrices (1), (3) in the same
way as theorem 2.1 implies theorems 2.2 and 2.3:

* pu(=slzP)

_ Ay — (_1\V "
(det(zI — A)(zl — A4 = (=1) (N+1)/0 s ds (16)
and
(det™"[*] + (zI — A)(zI — A)'])a = (Ry(2))aIn(1/€%) + O(1)
with
N—1
(Rg(2))a = (x 12V 2 pyoi (D) w(x) dx. (17)

PN vy Sy

Equation (16) is an immediate consequence of (14) and the Heine formula (26) and equation
(17) can be obtained by repeating the calculations given in the next section with F; (g) replaced
by Fi(b) (g). Since the functions Fi(b) (g) enjoy the same symmetries (5)—(6) as the F;(g)’s, the
derivation of (8) from (7) goes unchanged, leading to (17).

4
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3. Proofs

Throughout this section we assume that N > 2. We will use the notation A(g) for the
Vandermonde determinant:

A= [] (@—gp=det(g ™), ., y=detlpn_;(@)ij=1..n- (18)

1<i<j<N

To prove theorems 2.2 and 2.3 we need the following two lemmas.

Lemma 3.1. The functions F;(g) add up to zero:

N
> Fi(g)=0. (19)
i=1

Proof. Recall Lagrange interpolation: for any polynomial f(x) of degree N — 1 or less
N N o
fo =Y "ren [] ==&
i=1 1,y 81 T8

This identity can be used to verify the following two summation formulae:

N N 1+ Lg t
S —1P¥ [ = —pdent
P j=rji 8178 ¢
and
al N1+ g
Zgi(gi —lzHN? 1_[ —ﬁl - = +)N2
i=1 j=1,j#i ©! 8j
On rearranging terms in the square brackets in (4),
(N—t)+g—[2(Nt—1)=N(1+g—i2t>—(g—i2+t>, (20)
|z |z] |z

and making use of the above summation formulae, one sees that the contribution to ) _; F;(g)
corresponding to the first term on the rhs in (20) vanishes for all # and the contribution
corresponding to the second term vanishes after integrating over . ]

Lemma 3.2.  Suppose that S(g) is a symmetric function in g1, ..., gy and such that the
integrals below converge. Then, forany 0 < a < 8 < 00,

B B
/ dgl---/ dgny S(g)Fy(g) =0. (21)

Proof. By lemma 3.1, Fy(g) = — >} Fi(g). Hence, in view of (6),

B B B B
/ dg1---/ dgy S(g)Fn(g) = —(N — 1)/ dg1---/ S(8)Fn(g),
and (21) follows. O

Proof of theorem 2.2. Consider the random matrix ensemble defined by (1). The density
of eigenvalues p(z) (2) averaged over this ensemble can be related to that of theorem 2.1
by changing to the ‘polar’ coordinates in the matrix space. Indeed, recalling the singular
value decomposition, one can write A = VA/GU where both U and V are unitary with

5
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V being determined modulo multiplication by a diagonal unitary matrix, and G being the
diagonal matrix of the ordered eigenvalues g; < g, < --- < gy of AAT. Ignoring matrices
with repeated g;’s, the correspondence between A and (U, V, G) is one to one, with the
Jacobian being proportional to A2(g) [19]. The matrices A and +/GUV have the same set
of eigenvalues, and, by the invariance of the Haar measure, the mean eigenvalue density of
V/GU does not change when U gets multiplied by V. On changing to the polar coordinates
(U, V, G) one then gets the desired relation

1 b b b
PO = o / dg, / dgs - - / den W(g)A2(g) pe(2)
N Ja g1 EN-1

where

b b b ) QN
CN=/ d81/ dgz~-~/ dgy W(@)A“(g) =

N1
81 EN-1 N!

with Qy as in (9).
Now apply theorem 2.1 to the integral and write explicitly

(N — 1)! |z|? b b b 5 N
p2) = —7— / dg1/ dgz/ dg3-~-/ dgy W(@)A*(2) Y Fi(g)+ -
QN a \Z|2 82 8N-1 i=2

Iz Iz l2f? b
[T da [ g [ dee [ dey woat @R
a 81 gn-2 Izl

On making use of the symmetries of the functions F;(g), see (5)—(6),

N-D!
p(2) = )Z

|zI? z|? b b
X/ dgl"'/ dgi/ dgi+1~-~/ dgn W(g)A*(g) Fy(g). (22)
a a |z]? |z|?

On the other hand,

il(N —1 —1)'

b b b
f dgi - -- / dgys / dgy W(g)A%(g) Fy(g)
a a |

z|?

|z|? b Iz|? b b
(/ +/ ) dgi - (/ +/ ) dqu/ dgy W(g)A*(g) Fn(g)
a z]2 a z|? z]?

N-1

(N — ])y /Iz2 /zl2 /b
= dg;--- dg; dg;
1'(N—1—1)' 81 g 8 o 8i+1

i=I

b
. /| dgy W(g)A*(g) Fn(g). (23)

z|?

In the last step, we have used (21) with « = |z|?, 8 = b and S(g) = W(g)Az(g). Now one
can verify equations (8)—(9) by comparing (22) and (23). O

Remark 1. By lemma 3.2, we also have

1 b b |z|?

p(z>=—Q—/dg1---fdgN_1/ dgn W()A%(9) Fn(g).  a<lz <b. (24
N Ja a a

This formula is sometimes more convenient in applications.

6
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Next, assume that the weight W(g) is multiplicative, as in equation (3). Then the
normalization constant Qy can be expressed in terms of the /;’s (10):

N—-1

Oy =N!]]h;.

j=0

This follows, see e.g. [1], from the identity

b b b
/ dx; w(xl)m/ dxy w(xy) det(p;(x;)) det(p;(x;)) = N!det (/ pi(X)pj(x)w(x)dx>

on recalling the Vandermonde determinant (18). The derivation leading from (8) to (12) which
is given below is standard and is based on the identity [20]

1
O~ /dxlw(xl) /dew(XN) A, oy XN Y e YM) AT, o XN)
N
= det(PN—Hz (y]))z,_]zl ..... M (25)

which is an extension of the Heine formula, see, e.g. [21],

1 b b N
a/ dx; w(xy) - / dxy w(xy) l—[(y —xj)Az(xl, e XN) = pn (). (26)

a j=1
Proof of theorem 2.3. Note that

A(gi, ...

s+ A(gr, ..., en, —S)A(21, ..., gNn—
en) 1—[ g;, — (=¥ (g1 8N - ls(gl 8N-1)
8N — &i N

On making the substitution s = |z|?/¢ in the integral representation (4) for Fy(g) and then
applying theorem 2.2, the eigenvalue density function takes the form

(DN P (g — 12DV 2 &
() = BT /a dgi / dgn- 1[12 dgn / TGPV il:[w(gi)

1

~ A(glv <o 8N> _S)A(gl» "'1gN71) |:N(g]\/ +S) o (gN +| |2>] (27)

gnts |z|?
Define gn+1 = —s. Then, by (25), the integral over gy, ..., gn—1 yields
b b N-1
A(g]a ~"9gN7 _S)A(g]7 "'5gN—1)
dgi / dgn-1 w(g;)
/a a E N tS

N-1
=—(N-1)! <H hn) Kn(gn, —s),
n=0

and theorem 2.3 follows. O

Remark 2. By lemma 3.2, we also have an alternative form:

|z|? 0o (x — |Z|2)N72

W2 W=k -

p(Z) = ( 1) |Z| /L; de)()C)/ ds (S+ |Z|2)N+2
x |:N(x +5)— <|x|2 2| )] Ky(x,—s),  a<lz? <b. (28)
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4. Examples

In this section, we give two examples of the calculation of the eigenvalue density with the help
of the formulae obtained in this communication.

Example 1 (Complex Laguerre-type ensemble). Consider complex N x N matrices with the
probability distribution

P(A) o det(AAT) " 44 dA = [T g4e ® dA, a>0.
J

It is a simple modification of the complex Ginibre ensemble. This is a case when the alternative
way of formulating theorem 2.3 becomes convenient. First, note that

(g = 1zP)(s + 1z
P =+ 1) - (g — 1z + > :
|z |z
The monic orthogonal polynomials associated with the weight w(x) = x“e™, x > 0, are the
generalized Laguerre polynomials L¢(x) scaled appropriately, p,(x) = (—=1)"n!L$(x) [22],
and the Christoffel-Darboux kernel (11) is

N—1

n! a 4
Kn(x,y) = g an(x)Ln()’)~

8s

X

Using the two integral formulae [23] below,

© L4(—s) 1 " (n+a ) Y
i ds = . —i—=2)!z|", >n+2

/0 G+ (m—l)!|z|2<'"”,~2<;(n—z>(m Y e
! Sl pxra Tn+a+1)1

(I=—x)""e™Li(Bx) = ————2Fhn+a+1, La+1, u+1;—p),
0 n'Ta+1) u
one can convert (28) into

N-1
1 i |Z|2(l+a)
— Iz]
pRI=T5¢ gr(1+1+a)’

recovering Ginibre’s expression [1, 3].

Example 2 (Complex Hermite-type ensemble). In this example, we consider the ensemble
of complex N x N matrices with the probability distribution

P(A) oce  TAAD g4 — e~ 258 dA. (29)

In this case the weight function is w(x) = e, x > 0. A general expression for the
associated orthogonal polynomials seems to be unknown; however, applying the Gram-—
Schmidt procedure one can easily construct them one by one, e.g.

po(x) =1 ho = /7/2

T =2

pi(x) =x /N 1 N
, AT 4—m Jrm =3

= - h, = Y
P = Y T i, SR

oy =8 w10 St-16 672 — 297 +32
X)) =X — X — X T
ps 27 —3) -6 4ym(r —3) 167 (T —3)
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Figure 1. Histogram of the radial part of the eigenvalue distribution of 3 x 3 complex matrices
A distributed as in (29), with sample size 50000 and bin 0.05. Solid line represents the function
f3(|z]) as derived from (30).

It is then straightforward to apply theorem 2.3 and get the first two density functions

1
pa(z) = % {(erf<|z|2) ) (W - 1) +exp(—z|*) (

1 1
R
2zI* iz >}

and

_ |z > o T
PO=TEr 3 {(erf('Z' )= <_6|z|8 BT T)

o (_NF w2 V7w
+ exp( |z|)< 6lZF  6)2[f +6|z|4+6|z|2)}’

Here erf is the error function: erf(x) = 2z ~!/2 fox dte".

(30)

Finally, since the density function of Hermite-type complex random matrices in
example 2 is, to the best of our knowledge, not known in the literature, we compare our formula
with numerical simulations. To this end, we generate 3 x 3 complex matrices according to the
probability distribution (29). We draw a histogram of the radial part of eigenvalues, |z|, of the
matrix A, see figure 1. To compare with the histogram, we use the appropriately normalized
density function f3(|z]) = 2m|z|p3(z), which is shown by the solid line. From figure 1, we
observe a very good match between our formula (30) and the results of numerical simulations.

Acknowledgments

The work in Nottingham was supported by EPSRC grant EP/C022496/1 ‘From Random
Matrices to Random Landscapes’. Part of the work was done during the 2008 programme
‘Anderson Localisation: 50 years after’ at the Isaac Newton Institute for Mathematical Sciences
where all three authors were supported by Visiting Fellowships.



IOP FTC bbb

J. Phys. A: Math. Theor. 42 (2009) 462002 Fast Track Communication

References

[
2]
3]
(4]
(5]
(6]
(7]
(8]
(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]
(18]
(19]

(20]
[21]

[22]

[23]

10

Mehta M L 2004 Random Matrices 3rd edn (Amsterdam: Elsevier/Academic)

Forrester P J Log-gases and Random Matrices (Princeton, NJ: Princeton University Press) (submitted)

Ginibre J 1965 Statistical ensembles of complex, quaternion, and real matrices J. Math. Phys. 6 440-9

Fyodorov Y V, Khoruzhenko B A and Sommers H-J 1997 Almost-Hermitian random matrices: crossover from
Wigner-Dyson to Ginibre eigenvalue statistics Phys. Rev. Lett. 79 557-60

Osborn J C 2004 Universal results from an alternate random-matrix model for QCD with a Baryon chemical
potential Phys. Rev. Lett. 93 2220014

Zyczkowski K and Sommers H-J 2000 Truncations of random unitary matrices J. Phys. A: Math. Gen.
33 2045-57

Fyodorov Y V and Sommers H-J 2003 Random matrices close to Hermitian or unitary: overview of methods
and results J. Phys. A: Math. Gen. 36 3303—47

Feinberg J and Zee A 1997 Non-Gaussian non-Hermitian random matrix theory: phase transition and addition
formalism Nucl. Phys. B 501 643-69

Feinberg J and Zee A 1997 Non-Hermitian random matrix theory: method of Hermitian reduction Nucl. Phys.
B 504 579-608

Janik R A, Nowak M A, Papp G and Zahed I 1997 Various shades of Blue’s functions Acta. Phys. Pol. B 28
2949-93

Sommers H-J, Crisanti A, Sompolinsky H and Stein Y 1988 Spectrum of large random asymmetric matrices
Phys. Rev. Lett. 60 1895-98

Fyodorov Y V, Khoruzhenko B A and Sommers H-J 1997 Almost-Hermitian random matrices: eigenvalue
density in the complex plane Phys. Lett. A 226 46-52

Wei Y and Fyodorov Y V 2008 On the mean density of complex eigenvalues for an ensemble of random matrices
with prescribed singular values J. Phys. A: Math. Theor. 41 502001

Forrester P J 2006 Quantum conductance problems and the Jacobi ensemble J. Phys. A: Math. Gen. 39 6861-70

Fyodorov Y V and Khoruzhenko B A 2007 A few remarks on colour-flavour transformations, truncations of
random unitary matrices, Berezin reproducing kernels and Selberg-type integrals J. Phys. A: Math. Theor.
40 669-99

Fyodorov Y V and Sommers H-J 1997 Statistics of resonance poles, phase shifts and time delays in quantum
chaotic scattering: random matrix approach for systems with broken time-reversal invariance J. Math. Phys.
38 1918-81

Wei Y 2009 Moments of ratios of characteristic polynomials of a certain class of random matrices J. Math.
Phys. 50 04351818

Fyodorov Y V and Khoruzhenko B A 2007 On absolute moments of characteristic polynomials of a certain
class of complex random matrices Commun. Math. Phys. 273 561-99

Hua L K 1963 Harmonic Analysis of Functions of Several Variables in the Classical Domains (Providence, RI:
American Mathematical Society)

Brézin E and Hikami S 2000 Characteristic polynomials of random matrices Commun. Math. Phys. 214 111-35

Baik J, Deift P and Strahov E 2003 Products and ratios of characteristic polynomials of random Hermitian
matrices J. Math. Phys. 44 3657-70

Abramowitz M and Stegun I (ed) 1972 Handbook of Mathematical Functions with Formulas, Graphs, and
Mathematical Tables (New York: Dover)

Gradshteyn 1 S and Ryzhik I H 2007 Tables of Integral, Series, Products 7th edn (Amsterdam:
Elsevier/Academic)


http://dx.doi.org/10.1063/1.1704292
http://dx.doi.org/10.1103/PhysRevLett.79.557
http://dx.doi.org/10.1103/PhysRevLett.93.222001
http://dx.doi.org/10.1088/0305-4470/33/10/307
http://dx.doi.org/10.1088/0305-4470/36/12/326
http://dx.doi.org/10.1016/S0550-3213(97)00419-7
http://dx.doi.org/10.1016/S0550-3213(97)00502-6
http://dx.doi.org/10.1103/PhysRevLett.60.1895
http://dx.doi.org/10.1016/S0375-9601(96)00904-8
http://dx.doi.org/10.1088/1751-8113/41/50/502001
http://dx.doi.org/10.1088/0305-4470/39/22/004
http://dx.doi.org/10.1088/1751-8113/40/4/007
http://dx.doi.org/10.1063/1.531919
http://dx.doi.org/10.1063/1.3119483
http://dx.doi.org/10.1007/s00220-007-0270-y
http://dx.doi.org/10.1007/s002200000256
http://dx.doi.org/10.1063/1.1587875

	1. Introduction
	2. Main results
	3. Proofs
	4. Examples
	Acknowledgments
	References

