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Abstract

The quantum-limited line width of a laser cavity is enhanced above the Schawlow—Townes
value by the Petermann factor K, due to the non-orthogonality of the cavity modes. We derive
the relation between the Petermann factor and the residues of poles of the scattering matrix and
investigate the statistical properties of the Petermann factor for cavities in which the radiation
is scattered chaotically. For a single scattering channel we determine the complete probability
distribution of K and find that the average Petermann factor (K) depends non-analytically on
the area of the opening, and greatly exceeds the most probable value. For an arbitrary number
N of scattering channels we calculate (K) as a function of the decay rate I' of the lasing mode.
We find for N> 1 that for typical values of I" the average Petermann factor (K) oc /N> 1 is
parametrically larger than unity. (©) 2000 Elsevier Science B.V. All rights reserved.

PACS: 42.50.Lc; 42.50.Ar; 42.60.Da
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1. Introduction

Laser action selects a mode in a cavity and enhances the output intensity in this mode
by a non-linear feedback mechanism. Vacuum fluctuations of the electromagnetic field
ultimately limit the narrowing of the emission spectrum [1]. The quantum-limited line
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width, or Schawlow—Townes line width,
Swsr =11, (1.1)

is proportional to the square of the decay rate I" of the lasing cavity mode and inversely
proportional to the output power / (in units of photons/s). This is a lower bound for
the line width when I' is much less than the line width of the atomic transition and
when the lower level of the transition is unoccupied. Many years after the work of
Schawlow and Townes it was realized [2—4] that the true fundamental limit is larger
than Eq. (1.1) by a factor K that characterizes the non-orthogonality of the cavity
modes. This excess noise factor, or Petermann factor, has generated an extensive
literature [4—10].

Apart from its importance for cavity lasers, the Petermann factor is of fundamental
significance in the more general context of scattering theory. A lasing cavity mode is
associated with a pole of the scattering matrix in the complex frequency plane. We
will show that the Petermann factor is proportional to the squared modulus of the
residue of this pole. Poles of the scattering matrix also determine the position and
height of resonances of nuclei, atoms, and molecules [11]. Powerful numerical tools
that give access to poles even deep in the complex plane have been developed recently
[12]. They can be used to determine the residues of the poles as well. Our work is
of relevance for these more general studies, beyond the original application to cavity
lasers.

Existing theories of the Petermann factor deal with cavities in which the scattering is
essentially one-dimensional, because the geometry has a high degree of symmetry. For
such cavities the framework of ray optics provides a simple way to solve the problem
in a good approximation [6,7]. This approach breaks down if the light propagation
in the cavity becomes chaotic, either because of an irregular shape of the boundaries
(like for the cavity depicted in Fig. 1) or because of randomly placed scatterers. The
method of random-matrix theory is well-suited for such chaotic cavities [13,14]. Instead
of considering a single cavity, one studies an ensemble of cavities with small variations
in shape and size, or position of the scatterers. The distribution of the scattering matrix
in this ensemble is known. Recent work has provided a detailed knowledge on the
statistics of the poles [15—19]. Much less is known about the residues [20—22]. In this
work we fill the remaining gap to a considerable extent.

The outline of this paper is as follows. In Section 2 we derive the connection between
the Petermann factor and the residue of the pole of the lasing mode. The residue in
turn is seen to be characteristic for the degree of non-orthogonality of the modes. In
this way we make contact with the existing literature on the Petermann factor [9,10].

In Section 3 we study the single-channel case of a scalar scattering matrix. This
applies to a cavity that is coupled to the outside via a small opening of area o7 < 12/2n
(with 4 the wavelength of the lasing mode). For preserved time-reversal symmetry
(the relevant case in optics) we find that the ensemble average of K — 1 depends
non-analytically oc TInT~! on the transmission probability 7 through the opening,
so that it is beyond the reach of perturbation theory even if 7<1. We present a
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Fig. 1. Chaotic cavity that radiates light from a small opening.

complete resummation of the perturbation series that overcomes this obstacle. We derive
the conditional distribution P(K) of the Petermann factor at a given decay rate I' of
the lasing mode, valid for any value of 7. The most probable value of K — 1 is oc 7.
Hence it is parametrically smaller than the average.

In a cavity with such a small opening the deviations of K from unity are very small.
For larger deviations we study, in Section 4, the multi-channel case of an N x N
scattering matrix, which corresponds to an opening of area .o/ ~ NAi?/2r. The lasing
mode acquires a decay rate I' of order I'g = NT4/2n (with A the mean spacing of
the cavity modes). We compute the mean Petermann factor as a function of I' for
broken time-reversal symmetry, which is technically simpler than the case of preserved
time-reversal symmetry, but qualitatively similar. We find a parametrically large mean
Petermann factor K oc v/N.

Our conclusions are given in Section 5. The main results of Sections 3 and 4 have
been reported in Refs. [23,24], respectively.

2. Relationship between Petermann factor and residue

Modes of a closed cavity, in the absence of absorption or amplification, are eigen-
values w, of a Hermitian operator H. This operator can be chosen real if the system
possesses time-reversal symmetry (symmetry index = 1), otherwise it is complex
(f=2). For a chaotic cavity, H can be modeled by an M x M Hermitian matrix with
independent Gaussian distributed elements:

P(H) oc exp {—f—gter] . (2.1)

(For =1 (2), this is the Gaussian orthogonal (unitary) ensemble [14].) The mean
density of eigenvalues is the Wigner semicircle:

p(w) = i\/4,u2 —w?. (2.2)

2mp?
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The mean mode spacing at the center =0 is 4 =nu/M. (The limit M — oo at fixed
spacing A of the modes is taken at the end of the calculation.)

A small opening in the cavity is described by a real, non-random M x N coupling
matrix W, with N the number of scattering channels transmitted through the opening.
(For an opening of area .o/, N ~ 2m.«//J? at wavelength 1.) Modes of the open cavity
are complex eigenvalues (with negative imaginary part) of the non-Hermitian matrix

H =H —inwwt . (23)

In absence of amplification or absorption, the scattering matrix S at frequency o is
related to 2 by [11,25]

S=1-2nmiWi(w—#)"'w. (2.4)

The scattering matrix is a unitary (and symmetric, for f = 1) random N x N matrix,
with poles at the eigenvalues of . It enters the input—output relation

N
apt(@) =) Sm(@)a (o), (2.5)
n=1

which relates the annihilation operators a™ of the scattering states that leave the cavity
to the annihilation operators a™ of states that enter the cavity. The indices 7, m label

the scattering channels.
We now assume that the cavity is filled with a homogeneous amplifying medium
(constant amplification rate 1/t, over a large frequency window Q, =LA, L> N). This
adds a term i/27, to the eigenvalues, shifting them upwards towards the real axis. The

scattering matrix

S=1-2niWl(w—A# —i/2t,)"'W (2.6)
is then no longer unitary, and the input—output relation changes to [26,27]
N N
a¥ (@)= Su(@)ay (@) + > Om(w)bi(w). 2.7)
n=1 n=1

All operators fulfill the canonical bosonic commutation relations [a,(w),a (o')] =
Oum0(m — @"). As a consequence,

()0 () = S()ST(w) — 1., (2.8)
The operators b describe the spontaneous emission of photons in the cavity and have
expectation value

(bH()b(@)) = Sumd(@ — &) f (0, T) (2.9)

with f(w, T)=[exp(hw/kzT)—1]"" the Bose—Einstein distribution function at frequency
o and temperature 7.
In the absence of external illumination ((a"a™) = 0), the photon current per fre-
quency interval,
| X
(o)== {ay" (@) () , (2.10)

m=1
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is related to the scattering matrix by Kirchhoff’s law [22,23]
1
I(w) = f(w, T)%tr [1— ST (w)S(w)]. (2.11)

For o near the laser transition we may replace f by the population inversion factor
Nyp/(Niow — Nup), Where Ny, and My, are the mean occupation numbers of the upper
and lower levels of the transition. In this way the photon current can be written in the
form

I(w)= L N [ST(w)S(w) — 1] (2.12)

2n Nup — N]OW ’

that is suitable for an amplifying medium. (Alternatively, one can associate a negative
temperature to an amplifying medium.)

The lasing mode is the eigenvalue Q — iI'/2 closest to the real axis, and the laser
threshold is reached when the decay rate I' of this mode equals the amplification rate
1/7,. Near the laser threshold we need to retain only the contribution from the lasing
mode (say mode number /) to the scattering matrix (2.6),

i —1
Sy = _om (W U)nl.(U W:)lm ;

w—Q+il'/2 —1/21,
where U is the matrix of right eigenvectors of 2 (no summation over / is implied).
The photon current near threshold takes the form

2nNy,  (Utwwiu)y(u-twwiu-tty,
Np = NMow (0= Q)P+ 3 —1/,2

(2.13)

I(w)=

(2.14)

This is a Lorentzian with full width at half maximum dw =TI" — 1/t,. The coupling
matrix W can be eliminated by writing

r
—n(Utwwtuy, =Iim(Ut#U), = —E(UTU),, ; (2.15a)
—1 tr—1t —1 11 | AP
—TC(U wwtu );;:Im(U HU )H:_E(U U )// . (2.15b)
The total output current is found by integrating over frequency,
N, r?
I=UHU'v"My e 2.16
(WU)u( )”Nup “Niw b0 (2.16)
Comparison with the Schawlow—Townes value (1.1) shows that
N,
S =2K—="5 2.17
@ Nup - ]vlow @St ( )
where the Petermann factor K is identified as
K=UU)y(u~'tu="y,>1. (2.18)

For time-reversal symmetry, we can choose U~ = UT, and find K = [(UU");;]*. The
factor of 2 in the relation between dw and dwsr occurs because we have computed
the laser line width in the linear regime just below the threshold, instead of far above
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the threshold. The effect of the non-linearities above threshold is to suppress the am-
plitude fluctuations while leaving the phase fluctuations intact [28], hence the simple
factor of two reduction of the line width. The factor Nyp/(Nuy — Niow) accounts for
the extra noise due to an incomplete population inversion. The remaining factor K is
due to the non-orthogonality of the cavity modes [3,4], since K =1 if U is unitary.

3. Single scattering channel

Relation (2.18) serves as the starting point for a calculation of the statistics of the
Petermann factor in an ensemble of chaotic cavities. In this section we consider the
case N =1 of a single scattering channel, for which the coupling matrix W reduces
to a vector & = (Wi, Way,..., Wy1). The magnitude |a|*> = (MA/n*)w, where w €
[0,1] is related to the transmission probability 7' of the single scattering channel by
T =4w(l + w)~2 [29]. We assume a basis in which H is diagonal (eigenvalues Wy,
right eigenvectors |g), left eigenvectors (g|). In this basis the entries o, remain real
for f =1, but become complex numbers for f = 2. Since the eigenvectors |g) point
into random directions, and since the fixed length of & becomes an irrelevant constraint
in the limit M — oo, each real degree of freedom in «, is an independent Gaussian
distributed number [14]. The squared modulus |o,|* has probability density

B2
P(log) = (2“3“"'2> exp[ ﬁzw] G.1)

2m|og|? wA

Eq. (3.1) is a y*-distribution with  degrees of freedom and mean Aw/n?.

We first determine the distribution of the decay rate I" of the lasing mode, follow-
ing Ref. [30]. Since the lasing mode is the mode closest to the real axis, its decay
rate is much smaller than the typical decay rate of a mode, which is ~ TA4. Then
we calculate the conditional distribution and mean of the Petermann factor for given I'.
The unconditional distribution of the Petermann factor is found by folding the condi-
tional distribution with the distribution of I', but will not be considered here.

3.1. Decay rate of the lasing mode

The amplification with rate 1/7, is assumed to be effective over a window Q, =LA
containing many modes. The lasing mode is the mode within this window that has the
smallest decay rate I'. For such small decay rates we can use first-order perturbation
theory to obtain the decay rate of mode g,

I, =2mjo,|*. (3.2)

The »* distribution (3.1) of the squared moduli |o,|* translates into a y* distribution
of the decay rates:

P(I') oc T2 exp (—f“—j) . (3.3)
24%
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Ignoring correlations, we may obtain the decay rate of the lasing mode by considering
the L decay rates as independent random variables drawn from the distribution P(I").
The distribution of the smallest among the L decay rates is then given by

- L—1
P(I)=LP(I') |1 —/ dr'e(r’ (3.4)
0
For small rates I' we can insert distribution (3.3) and obtain
L—1
1 LnI’ nl’
PN~ — - f{ — =1 3.5
U ﬁe"p( 4wA> {er (w)] - P=n 330
Lnrr
PMy~exp( -2, p=2. (3.5b)
2wA

Here erf(x) = 2n~!/?2 fg dyexp(—)?) is the error function. The decay rate of
the lasing mode decreases with increasing width of the amplification window as
I ~wA(Q,/A)"2F < wA.

3.2. First-order perturbation theory

If the opening is much smaller than a wavelength, then a perturbation theory in a
seems a natural starting point. We assign the index / to the lasing mode, and write
the perturbed right eigenfunction /)’ =3_ dj|g) and the perturbed left eigenfunction
(1]"=>_, €q{ql, in terms of the eigenfunctions of /. The coefficients are d, = Uy/Uy,
and e; = U,;'/Uljl, i.e., we do not normalize the perturbed eigenfunctions but rather
choose d; =¢; =1.

To leading order the lasing mode remains at = ; and has width

I'=2m|oy)*. (3.6)
The coeflicients of the wave function are
* oL o
dy=i—a g —j—t (3.7)
Wy — Wg Wy — Wy
The Petermann factor of the lasing mode follows from Eq. (2.18),
. (1+ Zq;él |dq|2)(1 + Zq;ﬁ[ |eq\2)
1+ Zq¢1dqeq|2
A1+ |d— el (3.8)

q7#1
where we linearized with respect to I because the lasing mode is close to the real
axis. From Eq. (3.7) one finds

K=1+@nloy[)*) 7

_ 2 "
g1 “q)

We seek the distribution P(K) and the average (K)qr of K for a given value of Q
and I.

2
|otg | (3.9)
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For f=1, the probability to find an eigenvalue at w, given that there is an eigenvalue
at w; vanishes linearly for small |w, — w;|, as a consequence of eigenvalue repulsion
constrained by time-reversal symmetry. Since expression (3.9) for K diverges quadrat-
ically for small |, — w;|, we conclude that (K)o r does not exist in perturbation
theory.! This severely complicates the problem.

3.3. Summation of the perturbation series

To obtain a finite answer for the average Petermann factor we need to go beyond
perturbation theory. By a complete summation of the perturbation series we will in this
section obtain results that are valid for all values 7'<1 of the transmission probability.
Our starting point are the exact relations

dyz) = wgdy — imog Y ond, (3.10a)
p

€421 = wgey — imoy, Z ope, , (3.10b)
p

between the complex eigenvalues z, of # and the real eigenvalues w, of H. Distin-
guishing between ¢ =/ and ¢ # [, we obtain three recursion relations:

71 = w; — infoy|* — inoy Z o dy (3.11a)
q#1
o,
id, = 4 ¥ *d , 3.11b
id ey oc,+Zocpp ( )
p#l
o
. q
= . 3.11
e = o (M7 Z;: pe) (3.11¢)

We now use the fact that z; is the eigenvalue closest to the real axis. We may there-
fore assume that z; is close to the unperturbed value w; and replace the denominator
z; — wy in BEq. (3.11¢) by w; — w,. That decouples the recursion relations, which may
then be solved in closed form

z1 = w; — infoy[A(1 +ind) ™", (3.12a)

id, = (1 4 ind) (3.12b)
W) — Wy

. ooy o

g, =————+ind)"" . (3.12¢)
W] — Wy

! For broken time-reversal symmetry there is no divergence. We can use the known two-point correlation
function R(w;, ) of the Gaussian unitary ensemble to obtain (K)o r =1+ %nTF/A for T <1.
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We have defined

A= oy (0 — o))" (3.13)
a7l
The decay rate of the lasing mode is

I'=—2Imz; = 2n|oy (1 + w24%) 7" . (3.14)

From Eq. (3.8) we find
2nl’ B

K=1+"_"__ 3.15
+ A 1+nr242° ( )
with
B=4Y" |og (w1 — )2 (3.16)
q7#1

The problem is now reduced to a calculation of the joint probability distribution
P(4,B). This problem is closely related to the level curvature problem of random-matrix
theory [31-33]. The calculation is presented in Appendix A. The result is

B2 242 21\f 2 42
n (8 (m°A* 4+ w?) pw (1 A

3.4. Probability distribution of the Petermann factor

From Egs. (3.1), (3.14), (3.15), and (3.17) we can compute the probability
distribution

P(K)<Z>1<5 (KIZTCAFIJFB;TZAZ> Z> : (3.18a)
21|y |2
Z=038Q— w)d (r—Tn’zlAz) , (3.18b)

of K at fixed I' and Q by averaging over |o|*, 4, and B. In principle one should also
require that the decay rates of modes ¢ # [ are bigger than I', but this extra condition
becomes irrelevant for I' — 0. The average of Z over |o;|> with Eq. (3.1) yields a
factor (1 4 n24%)#2. (Only the behavior of P(|o;|?) for small |o;|> matters, because
we concentrate on the lasing mode.) After integration over B the distribution can be
expressed as a ratio of integrals over 4,

@ryf Aw (K —1)a\ 22
3 I < wl’ )

© (A w) Browl (1 + w242 /w?)

X/o a4 (1 + n242)1+F X [_(K—I)A(1+n2A2)

—1
= (14 n242)P2
g (/o W pwyin ) (3.19)

P(K) =
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Fig. 2. Probability distribution of the rescaled Petermann factor x = (K — 1)4/I'T for T =1 and T <1, in
the presence of time-reversal symmetry. The solid curves follow from Egs. (3.20) (with f=1) and (3.21a).
The data points follow from a numerical simulation of the random-matrix model. The inset shows the results
(3.20) (with f=2) and (3.21b) for broken time-reversal symmetry.

We introduce the rescaled Petermann factor x = (K — 1)4/I'T. A simple result for
P(k) follows for T =1,

4pm2h pr
P(K) = W €xXp —7 . (320)
and for T < 1,
n n n
P)= 1 (1 + E) exp [—@}, p=1, (3.21a)
Poy= " (1+ 24 e [—i} p=2 (3.21b)
T 8V2i5 3k 3x? P72kl o ’

As shown in Fig. 2, the distributions are very broad and asymmetric, with a long tail
towards large x.

To check our analytical results we have also done a numerical simulation of the
random-matrix model, generating a large number of random matrices H and computing
K from Eq. (2.18). As one can see from Fig. 2, the agreement with the theoretical
predictions is flawless.



H. Schomerus et al. | Physica A 278 (2000) 469-496 479

Fig. 3. Average of the rescaled Petermann factor x as a function of transmission probability 7. The solid
curve is the result (3.22) in the presence of time-reversal symmetry, the dashed curve is the result (3.24)
for broken time-reversal symmetry. For small T, the solid curve diverges oc In7—! while the dashed curve
has the finite limit of /3. For T =1 both curves reach the value 27/3.

3.5. Mean Petermann factor

The distribution (3.19) gives for preserved time-reversal symmetry (ff=1) the mean
Petermann factor

(3.22)

in terms of the ratio of two Meijer G-functions. We have plotted the result in Fig. 3,
as a function of 7 = 4w(1 + w)2.

It is remarkable that the average K depends non-analytically on T, and hence on
the area of the opening. (The transmission probability 7 is related to the area .o/ of
the opening by 7 ~ .o/3/A° for T <1 [34].) For T < 1, the average approaches the
form

(Kyor=1+-—In—. (3.23)

The most probable (or modal) value of K — 1 ~ TI'/A is parametrically smaller than
the mean value (3.23) for 7 < 1. The non-analyticity results from the relatively weak
eigenvalue repulsion in the presence of time-reversal symmetry. If time-reversal sym-
metry is broken, then the stronger quadratic repulsion is sufficient to overcome the
w~2 divergence of perturbation theory (3.9) and the average K becomes an analytic
function of 7. For this case, we find from Eq. (3.19) the mean Petermann factor

I'  4nw

<K>Q,F:1+Zma

(3.24)

shown dashed in Fig. 3.
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4. Many scattering channels

For arbitrary number of scattering channels N the coupling matrix W is an
M x N rectangular matrix. The square matrix t/#W W has N eigenvalues (MA/m)w,.
The transmission coefficients of the eigenchannels are

- 4w,
(I w)?

A single hole of area .o/ > /4* (at wavelength 1) corresponds to N ~ 2m.o//i% fully
transmitted scattering channels, with all 7, =w, = 1 the same.

As in the single-channel case, we first determine the distribution of the decay rate I
of the lasing mode. This decay rate is smaller than the typical decay rate I'g=TNA4/2n
of the non-lasing modes. Then we calculate the mean Petermann factor (K) for given
I' and investigate its behavior for the atypically small decay rates of the lasing mode.

(4.1)

n

4.1. Decay rate of the lasing mode

The distribution of decay rates P(I") has been calculated by Fyodorov and Sommers.
For broken time-reversal symmetry the result is [17,18]

T s s
pry="7 <—F) 7 (—F), 42
=27 (5r) 7= (2 (422)
1 [ LA
F _ dxe— 4.2b
=g, [ eIl (420)
1! al
T(y) = 5/ dre™ [T (ga+), (4.2¢)
-1 n=1
where g, = —1 + 2/T,. For identical g, = g the two functions %, and %, simplify to
1 N—1_,—
F — gy 4.3
1(») won’ (4.3a)
u N d® (sinhy
F(y)=Y (-1)" g\ — , (4.3b)
n=0 " dy y
and a convenient form of the distribution function is
A NT/Ty v
P(r)= —/ dxx™e ™. 4.4)
2n2(N — D! Jya—nyrr,

The behavior of P(I") for various numbers N of fully transmitted (7' = 1) scattering
channels is illustrated in Fig. 4.

The result for preserved time-reversal symmetry is a bit more involved [19]. Fortu-
nately, we can draw all important conclusions from the results for broken time-reversal
symmetry, on which we will concentrate here.
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Fig. 4. Decay-rate distribution P(I") of a chaotic cavity with an opening that supports N=2, 4, 6, 8, 10, 12 ful-
ly transmitted scattering channels. Computed from Eq. (4.2), for the case of broken time-reversal symmetry.

For large N, the distribution P(I") becomes non-zero only in the interval I'y < I' <
To/(1 — T), where it is equal to [35,36]

P(F):%, Fo<I <Toy/(1-T). 4.5)
This limit is p-independent. The smallest decay rate I’y corresponds to the inverse
mean dwell time in the cavity.

We are interested in the “good cavity” regime, where the typical decay rate I’y
is small compared to the amplification bandwidth Q,. From I'g = TNA/2n it follows
that the number L ~ Q,/A of amplified modes is then much larger than 7N. In this
regime the decay rate of the lasing mode (the smallest among the L decay rates in the
frequency window €,) drops below I'y. The asymptotic result (4.5) cannot be used
in this case, since it does not describe accurately the tail I' < I'y. Going back to the
exact result (4.2) we find for the tail of the distribution the expression
P(I') = NT—EZA[I +erf(u)] + O(N?), (4.6)
where we have defined u= \/W(F /Ty—1). The distribution P(I") of the lasing mode
follows from P(I") by means of Eq. (3.4). We find that it has a pronounced maximum
at a value uy,, determined by

exp(_urznax) _ L—1 ﬁ(g + 1)
[1+erf(ume))” V2N 4

For L > v/N (and hence also in the good cavity regime) we find uma ~ —VIn L < 0,
and the deviation of I" from I'y is of order Av/N < Iy (as long as L < eV).

(4.7

4.2. Mean Petermann factor

Eigenfunction correlations of non-Hermitian operators have been studied in
Refs. [20-22]. The eigenfunction autocorrelator considered in these studies is directly
connected to the Petermann factor K. Ref. [20] provides a convenient expression of
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the mean Petermann factor,

2
€
Mn(K =1 t . 4.8
mK)arp()= lim <<r(w — AN — A+ 82> > @9
In Ref. [20] this average has been calculated perturbatively for N > 1, with the result
r (1-7r

K ~-N|—-1)|——-1 4.9
(K)a.r (Fo >< Ty ) (4.9)

for I'o <I' <Ty/(1 — T). This result is at the same level of approximation as
Eq. (4.5) for the distribution of the decay rates, i.e., it does not describe the range
I' < I'y of atypically small decay rates. Since that is precisely the range that we need
for the Petermann factor, we cannot use the existing perturbative results. We have
calculated the mean Petermann factor non-perturbatively for any I' and N, assuming
broken time-reversal symmetry. The derivation is given in Appendix B. The final result
for the mean Petermann factor is

B 28(rl/A)
Kar =14 rinFal/2)° (310w
Y 0
S01== [ & AL A0. (4.10)
0 y

with %, and %, given in Eq. (4.2). For identical g, = g we can use Eq. (4.3) and
obtain by successive integrations by parts

N-1 .
B (-1, d { ., d <s1nhy>}
s=Y = e = (L 4.11
) 2 i LR el (4.11)

For N=1 and I' € 4 we recover the single-channel result (3.24) of the previous section.
In what follows we will continue to assume for simplicity that all g,’s are equal to a
common value g.
The large-N behavior can be conveniently studied from the expression
»(g+1)

1 N—1_—x
élyz(N—l)!/y(gl) dxx" e [x — (9 — Dyllx — (g + Dyl

(4.12)

SO = -

because the integral permits a saddle-point approximation. For I' > I'y we recover
Eq. (4.9), but now we can also study the precise behavior of the mean Petermann
factor for I' < I'y, hence also for decay rates relevant for the lasing mode. The results
will again be presented in terms of the rescaled parameter u = \/W(F /Ty —1). We
expand the integrands in Eqs. (4.4) and (4.12) around the saddle point at x=N (which
coincides with the upper integration limit at I' = I'y) and keep the first non-Gaussian
correction. This yields

(K)o.r = TV2N[F(u) +u] — T(g — 1)1
+TF(u) [((3 — g)u+ 3u® + 3(1 + u?) F(u)]
+ON'2), (4.132)
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exp (—u°)
V[l +erf(u)]
For I' =T (u=0) this simplifies to

N 4
(K)or-r,=T (\/ 7N + 3n> : (4.14)

F(u) = (4.13b)

We see that the mean Petermann factor varies on the same scale of I' as the
decay-rate distribution P(I"), Eq. (4.6). However, while P(I") decays exponentially
for u € — 1, the mean Petermann factor displays an algebraic tail

_IVN
uv/2

For an amplification window Q, = LA with L > v/N we found in Section 4.1 that
the decay rate I' of the lasing mode drops below Iy (the rescaled parameter uyax ~
—+/In L). Still, the mean Petermann factor

(K)ar ~ \/% (4.16)

remains parametrically larger than unity (as long as L <+v/Ne").

We now compare our analytical findings with the results of numerical simulations.
We generated a large number of random matrices # with dimension M =120 (M =200)
for N =2,4,6,8 (N =10,12) fully transmitted scattering channels (=7 =1). Fig. 5
shows the mean K at given I'. We find excellent agreement with our analytical result
(4.10).

The behavior (K) ~ /N at I' = I'y is shown in Fig. 6. The inset depicts the
distribution of K at I' =TIy for N = 10, which only can be accessed numerically. We
see that the mean Petermann factor is somewhat larger than the most probable (or
modal) value.

(K)or = +1-T+0w?). (4.15)

4.3. Preserved time-reversal symmetry

In the derivation of the mean Petermann factor for broken time-reversal symmetry
Appendix B) it turned out that the final result is formally connected to the expression
for the decay-rate distribution P(I'), in as much as both expressions are built from
the factors &, (involving non-compact bosonic degrees of freedom of the saddle-point
manifold) and %, (involving compact bosonic degrees of freedom of that manifold).
We tried to translate this description to the case of preserved time-reversal symmetry
(f=1), by operating in the same way on the compact and non-compact factors of the
expression of Ref. [19], but could obtain a satisfactory result only for N =2,

X 1 I'(I' — T'p)exp(I'/Ty) + '3 sinh(I'/Ty)
(K) = 2Iy  TI'cosh(I'/Ty) — Tysinh(I'/Ty)

(4.17)

In Fig. 7 this expression is compared to the result of a numerical simulation.
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Fig. 5. Average Petermann factor (K) as a function of the decay rate I' for different values N of fully
transmitted scattering channels. The solid curves are the analytical result (4.10), the data points are obtained
by a numerical simulation. Time-reversal symmetry is broken.
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Fig. 6. Average of the Petermann factor K at I' = Iy as function of the number N of fully transmitted
scattering channels. The analytical result (4.10) for broken time-reversal symmetry (full curve) is compared
with the result of a numerical simulation (open circles for broken time-reversal symmetry, filled circles
for preserved time-reversal symmetry). The dashed line is the large-N result (4.14). The inset shows the
distribution of K at I' =Ty for N = 10.
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r/T,

Fig. 7. Theoretical expectation (4.17) (full curve) and the result of a numerical simulation (data points) for
the average Petermann factor K in the presence of time-reversal symmetry, as a function of the decay rate
I for 2 fully transmitted scattering channels.
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Fig. 8. Results of a numerical simulation of the average Petermann factor (K) in the presence of time-reversal
symmetry, as a function of the decay rate I' for N fully transmitted scattering channels.

For larger numbers of channels we can draw our conclusions from the numerical
results that are presented in Fig. 8. Interestingly enough the data points for N channels
are close to the results for broken time-reversal symmetry with N/2 channels, when
the decay rate is given in units of I'y. This is illustrated for N = 8 in Fig. 9. Such
a rule of thumb (motivated by the number of real degrees of freedom that enter the
non-Hermitian part of #°) was already known for the decay rate distribution (inset in
Fig. 9). Hence the Petermann factor for the lasing mode should again display a sub-
linear growth with increasing channel number N. This expectation is indeed confirmed
by the numerical simulations, see the filled circles in Fig. 6.
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(K)

I'/Ty

Fig. 9. Average Petermann factor (K) for N =4, f =2 [open circles: result of a numerical simulation,
curve: Eq. (4.10)] and for N =8, ff =1 (filled circles: result of a numerical simulation). The parameter I’y
equals NA/2m in both cases, so it is twice as large for f =2 as for f = 1. The inset depicts the probability
distribution of I

5. Discussion

The Petermann factor K enters the fundamental lower limit of the laser line width
due to vacuum fluctuations and is a measure of the non-orthogonality of cavity modes.
We related the Petermann factor to the residue of the scattering-matrix pole that pertains
to the lasing mode and computed statistical properties of K in an ensemble of chaotic
cavities. The technical complications that had to be overcome arise from the fact that
laser action selects a mode which has a small decay rate I', and hence belongs to a
pole that lies anomalously close to the real axis. Parametrically large Petermann factors
oc VN arise when the number N of scattering channels is large. For a single scatter-
ing channel the mean Petermann factor depends non-analytically on the transmission
probability T.

The quantity K is also of fundamental significance in the general theory of scat-
tering resonances, where it enters the width-to-height relation of resonance peaks and
determines the scattering strength of a quasi-bound state with given decay rate I'. If
we write the scattering matrix (2.6) in the form

Sym = Oum + 0,0, (0 — Q+ilJ2)7", (5.1)

then the scattering strengths o,, o/,

close to the real axis (I' € A) the relation is

> lowe, =T (5.2)

are related to I' by a sum rule. For resonances

For poles deeper in the complex plane, however, the sum rule has to be replaced by

> lowoy, P =KI?, K=1. (5.3)
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The method of filter diagonalization (or harmonic inversion) that was used in Ref. [12]
to obtain for the H;  molecular ion the location of poles even deep in the complex
plane can also be employed to determine the corresponding residues, and hence K.

The parameter K defined in Eq. (2.18) appears as a measure of mode non-
orthogonality also in problems outside of scattering theory. These problems involve
non-Hermitian operators that are not of the form (2.3) [21,22]. Many applications
share the common feature that they can be addressed statistically by an ensemble de-
scription, and that the physically relevant modes lie at the boundary of the complex
eigenvalue spectrum. The non-perturbative statistical methods reported in this paper
should prove useful in the investigation of some of these problems as well.
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Appendix A. Joint distribution of 4 and B

We calculate the joint distribution P(4,B) [Eq. (3.17)] of the quantities A4
[Eq. (3.13)] and B [Eq. (3.16)] by generalizing the theory of Ref. [33]. We give
the lasing mode w; the new index M and assume that it lies at the center of the
semicircle (2.2), wy = 0. Other choices just renormalize the mean modal spacing 4,
which we can set to 4 = 1. The quantities 4 and B are then of the form

A_M—l o B_M—l o o
_mz: o, _mz: 2 (A.1)

=1 =1

The joint probability distribution of 4 and B,

M—1 |O( ‘2 M—1 |OC |2
P(A,B):<5<A—Zwi>5<3—z 6:2 >> (A.2)

m
m=1 m=1 m

is obtained by averaging over the variables {|o,,|?, »,}. The quantities |x,|* are inde-
pendent numbers with probability distribution (3.1). The joint probability distribution
of the eigenfrequencies {w,,} of the closed cavity is the eigenvalue distribution of the
Gaussian ensembles (2.1) of random-matrix theory,

P({on}) o [] low — ol exp l—ﬁTM Zwi] : (A3)
i<j k

Our choice 4 =1 translates into yu = M/m.
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The joint probability distribution of the eigenvalues {w,,} (m=1,...,M —1) is found
by setting wy, =0 in Eq. (A.3). It factorizes into the eigenvalue distribution of M — 1
dimensional Gaussian matrices H’ [again distributed according to Eq. (2.1)], and the
term H "] = |det H'|F.

In the ﬁrst step of our calculation, we use the Fourier representation of the J-functions
in Eq. (A.2) and write

P(4,B) o </ dx/ dy e +iB H / d ot 2P(|otm|*)

m=1

X exp [ 1xz Jom” m‘Z Z |“m|2]> (A.4)

m=1

where the average refers to the variables {wm} The integrals over |a,|* can be per-
formed, resulting in

) ) 12
P(A,B) o / dx / dye‘xA+lyB< detH 2> , (A5)
det[H"” + 2iw(xH' + y)/m2p1"

where the average is now over the Gaussian ensemble of H’-matrices. It is our goal to

relate this average to autocorrelators of the secular polynomial of Gaussian distributed
random matrices, given in Refs. [37,38].
The determinant in the denominator can be expressed as a Gaussian integral,

P(4,B) o / dx / dy el*+ivB / dz / dH' det H'*P

2 2i
i trH"? —zf (H’2 + ﬁ—TZ(xH’ + y)) z} , (A.6)

where the M — 1 dimensional vector z is real (complex) for f =1 (2). Since our
original expression did only depend on the eigenvalues of H’, the formulation above
is invariant under orthogonal (unitary) transformations of H’, and we can choose a
basis in which z points into the direction of the last basis vector (index M — 1). Let
us denote the Hamiltonian in the block form
V h
H = . AT
(v o) (A7)
Here V is a (M —2) x (M — 2) matrix, g a number, and h a (M — 2) dimensional
vector. In this notation,

P(A,B) o« /dx/dye‘““yB/dz/dg/dV/dh

xdet[V? (g — hiV—"h)*

X exp {—

% pr’ 2 2 2
exp fm(g +2|h|" +tr V)

X exp [—lzlz (gz + [hf? ;2 o z(xg - y))} (A.8)
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The integrals over x and y give o-functions,
P(4,B) o /dz/dg/dv/dhdet[rﬂﬂ(g —htr—"h)*

TCZ
exp |~ o (6 + 2P 410 7?) = o + )

x3(4 — gB)d(B — 2wlz|*/pn?) . (A9)

We then integrate over g and z,

P(A,B) o /dthdet

Vﬂf( _nty- 1h> 1BwﬂxM—1%4
B

X exp [—ﬁ—(2|h|2 +tr V?) — ﬁ”WB ( + h|2)] (A.10)

We already anticipated B > 1/M and omitted in the exponent a term —fpn’4%/4MB>.
The integral over & can be interpreted as an average over Gaussian random variables
with variance
1 1 w w
W= hizz—iz—(l——). Al
(1Al m2 B/w+1/M — n?B MB ( )
For the stochastic interpretation one also has to supply the normalization constants
proportional to

BM—2)/2 Bw
ppOI=2) _ (&) P A12
2B P28 (A.12)
The integral over V is another Gaussian average, and thus
2A2
P(4,B) oc QgBPD- zexp{ ﬁg (1 + 2 )] , (A.13a)
w

2
Q/s=<det v (B % h) ]> (A.13b)

After averaging over h, one has now to consider for f =1

2
0= <det {szz + RVt VY 4 2t Vz]} > , (A.14)

where only the even terms in ¥ have been kept. The ratio of coefficients in this
polynomial in 4/B can be calculated from the autocorrelator [38]

(det(V + o)(V + "))
(det V2)
3 d sinmx

mx dx  mx

Gl((l), wl) =

(A.15)

x=w—o'
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of the secular polynomial of Gaussian distributed real matrices V. This is achieved
by expressing the products of traces and determinants through secular coefficients, and
these then as derivatives of the secular determinant,

(det V2(trv—1)%) &2

@er) e @)
- _aa_c;Gl(w’o) . = %2 , (A.16a)
W 4;igl(w o (A.16b)
w=
[We used the translational invariance of G(w,®’).] Egs. (A.11) and (A.15) yield
0 « %j + T;V—;Z . (A.17)

For =2, the average over h yields the expression

Oy o€ — + q1h + @ht, (A.182)

A
B4
=6(det V(e V1Y + e V2], (A.18b)

= (det V[(r V) +6tr V2(tr V)
+8tr Ve V3 4 6tr VTt 4 3(e V) (A.18c¢)
The coefficients can now be computed from the four-point correlator of the Gaussian
unitary ensemble [37]:
Ga(w1, w2, W3, 04)

_ A{det(V + o))V + o2))(V 4 w3)(V + wy))
B (det V4)

3 cos (W) + Wy — W3 — Wy)

214 | (01 — 3) (@1 — 4) (w7 — @3)(W — g)

cosT(wy + w3 — Wy — @y)
(w1 — )@ — wg) (w3 — w2) (w3 — wy)

cosT(w) + wg — w3 — @W7)

s A.19a
(01— o)1 — 02)(@s — o303 — 02) (A-1%)
3
G2(®,0,0,0) = 3(smnw — MW COS W) , (A.19Db)
G 0,0)= > 2 1+ 2n%0? A.19
2 (w, 0,0, )7W(cos o — 1 4+ 2n°w?). (A.19¢)
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In this case

2
g1 = 6—[6G2(w, ®,0,0) — 18G1(,0,0,0)]
O0w?

=0

=22, (A.20a)

54
92 = 7 [10G2(,,0,0) = 15Gs(,0,0,0)]

=0
=n?, (A.20D)
which gives
0, « Of . (A.21)

Collecting results we obtain Eq. (3.17), where we also included the normalization
constant.

Appendix B. Derivation of Eq. (4.10) for the mean Petermann factor

The computation of the mean Petermann factor from expression (4.8) is facilitated
by the fact that it can be obtained from the same generating function [18,39],

det[(@w — A" — AT — (uy — ie)(ur — ie)] .
det[(w — A ) w* — A1) — (uy +ie)(up + is)]> > (B

Y(wi,wy,up, U, &) = <

as the distribution function

. 8 8
p(w)= glirg <tr (0" — A — H)+ & (0 — )" — A1)+ 82> (B.2)

of poles in the complex plane. (The distribution of poles is related to the distribution
of decay rates by P(I') = %Ap(w)|w:g,ip/2.) The relations are

2 2 2
Ttp(w):lim( d +1 ¢ +1 ¢ )

e—0t \ 0wr0w; 2 0w 0w 2 0w 0w}
x W(w1,,,0,0,€)], o ) > (B.3)
.1 0 0
MTC<K>Q Fp(a)) = hm _——IP((’U’ @, ulau298) (B4)
’ e—0+ 4 Ouy Oup =ty =0

Most of the analysis runs therefore in parallel with the calculation of p(w) in
Ref. [18]. We restrict ourselves to the case of broken time-reversal symmetry, where
the algebra is less involved.
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The ratio of determinants in Eq. (B.1) can be written as a superdeterminant, which
in turn can be expressed as a Gaussian integral over bosonic and fermionic variables:

P(w, o, u1,ur) = (—1)" (Sdet ™' (4)) = (—1) </d\y T/d‘l‘ ei\vu\v> ‘

(B.5)
The matrix 4 is
w—H 0 ie + u; 0
e 0 w—H 0 —ie +u
T —ie—w 0 —o* 4+ A1 0
0 —ie+ up 0 w* — #t
n I n
:(Q—H)®L+i<nWTW— 2) ® 6.L
—ie ® 6,L + 16, . (B.6)

The vector ¥ =Y, & ¥, & ¥; & ¥4 is a 4M-dimensional supervector consisting
of two M-dimensional bosonic entries ¥, with o« = 1 and 3, supplemented by two
M -dimensional fermionic entries with & =2 and 4. We encounter the four-dimensional
supermatrices [= diag(1,1,—1,1), u = diag(—uy,u;, —uz,uy), and 6; = g; ® 1, where
g; are the usual Pauli matrices [e.g. 6, = diag(1,1,—1,—1)].

The linear appearance of H in the exponent of Eq. (B.5) facilitates the ensemble
average with the distribution function (2.1), since the integral over the independent
components of H factorizes, and each single integral is Gaussian. The result is

2
(exp[ — iW'H @ L¥]) = exp [—'UZMStr(]:ﬁ)z} , (B.7a)

A

1
Ryp = ¥a- v (B.7b)

The order of R in the exponent is reduced from quadratic to linear by a Hubbard—
Stratonovich transformation, based on the identity

M, . . §
exp [—“T Str(LR)Z} - / dS exp [—M Str<7 —iuSER (B.8)
The integral over ¥ and ¥iis again Gaussian and results in
§2

(- /dS‘ exp [—M Str<7 +1In S)] Sdet™'(1+C), (B.9a)

AR N N
C=|Q+1(nW'W — — | ® 6, — 166, + Ui, . (B.9b)

2 us

One now can write Sdet ™' (1 + C) = exp[ — StrIn(1 4+ C)] and expand the logarithm
to first order in I', ¢, and the source term J; in addition we set Q=0 and pass from the
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generating function to the mean Petermann factor according to Eq. (B.4). This gives

1 ? §
Mn(K)o rp(w)= i g /dS’exp l—MStr(T + ln§>

N
+i§su 6.8 + i%Str 6.8 }

N
xtrp 6.8 g 6,8 [ Sdet™ (Ls +iw,6S ). (B.10)
n=1
The traces tr;; 4= A;; + A;; operate only on the indicated subspaces. We introduced the
rescaled variables y = —2nIm w/4 = nl'/4 and ¢ = 2me/A. In what follows we will
write ¢ instead of &'.
The condition M > 1 justifies a saddle-point approximation. The main contribution
to the preceding integral comes from points for which the first part of the exponent is
minimal, that is from the solutions of

1 .
sH8=0 & §=—1. (B.11)

With $ = i0, the solutions fulfill Q2 = 1. As inherited from the definition of R in
Eq. (B.7b), OL is a Hermitian matrix and O = T 71QAdiag]Aw can be diagonalized by a
pseudounitary supermatrix 7' € U(1,1/2) (these matrices fulfill 7' Tif" =L). The largest
manifold which respects the definiteness requirements on O is obtained by the choice
Qdiag = 6,. However, rotations in the block o= 1,3 and in the block o = 2,4 leave Q

invariant; the saddle-point manifold is hence covered exactly once if we take the 7'
matrices from the coset space U(1,1/2)/U(1/1) x U(1/1).
A convenient parameterization of the coset space has been given by Efetov [40],

s (Ut 0 0 1diag(6y,16,) U o0
T‘( 0 V“)eXp<%diag(91,i02) 0 0o v)’

(B.12a)
idy *
e 0 1+ pp*/2 0
U= . B.12b
1 —o00"/2 ic
d ( ic* 1 - 0*0/2> ’ (B.12¢)

with bosonic variables 6, 6,, ¢1, and ¢,, and fermionic variables p, p*, o, and o*.
We introduce A; =cosh 6, and A, = cos6,. In this parameterization

Stré.0 =2(4 — J2), (B.13a)

Str 6,0 = —sinh 0, [(1 4 pp*/2)(1 — 66*/2) — ipc*]
+sinh 0,7 [(1 + pp*/2)(1 — 60*/2) — iap*]
+isin 0, [(1 4 p*p/2)(1 — 6% a/2) — ip*a]
—isin 0672 [(1 + p*p/2)(1 — 6*0/2) —ic*p] , (B.13b)
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tri 6,0 = —sinh 0, [(1 + pp*/2)(1 — 66*/2) — ic*p]
—isin 0, [(1 + p*p/2)(1 — 6%6/2) — ip*], (B.13¢)

trss 0,0 = sinh 0,71 [(1 + pp*/2)(1 — 60*/2) — ip*a]

+isin Ore 72 [(1 + p*p/2)(1 — 6*6/2) — ipa*], (B.13d)
—1 A A In + /12
Sdet™ '[14 + w,6.0] = . (B.13e)
9n + j~1
The integration measure is
dQ _ dil Cu.z d¢1 d¢2 dp dp dic* dio (B14)

Qn)* (A — A)?

In order to integrate over the fermionic variables we have to expand in these
quantities and only keep the term in which all four variables appear linearly. The
angle ¢, appears in the pre-exponential factor as well as in the exponential term
exp(—esin 0, sin ¢;). We expand the exponential and integrate over ¢,. Only terms of
order ¢"sinh™ 0; with n<m survive the limit ¢ — 0. We discard all other terms and
obtain

AZ
*4§<K>Q,rp(w)

oo 1 1 21 d¢]
=1i ly —— —D
bgr‘l)/1 a4 /4 ds2 (A — 22)? /o 2n

N
p
xexpl —iey/ 22 — 1sin gy + y(h — 1)1 [ z j: 2. (B.15a)
n=1 7" .

D = —igsinh 0y sin ¢ (2 sin 0, + %sinh2 01)
2
+ %sinhz 0, [sinh? 0, cos? ¢1 — (3 cos® P1 + 5sin® ¢y )sin’ 6, ]

+1¢% sinh® 0, sin o1 sin® 92(7% sin’ o1 — % cos? ¢1)
+ L&* sinh* 0, sin” ¢, sin’ 05 . (B.15b)

It is convenient to bring the factor D into a form which involves ¢; only in the
combination z; = —isinh 6 sin ¢;, because such terms can be expressed as derivatives
with respect to ¢ of the exponential exp(ez;) appearing in Eq. (B.15a). This goal can be
achieved by integrating by parts all terms that involve cos ¢;. Effectively this amounts
to the substitutions & sinh 0 sin ¢y cos? ¢ — i(sin’ ¢ —cos? ¢1) and &sinh 0 cos? ¢p; —
isin ¢y, resulting in

D=c¢z(3 sin’ 0, + 2 sinh? 0,) + 1z sin® 0, — 1ez sin’ 6, . (B.16)

Mathematically these expressions are quite similar to those obtained for the decay-rate
distribution in Ref. [18]. By a simple substitution rule that relates to each other the
terms of different order in &, we now rewrite D in a way that allows to make direct
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contact to Ref. [18], yielding a result in terms of the two functions %, given in
Eq. (4.2): As in Ref. [18] we express the factors (g, + A1)~! as an integral of expo-
nential functions

1 e}
= ds, —su(gn + 41)] - B.17
— = [ el s+ 20 (B.17)

We also write (4] — 4)% = fooo dxxexp[ — x(4; — 72)]. Then the integrations over 6;
and ¢; can be performed, and ¢ only appears in a factor

P, y') = eXp[\/SZi \/—E:ry] (B.18)

with ' =y —x — " s,. The limiting value for ¢ — 0 of the derivatives

n

8”6—”@(8,)/):6,5()/), Ci=—-C=C32=-2, (B.19)

3

amounts in Eq. (B.16) to the substitutions &’z — 2ez; and &’z7 — —ez;, which gives

D =2¢z(43 — J3). As a result, we obtain

[%P(F)} (K)ox = Io(rl'/A) + 21 (nT/A) , (B.20)

v

)»
L(y)=— 11m 3— dA; di
) / / = L) Ay

\ N In + ;LZ
xJo(&/ 23— 1)exp[y(4 — Az)] S Yy , (B.21)

where Jj is a Bessel function. By comparing expressions with Ref. [18], we recognize
that Io(y) = 71 (y)F2(y) = (A/n)P(F = Ay/n) [cf. Eq. (4.2)], while

hiy)=— /0 A0 J’z(y ). (B22)

This concludes the derivation of the final result (4.10).
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