PHYSICAL REVIEW A

VOLUME 52, NUMBER 2

AUGUST 1995

Antiphased states in intracavity second-harmonic generation: Stability of the periodic solutions
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We study the self-pulsing solutions which emerge from the steady state via a Hopf bifurcation in a
laser with intracavity second-harmonic generation. Our main result is the construction of periodic solu-
tions and the derivation of explicit amplitude equations which rule the stability of these periodic solu-
tions. In this way, we have been able to substantiate the classification into four classes of periodic solu-
tions with simple phase and amplitude relations. Near the Hopf bifurcation, the periodic solutions are
stable and the sum over the individual mode intensities is not periodic but constant, a signature of anti-
phase dynamics in this system. A fifth class of periodic solutions has been found numerically where the
sum over all modal intensities is periodic. Finally, a numerical analysis complements these results and
shows that the phase relations which characterize antiphase dynamics are maintained throughout the
route to chaos and in the first chaotic domain when the pump parameter is increased.

PACS number(s): 42.50.Ne, 42.60.Mi

I. INTRODUCTION

Antiphase dynamics (AD) is a property displayed by
systems in which N degrees of freedom oscillate with a
strong phase correlation. In laser physics, this type of
dynamics is now well established for the self-pulsing state
of intracavity second-harmonic generation (ISHG) [1-7]
and for pulsing lasers [8—12] that can be described by the
Tang, Statz, and deMars rate equations [13] with gain or
loss modulation. For periodic solutions, antiphase dy-
namics is a highly ordered state in which the modal in-
tensities are periodic but the total intensity is either
periodic or constant. This requires a strong correlation
among the phases of the modal intensities. A generaliza-
tion of this property for transient, noisy, and chaotic dy-
namics has been observed experimentally, analytically, or
numerically. A short review of these extensions and a list
of references can be found in [14].

In the case of periodic states, the classic example of
AD is the experimental observation made by Wiesenfeld
et al. [1]. They showed that an ISHG laser could oscil-
late on three modes which self-pulse (AM modulation) in
such a way that each mode is “on”” successively. Numeri-
cal simulations of the relevant equations indicate that all
modes have the same time dependence but they are phase
shifted by a constant amount (] of the period in this case)
so that the total intensity is also in a periodic state but
with a frequency which is three times larger than the
modal frequency. The fact that the low frequency which
characterizes the modal intensity dynamics disappears
from the power spectrum of the total intensity seems to
be the signature of AD which is best generalized to more
complex situations.

In a recent paper [5], we have analyzed the periodic
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solutions occurring in the equations proposed by Roy,
Bracikowski, and James [15] to describe ISHG:

M P
G, —atgel,—2ge > I,—2g,€e 3 J,

r=1 r=1

ndl, /dt=1I,

>

(1)

P M
ndlJ,/dt=J, |H,—a+geJ,—2ge ¥ J,—2g,e 3 1, |,
r=1 r=1
(2)
M P
dG,, /dt=y—G, [1+(1=-B)1,+B > I,+B > J, |,
r=1 r=1
(3)
P M
dH,/dt=y—H, |1+(1—-B),+B §1J,+B zllr ,
(4)

with p=r7,/7, where 7, and 7, are the cavity round-trip
time and fluorescence lifetime, respectively. a is the cavi-
ty loss parameter, ¥ is the small signal gain which is re-
lated to the pump rate, 3 is the cross-saturation parame-
ter, and g is a geometrical factor whose value depends on
the phase delays of the amplifying and doubling crystals
and on the angle between the fast axes of these two crys-
tals. We have assumed that a, B, and ¥ are mode in-
dependent, in good agreement with the experimental re-
sults [1]. The electric field modes can oscillate in one of
two orthogonal polarizations. There are M modes in one
field polarization (m =1,2,...,M) and P modes in the
orthogonal polarization (p =1,2,...,P) with M +P=N.
I, and G,, or J, and H, are, respectively, the intensity
and the nonlinear gain associated with the mth or pth
longitudinal mode. The mode-mode coupling constant is
g when the two modes have the same polarization and
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g1=1—g when the two modes have orthogonal polariza-
tions. € is a nonlinear coefficient whose value depends on
the properties of the potassium trihydrogen phosphate
(KTP) crystal; it is a measure of the conversion efficiency
of the intensity at the fundamental frequency into the
frequency-doubled intensity.

An asymptotic analysis of Egs. (1)—(4) has to be based
on the orders of magnitudes suggested by experiments for
the various parameters:

a,B,v,8,e/1=0(1) , (5)

with the physical restrictions 0<g <1 and 0<f8<1. In
[5], we made an expansion of the amplitude of the period-
ic solutions of Egs. (1)-(4) in powers of €!/%. The
motivation for this unusual scaling was to avoid an ex-
pansion in terms of a small parameter 0 <& <<1 defined
through f = f, +8% where f is a control parameter such
as a, B3, or y and f}, is the value of f at the Hopf bifurca-
tion. The €'/* expansion was only partially successful
since it produced a set of degenerate amplitude equations
for the oscillating solutions. From these equations, the
stability of the solutions could not be assessed at least to
dominant order in the small parameter. However, a posi-
tive result of that analysis was the occurrence of sum
rules which enabled a classification of the periodic solu-
tions.

In this paper, we propose a more traditional analysis in
the vicinity of the bifurcation point. This analysis leads
to a definite answer on the stability problem and the
structure of the bifurcation equations explains the
difficulties met in the previous analysis. The technical
problem is that the amplitudes are functions of at least
two small parameters, namely, € and 7, and of the expan-
sion parameter if it is distinct from € and 7. The limit

|

e<<1, <1,

_ 1
Tho= ge/n—[1+(N—1)B]"’

I,,=1+0(n),

I,=

1
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where all three parameters tend to zero is singular and
the relative magnitude between these small parameters
defines different limits.

Our starting point will be the steady-state solution in
which all modes with the same polarization have the
same intensity and nonlinear gain: I, =I;, G, =G,
m=12,...,M, and J,=J;,, H,=H;, p=12,...,P.
This steady state is not the only possible steady solution
of (1)-(4). However, for the parameter values realized
in [1], i.e., e~1073, it is the stable state with the lowest
linear gain or pump parameter y. As shown in [4] and
[5], this steady state is stable if and only if (iff)

1+(N—1)B
Y—a

ny 1

e I,G;, € +ol), (©

g<

1

1 IO IR Sl O b V]
8> s |*MP—Ny] — +0(n). (D

14

If all modes oscillate in the same polarization (either
M =0 or P=0), the only stability condition is (6). If
M =P =1, the only stability condition is (7). Otherwise,
neglecting the O(7n) correction in (6) and (7), these two
inequalities are compatible only if the following relation
holds:

m, 1HN=1)B 1

8
€ y—a 2’ @®

which provides a necessary condition of stability for the
steady-state solution. If the condition (8) is not satisfied,
the steady solution will be destabilized via a Hopf bifur-
cation to a time-periodic solution for 8<1 and e <<1. In
general, the Hopf bifurcation occurs at I, for g > 1 and

at I, for g <4:

Th2o= {4MP/N —[(8MP —N)/Nlg}le/n—[1+(N—1)B8] °

Note that if all modes oscillate with the same polariza-
tion the destabilization occurs at I;,; while if M=P=1
the destabilization occurs at I, for all g. A third Hopf
bifurcation has also been found but it requires the non-
physical value g > 1. Therefore we shall not analyze it
here.

II. BIFURCATION ANALYSIS

At the Hopf bifurcation, periodic solutions emerge
with a frequency given by a purely imaginary root of the
characteristic polynomial. The two frequencies are

01 =14,Gy(1—=B)/n—8g€ly1¥ 1/ (MGp1) , (11)
03=1,,G,,(1—B)/n+0(1) , (12)

where y,; is the solution of the implicit equation

(10)

[

I;(y)=I(y) for j=1 or 2. In the vicinity of the Hopf
bifurcation, we seek solutions of Egs. (1)-(4) of the form
I,=1,+x,(5,T,0), J,=J, +yp(5, T,o),
G,=G,+u,(8,T,0), H,=H,+v,(8,T,0),

(13)

where x,,, ¥, 4,,, and v, can be expanded in powers of &
as follows:

2(8,t)=06z,(T,0)+8%,(T,0)+82;(T,0)+0(8*) ,
(14)

and the functions I, J,,, G,, and H), refer to the intensi-
ties and nonlinear gains at either of the two Hopf bifurca-
tions. The small parameter 8, the fast time 7, and the
slow time o are defined by
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y=v,+a,8, 0<8<1, a,==1,
(15)
T=wt, c=8%,

where w=w, if I, =I,,; and 0o=w, if I, =I,,. Thus we
seek 2N amplitudes x,,, u,,, ¥,, and v, which are 27-
periodic functions of T in the long-time limit 7T — oo.
The strategy we follow in this paper is to seek the period-
ic solutions for 0 <8 <<1 with e=0(1) and n=0(1). In
other terms, 8 is the small parameter whereas € and 7 are
fixed constant parameters. This will lead to equations
whose coefficients are usually too complex to be analyzed
and we shall then expand these coefficients in powers of €
and 7. This procedure amounts to studying the limit

8—0, €—0, n—0, 6/e—0, e/7=0(1). (16)

This last expansion will be made explicitly in the bifur-
cation equations (48), (51), and (52). It will appear then
that only minimal qualitative information is needed from
the limit (16) to proceed with the analysis.

A. The first-order problem

The first-order amplitudes x,,y, ¥,1, #,,1, and v,,; satisfy
the evolution equations

0x,,, M P
o = |Umit8eXy —28€ 3 X,17281€ 3 Y |1y »
r=1 r=1
(17)
ypl _ P M
"7_8‘72‘* Up1+g€yp1—2g6 E yr1_2gle 2 X1 Jh ’
r=1 r=1
(18)
ou,,; M P
w oT =__G’h (I_B)xml+32xrl+ﬁzyrl
r=1 r=1
Y
*‘Eh‘uml ) (19)

@;=col[S(§;,M—1), —1, L,S(8;,M —
L=ion/I,;—ge=(B—1)G;/lio+y,/Gy) ,

where S(Sj,N)=81j,82j, - ,SNj is a sequence of
Kronecker symbols. These eigenvectors are associated
with antiphased solutions in which only a pair of modes
is excited but with opposite phases.

With these eigenvectors we construct the general
periodic solution of Egs. (17) and (19):

Xpi=an(a)eT+cc., u, =Lia,(d)eT+cc. , 25

where the coefficients satisfy the sum rule
M
S a,lo)=0. (26)
m=1

The functions «,, (o) will be determined by requiring that
the solutions at order 83 be periodic.

dv,, M P
w aT =—H, |(1=B)y, +B 2 x1+tB 3 v
r=1 r=1
Yh
_Eh_vpl . (20)

This problem can be formulated as the 2N X2N matrix
equation 0z /0T =Mz where z is the column vector

z=col[S(x,M), S(y,,P), S(u,M), S(v,,P)]

and M is a 2N X2N constant matrix. The notation
adopted throughout this paper is that S(x,/N) with N in-
teger is the sequence x;;,X,;,...,Xy;. Seeking periodic
solutions of the form z(7T)~expiAT leads to a charac-
teristic equation which we discuss in the relevant cases.

1. M=N,P=0

The bifurcation takes place at I, =1I,,. The charac-
teristic equation is

(a—bM a+(M—1)b]=0, 1)
where
a= 19 v e | lior+ 2L | +a,,
Ihl Ghl
(22)
b=2ge |ior+ 2L | +86,, .
G

The solutions of Eq. (21) are

172

=1, A,=M¥u +0(n) . (23)

[0} Ghl

1+(M —1)B
1-B

The solutions associated with the eigenvalue A, vanish for
T— . The eigenvalue A? is degenerate and has M —1
eigenvectors which can be written as

D, —£,], j=1,2,...,M—1,

(24)

2. Mand P> 1
The characteristic equation is
(@a—b" " {[a+(M—1)b]la+(P—1)b]—MPc?}=0,
(27)
c=(ioA+vy,/G,)2g,e+BG, ,

and the definition (22) for @ and b. Using the relations (5)
we neglected the difference between I, and J, and be-
tween G, and H,. The discussion will be different de-
pending on which of the two Hopf bifurcations occurs
first.

(a) I, =1I,,. The solutions of Eq. (27) are
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| 2MP Vui |, 81
2=, A=+1+ LRI 2L o),
A -l L= 7
vz g
A= [LEWDB - 20V oy p2y pgpBL
1-p o Gy g
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+0(n) .

The third root does not contribute to the long-time limit since Re(iA3;) <0. The real part of i, is positive for g <1 and
negative for g > 1. Thus we only consider the domain g > 1. The eigenvalue A, is degenerate and has N —2 eigenvec-

tors which are of the form

@;=col[S(8;,M —

1), —1, $(0,P), £,S(8;,M —1), —L,, S(0,P)],

¢M+k=COI[S(O’M)y S(Sk’P_l)’ _1’ S(O,M)’ LIS(Sk,P_l), "Cl] N

with j=1,2,... , M —1,k=1,2,...,P—1. The symbol
S(0,N) indicates a sequence of N zeros. These eigenvec-
tors are associated with antiphased solutions in which
only a pair of modes in one polarization is excited but
with opposite phases. With these eigenvectors we con-
struct the general solution of Egs. (17)-(20):

Xm1=a,(c)eT+c.c., Yp1=B,(c)eT+c.c. , (28)

U =L@, (0)eT+c.c., v, =LB,(0)eT+cc. (29

The coefficients of the solutions satisfy the separate sum
rules

M P
> a,(0)=0, ¥ B,(0)=0. (30)
m=1 p=1
The functions a,,(0) and B,(0) will be determined by re-
quiring that solutions at order 8° be periodic.

[
(b) I, =1I,,. The solutions of Eq. (27) are

i 2MP 8€ly; | 8
A=t1+ L 2L 2TR2 0L Lo,
! o N g g ()
A=1+0(y),
1+wv-—18 "
=4 220
i g€l
y2Em M2+P2—MP+2Mng—1 +0(7) .
® 7

The third root does not contribute to the long time limit
since Re(iA;)<0. The real part of iA, is positive for
g > and negative for g <1. Thus we only consider the
domain g <1. The eigenvalue A, is nondegenerate and
has an eigenvector of the form

g=col[(1/M)S(1,M), (—1/P)S(1,P), (L,/M)S(1,M), (—L,/P)S(1,P)],

’sz(ﬁ_l)GhZ/(iw_,_YhZ/GhZ) .

The notation S(1,M) stands for M consecutive 1. This
eigenvector is associated with solutions where all modes
in each polarization are excited and have the same phase,
but the two polarizations have opposite phases. With
this eigenvector we can construct the general solutions of
Egs. (17)-(20) at I,, =1I,,,:

X =lalo)/M]eT+c.c. ,
Yp1=—[alo)/PleT+c.c. ,
U, =[Laloc)/M]eT+c.c. ,
vplz”[iza(a)/P]eiT+c.c.

(31

(32)

This time, the coefficients of the solutions satisfy a global
sum rule which couples the modes of the two polariza-
tions:

M P
S xmlo)+ 3 y,(0)=0. (33)
m=1 =1

The function a(o) will be determined by the solvability
condition at the third order in the expansion in 8.

B. Second-order problem

To simplify the study of the next order equations, we
write the set of equations (17)—(20) in the more compact
form

0z, /0T =Mz, ,
where z, is a 2N-dimensional column vector
Zn=C01[S(xn,M), S(y,,,P), S(un,M), S(Un,P)]

and M is a 2N X 2N constant matrix. With this notation,
we can write the equations at order 8% as

0z, /3T =Mz, +N(z,), (34)
with the nonlinear vector
N(z;)=col[S(X,M), S(Y,P), S(U,M), S(V,P)]

defined through



1478 JING-YI WANG AND PAUL MANDEL 52

_ T W1
m 1, T’ P J, 8T’

wauml Yh
aT G, ™

:
.

The solution of the second-order equations (34) is

Xpy= A+ (B e T+c.c.)+X%, ,

Yp=C,+(D,e*T+c.c.)+y, ,
U, =E, +(F,e*"+c.c.)+a, ,
v, =G, +(H,e*T+c.c.)+7, ,
where
z=col[S(x,M), S(y,P), S(u,M), S(v,P)]

is the general solution of the homogeneous problem
0z /0T =JNZ which will not contribute to the leading ap-
proximation. The coefficients appearing in (35) and (36)
are given in Appendix A.

C. The third-order problem

The third-order equations can be written as

The nonlinear vector
N(zy,z,)=col[S(X,M), S(Y,P), S(U,M), S(V,P)]

has components which are defined in Appendix B. The
homogeneous solutions of Eq. (37) has oscillations at the
frequency 1. Since the inhomogeneous term N(z,,z,)
has oscillations at the same frequency, bounded periodic
solutions are possible if and only if the solvability condi-
tions are satisfied [16]. There are 2N solvability condi-
tions

f02”<N(z,,22)-¢k(T)>dT=o, k=1,...,2N, (38)

where the scalar product of two vectors a =col[S (q,2N)]
and b =col[S(b,2N)] is defined through
(a-b)=33a, b} and the asterisk means the complex
conjugate. In the solvability condition (38) the ¢, (T) are
the solutions of the adjoint of the homogeneous problem
9z /3T =Mz which we determine now.

1. Solutions of the adjoint problem

The solutions corresponding to the eigenvalue 1 are the
following.

8z; /3T =Mz5+N(z,,z,) . 37) G) M=N,P=0,and I, =I,,.
J
Y (T)=col[S(8;,M —1), —1, HS(8;,M —1), —H]e'T,
(39)
In 1

Vs (D=[0 (DI, k=12,... M—1, H=—

N o=y /Gy

This gives 2M — 2 solutions. The remaining two solutions vanish in the long-time limit.
(i) M,P=1, N 23, and I;, =I,;. This domain requires g > 1 and the solutions of the homogeneous adjoint problem

corresponding to the eigenvalue 1 are

Y (T)=col[S(8;,M —1), —1, S(O,P), #S(8;,M —1), —H, S(0,P)]e'T , (40)
Yar+1(T)=col[S(0,M), S(§,,P—1), —1, S(0,M), #S(8,,P—1), —F1e'T, 41)

Yy 1 (TY=[9 (])]*,

with £k =1,2,...
long-time limit.

Yn+m+ (D) =[tp 1, (D]*,

,M—1and /=1,2,...,P—1. This gives 2N —4 solutions. The other four solutions vanish in the

(iii) M,P 21, N 2 3, I, =1I,,, which requires g <. There are only two solutions of the homogeneous problem which

do not vanish in the long-time limit:

Y (T)=col[(1/M)S(1,M), (—1/P)S(1,P), (K /M)S(1,M), (—F /P)S(1,P)]e'T, (42)

(D) =[¢(D]* .

2. The amplitude equations

With these expressions, it is not difficult to derive from
the solvability conditions (38) the amplitude equations.
These amplitude equations are fairly intricate. They are
given explicitly in Appendix C. Here we shall simply
give the structure of the equation which is sufficient to
follow the discussion.

[
(I)M:N, P"_‘O, and Ih =Ih1'

mg@q(0)

da,,(0)/do=T3 a
q

+T 3 Apgsglola,(o)af(o), (43)

ety

with 1 =m <M. These equations derive from the solva-
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bility condition (38) using the solutions (39). Although
we have written M equations for symmetry reasons, the
sum rule (26) is automatically fulfilled, which means that
there are only M —1 independent equations in the set
(43). The remaining M — 1 equations are simply the com-
plex conjugates of Eq. (43).

(ii) M,P =1, N 23, I, =I,,, corresponding to the range
g > 1. Here, we neglect the difference between I, and J,,
and between G, and H;, which are of order €. This leads
to

da,(o)/do= zbmq A
+ 3 ,(0)[B,ysa,(0)af (o)
q,1,s
+CongrsB,(0)B5 (0)]
(44)
dB,(o)/do= zcmqﬁ

+ 3 B,(0)[D,,B,(0)B5(0)

q,1,s

+E, a.(0)af(o)],

for 1 <m <M and 1 <p < P. These equations derive from
the solvability condition (38) using the solutions (40) and
(41). We have written N equations for symmetry reasons
but since the sum rule (30) is automatically satisfied there
are only N —2 independent equations in the set (44). The
other N —2 equations are the complex conjugates of Eq.
(44).

(iii) M,P=1, N=3, I,=I,,, corresponding to the
range g <1.

da,(o)/do

=3d,,0,(0)+ 3 F,a(0)a,(0)ag(o) . (45)
q

g, ns

This equation derives from the solvability condition (38)
using the solution (42).

III. CLASSIFICATION AND STABILITY CONDITIONS
FOR PERIODIC SOLUTIONS

To solve Eqgs. (43)—(45) still represents a formidable
task. Instead, we shall consider the four classes of solu-
tions which have been identified in [5] and we shall study
their stability using Eqgs. (43)-(45). With this trade-off,
we shall be able to determine the stability of the solutions
which we know, but we shall not know whether other
stable periodic solutions emerge from the Hopf bifurca-
tions.

A, M=N>2’P=0’Ih=1hl

For this case, a,, (o) must satisfy the sum rule (26).
Two solutions which satisfy the above condition are as
follows.

(a) ADI1 solutions.

1479
am(0)=p(a)e2m’rm/M , (46)
where r=1,2,...,M—1 and m=1,...,M. From Eq.

(43), the complex amplitude p(o ) satisfies the equation

o iwc
dd(;) T, = |p(0) 4,,+p*(0)B,, “}lh_p2<a>p*(0)
F*c,
+ {c,[Lip(0)E,, +LIp*(0)F,, ]

—a,Lpla)—cpHo)p*(o)} . (47
The coefficients 4,,, B,,, E,,, and F,, are those given in
Appendix A after replacing a,,(o) by p(c). In the ADI
regime, all modes have the same amplitude, each mode
being phase shifted by 1/M of the period from another
mode.

For this discussion, the choice of m is irrelevant since
the set {a,,(0)} is the same for any m in the range
[1,M —1]: different m correspond to different orderings
of the sequence {a,,(0)}. This means that the solution
(46) has a high degree of degeneracy: there are (M —1)!
equivalent antiphased states. We have proposed in [6] a
simple procedure to switch between the (M —1)!
equivalent antiphased states obtained by permuting the
M modes of a given antiphased state in (46). The polar
decomposition p(o)=R (o )exp[if(o)] leads to an equa-
tion for the real amplitude R (o),

dR

E=§1‘12R +§3R3:

[E10+O0(n)]ayR +[§30+0(77)]R3 .

(48)

In all cases treated in this paper, the linear coefficient &,
does not vanish. This equation has two solutions. The
trivial solution R =0 corresponds to the steady-state
solution. The nontrivial solution R2=—§,a, /&, corre-
sponds to the self-pulsing solution. Since R? must be
positive, a, and £,;/&; must have the opposite sign.
When a, <0 the bifurcation at I, =1I,, is subcritical and
the self-pulsing solution, AD1, is unstable. When a, >0
the bifurcation is supercritical and the self-pulsing solu-
tion is stable near I,;. We can show analytically that
£30=0 which means that the bifurcation becomes vertical
in the limit y—0. Figure 1(a) shows the dependence of
£,/&; on the geometrical factor g for the case of M =3
and P =0. From the parameters of this figure, the AD1
regime is always stable. The corresponding bifurcation
diagram is shown in Fig. 1(b) where it is clear that the bi-
furcation is indeed almost vertical for n—0.

(b) AD2 solutions. For the same values of the parame-
ters as in the AD1 regime, we find another solution in
which L of the M modes are in phase and the other
J =M —L modes are also in phase, but the two subsets
antiphase. We shall refer to this solution as AD2. From
the sum rule (26) it follows that the amplitudes in the
AD?2 regime must be given by
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FIG. 1. The AD1 regime. (a) The dependence of £,/&; on
the geometrical factor g. (b) Bifurcation diagram for g =0.52.
Parameters are M =3, P=0, a=0.1, =0.6, e=5X1073,
n=2X10"% and I,=1I,,. Full line: stable steady state; dashed
line: unstable steady state; black dots: maxima of the stable
periodic solution.

a,lo)=plo)/L, a,(oc)=—plo)/J],
m=12,...,L, n=1,2,...,J . (49)

In polar coordinates, p(o)=R(o)exp[if(o)] and the
modulus of p(o') satisfies an equation which has the same
structure as (48) except for the fact that in this regime
£3070, so we can neglect the corrections of order 1. Fig-
ure 2(a) shows the dependence of §,,/&5, on the geometri-
cal factor g for the case of M =3 and P =0. The AD2 re-
gime is stable for the parameters of Fig. 2(a). The corre-
sponding bifurcation diagram is shown in Fig. 2(b). It is
clear from this figure that the relation

[(13 )max—Ih]/[(Il,2 )max_Ih]zlan /am|:L/J
holds with L =2 and J =1.

B. Mand P>1,N>3,I,=I, g>1)

For this case, a,(0) and B,(0) must satisfy the
separate sum rules (30) for each polarization. A solution
which satisfies these conditions is

am(a.)zpl(a,)eZm‘mr/M’ Bp(o.)=p2(o_)e27'ripn/1’ , (50)

where the ranges of », m, n, and p are from 1 to M —1,
M, P—1, and P respectively. We call the solution (50)
the AD3 regime. It is a regime in which all modes in
each polarization are antiphased as in AD1. We have in
this way a periodic solution in which all modal intensities
in a given polarization have the same period and the
same amplitude. The ratio of the periods M /P is given
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FIG. 2. The AD2 regime. (a) The dependence of £,,/&;, on
the geometrical factor g. (b) Bifurcation diagram for g =0.52.
Same parameters and conventions as in Fig. 1.

by the ratio of the mode number in the two polarizations.
An exception, however, is the case P=1 and M > 1, for
which 8,(0)=0 and the amplitude of the corresponding
mode is not determined at this order of the expansion in
7. With the decomposition p;(c)=R(o)exp[if,(0)]
and p,(0)=R,(o)exp[if,(0)], the moduli of p,(c) and
py(o) satisfy the equations

il =R (§1a,+ERT+HERY)
do
=[£10+0(]ayR +[£3p+O0(n) IR +5R RS,
(51)
&=R2(§102+§3R%+§2R%)
do
=[10tO0(n)]ayRy+[E30+O(n) IR +E,R,RY
(52)

where &, &,, and &; (5}, §,, and &) are functions of 4,,,
B,,E,, and F, (C,, Dy, G,, and H,). Let us discuss the
stability conditions for some special cases.

(@) M>2 and P=1. For this case, £{,=&,=0. Fur-
thermore the sum rule on the P modes implies R,=0.
For the modes M >2, we can prove analytically that
£30=0, which means that the bifurcation is vertical in the
limit n—0.

(b) M and P>2. The coefficients £, and £, vanish.
Both coefficients &3, and 3, vanish in the limit 7—0.
For 770, we have not been able to draw any analytical
conclusion.

(c) M =2 and P =1. Here again {,=£,=0and R,=0.
We can prove analytically that £;,50, so we can neglect
the corrections of order 1. Figure 3(a) shows the depen-
dence of §,,/&3, on the geometrical factor g for this case.
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FIG. 3. The AD3 regime for M =2 and P =1. The other pa-
rameters are as in Fig. 1. (a) The dependence of &,y/&3, on the
geometrical factor g. (b)-(d) Bifurcation diagrams for the two
M modes, for the P mode, and for the total intensity, respective-
ly, with g =0.52. Same conventions as in Fig. 1. The plus signs
are the maxima of the unstable periodic solutions.

The AD3 regime is stable for the parameters of this
figure. The corresponding bifurcation diagram is shown
in Figs. 3(b)-3(d).

For the remaining cases, either M >2, P=2 with {,=0
and £,70 or M =P =2 with £,7°0 and £,70. The main
point is that in these cases the nonlinear coefficients have
the property £;,70 and &;,70.

C. Mand P>1,N23,I,=I;, g <}

From the eigenvector corresponding to this case, the
only possible solution is

a,lo)=plc)/M, B,(c)=—plo)/P . (53)

This means that the two polarizations antiphase, while all
the modes in each polarization are in phased. We refer to
this regime as AD4. The modulus of p(o) satisfies an
equation of the form (51) with £;,70, so we can neglect
the corrections of order 7. Figure 4(a) shows the depen-
dence of &,7/&;, on the geometrical factor g for the case
of M =2 and P=1. Thus the AD4 regime is stable for

-0.02

£10/E50 1 (9

—0.08% 0.5

0.65

FIG. 4. The AD4 regime for M =2 and P=1. (a) The
dependence of &€,,/&;, on the geometrical factor g. (b)-(d) Bi-
furcation diagrams for the two M modes, for the P mode, and
for the total intensity, respectively, with g =0.48. Same param-
eters and conventions as in Fig. 1.

the parameters of Fig. 4(a). The corresponding bifurca-
tion diagram is shown in Figs. 4(b)—-4(d).

The reason for discussing how the coefficients depend
on 7 is related to the scaling laws. In all the cases we
have considered here, the linear coefficient was finite in
the limit of vanishing 7. If the coefficient of the non-
linear term also remains finite, the amplitudes of the
periodic solutions satisfy the scaling R?~u—u, where u
is the control parameter and u, is its value at the Hopf
bifurcation. Typical choices for the control parameter
are the linear gain or the cavity losses. In contrast, if the
nonlinear coefficient in the amplitude equations vanishes
in the limit 7—0, the scaling law take the nongeneric
form R"~u—u, where n=n(7n). A simpler form of
nongeneric scaling occurs, for instance, when M =2 and
P=1. In this case the M modes have a regular scaling
while the isolated P mode scales like R2~(u—p,)* be-
cause R must vanish to dominant order. Examples of
nongeneric scalings have been given in [5].

IV. NUMERICAL RESULTS

We have studied analytically the periodic solutions em-
erging from the Hopf bifurcation and their stability near
the bifurcation. Numerical simulations beyond the Hopf
bifurcation have been carried out to characterize the
solutions away from the bifurcation point.

The general feature we have observed is the emergence
from the three regimes AD1, AD3, and AD4 of a new re-
gime, which we call ADS5. At the point where the ADS
regime appears, it is characterized by the same type of
symmetry properties as the AD1 regime: all modes have
the same periodic temporal dependence but are phase
shifted from each other by 1/N of the period if N modes
oscillate. This remains true even if the modes are parti-
tioned among the two directions of polarization. Howev-
er, the sum rule (26) is no longer satisfied: the sum of the
intensities deviates markedly from the steady-state sum.
Another feature of the ADS regime is that upon increas-
ing the pump parameter it evolves from a simple periodic
state (period-1 solution) towards chaos via a sequence of
bifurcations, either the classic Feigenbaum sequence or
variants of it where some of the subharmonic bifurcations
are missing. For the three cases analyzed in Fig. 5, where

2.5 3 E 3
ENC) ) i@

(h)mcx

0. : r
%. 2 b
FIG. 5. Bifurcation diagrams for the first mode. (a) Parame-

ters are as in Fig. 1. (b) Parameters are as in Fig. 3. (c) Parame-
ters are as in Fig. 4. ’
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N =3, we noticed that throughout the transition from the
period-1 state to the first chaotic domain the modes
remain antiphased: the total intensity has a peak in its
power spectrum at three times the fundamental frequen-
cy of the individual modes. In other chaotic domains
which occur for still larger values of the control parame-
ter, the power spectrum of the total intensity may display
a peak at twice the dominant frequency of the individual
modes, but we have not observed any case where the total
intensity has a peak at such low frequency as the indivi-
dual modes.

In Fig. 1(b), the solutions AD1 change smoothly into
the new regime ADS. In this case it is difficult to deter-
mine a point at which the transition occurs. In Fig. 5(a)
we display the maxima of the periodic solution over a
larger domain of the pump parameter y. The points on a
given vertical are the maxima of I,. A large domain of
chaos appears which is connected to the period-1 solution
via a nonstandard sequence of bifurcations.

In Fig. 2(b), we display the AD2 regime which remains
stable but the sum rule (26) is no longer satisfied: the
average of the total intensity increases and is time period-
ic. However, no instability of this branch has been ob-
served.

In Figs. 3(b)-3(d), we observe that the branch of solu-
tions which emerges from the bifurcation point becomes
unstable at a finite distance of the first bifurcation. At
that secondary bifurcation, the solution jumps to another
branch which is an ADS5 regime. There is an overlap be-
tween the stable domains of these two branches. For
larger values of the pump parameter, a classic Feigen-
baum sequence leads to chaos. It is shown in Fig. 5(b).

In Figs. 4(b)-4(d), the branch of AD4 solutions
remains stable and no instability point has been observed.
The only change is again a departure from the sum rule
(33): the total intensity deviates from its steady-state
value and becomes time periodic. However, when a
sufficiently large perturbation is applied to the system, a
new branch of stable periodic states is revealed. It is
again an ADS regime and we show in Fig. 5(c) that this
new branch bifurcates to chaos. In this case the AD4 re-
gime remains stable over the whole domain we have in-
vestigated.

For the AD3 regime, we have shown that the Hopf bi-
furcation can be regular or nearly vertical, depending on
the number of modes. To be complete, we display in Fig.
6 bifurcation diagrams for M =3 and P =1. The three
modes M undergo a nearly vertical bifurcation while the
mode P has very small amplitude oscillations over a long
domain of the control parameter. Figure 6(a) shows the
maxima of the solutions near the Hopf bifurcation. In
Fig. 6(b), we display the bifurcation diagram for one of
the M modes. The AD3 branch which emerges from the
Hopf bifurcation suddenly changes into a breather mode:
the envelope of the AD3 solution is modulated at a very
low frequency and with a small amplitude. This breather
mode becomes unstable and the solution jumps to the
ADS branch. The ADS branch is associated with a sim-
ple periodic solution for low y. For larger y, a breather
mode appears again, which is then followed by a complex
sequence of periodic and chaotic states. For the two
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FIG. 6. The AD3 regime for M =3 and P =1. The other pa-
rameters are as in Fig. 3. (a) Bifurcation diagram near the Hopf
bifurcation. (b) Bifurcation diagram for larger values of the
pump parameter.

branches of solutions displayed in Fig. 6(b), the quasi-
periodic regimes preserve the antiphase dynamics: the
envelope modulation of the modal intensities are shifted
by 1/N of the period.

V. CONCLUSION

We have shown in this paper that the periodic solu-
tions which emerge from a Hopf bifurcation in ISHG can
be studied analytically in the vicinity of the bifurcation
point. Using the deviation of the pump parameter from
its value at the Hopf bifurcation as a small parameter, we
have made a systematic expansion around the bifurcation
point and derived in the usual way bifurcation equations
which rule the time evolution of the amplitude of the
periodic solutions. Since there are N complex nonlinear
amplitude equations associated with N modes, there is no
hope for a general discussion of the properties of these
equations. Therefore we have analyzed only those solu-
tions which had been found numerically in previous stud-
ies. We have shown that a useful way to characterize
these solutions is via sum rules which apply either to each
polarization or to the global system. One merit of the ap-
proach followed in this paper is to clarify some basic
problems related to the nature of the Hopf bifurcation.
In particular, the qualitative discussion in Sec. III indi-
cates the ISHG is prone to generate vertical Hopf bifur-
cations at I,;. It also indicates that for a given type of
AD the Hopf bifurcation can change from supercritical
to vertical as a function of the number of modes which
oscillate. Finally, our numerical simulation has indicated
that, as the pump parameter is increased, the general
trend in ISHG is the transition to a new regime which we
called ADS. It is characterized by a global behavior in
the sense that the division into orthogonal polarizations
is no longer relevant. It is also the simplest of the four
regimes identified so far near the Hopf bifurcation points.
Finally, the ADS5 regime has the expected complex
behavior with routes to chaos and chaotic regimes which
retain some of the mode correlations characteristic of
AD.
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APPENDIX A: COEFFICIENTS OF THE
SECOND-ORDER SOLUTION

The coefficients appearing in the second-order solution
(35) and (36) are as follows.

1. AD1(M =N, P =0, and I, =1I,,)

_ a,+2ge(1—Bla,(0)ay (o)~ [BG, +2g€y, /G4 Y,
" (1-B)G,—gey, /G,
£ — a,+2ge(1—Ba,, (o)ay(oc)—(2—B)G,Y,
m— 8¢ (1—B)G, —gey, /G, ’
. 2 2 l(l)!l yh 2
= —— —_— —_— 1__
Bn=51, "3, (1,6, (1 7B) |anl®)
=By, ,
3a)hGh am(a)’
=1 __Zh_ B _M 2
F, 7 2iw 6, |5~ a,. (o),
where
2
Yh

a),,=(l-B)IhGh—

M
Ma,+2ge(1—B) 3, a;(o)aj(o)
ji=1

Yo S I (M —1)B1G, + 2M —1)ge

2. AD2(M =N =L +J,P=0,and I, =1,,)

a
An = TF 181G, "o
a,= 22 +o(),

[1+(M —1)B]G,
E,=0(n), E,=0(7),
B, =B, tionB,,;+0(n), B,=B,t+ionB,;+0(7n),
F,=iomF,,+0(n), F,=ionF,+0(7n),
wheren =1,2,...,J,m=12,...,L,and
Bm0=—3§—hafn(a)
2 B

L J
T o)+ %
31, MB—3(1—P) Ela’(") kgla"(a)

L

731, MB—3(1-B) | 2,° ”)+§1“"

F,,= La (o)
312

L J
. S - A— lz a2(o)+ 3 ai(o)
1

’

31 MB—3(1-B) |2, P

Fn1=—L—a (o)
31}
4 B
312 MB—3(1—B)

2g(e/:rl)
(o)— 3(1-5)G, B,

Ea a)+2ak

1
Bmi= 31,,G,,°‘

4g(e/n)
+ 3(1_B)Gh rler0+k2 BkO

1 Yr _B
+3(1—B)G G, mt30_p Yo
1 2g(e/7n)

B,,= 3IhGha(0) 31-5)G, B,

4g(e/n)
+§(“1g—6;'fl"“ 2B0+2Bk0

L n g
31-8)G, G, T 30-p)
1-8
[MB—3(1—B)II, G,

-+

zaz(a +2 az(o)

r=1

Yb=_

1

L
" [MB—3(1—PB)]G, G,, 2F 1+2F’”

r=1 k=1

2(1—2M)g(e/7m)

L
(MA—301—B)]G, | = Bro™ 2 Bio

r=1

3. M,PZ 1, I;, =Ihl or Ih2

_ )
™ [1+(N —1)B]G,
a,
S =TT v —18IG,
E,=0(7n), G,=0(7),
B, =B, ,tionB,,,+0(7n),

F,=ionF, +0(n), H,=ionH, +0(n),

A +0(7n),

+0(7n),

D,=D,,+ionD,;+0(7) ,

where
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=_2_ 2 __ZL__B—_ 2( )+ £ 2( )
B, 3Iham(cr) 31, NB—3(1-B) | =, o r§1ﬁr0
-2 @y 2 _ B S o2 + S 2(o)
D=3\ =3 Np—ai—p) | 2,0 Z Bl
1 4 B 2 2
=— —_——— ao)+ 3 Bio) |,
Eomy a2 n(@) 312 NB—3(1—B) 2 ,%
1 o\ 4 B L + & )
Hp = 31,3B"(U) 31} NB—3(1—B) Ela’(a) z‘lﬁ’(g ’

1 2 (e/7) 4g(e/7) MB
Bmi=31G, ) 31— —8)G, 2t 30=pyg, 2 B

4g,(e/m) P 1 Yh B

e 3 Dyt e = F b P Y
3(1—B)G, 21 7 3(1-B8)G, G, ™ 301-—p) ™
2g(e/n) 4g(e/17) L
D 2(o)— D, + D
P17 31,,G,,B 3(1—B)G, P° 3(1— 21 ro
4g,(e/m) M 1 Y B
——— > Byt H t Y
3(1—B)G, 21 7 31-B8)G, G, P! 3(1—B) M
Y= — 1-5 S a2o)+ 3 o) |- L S F.+ S H,
Mo INB=3(1-BILG, |2 & [NB—3(1—B)]G, Gh = =
2g(e/n) 81
+ 1—2M —2P— B,,+ |1—2P— 2M—— Dyi.
[NB_3(1_B)]Gh g rgl 0 r§1 0
APPENDIX B: THE NONLINEAR CONTRIBUTIONS 3 F:)
Uma Umi Yh 1 Uy,
TO THE THIRD-ORDER EQUATION =+ ® +—u, |-
The inhomogeneous part of Eq. (37) is given by
v v
x =2m Xy X1 O%Xpmy Xmy OXpmy V,= ;{1 { F;—f———az+%'—up2
m I, | aT I, T I, dT ©n h
v o Y
1 a'xml .__[_’L ) p1+_v ’]
—— m pl
on aa. ’ Hh aT Hh
_ I aypZ_'Jﬂ aypl maypl _ 1 aypl + Up2 wavpl LY 7’h __1_ avpl
4 Jh oT Jh oT Jh oT wn do ’ (()Hh oT Hh 0 Jo
U. = Umi aum2_ +7_h
" wG, | ar 27 G, ¥m2 APPENDIX C: THE AMPLITUDE EQUATIONS
U, ou,,, Y In this Appendix, we give the explicit form of the sol-
- lo——+—"u,, vability conditions. Eq. (43) which rules the AD1 regime
G, oT G, is:
J
da, (o) iwc, .
do A a,,(oc)Ad, +ak(o)B, —Ia (o)ak (o)
lw € 1 M 2
2 a(o)Ad,+ 2 arX(o)B, ———2 as(o)al(o)
Ih M r=1 r=1 hr 1
ﬁ*cl * % 2 *
+G—h{c2[.L1am(0)Em+L1a,,,(a)Fm]—a2,£,am(a)—c3am(0)a,,,(0)}

—c; 2 a?(o)a *(U)] , (cn

r=1

HE o L § ( )E+L*§ *(0)F,
———{c a,(o)E, af(o)F,
Gh M 2 1r=1 1r=1




ANTIPHASED STATES IN INTRACAVITY SECOND-HARMONIC. .. 1485

where

1 2y 1 . 3Yn
cCL=——, =iot——, ¢;=— |lin+
YL P PGy ‘ G,

Gy’
Equations (44) which rule the AD3 dynamics are

da,,(0) iwc,

dO' Ih Ih
— e S za(a)A+za*(aB——z
Ih M r=1 r=1 h r=1
F*c,
+ G, {e,[Lia, (0)E, +L

GM

r=1

dB,(o) iwc ) .
;T: I, ﬁp(U)Cp+B;(U)DP—Eﬁz(o)ﬁp(a)
o PLCSAS Y ——2 B0)Bl (o)
Ih P r=1 r=1 hr=1
H*c,
+
h
—I S e | 2 B.(0)G,+L} 2 B*(o)H
G M ’ 1r=1 r=1

a, (0) A, +at(0)B,, —~a (o)at (o)

_H* & .
lcz \Ll 2 a,(0)E, +.L1 2 af(o)F,

LT (C2)

1

aX(o)a¥(o)

rat(o)F, 1—a,Lia,(0)—cia? (0)ak (o))}

M
—' S ag(a)a:(a)] ) (C3)

r=1

{c.[L1B,(0)G, +,£’1"B;(0)Hp]—aleﬂp(a)-—qﬁf,(o)B;‘(U)}

r=1

P
—c3; > Bi(a)ﬁ;‘(o)] , (C4)

for 1=m =M and 1=p < P. Finally, Eq. (45) which rules the AD4 regime is given by

da(g) _ io¢; M+P S B oy P grioy— L |l p 1| o) e
P I, MP I, alo)+ P alo)+ [7ha (o)+ P (o) 1, M3 +P3 a“(o)a*(o)

H*ci M+P L,E, L3F, £L,G, LIH, |

G, MP €2 | "7 a(o)+ a*(o)+ P alo)+ a*(o)

—-a2,£2M—M_%—a(0)—c4 ———+# az(a)a*(a)], (C5)
where

¢ L i+ 37h Lz * (C6)
=G, G 2
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