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Abstract—Coherent coupling between closely spaced trans-
verse modes in VCSELs plays a critical role in modal competition
for nonzero linewidth enhancement factor. These effects naturally
arise within a framework based on complex coupled modal
equations. We show that this interaction induces a pronounced
asymmetry with respect to frequency detuning, such that the
relative position of the modal frequencies becomes a decisive
factor in mode selection. This justifies a recent observation of
out-of-phase supermode emission in transversely coupled devices.
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I. INTRODUCTION

The optical field in VCSELs is typically a superposition of
multiple transverse modes, whose dynamics is commonly de-
scribed using rate-equation models [1]. These consist of a set
of ordinary differential equations governing the time evolution
of the carrier density and the photon density associated with
each mode [2]. Such models accurately capture key features
of laser operation, however, they neglect coherent effects,
i.e., phase-dependent interactions arising from the coupling of
the optical fields. These effects become particularly important
when modes are closely spaced in frequency, such as bowtie
devices [3], large-area devices for high power [4], or devices
for neuromorphic computation [5].

We show that these effects are naturally captured within
our previously developed framework [6]. In this model, the
complex modal amplitudes Ei evolve according to a set of
coupled harmonic-oscillator-like equations:

dEi

dt
= (i∆ωi − Li)Ei +

Nm∑
j=1

kijEj , (1)

where, for the i-th mode, ∆ωi denotes the frequency detuning
with respect to an arbitrary reference, Li represents the modal
losses, and Nm is the total number of modes. The coupling
coefficient kij is defined as

kij = (1 + iαh)Γzvg

∫∫
g(x, y)ΨiΨj dx dy. (2)

Here, g(x, y) is the spatial distribution of the optical gain,
Ψ is the modal envelope, αh is the linewidth enhancement
factor, Γz is the longitudinal confinement factor, and vg is
the group velocity in the active region. The system is usually
solved self-consistently with the carrier diffusion equation.

This framework enables a unified description of a broad
range of phenomena in recent VCSEL research, including
coherent emission in transversely coupled-cavity VCSELs [7],
photon–photon resonance [6], beam steering, and thermal and
gain-guiding effects [8].

In this work, we analyze the impact of coherent coupling on
modal competition. Similar considerations have been reported
in the literature: [9], [10] report the predominance of the
out-of-phase (higher-frequency) mode in transversely coupled
arrays, while [11], [12] predicts the dominance of the lower-
frequency mode. Both regimes can emerge within our theo-
retical framework, depending on the considered topography of
the modes and on the carrier distribution.

II. RESULTS AND DISCUSSION

To gain physical insight, we introduce a reduced-order
model that captures the essential mechanism while neglecting
a detailed description of spatial hole burning.

As a case study, we consider two consecutive transverse
modes, one even (lower frequency) and one odd (higher
frequency) along the x-direction, sketched in Fig. 1. These
modes are supported by a perfectly symmetric bowtie device
[3], although the analysis has broader validity. To obtain a
lumped description, an approximation of the carrier density is
required. To retain minimal complexity, we assume

N(x) = Nl (x < 0), Nr (x > 0) (3)

Under this assumption, the system reduces to the following
lumped model [13]:

dEe

dt
= keeEe + keoEo − LeEe, (4)

dEo

dt
= kooEo + koeEe − LoEo + i2π∆f Eo, (5)

dNl,r

dt
= −Nl,r

τn
+Gd(Nl,r −Ntr) +

Il,r
qVa

, (6)

where
Sl,r =

1

2
|Ee ± Eo|2 . (7)

Here, Va is the active volume associated with one half
of the cavity, Gd is the differential gain, τn is the carrier
recombination time, ∆f is the frequency detuning, Il,r is the
current injected into each side, and the subscripts e and o
denote the even and odd modes, respectively.
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Fig. 1. Sketch of the considered modes.

The steady-state solution of Eqs. (4)-(6) can be obtained an-
alytically assuming that only one modal amplitude is nonzero.
Then a first-order linearization of the system can be performed.
At first order, the dynamics of the nonlasing mode and the
carrier imbalance Nl − Nr form a closed subsystem. The
stability of the single-mode solution is therefore determined
by the eigenvalues of the corresponding Jacobian matrix:
instability occurs whenever at least one eigenvalue has a
positive real part.

Figure 2 shows the real part of the relevant eigenvalues λ
as a function of the frequency detuning between the lasing
and nonlasing modes. Positive detuning corresponds to the
even mode lasing, and vice versa. The analysis is performed
for αh = 0 (dashed lines) and αh = 2 (solid lines). The
unstable regions are those in which at least one eigenvalue
has a positive real part; in this case, the static single-mode
solution is unstable and the device generally evolves toward a
multimode state.

A first general observation is that no instability mechanism
arises for αh = 0. In that case, the system is also symmetric
with respect to frequency detuning, meaning that the sign of
the detuning does not affect modal competition. For nonzero
αh, however, two instability regions emerge and the frequency
symmetry is broken, making the relative modal frequency a
key parameter.

The first instability is associated with a complex-conjugate
pair, denoted by the yellow curves, associated with unstable
photon–photon resonance oscillations. This instability shows
a trend similar to that reported in [11], and becomes more
pronounced at higher optical power. The second is a purely
real eigenvalue, denoted by the blue curves, and much more
pronounced for positive detuning. This instability arises from
the even-odd topography of the considered modes and from
the assumed carrier-density profile, which is a reasonable
representation of two transverse coupled cavities (TCCs).

This mechanism has been proven to be dominant in TCCs,
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Fig. 2. Real part of the eigenvalues of the linearized system as a function
of modal detuning. The positive part of the detuning corresponds to the even
mode lasing. The complex-conjugate pair is shown by the yellow curves,
while the purely real eigenvalue is shown by the blue curve. Dashed lines
correspond to αh = 0, and solid lines correspond to αh = 2. A nonzero αh

leads to a typical breaking of the frequency symmetry of the system.

where the out-of-phase supermode is observed [7], which
would contrast with spatial hole burning arguments alone.

III. CONCLUSION

We have shown that coherent coupling plays a crucial role
in modal competition in VCSELs when the frequency detun-
ing between modes is small and the linewidth enhancement
factor is nonzero. The introduced model provides a unified
description of such effects. The emergence and characteristics
of these instabilities are also strongly influenced by the modal
topology and by the spatial distribution of the carrier density,
indicating that a more general and less approximate analysis
will be required in future work.
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