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Oscillons are spatially localized, time-periodic and long-lived configurations that were primarily
proposed in scalar field theories with attractive self-interactions. In this letter, we demonstrate that
oscillons also exist in the low-energy effective theory of an interacting massive (real) vector field. We
provide two types of vector oscillons with vanishing orbital angular momentum, and approximately
spherically symmetric energy density, but not field configurations. These are: (1) “directional”
oscillons (linearly polarized), with vanishing total intrinsic spin, and (2) “spinning” oscillons (circu-
larly polarized) with a macroscopic instrinsic spin equal to ~× number of particles in the oscillon.
In contrast to the case with only gravitational interactions, the two oscillons have different energy
at a fixed particle number even in the nonrelativistic limit. By carrying out relativistic 3 + 1d
simulations, we show that these oscillons can be long-lived (compared to the oscillation time for the
fields), and can arise from a range of Gaussian initial spatial profiles. These considerations make
vector oscillons potentially relevant during the early universe and in dark photon dark matter, with
novel phenomenology related to their polarization.

Introduction.– Non-topological solitons arise due to a
balance between attractive self-interaction and dispersion
in field theories. They have been realized in a broad
variety of contexts in nature, from water waves [1] to
Bose-Einstein condensates (BEC) [2–5]. They might also
play a role in astrophysics and cosmology, with novel
signatures in phase transitions in the early universe [6–
10], in the formation of structure and gravitational clus-
tering [11–17], production of gravitational waves [18–
26] and electromagnetic radiation [27–30], formation of
black holes [31–35], and even play a role in baryogene-
sis [36, 37]. While massive scalar fields and their solitons
have been explored extensively in the literature (for re-
views, see [38–40]), Nature provides us with many exam-
ples of higher spin fields. For instance, W and Z bosons
in the Standard Model of particle physics, or specula-
tively, as (some or all of) dark matter [41–49].

In this letter we study non-topological solitons in
real-valued massive vector fields with attractive self-
interactions. These spatially localized solitons are “max-
imally” polarized (with respect to a particular direction),
i.e. either the vector field configuration is primarily lin-
early polarized which we call a “directional” oscillon, or it
is mostly circularly polarized that we refer to as a “spin-
ning” oscillon (see Fig. 1 for a quick description). Such
objects might be present in the post-inflationary universe
or constitute part of the present-day dark matter, and
can provide novel gravitational and non-gravitational sig-
natures revealing the intrinsic spin of the underlying mas-
sive (dark) vector field.

Although vector solitons can be supported solely by
gravitational interactions [50, 51], self-interactions may
appear naturally in the low-energy limit of an interact-
ing vector field theory and play an important role in
their phenomenology. For example, in the early universe,
they can have a dominant effect in early structure forma-
tion [9, 52–54]. As we will show, self-interactions can also
explicitly lift the degeneracy in energy between the di-

FIG. 1. The directional and spinning oscillons obtained from
relativistic simulations. The energy densities are approxi-
mately spherically symmetric, but the field configurations are
not. For the spinning oscillon (right), the vector field at each
point moves in a circle, resulting in a macroscopic intrinsic
spin. For the directional oscillon (left), the field oscillates
along an approximately fixed direction and has zero spin.

rectional and spinning oscillons, potentially determining
which type of oscillon can form more easily. Furthermore,
matter-wave solitons in BECs [2–5] and electromagnetic
solitons in nonlinear media (optical fibres) [55–59] owe
their existence to attractive self-interactions.

In what follows, we begin by studying vector oscillons
using nonrelativistic approximations, and then perform
fully relativistic numerical simulations to confirm their
stability, longevity, etc. Finally, we summarize our re-
sults and discuss potential implications. Additional de-
tails and results are provided in the Supplemental Ma-
terial. We work in natural units and adopt mostly plus
signature for the metric.

Model.– We study a real-valued massive spin-1 field
Wµ with the Lagrangian

L = −1

4
XµνX

µν − V (WµW
µ) , (1)
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where Xµν = ∂µWν − ∂νWµ and the potential

V (WµW
µ) =

m2

2
WµW

µ − λ

4
(WµW

µ)2 +
γ

6
(WµW

µ)3

+ ... (2)

with positive couplings λ and γ. Such effective poten-
tials, for example, could naturally arise in the low-energy
regime of interacting massive vector fields [60]. The
Euler-Lagrange equations are

∇2W0 − ∂t∇ ·W − 2V ′(WµW
µ)W0 = 0, (3)

∂2tW − ∂t∇W0 +∇× (∇×W ) + 2V ′(WµW
µ)W = 0.

Using the Noether energy-momentum tensor Tµν =
∂νWσX

µσ + ηµνL, the energy E ≡
∫

d3xT 00 is given by

E=

∫
d3x

[
1

2

(
Ẇ −∇W0

)2
+

1

2
(∇×W )

2
+2W 2

0 V
′+V

]
,

(4)
where we have used the equations of motion and also
discarded a boundary term to get the explicit expression
above. Furthermore, the conserved 4-current associated
with Lorentz invariance is Mµνσ = Lµνσ + Sµνσ. We
have separated out Lµνσ = xνTµσ − xσTµν and Sµνσ =
XµνWσ − XµσW ν so that the orbital and spin angular
momentum densities are Li = (1/2)εijkL0jk and Si =
(1/2)εijkS0jk respectively. In particular, the spin density
is

S = W ×
(
Ẇ −∇W0

)
, (5)

which will play a pivotal role in discriminating the direc-
tional and spinning oscillon configurations.

Nonrelativistic limit.– It turns out to be sufficient to
consider the nonrelativistic regime of the theory in the
sense that |∇2/m2| . 10−2. We express the real vector
field W in terms of a complex vector field Ψ, i.e.

W (t,x) ≡
√

2

m
<
[
Ψ(t,x)e−imt

]
, (6)

and W0(t,x) ≡
√

2/m<
[
ψ0(t,x)e−imt

]
, where the de-

pendence of Ψ and ψ0 on time is assumed to be weak.
Upon plugging this expansion into the action, dropping
all terms with the oscillatory factors e±inmt (n ≥ 2), and
keeping only the leading-order terms in time and spatial
derivatives of Ψ (see, for example [13, 50, 51, 61–63]),
we get the following effective nonrelativistic Lagrangian
density

L = <[iΨ†Ψ̇]− 1

2m
∇Ψ† · ∇Ψ− Vnl(Ψ†,Ψ), (7)

where we have solved for the constraint equation (to
working order in |∇2/m2|), ψ0 = i∇ ·Ψ/m and the non-

linear potential is

Vnl(Ψ
†,Ψ) = − 3λ

8m2
(Ψ†Ψ)2 +

5γ

12m3
(Ψ†Ψ)3

+

[
λ

8m2
− γ

4m3
(Ψ†Ψ)

]
(S · S). (8)

Note that we are able to write Vnl in terms of Ψ†Ψ, and
the spin density S = iΨ × Ψ†, which is the nonrela-
tivistic, slowly varying part of (5). This spin density can
also be obtained directly from the rotational invariance
of the nonrelativistic action for Ψ. The appearance of
S ·S in Vnl suggests that the spin density will play a role
in determining the energy of our solutions. This energy
is given by

E =

∫
d3x

[
1

2m
∇Ψ† · ∇Ψ + Vnl

]
, (9)

which is the sum of the kinetic and potential energy, and
can be obtained from the nonrelativistic action. The to-
tal energy, E = mN + E , includes the rest mass energy
and is the appropriate approximation to equation (4).
Here, N ≡

∫
d3xΨ†Ψ is the conserved particle number

resulting from the Ψ→ eiαΨ symmetry of nonrelativistic
Lagrangian (7).

The equation of motion for Ψ is a nonlinear
Schrödinger equation i∂tΨ = −∇2Ψ/(2m) + ∂Ψ†Vnl.
Oscillon solutions.– The ground state solution of this

nonlinear Schrödinger equation with a fixed particle num-
ber N = N? can be obtained by extremizing E + µ(N −
N?) where µ is a Lagrange multiplier. Such a solution
must have the form

Ψ(t,x) = Ψ(x)eiµt, (10)

where the profile Ψ satisfies

−µΨ = − 1

2m
∇2Ψ + ∂Ψ†Vnl. (11)

Note that in a Cartesian basis, Ψ(x) =∑3
j=1 ψj(x)eiφj(x)x̂j , and ψj and φj are real val-

ued functions. The profile equation (11) contains a set
of 6 equations for these 6 real functions.

We now hunt for the lowest energy, spatially localized
solutions for a fixed particle number, keeping in mind
that there might be multiple solutions that are local min-
ima of the energy. We do not know a priori which one is
the true ground state.

The spatial variation in the phases φj(x) costs gradient
energy, so we will set these to be spatially independent.
Thereafter, by shifting the time coordinate, we can al-
ways set one of these three phases (say φz) to zero. We
are then left with the task of determining two phases φx,y
and three spatially varying functions ψx,y,z.

Like the phase, the spatial variation of the direction of
the vector field also costs gradient energy. As a result, we
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FIG. 2. Solid lines show the spatial profiles for directional
and spinning oscillons derived using the nonrelativistic theory.
Dots represent the appropriately averaged profiles extracted
from simulations. For these profiles, we have ω = m − µ ≈
0.975m.

consider vector field configurations that point in the same
direction at a given instant of time. We will restrict our
attention to configurations with a spherically symmetric
energy density. With these considerations, we focus on
the following form of the field configuration:

Ψ(x) = ψx(r)eiφx x̂+ ψy(r)eiφy ŷ + ψz(r)ẑ, (12)

where r =
√
x2 + y2 + z2.

Upon substituting equation (12) into equation (11), we
get strong restrictions on the phases and profiles. Specif-
ically, only two distinct classes of oscillons are allowed,
which we refer to as directional and spinning oscillons
respectively. These classes are represented by√

2

m
Ψd(x) = fd(r)ẑ , (13)√

2

m
Ψs(x) = fs(r)(x̂+ iŷ), (14)

where fd and fs satisfy the following profile equations

−µfd =− 1

2m
∇2fd −

3λ

8m
f3d +

5γ

16m
f5d , (15)

−µfs =− 1

2m
∇2fs −

λ

2m
f3s +

γ

2m
f5s . (16)

All other oscillons (with radially symmetric field com-
ponents) in a given class are spatial rotations of these
representative oscillons. The nodeless and spatially lo-
calized solutions can be obtained by a numerical shooting
method and are shown in Fig. 2.

These two oscillons are also readily apparent if we de-
compose the field Ψ in an orthonormal polarization ba-
sis with respect to a fixed direction (see [51] for an ex-

plicit discussion). That is, Ψ(x) =
∑
ms

ψ(ms)(x)ε
(ms)
ẑ ,

where ms = −1, 0, 1 are the spin multiplicities, and

ε
(0)
ẑ = ẑ, ε

(±1)
ẑ = (x̂ ± iŷ)/

√
2. Then, the directional

and spinning oscillons are the ones with Ψd(x) ∝ ε
(0)
ẑ

and Ψs(x) ∝ ε(+1)
ẑ , respectively [64].

While the spin density for the directional oscillon is
zero, for the spinning oscillon it is given by Ss = iΨs ×
Ψ†s = mf2s (r)ẑ. The total spin of the configurations are
given by

Stot
d = 0 , Stot

s = N ẑ , (17)

where N is the particle number. Note that N = O[102]/λ
can be macroscopically large for λ� 1 (see Fig. 3). The
orbital angular momentum vanishes for both configura-
tions.

In the nonrelativistic limit, the expressions for the real-
valued vector field for directional and spinning oscillons
are

Wd(t,x) = fd(r) cos(ωt)ẑ , (18)

Ws(t,x) = fs(r) [cos(ωt)x̂+ sin(ωt)ŷ] , (19)

where ω = m − µ. In Supplemental Material B we
also provide an “ε-expansion” scheme to obtain small-
amplitude oscillons. Within this expansion, we provide
subleading corrections which show deviations from spher-
ical symmetry of the profiles as well as small corrections
to the vector directions. However, this scheme (unlike the
nonrelativistic expansion in this section) makes it diffi-
cult to obtain solutions in the stable regime.

Energy and Stability.– The particle number as well as
the energy for these solutions as a function of ω = m−µ
are shown in Fig. 3. From the figures, it is clear that the
directional and spinning solutions have different energy
for fixed ω. Furthermore, for a fixed N = Nd = Ns, we
have [65]

Ed < Es . (20)

In contrast, Ed = Es for vector solitons supported by
gravitational interactions alone [51]. The reason for this
degeneracy breaking in energy is the S · S term in Vnl,
which is absent in the gravitational case. It also prohibits
construction of fractionally polarized solutions via linear
superpositions of maximally polarized solitons [51].

As seen in Fig. 3, for each solution, there exist regimes
where dN/dω < 0, as well as E < 0 indicating classical
and “quantum stability” respectively [66, 67]. Classical
stability is the less restrictive of the two. Note that this
assumes the number changing processes are suppressed as
should be the case in the nonrelativistic regime. While
suppressed, these processes are present in the relativis-
tic theory and lead to a slow decay of the oscillons via
relativistic radiation [68–74].

Relativistic Simulations.– Foregoing nonrelativistic ap-
proximations, we simulate vector oscillons on a 3 + 1-
dimensional lattice by discretizing the relativistic equa-
tions (see Supplemental Material C for details). We con-
firm that the directional and spinning oscillons exist in



4

0.965 0.970 0.975 0.980 0.985 0.990
0

50

100

150

200

250

300

0.965 0.970 0.975 0.980 0.985 0.990

-2

-1

0

1

FIG. 3. Left panel: Total particle number N vs frequency ω = m − µ for the two oscillons. The minimum of each curve
determines the respective ω values below which the oscillons start to exhibit classical stability. The dots indicate the values
obtained for oscillons from lattice simulations. Right panel: The sum of the kinetic and potential energy E as a function of ω.
Negative E represents bound objects and hence “quantum stability” in the nonrelativistic limit.

the fully relativistic theory, and are long-lived compared
to their oscillation period.

In order to see that the existence of vector oscillons is
not too sensitive to the choice of initial conditions, we use
a Gaussian ansatz F (r) = Ce−r

2/R2

with C . m/
√
λ and

R ∼ 10m−1 to initialize vector field components for our
two different oscillons. Depending on the choice of C and
R, the fields latch on to oscillon configurations with dif-
ferent dominant frequency ω (after an initial transient).
For ease of comparison, we intentionally pick C and R so
that in each case we get an oscillon with approximately
the same ω ≈ 0.975m. This frequency is consistent with
oscillons being classically stable according to the analysis
in the previous section (see Fig. 2).

For the directional solitons, we start with an initial pro-
file W (t,x)|t=0 = F (r)ẑ and Ẇ (t,x)|t=0 = 0. Within
t = O(102)m−1, this initial Gaussian profile settles into
an oscillon configuration with frequency ω ≈ 0.975m
and the energy Ed ≈ 164m/λ. For this ω, the energy
of the oscillon from the nonrelativistic approximation is
Ed = mN + E ≈ 171m/λ with a radius R1/e ≈ 6m−1 as
seen in Figs. 3 and 2 respectively.

As the ansatz (18) is not fully compatible with the
relativistic equations, a small deviation of the field con-
figuration from the ẑ direction is expected, which is
indeed observed in our simulations. See Supplemental
Material C for snapshots of numerical profiles. In the
quantities we have checked, such as profiles, energy etc.,
there is typically a few percent fractional difference be-
tween the results of the simulations and the nonrelativis-
tic solutions. This difference is consistent with our ex-
pectation that relativistic corrections should be of order
|∇2/m2| ∼ 1/(mR1/e)

2 = O(10−2).

Taking advantage of a cylindrical symmetry exhibited
by directinal oscillons, we carry out long-time simulations
in effectively 2 + 1 dimensions with absorbing boundary

conditions. After an initial transient, the oscillon does
not show significant energy loss for the duration of the
simulations (∼ 105m−1). We note that the lifetimes may
be longer because of non-trivial suppression in the decay
rates as seen in the case of scalar oscillons [72, 73].

In order to obtain spinning oscillons, we start the simu-
lation with W (t,x)|t=0 = F (r)x̂, Ẇ (t,x)|t=0 = F (r)ŷ.
With these initial conditions, the field quickly settles
into a spinning oscillon configuration with frequency
ω ≈ 0.975m and the energy Es ≈ 216m/λ. Our analytic
estimates yield Es ≈ 225m/λ. Along with dominant
components in the x− y plane, we see small components
in the ẑ direction. Moreover, the energy density deviates
slightly from spherical symmetry. Once again, the ana-
lytic estimates from our nonrelativistic theory differ from
the results from relativistic simulations by a few percent,
consistent with our expectations.

Unlike the directional case, we cannot take advan-
tage of symmetries to do a long-time simulation in ef-
fectively lower dimensions. However, we have verified
that with absorbing boundary conditions, the spinning
oscillon does not decay away for at least ∼ 103m−1.

Discussions.– We have presented two new oscillon so-
lutions in real-valued vector fields with attractive self-
interactions. The oscillons are maximally polarized: the
directional oscillon has zero intrinsic spin, while the spin-
ning oscillon has maximum intrinsic spin equal to the
occupation number of the oscillon in the nonrelativistic
limit (i.e. Stot = ~Nn̂). In the case of gravitational in-
teractions alone, the two solitons (in the nonrelativistic
limit) are degenerate in energy for fixed particle number,
and can be appropriately superposed to form fraction-
ally polarized solitons [51]. Here however, the presence
of spin-spin interactions breaks this degeneracy, making
the directional oscillon lower in energy, and furthermore
prohibits fractionally polarized solitons.
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We have confirmed that these oscillons are not too sen-
sitive to the choice of initial conditions, and furthermore
do not decay away for at least 103m−1 (see Supplemen-
tary Material D for further discussion of lifetimes as well
as model parameters in two different production mech-
anisms for the vector field). A more detailed longer-
timescale simulation, as well as analytic calculation of
the decay rates (similar to [70–73]) are warranted. The
lack of detailed sensitivity to initial conditions and their
long lifetimes make them potentially relevant in astro-
physical and cosmological scenarios.

The two oscillon solutions presented in this letter have
approximately spherically symmetric energy density but
not field configurations. However, there is another oscil-
lon solution for which both the field and energy density
are exactly spherically symmetric, known as the hedge-
hog oscillon [50, 75–79]. We find that this solution in-
cludes significant relativistic corrections towards its cen-
ter, and is also higher in energy (and likely harder to
form from generic initial conditions) than the two maxi-
mally polarized oscillons presented here. This will be the
subject of future work.

The spin nature of the vector field, manifest in these
oscillons, can lead to novel phenomenological implica-
tions. Collisions and mergers of dense vector oscillons
can lead to gravitational wave production, which might
be distinct from the scalar case [18–21, 23–25]. If the
massive (dark) vector field kinetically mixes with the vis-
ible photon, namely L ⊃ (sinα/2)XµνFµν where sinα is
the mixing parameter and Fµν is the field strength of the
photon [80], collisions between polarized vector oscillons,
or interaction with strong magnetic fields can also lead
to specific outgoing radiation patterns based on oscillon
polarization (see [27–29] for scalar case). If such vector
oscillons exist today, and interact with terrestrial exper-
iments [81–84], detectable signatures that depend on the
polarization state of the vector field might be possible.

Formation mechanisms and production rates of vector
oscillons, along with their early universe implications re-
main to be explored. The misalignment mechanism for
production of dark photon dark matter [42, 44], where an
oscillating inflaton or axion field transfers its energy to
dark photons efficiently via a resonant instability, could
produce vector oscillons resulting in additional small-
scale structure in the early universe. Vector oscillons may
also form naturally at the end of vector field inflation [85–
87] analogous to scalar cases [9, 13], from “thermal” ini-
tial conditions [88], or by purely gravitational clustering
in the early and contemporary universe [17, 89–91].

Beyond their cosmological context, we are currently
exploring whether nonrelativisitic vector oscillons with
isospin can be realized in multicomponent Bose-Einstein
condensates with attractive self-interactions.
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