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Self-interacting dark matter in the solar system
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Weakly coupled, almost massless, spin O particles have been predicted by many extensions of the
standard model of particle physics. Recently, the PVLAS group observed a rotation of polarization of
electromagnetic waves in vacuum in the presence of transverse magnetic field. This phenomenon is best
explained by the existence of a weakly coupled light pseudoscalar particle. However, the coupling
required by this experiment is much larger than the conventional astrophysical limits. Here we consider a
hypothetical self-interacting pseudoscalar particle which couples weakly with visible matter. Assuming
that these pseudoscalars pervade the galaxy, we show that the solar limits on the pseudoscalar-photon

coupling can be evaded.
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I. INTRODUCTION

In a recent paper Jain and Mandal [1] proposed a
mechanism to evade the astrophysical bounds on light
pseudoscalars. The authors argued that there are no experi-
mental or astrophysical bounds on the pseudoscalar self-
couplings, which can, therefore, be treated as a free pa-
rameter. For sufficiently large, but perturbative, self-
coupling the mean free path of pseudoscalars can be very
small inside the Sun, provided we have sufficiently high
density of these particles. The authors argued that the
pseudoscalars produced inside the Sun will accumulate
due to self-couplings. The mechanism required the frag-
mentation of the pseudoscalars ¢ through the process
b (ki) + dky) = plks) + p(ky) + P(ks) + p(ke). Some
mechanism for energy loss as the particles propagate
through the Sun was also required in order that the pseu-
doscalar particles are at sufficiently low temperature.
Using this mechanism the authors argued the results of
the PVLAS experiment [2] can be consistent with the
astrophysical bounds [3] and with the results of the
CAST experiment [4]. The PVLAS Collaboration finds a
rotation of polarization of light in vacuum in the presence
of a transverse magnetic field. If we interpret this rotation
in terms of the coupling of a light pseudoscalar particle to
photons we find that the allowed range of parameters are in
conflict with the astrophysical bounds [3], although there is
no conflict with any laboratory bounds [5]. The PVLAS
result has motivated considerable theoretical work [6—15]
as well as proposals for new experiments [16,17] and
observations [18]. Furthermore new constraints have
been imposed on axion monopole-dipole coupling [19]
assuming the mass range observed in the PVLAS
experiment.

Self-interacting dark matter has been considered by
many authors. It was proposed in Ref. [20] due to its
interesting consequences for cosmology. Constraints on
such a dark matter candidate and its implications for
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cosmology have been further studied [21]. The dark matter
studied in the present paper may not give a significant
contribution to the energy density of the universe due to
its very small mass. Significant contribution may arise only
if the pseudoscalar field undergoes coherent oscillations
around the minimum of the potential such as those ex-
pected for axion like fields [22]. This oscillatory field
behaves just as nonrelativistic dark matter. Some evidence
for self-interacting dark matter is also found in considering
the galactic dark matter distribution [23]. The standard
cold dark matter scenario leads to cuspy dark matter galac-
tic halos, which are not in agreement with observations
[24]. The self-interacting dark matter solves this problem
and has been studied by many authors [25]. Alternatively
in Ref. [26] it is claimed that the dark matter profile is in
good agreement with cold dark matter predictions. It is
interesting to determine whether the dark matter we con-
sider can be the dominant component of the galactic dark
matter. However, we postpone this question for future
research and for now simply assume that the pseudoscalars
we consider have densities negligible compared to the
galactic dark matter density.

In the present paper we propose a simple mechanism for
evading the astrophysical bounds. Our basic assumptions
are as follows:

(1) The pseudoscalars have a perturbative, but relatively

large, self-coupling.

(2) The pseudoscalars form some component of the

galactic dark matter.
The second assumption implies that pseudoscalars at
nearly zero temperature are present throughout the galaxy.
This assumption is quite reasonable since pseudoscalars
will be produced in the early universe and will be present
today in the form of dark matter. Stars are formed in
regions of dense molecular clouds where the average den-
sity of matter is much higher then the mean galactic
density. It is very likely that the density of dark matter is
also higher in these regions due to the large gravitational
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attraction. As the cloud of dust and gas collapses to form a
star the pseudoscalar cloud will also collapse. This will
lead to a high density of pseudoscalars inside the star. The
mean free path of pseudoscalars produced inside the star
may then be very small due to the their scattering on
background pseudoscalars by the reaction ¢ (k) +
d(ky) — P(ks) + P(ky). Hence this mechanism can trap
pseudoscalars inside the star and considerably limit the
radiative transfer [27] that can occur through pseudosca-
lars. In the present paper we investigate this mechanism in
order to determine whether it can indeed evade the astro-
physical bounds. We will focus on the bounds imposed by
considering the pseudoscalar production inside the core of
the Sun. Our mechanism also applies to bounds due to red
giants and supernovae. However, we postpone this discus-
sion to future research.

II. EVADING THE SOLAR BOUNDS

The effective Lagrangian for the pseudoscalars can be
written as

1

1 1
£ =_ZFMVF;L +§8M¢8”¢—§m2¢2
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where we have assumed a self-coupling term besides their
interaction with photons. Assuming that the results of
PVLAS experiment can be explained in terms of
pseudoscalar-photon mixing, the parameter My and the
pseudoscalar mass m,, respectively, lie in the range 1 X
10° GeV = M, =6 X 10° GeV and 0.7 meV = my =
2 meV [2]. We assume that the self-coupling a, =
A?/41r < 0.1, so that it can be treated perturbatively. The
quadratically divergent loop corrections in scalar field
theories lead to well-known fine tuning problems. The
¢* coupling, for example, leads to a quadratically diver-
gent contribution to the mass of the pseudoscalar particle at
one loop order. However, in the present case we should
consider this Lagrangian as an effective phenomenological
model and hence we ignore these complications.

The density of dark matter in the galaxy may be parame-
trized as [28]

C,
az+

p(r) = )
We may assume that the pseudoscalars form a fraction ¢ of
the galactic dark matter, where C, = 4.6 X 108 My kpc™!
and a = 2.8 kpc. Using the mass of the pseudoscalar to be
about 1073 eV and the distance of earth from the galactic
center r = 8 kpc, we estimate the number density n =
2.4£10" cm™3. We assume ¢ to be less than 0.1 so that
pseudoscalars contribute negligibly to the galactic dark
matter density. This parametrization of the density profile
is sufficiently reliable for our purpose. It correctly models
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the expected 1/r? behavior at large distances and becomes
constant at small distances. The simulated dark matter
distributions for several different models such as the stan-
dard cold dark matter and cold dark matter with self
interaction are shown in Ref. [23]. The resulting density
obtained for large r is in good agreement with that obtained
with the parameterization given in Eq. (2) for these models.
Hence we find that a wide range of reasonable models of
galactic dark matter produce a density in good agreement
with what is obtained from Eq. (2) at the position of the
Earth inside the Milky Way.

The pseudoscalar density may be higher at the site of
star formation due to the higher concentration of matter in
this region. We set the pseudoscalar number density in a
region which leads to the formation of the Sun to be a
factor 7 times its galactic density. This region, which
contained the primordial cloud of gas and dust whose
collapse leads to the formation of the solar system, is
expected to be of size larger than 100—-1000 AU. As the
star forms the pseudoscalars in this region may also col-
lapse onto the star. The precise pseudoscalar density profile
will be determined later by requiring that the solar system,
including the pseudoscalar gas, are in steady state. Here we
make an order of magnitude estimate of the pseudoscalar
number density inside the Sun, assuming that almost all the
pseudoscalars within a radius Rg = 1000 AU collapse
onto the Sun. The resulting number density of pseudosca-
lars inside the Sun is found to be

R
~ 24010 5
"go & [1000 AU

T cm 3. 3)

As the star collapses the temperature in the core in-
creases, eventually leading to nuclear reactions. The pho-
tons in the core then start producing pseudoscalars through
the Primakoff process [1]. The temperature of the pseudo-
scalars inside the Sun also increases, partially due to the
collapse of pseudoscalars and partially due to production
of high energy pseudoscalars by the Primakoff process. We
can compute the kinetic energy of pseudoscalars as they
reach the solar radius from nearly infinite distance.
Assuming that their initial kinetic energy is almost zero
we find that the final kinetic energy is 3.4 X 1072! ergs
which is equivalent to a temperature of 2.5 X 1073 K.
Hence this predicts a relatively cool pseudoscalar gas.
This result may be significantly modified due to conversion
of photons into pseudoscalars inside the Sun. As already
mentioned, the final density profile is obtained later assum-
ing steady state of the solar system and does not rely on
these rough estimates.

The typical energy of a pseudoscalar produced inside the
core of the Sun, assuming present day conditions, is of
order 1 KeV. This is much larger than the kinetic energy
acquired by pseudoscalars due to conversion of potential
energy. We expect that the pseudoscalars will eventually
reach a steady state, where the outward pressure balances
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the gravitational attraction. Furthermore, there should be
no net exchange of energy between the photon and the
pseudoscalar gas. The rate at which photons loose energy
by conversion to pseudoscalars is given by

. nen, do
= E,——dEy), 4
T <Cf ?dE, ¢> @

where p is the density of the medium and the angular
brackets denote thermal averaging. Equating this to the
rate at which photons are gaining energy due to the con-
version of pseudoscalars into photons we find

nen, do NNy, do
E,—dE, )= E,—dE. ).

o (e [ B, aee) =752 (v [ B g dEy)

(5)

It is clear that the maximum temperature that the pseudo-
scalars can acquire is equal to the photon temperature. The
pseudoscalars would acquire this temperature if in thermal
equilibrium with the photon gas. At the temperatures cor-
responding to the solar interior the pseudoscalars would be
relativistic and their number density would be equal to the
photon number density. This argument gives us a number
density in the core of the Sun to be of the order of
10?3 cm™3. This is really a lower bound since, as discussed
later, the temperature of pseudoscalars may be lower. In
this case their number density has to be higher in order to
maintain a steady state with the photon gas.

The pseudoscalars may not be in thermal equilibrium
inside the Sun. This is due to the fragmentation process

D (ki) + p(ky) = plks) + d(ky) + Plks) + D(ke),

which occurs through the Feynman diagram shown in
Fig. 1. If we assume coupling A of order unity, the cross
section for this process at center of mass energy E, o ~
@3 /E?, is much larger than the cross section for the inverse
Primakoff process for the conversion of pseudoscalars to
photons. Hence pseudoscalars would fragment rather than
convert to photons. The fragmentation process will stop
only when the pseudoscalar energy becomes comparable to
their mass. Hence we expect the pseudoscalars inside the
Sun will have energies comparable to their mass and will
not be ultrarelativistic.

FIG. 1. Feynman diagram for the fragmentation process

bp— dpdo.
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The cross section o for the process ¢(k;) + ¢ (ky) —
d(ks) + p(k,) at leading order in perturbation theory is
given by [1]

cm cm

1076 GeV P2
Cpp =g = 12 10“%[7‘3} GeV 2.

(6)

Assuming a center of mass energy of 1 KeV, we find the
mean free path [ = 2 X 1077 /a, cm. With @, = 0.1, this
gives a mean free path [ = 2 X 107% cm, which is much
smaller than the mean free path of photons inside the core.
Hence we expect that pseudoscalars will contribute negli-
gibly to radiative transport in comparison to photons and
this mechanism evades the limits imposed by considering
the cooling rate of the Sun.

As seen above, the pseudoscalars are essentially trapped
inside the Sun and unable to escape freely. Because of the
fragmentation process they may not be in equilibrium with
the rest of the system inside the Sun. However, in steady
state there would be no exchange of energy between pseu-
doscalars and the remaining particles. Because of the
fragmentation process a pseudoscalar of energy E will
produce roughly E/m, pseudoscalars. The typical energy
of a pseudoscalar produced in the outer regions of the Sun
by conversion from photons is of order 1 eV. The tempera-
ture of the pseudoscalar gas is of order of their mass, i.e. of
order 0.001 eV. Hence a photon produced by pseudoscalars
will have energy of order 0.001 eV. Since the cross sections
for Primakoff and the inverse Primakoff process are
roughly equal, we expect that, in steady state, the number
density of pseudoscalars in the outer regions of the Sun is
of order 1000 times the photon density. The pseudoscalars
will, therefore, form a relatively cold and dense gas. For a
certain range of self-coupling it cannot be described as an
ideal gas since its range of interaction may be much larger
than the typical separation between particles. The pseudo-
scalar gas will maintain steady state with the remaining
particles by producing large number of low energy photons
which will be quickly absorbed by the fermions inside the
Sun and hence will equilibrate.

Outside the Sun the photons undergo free streaming.
The pseudoscalars, however, are unable to propagate freely
due to the background distribution of pseudoscalars. We
next get an estimate of the pseudoscalar density profile
outside the Sun by considering two limiting cases. We first
assume that pseudoscalars are in exact thermal equilibrium
with the remaining particles inside the Sun. In the other
extreme we assume that the fragmentation process
dominates.

A. Thermal equilibrium

Here we assume that pseudoscalars are in thermal equi-
librium inside the Sun. This provides an important limiting
case, although for the range of couplings that we are study-
ing this may never be realized. In this limit the pseudosca-
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lars are ultrarelativistic near the surface of the Sun. The
number density of pseudoscalars is obtained by Eq. (5) and
is found to be the same as that of photons throughout the
radius of the Sun. We can compute the mean free path of
pseudoscalars throughout the solar radius using this den-
sity profile. It is found to be of order 1077 /a, c.m. near the
core and increases to about 107*/a, near the solar surface.
Hence for a wide range of values of « it is much smaller
than the photon mean free path and the energy transport
will occur primarily by photon emission. Let R, denote the
solar radius. For » > Ry, we assume, for simplicity, that we
can describe pseudoscalars as an ideal Bose gas. Atr = R,
we impose the boundary condition that the pseudoscalar
temperature is equal to the temperature at the surface of the
Sun. The equation for the pressure gradient can be written
as [29]

ap _ _GM (r)
dr
where p, is the energy density of the pseudoscalars, P the
pressure and

——(pg(r) + P(r)), (N

M@r) = 47Tfr dr'r ’2p¢,(r') (8)
0

We point out that we are interested in the solution for r >
Ro, where we neglect all other particles except the pseu-
doscalars. In Eq. (7) we have kept the dominant relativistic
corrections. For r > R, we have P(r) = p,(r)/3 and we
may assume that M(r) = M. The solution can be written
as

pal) = pulke)exp] ~40Mo(z==1)]  ®)
o T

This essentially means that p ,(r) remains roughly constant
inside the solar system. The solution is not valid as we go to
distances beyond the solar system since then we need to
take into account gravitational effects of other objects in
the Milky Way. The pseudoscalar density profile obtained
for r > R again implies a very small mean free path in this
region. Hence the pseudoscalars are unable to propagate
freely throughout the entire solar system and the standard
solar model remains unaffected by the presence of these
particles.

B. Fragmentation

We next consider the other extreme where the fragmen-
tation dominates. In this case we assume that the energy
per particle of the pseudoscalars is of the order of their
mass due to the fragmentation process. The pseudoscalars
may, therefore, not be ultrarelativistic. In order to get an
estimate of the density profile for r > R, we assume that
they are nonrelativisitic in the outer regions of the Sun,
such that their temperature is smaller than their mass. The
temperature of the photon gas near the surface is about
10* K. Since the mass of the pseudoscalar is about
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1073 eV, we expect that the pseudoscalar temperature
T4 <10 K. By using Eq. (5) and the fact that the cross
sections for the direct and the inverse Primakoff process
are roughly equal, we find that the number density of
pseudoscalars at the surface n,4(Ro) > 10°n,,. The factor
10? arises due to the ratio T,/T,. We may similarly obtain
an estimate of the density profile inside the entire radius of
the Sun. The precise value is not relevant for our purpose.
The number density is certainly at least as large as the
photon number density throughout the Sun and that is
enough to suppress the energy loss through pseudoscalar
emission to negligible values.

The equation for hydrostatic equilibrium in this case is
given by

P _ GM(p,(»)
dar z

We next need to specify the nature of change that the
medium undergoes. We shall be interested in the pseudo-
scalar gas for r > Ry, In this region we assume that it is
governed entirely by its self-coupling and its interaction
with other particles is negligible. Because of the large cross
section of the process ¢ ¢ — P ¢ it is clear that radiative
transport of energy is negligible. This is because pseudo-
scalars are not able to propagate freely in this medium. The
medium is therefore likely to undergo adiabatic changes
and hence will reach a steady state such that P/o;y =

(10)

const, where y = cp/cy. For generality we assume a
polytropic equation of state

Pp,” = X, (11)

which models a large number of processes for different
values of the index y’. For adiabatic change v’ = y. We
make the change of variables p¢(r)(7 D= z(r) and x =
r/\Ja where o = Kvy'/[47(y" — 1)G]. In terms of x and z
the equation for hydrostatic equilibrium can be brought
into the form of Lane-Emden equation,

li dZ(x) 1/(y'-1) —
Pdx(x " )+[()] YD =0, (12)

In order to bring the equation into dimensionless form it is
convenient to use the scaled variables 7 and A, defined by

2(x) = 2(x)py(Ro)Y 7Y,

where p 4(Ro) is the pseudoscalar density at the surface of
the Sun. The equation in terms of Z and A is the same as
Eq. (12) with x and z replaced by A and Z, respectively. The
boundary conditions to be imposed are

x = Apy(Ro)722, (13)

dz
zZ(A,) =1 —(A,) =6, 14
2,) ) (14)
where A, is the value of the dimensionless variable A at the
surface of the Sun » = R, and 6 can be determined by
relating dz/dA to dp ,/dr at the surface of the Sun. For the
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FIG. 2 (color online).
distance.

Density profile of pseudoscalars with

values given above, we find § = 1 X 1074, The resulting
density profile is plotted in Fig. 2. In obtaining this result
we have set y/ = v = 5/3. In the present case the medium
is essentially opaque to the propagation of pseudoscalars
due to the large scattering cross section of the process
d¢p — ¢ . Hence we can safely assume negligible energy
transport and use the adiabatic equation of state.

We find that the density distribution is constant from the
edge of the Sun up to a distance of order 100 Kpc. Of
course our solution is no longer valid once we are outside
the solar system since we have neglected the presence of
other objects in the Milky Way. Beyond a certain distance
the pseudoscalar density has to match the galactic pseudo-
scalar density. However, we do not address the issue of
galactic density profile in this paper. We point out that even
at very large distances from the Sun, where the pseudosca-
lar density reaches its galactic values, the mean free path of
pseudoscalars is still very small, of order of a c.m., for a
suitable choice of parameters «, and £. Hence even here
pseudoscalars may not be able to propagate freely for a
wide range of these parameters.

It is easy to see that the density has to remain constant
for a large range of values of r above the surface of the Sun.
For this purpose we start with the basic equation for
pressure gradient, Eq. (10). Using the polytropic equation
of state, Eq. (11), we convert this into a differential equa-
tion for p

dr r* Ky

The total mass contained within a distance r, M(r), may be
split up as

(pgy(r)*7. 5)

M(r)= Mg, + fr 47Tr’2dr’p¢,(r’). (16)

0]

The second term on the right-hand side is negligible com-
pared to the first term as long as r is comparable to or only
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a few orders of magnitude larger than R,. We may, there-
fore, drop the second term for a wide range of values of r.
With this approximation the equation can be integrated
analytically and we find

GM, (1 1
por ™! = poR) = =y = Do (= ).

7)

We find that the right-hand side is negligible for » > R
and hence for a wide range of values of r the solution is
Ps(r) = py(Ro).

The number densities obtained for all values of r are
again sufficiently large so that the mean free path of
pseudoscalars is much smaller than that of photons.
Hence the energy loss is expected to arise primarily
through photon emission and the standard solar model
will remain unaffected.

It is interesting that the form of the solution for a wide
range of values of r is the same as that obtained in Sec. II A
assuming thermal equilibrium throughout the Sun. The
number density is essentially constant within the entire
solar system for r > R,. The precise number is obtained
by the boundary condition imposed at the surface of the
Sun. Furthermore, our mechanism for evading astrophys-
ical bounds on pseudoscalar coupling and mass values is
found to be applicable independent of the assumptions
used to obtain the density profile inside the Sun.

We next check if our solution is consistent with the
constraints imposed by the Pioneer anomaly [30]. We
find that the solution obtained is not in conflict with the
maximum allowed dark matter density inside the solar
system [31,32]. However, the density is about an order of
magnitude smaller compared to what is required to repro-
duce the anomalous acceleration of pioneer [30] crafts 10
and 11, towards the Sun. We may achieve higher densities
if the pseudoscalars have a temperature of the order of
1/2 K at the surface of the Sun, instead of 10 K, which we
assumed. This can arise if the pseudoscalars also lose
energy as they propagate inside the Sun [1]. By using
Eq. (5) we find that this gives a higher pseudoscalar density
at the surface of the Sun by a factor of about 20. This leads
to an increase in the density in such a way that it exactly
matches the pioneer anomaly data.

I1I1. MEDIUM MODIFICATIONS

We next address an important consistency check of our
proposal. It is important to determine how the presence of
background pseudoscalars affect the results of the PVLAS
experiment. The density of pseudoscalars is relatively
small and due to their weak coupling with photons, they
will not significantly affect the propagation of photons.
The dominant effect is modification of the pseudoscalar
self energy. The medium modifications can be taken into
account by using the modified mass m7 = m%ﬁ + &m3,
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where the thermal mass [33]

A [ 1 1
2 = _T 2dk— ————
omy, " j;) k dkEk N (18)

where E; = ,/k* + mj and 8 = 1/T.In the high tempera-

ture limit, i.e., T >> my, the result is straightforward and it
turns out to be

AT?
In the low temperature limit 8 — oo, we find
A jmmT_
51’1’1?1,1 ~ m TTC m/T. (20)

At the position of Earth, we expect that the temperature
would be at most as high as the mass of the pseudoscalar
particle, due to the fragmentation process. Hence the
change in the pseudoscalar mass due to thermal effects
would be small as long as A < 1. The modification in mass
could be large if for some reason the fragmentation process
is not very effective. In this case we should interpret the
mass extracted by the PVLAS experiment as being domi-
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nantly the thermal mass. In either case, our mechanism for
evading astrophysical bounds remains applicable.

IV. SUMMARY AND CONCLUSIONS

We have shown that the solar astrophysical limits can be
evaded provided we assume a sufficiently large value of the
self-coupling of pseudoscalars and that pseudoscalars form
some component of the galactic dark matter. The self-
coupling required is within the perturbative regime and
the galactic density of pseudoscalars is assumed to be a
negligible fraction of the dark matter density. Inside the
Sun the maximum possible value of pseudoscalar tempera-
ture at any radius r is equal to the solar temperature at that
point. The corresponding mean free path of pseudoscalars
is found to be sufficiently small so that they contribute
negligibly to radiative transfer. We have shown that outside
the Sun the density profile of pseudoscalars is roughly
uniform. The density outside the star is found to be such
that the mean free path of pseudoscalars is smaller than a
c.m. for a wide range of values of the self-coupling .
Hence the pseudoscalars cannot escape freely from the Sun
and the standard solar model remains unaffected. The solar
limits on the pseudoscalar-photon coupling are, therefore,
evaded.
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